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Editorial on the Research Topic 
Integration of structural biology data in lead drug discovery and optimization


Proteins, nucleic acids, and their complexes represent the vast majority of drug targets. The rational identification, design and optimization of a drug-lead compound targeting specific macromolecular sites is driven by the knowledge of the atomic interactions between the target itself and the small-molecule ligand under investigation. Of course, additional constraints besides the drug candidate’s molecular and chemical properties must be taken into consideration (e.g. bioavailability), but the knowledge of the molecular details of the lead-target interactions also plays a key role in the prediction and rationalisation of those properties. Thus, structural knowledge contributes both to the design and generation of initial lead compounds and to the medicinal chemistry process bridging from lead to final active pharmaceutical drug in the clinic.
Traditionally, macromolecular X-ray crystallography has been the experimental structural technique of choice for structure-based lead drug discovery (SBLDD), with Cryo-EM the latest addition to the structural biology toolbox (Cabral et al., 2022). Native Mass Spectrometry (nMS) now enters the same arena: the technique’s high sensitivity, simplicity, speed, wide dynamic range, low protein and ligand requirement, and the possibility of automation make nMS an integral component of the drug discovery pipeline, especially for primary screening (Gavriilidou et al.). When the dynamics of drug-target association matter, the great flexibility and adaptability of NMR provide for qualitative and quantitative insights at each point of the drug development process, aiding hit-identification and detection of weak binders, a paramount advantage in early stages of lead drug discovery (LDD) (Mureddu and Vuister).
Of course, advances in structural bioinformatics (e.g., novel and/or improved data processing workflows or application of machine learning approaches) is just as important to drug discovery as the advances in the experimental techniques themselves. Progress on the experimental front will have to go hand in hand with changes in mindset both on the side of depositors and users of macromolecular models, as exemplified by developments in software and algorithms for X-ray Fragment Based Lead Discovery (FBLD) such as batch data processing methods, X-ray diffraction data analysis and presentation, modelling, refinement, deposition of structures (Pearce et al.) and automation of crystal polymorph assignment (Caputo et al.).
Determining the crystal structure of an enzyme-inhibitor complex may be considered the simplest example of integration of structural biology data in lead drug optimization, but the impact of such a simple experiment can often change the direction of the research trajectory. The study by Cianci et al. constitutes an example of an experimentally determined crystal structure correcting initial in silico predictions of a ligand-binding pose. Their crystal structure of human α-amino-β-carboxymuconate-ε-semialdehyde decarboxylase in complex with TES-1025 revealed unforeseen protein-ligand interactions, allowing the redefinition of the paradigmatic principles of the medicinal chemistry effort to improve potency and selectivity of the drug.
FBLD often affords the two-birds-with-one-scone simultaneous identification of novel lead scaffolds and previously unknown accessory allosteric drug binding sites on the target. The FBLD effort by Fiorillo et al., devoted to finding ligands of T. brucei trypanothione reductase, identified 12 new ligands, binding five different sites, two of which had not been exploited for inhibition previously. Crystal structures were also a key determinant in the success of the fragment screening campaigns carried out by Thomas et al. to inhibit M. abscessus and M. tuberculosis phosphopantetheine adenylyltransferase (PPAT). This study expands the chemical space of mycobacterial PPAT inhibition by discovering novel ligand-binding interactions in already known target sites, as well as previously undescribed ligand-induced cryptic sites.
When tackling the daunting challenge of discovering novel antibiotics, several parallel FBLD efforts targeting different previously neglected bacterial proteins hasten success. Arif et al. review computational approaches (such as structure modelling and assessment of the suitability of a protein as target for novel antibiotics) that informed the search of novel molecules binding previously untargeted pathogenic Pseudomonas aeruginosa proteins.
Structural information about conventional inhibitors can also serve as a starting point for more cutting-edge, unconventional molecules to be designed, as (Eli et al.) illustrate in their review on the identification of novel tubulin modulators and their delivery strategies. Novel classes of such molecules include PROTACs as well as light-sensitive compounds that can be activated with high spatial-temporal accuracy and therefore represent promising tools for precision-targeted chemotherapy.
Conversely, when a drug candidate affects the activity of its target in ways that cannot be detailed by experimental structural studies, integration of molecular dynamics (MD) and biochemical data can come to the rescue. The study on the effect of Fe2+ chelating compounds on the activity of human collagen lysyl hydroxylase by Scietti et al. reports on a fine balance between Fe2+-dependent enzymatic activity and Fe2+-induced self-inhibited enzyme conformations. The latter could not be captured by conventional structure-based approaches, but MD simulations were successful in rationalising the enzymatic activity data and boosting inhibitor development.
Last but not least, SBLDD can be speeded up by combining the power of in silico virtual high-throughput screening (VHTS) with the wealth of pharmacological information intrinsically carried by a drug repositioning approach. Antoniciello et al. successfully applied VHTS to a large number of known drugs already in clinic trials, checking their capability to inhibit the DNA-binding of the Helicobacter pylori HP1043 essential transcription factor. Three lead compounds that gave good activity in vitro turned out not to belong to the same chemical scaffold and to bind different protein sites, thus broadening the scope of the medicinal chemistry effort.
Overall, the contributions to this Research Topic highlight recent advances in structural biology, computational approaches, and high-throughput methods which have provided researchers with a huge amount of bewildering data and enabled novel approaches to data analysis and assessment. In this perspective, integrative structural biology converts structural information into chemical knowledge, feeding high quality experimental data into the drug development pipeline, thus supporting faster and more efficient delivery of drugs to the clinic.
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Over the last century, the definitions of pharmaceutical drug and drug discovery have changed considerably. Evolving from an almost exclusively serendipitous approach, drug discovery nowadays involves several distinct, yet sometimes interconnected stages aimed at obtaining molecules able to interact with a defined biomolecular target, and triggering a suitable biological response. At each of the stages, a wide range of techniques are typically employed to obtain the results required to move the project into the next stage. High Throughput Screening (HTS) and Fragment Based Drug Design (FBDD) are the two main approaches used to identify drug-like candidates in the early stages of drug discovery. Nuclear Magnetic Resonance (NMR) spectroscopy has many applications in FBDD and is used extensively in industry as well as in academia. In this manuscript, we discuss the paths of both successful and unsuccessful molecules where NMR had a crucial part in their development. We specifically focus on the techniques used and describe strengths and weaknesses of each stage by examining several case studies. More precisely, we examine the development history from the primary screening to the final lead optimisation of AZD3839 interacting with BACE-1, ABT-199 interacting with BCL2/XL and S64315 interacting with MCL-1. Based on these studies, we derive observations and conclusions regarding the FBDD process by NMR and discuss its potential improvements.
Keywords: Fragments Based Drug Discovery, NMR-FBDD, Venetoclax, BCL-2, BACE-1, MCL-1
INTRODUCTION
Fragment Based Drug Discovery, or FBDD for short, is nowadays a well-established and common approach adopted by many pharmaceutical companies and academic groups (Erlanson et al., 2016). The rationale behind FBDD has been extensively reviewed and entire books have been written, including some with references to clinical candidates (Klon, 2015; Rees, 2016). The general concept of FBDD is straightforward; it starts with the generation of libraries of small molecules called “fragments.” The size of these libraries varies from a few hundred to thousands of molecules (for industrial cases) (Singh et al., 2018), usually prepared following the so-called “rule of three,” i.e. a molecular weight smaller than 300Da, lipophilicity as expressed by LogP smaller than 3, and a maximum number of hydrogen bond donors and acceptors less than 3 (Congreve et al., 2003). For efficiency reasons the binding against a target of interest is usually evaluated for each of these molecules in so-called “mixtures” of 5–10 compounds in a single experiment (Mercier and Powers, 2005). The strategy of using small molecules instead of large entities allows for a more efficient exploration of the chemical space, defined as the ensemble of all possible molecular conformations presenting drug-like properties, and estimated to be a staggering ∼1060 molecules (Reymond et al., 2010). The FBDD approach provides for a great chemical variety to probe this chemical space and has many other benefits, such as cost and time reduction in the data analysis.
Using fragments as a starting point in the early stages of drug discovery has been demonstrated to be a viable approach for producing compounds that are specifically tailored to their targets (Hughes et al., 2011). This approach also increases the novelty of standard drugs and enables the path of chemical optimisation to be monitored, for example by restricting the lipophilicity issue observed in lead molecules obtained by high-throughput screening (HTS) (Author Anonyms, 2007; Erlanson et al., 2016). However, since the fragments are much smaller compared to traditional lead-like molecules, their binding affinity to a target of interest is nearly always low (μM to mM). Therefore, it requires a technique, such as NMR, that is capable of detecting these weak interactions (Ortega-Roldan et al., 2009; Vinogradova and Qin, 2012).
In this manuscript, we focus exclusively on the relevance and impact of NMR spectroscopy on the generation of new clinical drugs. Through a literature review, we establish the impact of NMR in FBDD. We performed an in-depth assessment of three case studies that establish the impact of various NMR techniques on different stages of drug development. We establish patterns in the drug-development optimization process and formulate proposals for its improvement.
RESULTS
To appreciate the influence on NMR in the current developments, we queried the PubMed database with the “fragment-based drug discovery” and “NMR” keywords. It revealed a steady and significant increase in the number of publications, growing from 145 in 2015 to 292 in 2020, for a total of 1,200 journal publications over this 6-year period (Figure 1A). A further search through the FDA database revealed, over the same time span, that several drugs were unmistakably obtained from fragments (Figure 1B) (Deeks, 2016; The ASCO Post, 2019). Excluding biologics (antibodies, oligonucleotides etc.) and other chemical compounds (diagnostics, combination of old drugs etc.), original small molecules make up a significant proportion, typically ∼40% or more, of the total FDA approvals in any given year (Figure 1B).
[image: Figure 1]FIGURE 1 | Usage of FBDD methods in the development of new molecules. (A) Total count of journal articles from Jan-2015 to Dec-2020 retrieved by querying “NMR and Fragment-based Drug discovery” in the PubMed Central database (see Supplementary Materials for the conditional query script). (B) Total count of FDA-approved New Molecular Entities (NMEs) and original biologics for the same time range. In dark blue, the small molecule NMEs, including the three known drugs whose fragment origins were derived from NMR studies. In light blue, the approved biologics, such as antibodies and oligonucleotides, and other chemicals entities such as diagnostics, combinations of old drugs, natural products. (C) Normalised scores of the occurrences of NMR spectroscopy as a technique in the discovery and development of molecules across the inspected cases. (D) Normalised scores for the total count of the various NMR techniques used throughout the drug discovery process of the inspected cases. Note that for both (C,D), some compounds have been through multiple stages of drug discovery by NMR, so fractions sum to values >1.0.
From the FDA database analysis, it appeared that only Venetoclax was developed with the help of at least one NMR technique in the early stages of the discovery. Whilst this may seem to be a low number relative to the total number of FDA approvals, this finding is likely explained by the fact that not every breakthrough in the drug development process obtained by NMR will have been shared in the public domain. Furthermore, despite our exhaustive literature search (vide infra), the origin of new molecular entities remained often obscure or very difficult to trace.
The true impact of NMR techniques in the development of original lead-molecules appeared clearer from the inspection of the origins of the clinical compounds. We performed an in-depth analysis of all FBDD-derived molecules that are or have been clinical candidates at any time in the past, up to December 2020, and for which relevant information was publicly accessible through journal articles, tables or from Dan Erlanson’s “Practical Fragments” blog (Erlanson, 2018). Our analysis showed that NMR is used in all three stages of the FBDD process (Figure 1C). For sixteen out of twenty clinical compounds (80%), we traced that NMR was used for identifying the initial binding fragments, the so called “hit identification” stage. For the subsequent FBDD stages, which include the “binding site identification” and “hit optimisation,” NMR was used less often, i.e. in 50 and 40% of the cases, respectively, (Figure 1C), with other techniques, such as X-ray crystallography, being preferred.
NMR-derived compounds were identified mostly by a number of ligand-detected, one-dimensional (1D) NMR techniques, such as Water-Ligand Observed via Gradient Spectroscopy (Water-LOGSY) (Antanasijevic et al., 2014), saturation transfer difference (STD) (Viegas et al., 2011; Meyer et al., 2004), or the so-called T1ρ-experiment (Hajduk et al., 1997). In contrast, target-based two-dimensional (2D) NMR techniques, such as the chemical shift perturbation (CSP) experiment (Mureddu and Vuister, 2019), were used for the hit and/or binding site validation. Lastly, the so-called SAR (structure activity relationship) by NMR method (Fesik et al., 1997; Shuker et al., 1996), which employs mostly NOE-related techniques and multi-dimensional NMR experiments, was mainly used for hit-growing and linking guidance during the optimisation stage of the FBDD process (Figure 1D) (Petros et al., 2006) (see also Supplementary Table S1).
The 1D ligand-detected techniques are considered a gold standard in NMR screening, as these do not require expensive protein labelling and therefore can be used against a broad range of molecular targets (Ciulli and Abell, 2007). Furthermore, the various expression systems of the target, e.g. bacteria, insects or human-derived cells, and other common limitations, such as molecular weights, are not of critical importance for these 1D techniques (Campos-Olivas, 2011). Moreover, the inherent versatility of NMR has also allowed the detection of the binding activity of small-molecules to receptors in their native environments and in in real-time, a strategy called in-cell NMR (Primikyri et al., 2018). Many common NMR techniques have been used in or adapted for in-cell NMR (Kang, 2019). However, STD and Tr-NOESY techniques (Mari et al., 2010) have been successfully employed without the limiting step of isotopic labelling (Primikyri et al., 2018).
In addition, 1D ligand-detected techniques can also be utilised in difficult cases where expression and/or purification of the target macromolecule is a limiting factor and only nanomolar concentrations can be obtained. Most importantly, the richness of information acquired in a small amount of time (i.e. minutes per sample) allows the analysis to be performed in a high-throughput fashion (Dalvit et al., 2002). However, 1D ligand-detected experiments are not suitable for detecting the binding sites on the target, and higher dimensionality NMR techniques, including chemical-shift perturbation mapping (Williamson, 2013; Mureddu and Vuister, 2019), are often required. The latter enables the monitoring of target residues that are most likely to be interacting with the fragments, providing validation of binding as well as guidance on the next stage of development (Williamson, 2013).
Fragment optimisation is best achieved where a high-resolution 3D molecular structure of the target is available. While there are several techniques capable of resolving molecular structures, the simplicity and the rapid throughput associated with X-ray crystallography, it makes this the preferred method whenever possible (Erlanson, 2015). However, often targets of interest cannot always be exhaustively assessed by X-ray crystallography. For example, complexes displaying a highly flexible mode of interaction with the target molecule are best inspected by NMR (Teague, 2003; Leone et al., 2010), as crystal packing forces preclude the molecular adaptation required for complex formation. Moreover, the crystal lattice also might not allow the ligand to permeate through to the binding pockets (Zheng et al., 2015). In contrast, the NMR technique can provide unambiguous information on the various orientations of the ligand with respect to the target, referred to as poses. These poses can be combined with computational methods for designing drug-like compounds with improved binding and pharmacological properties. Interestingly, the emergence of Artificial Intelligence (AI)-driven structure elucidation, such as AlphaFold-2 (Jumper et al., 2021) and RoseTTA fold (Baek et al., 2021) provides an additional avenue for the fragment-optimization stage. A description of the most recurrent NMR techniques to elucidate structure information is available in the supplementary materials (Supplementary Table S1).
In subsequent sections of this manuscript, we present three case studies that employed a variety of NMR techniques and therefore can be considered templates of NMR-FBDD. The first case study explores the development of a compound denoted as AZD-3839. It originated from fragments identified by a ligand-detected primary screening using the Water-LOGSY technique. The second case study examines the history of the FDA-approved drug ABT-199, commercially called Venotoclax, which was also derived by FBDD. The development of this drug relied on a variety of target-detected NMR methods. Finally, the third case study analyses a compound known as S64315, a recent FDA-approved drug, which illustrates the role of NMR in FBDD through a combination of ligand-detected and target-based NMR techniques.
Case Study 1: AZD3839 and BACE-1
β-Site Amyloid precursor protein Cleaving Enzyme-1 (BACE-1) was identified over 20 years ago as a key component in Alzheimer disease (AD) pathogenesis (Vassar et al., 1999; Venugopal et al., 2008). BACE-1 is responsible for the initial cleavage of the amyloid precursor protein into smaller amyloid β-peptides (Aβ), whose accumulation in brain cells is believed to be one of the underlying causes of AD progression (Vassar et al., 2009). Not surprisingly, BACE-1 is a therapeutic target and a number of academic groups and pharmaceutical companies have placed considerable efforts into the research and development of new inhibitors in the hope of limiting or blocking the formation of Aβ (Ghosh et al., 2012; Goyal et al., 2014; Erlanson and Janke, 2016; Hung and Fu, 2017).
BACE-1 is characterised by an internal groove created by two lobes (S1 and S2), modulated by a loop (“flap”) which reveals the aspartyl catalytic site. The flap is highly dynamic, and the presence of an inhibitor can determine whether the macromolecule is in the “open” or “closed” state, thus modulating access to the catalytic pocket. The identification of two crucial aspartic acid residues, i.e. Asp32 and Asp228, has for many years driven the drug development process and optimisation of fragments (Erlanson and Janke, 2016). An exhaustive list of early fragments and their respective primary screening techniques is given by Erlanson and Jahnke in their “Lessons and Outlook” book (Erlanson and Janke, 2016).
A great example of the history of a complete development of a BACE-1 inhibitor is given by the compound AZD-3839, where the initial fragment was identified from 1D NMR studies. According to Geschwindner et al.(Geschwindner et al., 2007) at AstraZeneca the choice of NMR for this case provided a compromise between scalability of large fragment libraries with sufficient data-output on the one hand, and ensuring a robust method for detecting very weak binding at low ligand concentration on the other hand. By eliminating non-specific binders, the process also had the advantage of reducing false positives from the analysis.
The original screen using the Water-LOGSY 1D NMR technique was conducted on a 2000-compound library with four fragments per mixture, yielding a relatively low hit rate of 0.5%. Compound-1 (Figures 1, 2A, ) was identified as a binding hit. The hallmark intensity “sign-flip” of the Water-LOGSY signals resulting from this compound was clearly identifiable in the NMR spectra, suggesting binding to BACE-1 (Geschwindner et al., 2007). Crucially, as a control, the authors performed a competition experiment in the presence of a stronger known binder, showing a noticeable intensity reduction (signal becomes more negative) only for the singlet peak from the isocytosine aromatic H5 proton at around 5.65 ppm (Figure 2A, compound 1, blue circle). This validation assay reduced potential false positives by identifying fragments that displayed weak binding Water-LOGSY responses but did not show any changes upon the addition of the competitor. Compound-1 was eventually selected for further optimisation steps.
[image: Figure 2]FIGURE 2 | The AZD-3839 case-study. (A) The optimisation pathway: from NMR hits to AZD-3839. Compound-1 represents the hit initially identified from the Water-LOGSY NMR study. The blue circle highlights the crucial isocytosine aromatic proton. Compounds were optimised through a series of crystallography-based methods to yield the final compound-8 (AZD-3839) (Geschwindner et al., 2007; Jeppsson et al., 2012), yet preserving the original amidine motif (red circle) already present in compound-1. (B) Molecular structure representation of BACE-1 (PDB code: 4B05) and the main interaction between the catalytic groove (Asp32 and Asp228) and the amidine group of AZD-3839, first observed in the NMR-discovered hit (black rectangle). (C) Molecular similarity, as expressed by the Tanimoto coefficient (MS, Blue), normalised molecular weight (MW, orange) and polar surface area (PSA, green) scores for the eight compounds on the development path of AZD-3839.
Meanwhile, through parallel crystallographic studies performed by Astex Therapeutics (Murray et al., 2007) an optimised compound that preserved the original amidine motif was developed. The amidine motif was confirmed to be responsible for the strong interaction to the catalytic aspartates (Figure 2B). Subsequently, through a series of substitutions on the crucial scaffold, the molecule was morphed into the isoindole present in the final compound. Furthermore, the introduction of fluoro atoms improved the permeability of the molecule and the brain exposure by “shielding” the reactive amidine. Lastly, additional molecular interaction surface on the molecule, needed for the interaction of the molecule with the adjacent S3 and the flap (Edwards et al., 2007) (Figure 2B), was created by extension with additional aromatic moieties.
The various steps of this hit optimisation process clearly show how the initial NMR-derived fragment has undergone a series of dramatic changes. The magnitude of these changes can be assessed from the similarities of the molecular characteristics for each component, as given by its molecular weight (MW), polar surface area (PSA) and by the Tanimoto coefficient (Bajusz et al., 2015) which measures molecular similarity (MS, Figure 2C). A prominent drop of the Tanimoto coefficient is observed from the first NMR-detected compound-1 to compound-2 and further for compound-3. However, from compound-4 to the final AZD-3839 molecule, a much smaller variation in the score is observed. A different trend was observed for the molecular weight of successive compounds which showed a constant increment up to compound-4, followed by only minor changes towards the final AZD-3839. Interestingly, the final compound was characterised by a ∼10% smaller molecular weight compared to its predecessor yet attained a slightly increased PSA value (Figure 2C).
AZD-3839 appeared to be a very promising drug candidate and underwent clinical phase-1 trials. Unfortunately, it was stopped from patient administration, probably due to its high affinity to the hERG ion channel and resulting related side-effects (Berg et al., 2012). Nevertheless, this case demonstrated that NMR was crucial for determining the first hit from the primary screening containing the essential amidine-fragment. This motif proved to be of a critical importance in the interactions to BACE-1, and as a result it was preserved through the long path of further chemical optimisations that resulted in the final AZD-3839 compound.
Case Study 2: ABT-199 (Venetoclax) and BCL-2/XL
The second case study concerns the analysis of ABT-199, commercially referred to as Venetoclax, that obtained FDA-approval as BCL-2 inhibitor in 2016. This drug was selected for our studies for two reasons: firstly, the large impact of NMR throughout its development pathway and secondly because the Abbott NMR group, who initiated the studies on ABT-199, have pioneered the so-called “SAR by NMR” method that also underpinned its development (Shuker et al., 1996; Fesik et al., 1997) α.
ABT-199 is an inhibitor of the anti-apoptotic proteins BCL-2, BCL-xL, and BCL-w (Souers et al., 2013). These proteins play a pivotal role in cell survival; not surprisingly, they are over-expressed in many cancers and they are directly linked to initiation, progression and therapy resistance occurrences (Choudhary et al., 2015). The BCL members are α helical proteins; two of these, BCL-2 and BCL-xL, share four domains, BH4 (α1), BH3 (α2), BH1 (partially α4), and BH2 (partially α6 and α7) plus the transmembrane, TM, motif. The two central hydrophobic helices (α5 and α6) together with the amphipathic α1-4 and α7 together form an elongated hydrophobic groove in the so-called BH1, BH2, BH3 regions (Kelekar and Thompson, 1998) (Figure 3B). The BH3 region, in particular, is responsible for the interaction with other proapoptotic proteins such as BAK and BAX, rendering it a druggable site of interest (Letai et al., 2002).
[image: Figure 3]FIGURE 3 | The ABT-199 case-study. (A) Optimisation pathway: from NMR hits to ABT-199. The aromatic moieties of the NMR-determined hits (green and cyan circles) were originally identified as interacting with BCL-XL active sites (Petros et al., 2006). Compounds 1, 2, 3, 4 were identified and optimised through NMR methodologies, whereas the latest ABT compounds optimisations benefited from X-ray crystallography techniques (Petros et al., 2006; Petros et al., 2010; Souers et al., 2013). (B) Molecular structure representation of BCL-2 in complex with Venetoclax (PDB code: 6O0L). Green and cyan circles indicated the aromatic motifs originally identified through the NMR primary screening. (C) Molecular similarity, as expressed by the Tanimoto coefficient (MS, Blue), normalised molecular weight (MW, orange) and polar surface area (PSA, green) scores for compounds 3-7 on the development path of ABT-199.
The early inhibitor-discovery process was started by screening a large library of small molecules using 2D target-detected approaches, which led to the identification of several molecular candidates (Figure 3A, compounds 1 and 2). The hypothetical binding mechanism was elucidated through 15N-HSQC chemical shift perturbations (CSP) experiments (Petros et al., 2006). From the CSP results, it was possible to derive that the fluoro-biaryl acid region of compound-1 interacted with the BCL-xL hydrophobic groove. In fact, a series of shifts were observed for the peaks assigned to BCL-xL residues Gly94, Gly138, and Gly196, located in this groove (Petros et al., 2006). However, the study of the complex of BCL-xL with its binding partner BAK suggested the existence of an additional binding interface. Therefore, a second NMR screening was carried-out in the presence of a large excess of compound-1, with the aim of saturating the first site of interaction and while screening for potential hits to the second interface (Petros et al., 2006). Compound-2 (Figure 3A) was identified and eventually chosen to be used for chemical linkage to compound-1, in-line with the “SAR by NMR” approach (Petros et al., 2006). Multiple linkers, derived on the basis of various poses of compound-1 in the BH3 binding groove, were explored in order to improve the overall potency of the resulting molecule. Finally, a ∼200-fold improvement in binding affinity was established for compound-3 when compared to the original compound-1 (Figure 3A).
The first molecular model of the complex of BCL-xL with compound-3 was then derived on the basis of nine intermolecular NOEs (Petros et al., 2006). Although these NOEs were indicative of an interaction with both binding interfaces, it was concluded that compound-3 did not adopt optimal or ideal conformations. Consequently, new linkers and a new set of chemical reactions for connecting the fragments were explored.
Compound-4 was eventually synthesised and structurally evaluated on the basis of protein-ligand NOEs extracted from 3D13C-edited and 12C-filtered NOESY spectra, that allowed the molecule to be docked in the BH3 groove (Petros et al., 2006). Compound-4 was further optimised for those parts that were solvent-exposed. These parts of the molecule were replaced with polar substituents, including a 2-dimethylaminoethyl group in the linker. In addition, the insertion of a new piperazine ring resulted in compound-6, also referred to as ABT-737 (Figure 3A). ABT-737 displayed biological activity in the presence of human serum. A crystal structure at 2.2 Å resolution of BCL in complex with ABT-737, solved after the original NMR-determined binding pose of compound-4, validated the latter (Lee et al., 2007). The structure showed that ABT-737 interacted with the two binding interfaces formed by the hydrophobic pockets, P4 and P2, of BCL-2 and BCL-XL; including two hydrogen bonds from the thiophenyl and the 1-chloro-4-(4,4-dimethylcyclohex-1-enyl)benzene moieties to residues Gly138 and Glu96, respectively.
An in-vivo analysis suggested that synergetic therapy was required to inhibit the anti-apoptotic activity of the BCL family, while simultaneously promoting the activity of the pro-apoptotic proteins (BAX and BAK) (Oltersdorf et al., 2005). Therefore, the Abbott group also developed the ABT-263 molecule. After an initial positive assessment on multiple cellular lines, where ABT-263 reported stronger inhibitory actions, presumably by targeting both BCL-xL and BCL-2, advanced clinical studies unfortunately revealed major physiological pitfalls such as thrombocytopenia (Vandenberg and Cory, 2013).
Meanwhile, the project progressed to the final compound ABT-199 (Venetoclax) from ABT-263 through a series of substitutions (Vandenberg and Cory, 2013). In addition, new 3D crystal structures of BCL-2 in complex with various ligands were made publicly available (PDB codes listed in Supplementary Material and Methods) (Souers et al., 2013; Lee et al., 2007; Birkinshaw et al., 2019). The ABT-199 molecule (Figure 3A, compound-8) incorporated several crucial modifications compared to its ABT-263 (Figure 3A, compound-7) predecessor; a pivotal H-bond to Asp103 (corresponding to Glu96 in BCL-xL) was identified, thus providing an increased affinity to both the BCL-2 and BCL-xL P4 pockets (Souers et al., 2013) (Figure 3B).
We performed a molecular fingerprint analysis for all available molecules in the development process. However, as the initial NMR-detected fragments underwent a linkage step, the molecular similarities were assessed with respect to compound-3 (Figure 3A). Similarly to the AZD-3839 case study, a drastic drop in the Tanimoto coefficient was observed from compound-3 to the following optimised forms (Figure 3C). Interestingly, ABT-199 showed a reduced molecular weight and increased polar surface area compared with its predecessor compounds yet keeping an overall structural similarity relative to compound 4.
The ∼20-years development history of the ABT-199 compound revealed a multitude of challenges, including the initial failure in obtaining crystals of complexes with the first leads and various other in-vivo difficulties, which were not predictable from a structural point of view. However, our analysis shows that the development of Venetoclax most likely would not have been achieved without the crucial data obtained from multiple NMR techniques at the various stages of the ABT-199 drug-development process.
Case Study 3: S64315/MIK665 and MCL-1
The third case study presents an overview of the most crucial optimisation steps in the development of the molecule S64315, also known as MIK665 (Szlávik et al., 2019) (Figure 4A). S64315 is one of the most recent inhibitors currently being tested in clinical trials for targeting the BCL anti-apoptotic family, MCL-1 (Maragno et al., 2019). A series of studies indicated that MCL-1 is over-expressed in many cancer types (multiple myeloma, lymphomas, leukaemia) and therefore it is widely recognised as a druggable target (Albershardt et al., 2011). MCL-1 shares the highly conserved BH3 binding groove with other members of the family such as BCL-xL and BCL-2 (vide infra). This groove is essential for interacting and sequestering the pro-apoptotic proteins resulting in an increased cell survival.
[image: Figure 4]FIGURE 4 | The S64315 case-study. (A) Optimisation pathway: from NMR hits to S64315. All compound nomenclatures are identical to those used in the original manuscript (Szlávik et al., 2019) for an easier comparability. Compound 1a represents the initially identified thienopyrimidine core by ligand-detected 1D NMR techniques. The green and blue circles for compound 5d highlight the chemical groups that gave rise to crucial NOEs that suggested the initial molecule binding poses (Szlávik et al., 2019). (B) Molecular structure representation of a model of MCL-1 in complex with compound 18a (PDB code: 6QYO). The green ellipse highlights the original thienopyrimidine motif first identified by an 1D-NMR screening experiment (Szlávik et al., 2019). (C) Molecular similarity, as expressed by the Tanimoto coefficient (MS, Blue), normalised molecular weight (MW, orange) and polar surface area (PSA, green) scores for the twelve compounds on the development path of S64315 AZD-3839.
The development of specific inhibitors for MCL-1 which target the BH3 groove has proven to be challenging (S. Soderquist and Eastman, 2016). Researchers at Vernalis, together with collaborators, engaged in extensive efforts in their studies of this complex. These studies maximised the potency of an initial hit that was obtained from a ligand-detected NMR screening, and resulted in the most promising MCL-1 inhibitor to date, S64315/MIK665 (Szlávik et al., 2019). However, several difficulties had to be overcome during its development, such as the lack of 3D atomic structures resulting from the poor expression and purification of MCL-1 in human-cell lines (Szlávik et al., 2019). Despite this, the protein availability proved adequate for the initial NMR-based screening.
A thousand initial compounds, pooled in groups of eight, were screened using various 1D NMR techniques, such as STD, Water-LOGSY and relaxation experiments (cf. Supplementary Table S1), to reveal several potential binding hits. Due to low signal-to-noise ratios of the screening experiments because of limited sample availability, hits were further validated using 2D NMR 15N-HSQC titrations. In addition, to overcome the lack of a detailed 3D molecular structure, a new approach for determining ligand poses and guiding the drug development optimisation process was developed. This approach, referred to by the researchers as the NMR-guided model (NGM), employs 3D NMR methodology, i.e., X-filtered NOESYs (13C-edited,13C,15N-filtered), to identify crucial NOEs between ligands and the target. The information resulting from these NMR studies was combined with high-throughput computational docking studies, allowing for a more accurate classification of binding poses. From the NMR results, multiple compounds with various chemical functionalities were explored, of which a class of compounds comprising a thienopyrimidine group were believed to be the most promising. Particularly, NMR-derived compound-1a was used as the initial fragment towards the development of the S64315 drug (Figure 4A). Following a series of substitutions for the compound’s ethyl group, multiple variants were tested on BCL-2, BCL-xL and MCL-1. Some of the newly synthesised molecules showed comparable affinity toward all three targets (Szlávik et al., 2019). Using the 15N-HSQC technique, it was possible to estimate Kd values for most of these, which ultimately allowed the selection of compound-5days as the highest affinity binder for MCL-1.
The NOEs derived from the analysis of the compound-5days/MCL-1 complex indicated several potential contacts. In particular, contacts between the naphthyl ring (Figures 4A, 5D, green circle) and the MCL-1 side chains of Ala227, Met231, Val249, Val253, and Thr266 were observed as well as between a methyl group (Figures 4A, 5D, blue circles) and the side chains of Met231, Val249, Val253, Leu267 (Szlávik et al., 2019). To further investigate the BH3 binding region’s molecular flexibility, the researchers assessed various possible docking poses using multiple structural ensembles. This approach enabled a better estimation of the possible allowed geometries that were consistent with the experimental NOE information. Ultimately, the preferred molecular orientation consisted of the carboxylic acid pointing toward the solvent region, and the naphthyl group toward the S2 pocket. Different conformations and variations of the ligand molecule interacting with the hydrophobic groove were also assessed. This was achieved by modifying the core of the original compounds by inserting various aliphatic substituents and testing the different rotational properties of the resulting aryl ethers and anilines (Figure 4A, 8days-15, black circles).
[image: Figure 5]FIGURE 5 | Comparison of methods and history of clinical drugs. (A) Normalised score of the predominant methodologies used for the discovery and development of the 53 clinical drugs inspected in this study. (B) Normalised similarity scores for the ABT-199 (orange), the S64315 (green) and the AZD-3839 (blue) fragment-to-drug developments pathways with interpolated optimisations steps.
At a much later stage, crystallographic structures of the MCL-1 complex and some variants became available (PDB codes listed in Supplementary Material and Methods), allowing for more detailed studies of several fragments and their binding modes.
Multiple optimisation steps were carried out, eventually leading to S64315 (Figure 4A, compound-8a). This final compound presented new crucial ortho-substituents, such as the fluorobenzene and methoxyphenyl-pyridine group (Figure 4A, orange circles), which were responsible for the increased selectivity for MCL-1 compared to its precursor. Here, we have generated a model of MCL-1 in complex with compound-18a (Szlávik et al., 2019) using the MCL-1 crystal structure (PDB code 6QYO) by manually overlaying the S64315 molecule onto compound-18a (Figure 4B). The model shows the thienopyrimidine motif, already observed in the original NMR-derived compound-1a, deeply buried in the hydrophobic groove of the BH3 binding domain.
As for the previous case-studies, we inspected the molecular characteristics using the normalised MW and PSG scores and the Tanimoto score for all available compounds (Figure 4C). In line with the observations for both ABT-199 and AZD-3839, albeit somewhat less prominent, the result of this analysis again shows the characteristic initial decrease in molecular similarity from the first fragment to the following variants, indicating the significant changes during the initial steps of development. Interestingly, several compounds mid-way through the development (i.e., compounds 5 days, 8 days) showed a higher Tanimoto coefficient compared to the initially optimised fragments, suggesting a more careful optimisation process rather than a revolutionary approach to the first NMR-derived hit. Starting from compound-10 only smaller changes occur together with increased PSA scores. Surprisingly, the final compound appeared to differ the most from its direct precursors. This compound also showed an increased MW and a reduced PSA score compared to its previous three variants.
The search for an MCL-1 inhibitor started several years ago from the identification of a first hit obtained through primary screening by NMR. The process illustrates the huge amount of work required to bring an initial hit to a final lead drug candidate, which included the efforts of multiple academic and industrial laboratories. The failure of crystallisation trials during the early stages of the project, plus the inherent flexibility of the MCL-1 BH3 binding groove, made NMR spectroscopy uniquely capable of driving the project forward. The S64315 compound is currently under evaluation in the clinical phase-1 trials, which provides hope for patients affected by a variety of cancer types.
DISCUSSION AND CONCLUSION
We explored the development histories of the AZD-3839, ABT-199 and S64315 compounds (Jeppsson et al., 2012; Souers et al., 2013; Szlávik et al., 2019), from the primary screening to the final lead optimisation, focusing on their target interactions and the rationale behind their optimisations. These cases highlighted the underlying role of NMR techniques during all drug discovery phases and their impact throughout each stage.
With multiple compounds in clinical phases, NMR has demonstrated a key role in the process of fragment-based drug discovery (Singh et al., 2018) (Figure 5A). In 2016, ABT-199, commonly known as Venetoclax, was the first confirmed FDA-approved drug derived largely by NMR-FBDD (Erlanson, 2012; Souers et al., 2013; Hubbard, 2016). The development of other fragment-derived drugs, e.g., Vemurafenib (approved in 2011) (Flaherty et al., 2011), Erdafitinib (approved in 2019) (Perera et al., 2017; The ASCO Post, 2019), Pexidartinib (approved in 2020) (Benner et al., 2020) and Sotorasib (approved in 2021) (Ostrem et al., 2013), were driven by both NMR, X-ray crystallography and other techniques.
Interestingly, Vemurafenib, and Pexidartinib, both developed by Plexxikon, the phase-III drug Capivasertib (Addie et al., 2013) developed by Astra-Zeneca, and many other clinical candidate molecules, all include the identical 7-azaindole fragment (Irie and Sawa, 2018; Qhobosheane et al., 2020). This unique structural composition presents both crucial hydrogen-bond acceptor and donor groups making this small molecule able potentially to interact with over 90 different kinds of kinase active sites, which has been considered encapsulating the entire human Kinome (Irie and Sawa, 2018).
In spite of this distinctive case of a generally adaptable building block, over the years, different methodologies have been explicitly developed and proven crucial for enhancing the success rate in the drug discovery process (Pellecchia, 2010). The great flexibility and adaptability of NMR provides for qualitative and quantitative insights at each point of the drug development process (Campos-Olivas, 2011; Pellecchia, 2010). From the case studies, it emerged that NMR is predominately used in the primary screening, also known as “hit-identification” (Figure 1C). The detection of weak binders, defined as small-molecules presenting transient interactions to targets or unfavourably high dissociation rates, is paramount in the early stages of FBDD (Wang et al., 2017). The identification of such compounds represents a clear advantage as it shows its natural ability to bind its target and succeed among cocktails of other sub-molar molecules. The crucial chemical nature of these molecules, i.e., their “core”, is often used as a scaffold and preserved during their evolution to final drugs (Figures 3A, 4A).
However, the process hit-identification by NMR has also shown a number of drawbacks (Davis and Erlanson, 2013). For example, the usage of only a single ligand-detected 1D technique for identifying binding fragments may prove to give erroneous results (Davis and Erlanson, 2013). Hence, the recommendation is to use at least two NMR techniques, such as STD and Water-LOGSY (Davis and Erlanson, 2013) in parallel.
An inevitable consequence of using weakly binding fragments is the so-called “non-specific” binding event (Mercier et al., 2009). A simple strategy for alleviating this issue was employed in the development of AZD-3839. By recording competition experiments using a potent known, but clinically unsuitable, ligand for the same target non-specific binding molecules were identified and excluded from further development.
Furthermore, from the case studies it appeared that the full analytical power of 1D NMR spectroscopy was often not exploited. Instead, the NMR data appear to be used solely as a binary result, probably also due to a lack of proper computational- and data-analysis tools available at the time the research was conducted (Mureddu et al., 2020). The data obtained from Water-LOGSY and STD experiments offer further quantitative information (Meyer et al., 2004; Cala and Krimm, 2015). The SAR by Water-LOGSY, for example, suggests a scoring factor to identify the most exposed portion of the molecule. Assessing all data that can be derived from 1D and multi-dimensional NMR experiments can eventually provide insights into the ligand binding pose (Raingeval et al., 2019).
Upon validation of fragment hits, the next stage is usually the exploration of potential binding sites on the target. Chemical shift perturbation, or CSP, is so far the most popular NMR technique used for this task (Williamson, 2013; Mureddu and Vuister, 2019). CSP has been widely used as a standard for molecules that progressed into clinical phases. Nevertheless, a CSP analysis potentially might drive researchers in wrong directions, and final conclusions should not be based on this approach alone. Common errors observed in practice include subjective judgments or misinterpretation of shifting peaks, especially in crowded regions of the spectra, leading to overestimating of the CSP effects. Furthermore, in some instances, compounds have been shown to change the pH of the solution, resulting in false positive CSPs (Davis and Erlanson, 2013). By performing appropriate control experiments, such errors might hopefully be avoided.
NMR has often been associated with a requirement for daunting and time-consuming data analysis. There may be a multitude of other undescribed factors, but NMR’s lack of modern, more practical, quicker, and unbiased methods, alongside with automated data analysis routines has comparatively slowed the entire NMR-FBDD process, prompting a need for improvements in all these aspects (Mureddu et al., 2020). To this end, we have recently developed a versatile and flexible data-analysis program called AnalysisScreen (Mureddu et al., 2020), part of the CcpNmr Analysis package (Skinner et al., 2016), which presents dedicated provision and capabilities for the analysis of all forms of NMR data used in the NMR-FBDD process, including an integrated CSP analysis (Mureddu and Vuister, 2019).
An additional key step before the expensive and laborious optimisation processes of candidate compounds begins is a minute hit chemical assessment; for example, by employing Pan-Assay Interference Compounds (PAINS) protocols (Baell and Nissink, 2018). Applying these filters to hits or families of hits can help identify erroneous binders. PAINS-flagged molecules can exert photo-reactivity, redox-activity and other undesirable chemical phenomena, which can lead to non-specific or unwanted biological activities. Unfortunately, it is also wise not to rely solely on PAINS filters. A recent analysis showed that many PAINS-flagged molecules had been wrongly evaluated by the applied filters, either as false negatives or false positives (Capuzzi et al., 2017).
Ayotte et al. proposed the use of a NMR CPMG series to detect potential aggregation of compounds in mixtures (Ayotte et al., 2019), another potentially complicating effect. In addition, the authors also pointed out that aggregation can be solvent-dependent, and thus a minor adjustment of the sample composition might improve or worsen the outcomes of screening experiments (Ayotte et al., 2019).
The methodological and data-analysis improvements are fundamental to design the molecules from the early stages and onward. From the analysis of the three cases, it emerged that molecular optimisations are mainly guided by multiple manual moiety substitutions, followed by their chemical synthesis and re-evaluation. Although this might generate potential leads, a meticulous use of computational approaches could likely have accelerated this process further. Molecular docking studies aided the final lead generation of the ABT-199 compound; however, combining NMR and molecular docking can still introduce mistakes and whereas docking alone can also not be fully trusted (Chen, 2015). Even the newest scoring functions, implemented using artificial intelligence (AI), likely still present significant limitations (Gabel et al., 2014), as incomplete or erroneous classification of existing experimental data can compromise and bias their validity (Uçar et al., 2020).
Despite these setbacks, we firmly expect that newer chemo-informatics and AI algorithms, together with improved high-performance computing resources for rapid parallel in-silico drug screening using Molecular Dynamic (MD) simulations, will replace the current optimisation stages of the FBDD protocols. Several algorithms can already complement the experimental data validation (Bienstock, 2011). In addition to experimental methods, such as X-ray crystallography, NMR and electron microscopy, AI-driven structure elucidation by tools such as AlphaFold-2 (Jumper et al., 2021) and RoseTTA fold (Baek et al., 2021) can also provide the 3D molecular information required for the fragment-optimization stage. Ideally, the computational approaches for fragment optimization should simultaneously take the interaction, the experimental data such as derived by NMR, as well as biological aspects into consideration. For example, the robustness of a candidate compound or potential drug resistance could also be assessed early in the development process, thus integrating multiple fields of drug-discovery and pharmacology in a holistic way that scientists alone could not have attained (Dey and Caflisch, 2008).
By analysing the molecular characteristics of the various compounds, we have identified correlations in the development patterns among the three cases studied. By comparing the Tanimoto coefficients (Bajusz et al., 2015) for the three final compounds (Figures 2C, 3C, 4C), we speculate that expanding the molecule (via growing/linking methods) did not improve the binding affinity. This suggests that just covering the conformational molecular interaction space does not necessarily lead to higher affinity drugs. Figure 5B displays the normalised Tanimoto scores for the three different fragment-to-drug evolutions. Clearly, the development of AZD-3839 and ABT-199 display a highly similar pattern, which is dissimilar from S64315. An obvious conclusion could be that they simply differ in their optimisation protocols. However, it could equally suggest that the optimization of S64315 is not yet complete and multiple additional changes might occur before “converging” to the ultimate drug.
In conclusion, although only a few drugs approved by FDA have an NMR fragment-based trackable history that is easily accessible from public domain data, an analysis of relevant publications over the last 6 years shows an impressive number of journal articles reporting on discoveries of molecules in the pre-clinical stages in which NMR had a crucial role (Figure 1A). One of these molecules, Asciminib (Schoepfer et al., 2018), has only just recently (2021) been granted a FDA Breakthrough Therapy designation (Furnari et al., 2021), and it constitutes yet another marvellous example of the crucial role of NMR experiments in every stage of its development (Schoepfer et al., 2018).
In all, the overall methodological advances in the steps leading from initial hit to candidate-drug provide great hope that, compared to the time currently taken, new potent and selective drugs will soon become much more rapidly available.
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Cystic fibrosis (CF) is progressive genetic disease that predisposes lungs and other organs to multiple long-lasting microbial infections. Pseudomonas aeruginosa is the most prevalent and deadly pathogen among these microbes. Lung function of CF patients worsens following chronic infections with P. aeruginosa and is associated with increased mortality and morbidity. Emergence of multidrug-resistant, extensively drug-resistant and pandrug-resistant strains of P. aeruginosa due to intrinsic and adaptive antibiotic resistance mechanisms has failed the current anti-pseudomonal antibiotics. Hence new antibacterials are urgently needed to treat P. aeruginosa infections. Structure-guided fragment-based drug discovery (FBDD) is a powerful approach in the field of drug development that has succeeded in delivering six FDA approved drugs over the past 20 years targeting a variety of biological molecules. However, FBDD has not been widely used in the development of anti-pseudomonal molecules. In this review, we first give a brief overview of our structure-guided FBDD pipeline and then give a detailed account of FBDD campaigns to combat P. aeruginosa infections by developing small molecules having either bactericidal or anti-virulence properties. We conclude with a brief overview of the FBDD efforts in our lab at the University of Cambridge towards targeting P. aeruginosa infections.
Keywords: FBDD, fragment-based drug discovery, antibiotics, cystic fibrosis, Pseudomonas, anti-virulence
INTRODUCTION
Cystic fibrosis (CF) is a life-shortening autosomal-recessive Mendelian disease affecting approximately 100,000 people worldwide (Cystic Fibrosis Foundation, 2017 Annual Data Report, 2021; United Kingdom; Cystic Fibrosis Registry 2020 Annual Data Report, 2021). In the 1950s, the majority of the CF patients did not live beyond infancy (Davis, 2006; Elborn, 2016). Four decades later, the life expectancy had improved to 31 years (Cystic Fibrosis Foundation. 2017. Cystic Fibrosis Foundation patient registry. 2016 annual data report. Cystic Fibrosis Foundation, Bethesda, MD.). At present, with further improvement in the diagnosis and treatment, the median survival age of CF patients has increased to 50.6 years in United Kingdom (UK Cystic Fibrosis Registry 2020 Annual Data Report, 2021) and 59 years in United states (UK Cystic Fibrosis Registry 2020 Annual Data Report, 2021). The majority of morbidity and mortality in CF is caused by chronic bacterial lung infections (Elborn, 2016; Molina and Hunt, 2017). CF is caused by bi-allelic deleterious mutations in the Cystic Fibrosis Transmembrane Conductance Regulator (CFTR) protein, leading to defects in chloride and bicarbonate ion transport across epithelial surfaces, and consequently the production of thick secretions that disrupt mucociliary clearance in the lungs, predisposing to chronic bacterial infections, and progressive inflammatory lung disease.
The most important bacterial infection in CF is P. aeruginosa, a Gram-negative bacterium that, in addition to causing opportunistic and hospital-acquired infections, can cause chronic respiratory infections in individuals with underlying inflammatory lung disease, including CF. Approximately 40% of the adult CF population in the United Kingdom is currently chronically infected with P. aeruginosa (2019 CF registry), leading to increased mortality and morbidity (Flume et al., 2007; Crull et al., 2018) associated with the emergence of multi-drug resistant organisms and antibiotic failure.
Current Treatment Regimens for P. aeruginosa Infections and Need for Novel Therapeutics
At present, nine categories of anti-pseudomonal antibiotics are used to treat P. aeruginosa infections including penicillin-β-lactamase combinations (piperacillin-tazobactam and ticarcillin-clavulanate), cephalosporins (Ceftazidime, Cefepime, Cefoperazone and Cefiderocol), a monobactam (aztreonam), fluoroquinolones (Ciprofloxacin, Levofloxacin, Prulifloxacin, Delafloxacin and Finafloxacin), a phosphonic acid derivative (Fosfomycin), carbapenems (Doripenem, Imipenem/cilastatin and Meropenem), novel β-lactams with β-lactamase inhibitors (ceftazidime–avibactam, ceftolozane/tazobactam, Imipenem/cilastatin–relebactam, Meropenem–vaborbactam), aminoglycosides (Tobramycin, Gentamicin, Amikacin and Plazomicin) and polymyxins (Colistin and PolymyxinB) (Ibrahim et al., 2020).
P. aeruginosa is equipped with a high level of intrinsic antibiotic resistance owing to restricted outer membrane permeability, efflux systems that pump antibiotics out of the cell and production of antibiotic-inactivating enzymes such as β-lactamases. P. aeruginosa can also readily acquire antibiotic resistance through mutations and acquisition of resistance plasmids (Potron et al., 2015; Pang et al., 2019), leading to the emergence of multidrug-resistant (MDR), extensively drug-resistant (XDR) and pandrug-resistant (PDR) strains of P. aeruginosa (El Zowalaty et al., 2015; Bassetti et al., 2018). In addition, P. aeruginosa possesses adaptive resistance mechanisms against antibiotics, including biofilm-mediated resistance and the formation of multidrug-tolerant persister cells which further limit the effectiveness of current antibiotic treatments (Pang et al., 2019). As a consequence this pathogen is listed in the “critical” category of antibiotic-resistant “priority pathogens” published recently by WHO (WHO, 2017) (Shrivastava et al., 2018). Hence, there is an urgent need for new antibiotics along with the discovery and development of novel potential therapeutic strategies such as quorum sensing inhibition, lectin inhibition, iron chelation, phage therapy, vaccine strategy, nanoparticles, antimicrobial peptides and electrochemical scaffolds, which present new avenues against P. aeruginosa infections (Pang et al., 2019).
Fragment-Based Drug Discovery Approach and Work Flow
Structure-guided fragment-based drug discovery (FBDD) is a powerful approach, now widely used both in academia and industries to produce novel high-quality drug-like molecules (Blundell et al., 2002; Murray and Rees, 2009; Scott et al., 2012; Mashalidis et al., 2013; Erlanson et al., 2016). This approach involves screening a library consisting of small “fragments” (MW < 300 Da) of drug-like molecules against a defined target protein, using various biophysical, biochemical and structural biology methods. Compared with the traditional high-throughput screens of drug-sized molecules, the binding and subsequent growth of low molecular weight fragments to drug-like compounds allows a more extensive exploration of chemical space even when using small libraries and can lead to superior molecules. Although fragments are usually weak binders, they can bind to hotspots that allow well-defined interactions with the target protein. These can be entropically favourable due to displacement of previously organised bound water molecules (Radoux et al., 2016). The three-dimensional binding mode of these fragments is explored by determining the structure of the fragment-bound target using X-ray crystallography, NMR spectroscopy or cryoelectron microscopy, and guided by these structures the fragments are chemically “grown” or “linked” to form a larger molecule with higher affinity and drug-like properties. Over the past 20 years, FBDD has achieved significant success by delivering six FDA approved drugs namely, vemurafenib (Bollag et al., 2012), venetoclax (Souers et al., 2013), erdafitinib (Perera et al., 2017), pexidartinib (Tap et al., 2015), sotoracib (Blair, 2021) and Asciminib (Eşkazan, 2021) (Table 1). In addition, more than 40 molecules discovered by FBDD are currently in active clinical development (Erlanson, 2021). Four of these molecules: capivasertib (AstraZeneca/Astex/CRUK), lanabecestat (Astex/AstraZeneca/Lilly), pelabresib (CP-0610) (Constellation) and verubecestat (Merk) have reached in the phase 3 of the clinical trial (Erlanson, 2021). However, the use of FBDD for the development of anti-pseudomonal molecules has been limited to only a handful of studies, some of which will be discussed later in this review, but focusing on the contribution of our own lab.
TABLE 1 | Drugs on the market developed by FBDD approach and their biological targets.
[image: Table 1]Until recently one of the main limitations of fragment-based approaches was the need to have crystals with sufficient resolution to see the fragments. This is now less of a problem as many companies such Astex and Astra Zeneca, as well as our own academic work, has been radically transformed by the use of cryo-EM. The power of cryo-EM to visualise small molecules is illustrated by recent work in both our academic work and Astex company work, where cryo-EM is now being widely used for fragment-based drug discovery. A recent example from our academic work is on visualising small drug molecules in the 4,000 amino acid DNA-PKcs published in Nature (Liang et al., 2022).
We now review the steps involved in a typical target-oriented structure-guided fragment based drug discovery (Figure 1).
[image: Figure 1]FIGURE 1 | Fragment-based drug discovery (FBDD). The various biochemical, biophysical and structural biology techniques used in a FBDD pipeline are illustrated.
Target Selection
Target selection is the first step in our drug discovery pipeline. A systematic analysis of literature on gene essentiality is performed in order to select essential drug-targets. These studies include various molecular genetic approaches, such as gene trapping, homologous recombination, transposon insertion mutagenesis (Van Opijnen and Camilli, 2013; Chao et al., 2016), and more recently developed CRISPR/CAS9 gene editing system (Wang et al., 2015; Evers et al., 2016; Morgens et al., 2016; Senturk et al., 2017; Bartha et al., 2018; You et al., 2020), to identify essential genes by first incorporating inactivating mutations in them and then determining the viability of the cells or organism carrying these mutations. The next step is to look for the similarity of these essential genes to those of the human genome. Targets similar to a gene in the human genome or human gut microbiome are not pursued in order to avoid cross-reactivity of the developed antibiotic and maintain the health of the microbiome. The protein products of these genes are considered for selecting a target. This is followed by the ligandability/druggability analysis by detecting and evaluating the ligand binding sites using modelling programs, such as the α-shape based approach (Edelsbrunner and Mücke, 1994) in MOE (MOLECULAR OPERATING ENVIRONMENT, 2016 Integrated Computer-Aided Molecular Design Platform), SiteMap (Halgren, 2009), LIGSITE (Huang and Schroeder, 2006), CASTp (Dundas et al., 2006) and more recently by generating fragment HOTSPOT maps (Radoux et al., 2016), taking advantage of the available 3-dimensional structure for potential target proteins. Cryptic binding sites can be detected by molecular dynamics simulations (Kuzmanic et al., 2020) and the cosolvent mapping method (Yang and Wang, 2010). In cases where the 3-dimensional structures are not available, they can be modelled using software such as Modeller (Šali and Blundell, 1993; Eswar et al., 2006) and more recently developed deep-learning algorithms, such as AlphaFold (Senior et al., 2020), AlphaFold2 (Jumper et al., 2021) and RoseTTAFold (Baek et al., 2021), and the resulting structure can be then analysed for ligandability. Other criteria while selecting a target include preference for non-membrane proteins and availability of well-established biochemical/functional assays in order to achieve a speedy drug-discovery process.
Target Protein Production
Once the target protein is selected, the corresponding gene is cloned into an expression vector using molecular biology techniques such as PCR (Mullis, 1990; Garibyan and Avashia, 2013; Hoseini and Sauer, 2015), restriction digestion (Roberts, 2005) and ligation (Cohen et al., 1973) resulting in an expression plasmid. The target protein is often overexpressed in Escherichia coli using this expression plasmid. The overexpressed protein is purified in large quantity using protein chemistry techniques such as affinity chromatography (Rodriguez et al., 2020), ion-exchange chromatography (Walls and Walker, 2017) and size exclusion chromatography (Burgess, 2018; Held and Kilz, 2021).
Design/Selection of Fragment Library for a Selected Target
Designing/selecting a generic fragment library for a fragment-screening campaign in general involves considerations such as diversity, solubility, molecular weight (MW), cLogP, polar surface area (PSA), Fsp3 (Lovering et al., 2009; Wei et al., 2020), natural product-likeness and the number of the fragments (Mahmood and Ramachandraiah, 2021). On the other hand, there are certain criteria that are important to consider while assembling/choosing a fragment library with high chemical and structural diversity to be used for screening against a selected target. These involve ligand and protein structure-based approaches of library design/selection (Schuffenhauer et al., 2005). The ligand-based approach involves the knowledge of binding mode of known ligands for the target and the fragments that can undergo similar interactions with the target are selected. Importantly, such interactions are often conserved over the whole target family and hence a fragment identified using this approach can be used to target other members of the family. An example of such approach include selection of metal chelators in a fragment screening campaign against gelatinase (Wang et al., 2002). Commercial fragment libraries dedicated for matrix metalloprotease (MMPs) such as Chelator Fragment Libraries (CFL 1.1), comprising a range of metal chelating moieties (Agrawal et al., 2008) and protease inhibitor-enriched library (Baell and Holloway, 2010), have been deliberately chosen to target a matrix metalloproteinase, LasB (Garner et al., 2012; Kany et al., 2018a). Another example of target-focussed libraries are halogen-enriched fragment libraries (HEFLibs), comprising chemical probes that identify halogen bonds as the main feature of binding mode, and originally constructed to find chemical moieties that stabilise p53 mutants (Heidrich et al., 2019). Structure-based approaches for design/selection of the fragment library may involve in silico screening as described for DNA gyrase ligands (Boehm et al., 2000). The hit rates in fragment screening with such target-focused fragment libraries are much higher than those with generic fragment libraries.
Fragment Screening to Identify Hits
Biophysical, biochemical, structural biology and computational methods are used to screen a library of fragments (∼1,000) against the target. The most popular biophysical method used for screening is differential scanning fluorimetry (DSF), often known as thermal shift assay, a technique that measures the denaturation temperature (melting temperature, Tm) of the protein (Senisterra et al., 2012) and allows the detection of compounds that increase the Tm of a target protein on binding by promoting protein stability (Niesen et al., 2007). Surface plasmon resonance (SPR), a label-free technique, is another biophysical technique that is used for direct screening of fragment libraries (Navratilova and Hopkins, 2010). Fragment-screening by SPR is advantageous owing to its cost-effectiveness, the possibility of high-throughput mode and the requirement of a very small amount of protein (Neumann et al., 2007; Chavanieu and Pugnière, 2016). NMR spectroscopy can also be used to perform initial screening, possibly using cocktails of fragments to accelerate the procedure (Leach, 2006).
Microscale thermophoresis (MST), another well-established biophysical technique to quantify any kind of biomolecular interaction (Jerabek-Willemsen et al., 2014; Mueller et al., 2017), is based on thermophoretic mobility, the directed motions of biomolecules and macromolecular complexes in solution in a temperature gradient; these strongly depend on molecular properties such as size, charge, hydration shell or conformation. MST enables the identification of compounds whose binding to a target changes the thermophoretic mobility of the target (Asmari et al., 2018), including even the weak binders, such as fragments (Linke et al., 2016). It has been demonstrated that MST is amenable for implementation into high-throughput screening cascades (Rainard et al., 2018) and has potential to maximize the efficacy of fragment screening campaigns owing to a high degree of automation in the technique generating quantitative data for affinity ranking in a rapid and precise manner (Rainard et al., 2018). Biolayer interferometry (BLI), especially useful for targeting protein–protein interactions (Wartchow et al., 2011), and nanoelectrospray ionization mass spectrometry (ES-MS) (Maple et al., 2012) are other methods that have recently been used for fragment screening and ranking.
Crystal-based screening of a fragment library has also been developed (Patel et al., 2014), and this is routinely practiced at the XChem facility of Diamond Light Source, United Kingdom as a highly streamlined process, allowing more than 1,000 fragments to be screened in less than a week (Douangamath et al., 2020. https://www.diamond.ac.uk/Instruments/Mx/Fragment-Screening.html). For this, many crystals of the target protein are produced and the fragments are soaked in these crystals using the acoustic droplet ejection technique (Collins et al., 2017). High-throughput X-ray diffraction data collection (36 h of unattended beamtime) is carried out on the resulting crystals at the dedicated beamline, IO4-1, of the Diamond Light Source. The processing of X-ray data is performed automatically while the data are being collected, using the dedicated data processing softwares, such as xia2 (Winter 2010) among others. The structure solution and map analysis is performed by the XChemExplorer package (Krojer et al., 2017) including modules such as DIMPLE (Difference Map PipeLinE) for initial refinement and automated difference map calculation to allow for quick assessment of X-ray data to see if a ligand has bound to the structure; AceDRG (Long et al., 2017) for generation of ligand restraints; REFMAC (Murshudov et al., 2011) for refinement; PanDDA (Pearce et al., 2017) for the streamline density interpretation and hit detection; a number of tools from PHENIX (Adams et al., 2010) for structure validation; and Coot (Emsley et al., 2010) for automated model building. The advantage of crystal-based screening is that it can detect fragments that have very weak binding affinities to the target protein.
To cut the cost of experiments and as a pre-screen, virtual docking of the fragment library on the three-dimensional structure of target protein, known as virtual screening (VS), is often performed in order to obtain initial hits (Bielska et al., 2011; Singh et al., 2018; Yamaotsu and Hirono, 2018; Gimeno et al., 2019). However, it is of note that these hits are hypothetical and warrant experimental validation (Zhu et al., 2013). VS is advantageous in cases where a very large library comprising millions of scaffolds has to be screened, where it can reduce the number of molecules needed to be screened experimentally by other biophysical/biochemical methods. VS campaign can be supplemented by machine and deep learning principles, especially when dealing with large data sets (Melville et al., 2009). Machine learning approaches in ligand-based VS can address complex compound classification problems and help predict new active molecules (Lavecchia, 2015). Deep learning in the field has emerged in recent years and it has been demonstrated to have utility beyond bioactivity prediction to other drug discovery problems such as de novo molecular design, synthesis prediction and biological image analysis (Chen et al., 2018).
Hit Validation
Hits from initial screening are confirmed by ligand-based NMR spectroscopy (Hajduk et al., 1997; Mayer and Meyer, 1999; Dalvit et al., 2001). Real-time fragment-binding affinity and kinetics can be determined using SPR (Yadav et al., 2012; Capelli et al., 2020) and thermodynamics of fragment binding is determined using isothermal titration calorimetry (ITC) (Srivastava and Yadav, 2019). The 3D structures of protein-fragment complexes are determined using X-ray crystallography to instruct the process of fragment elaboration. Functional biochemical assays are performed to measure the inhibition activity of the fragments.
Fragment to Lead Optimization and Cell-Based Assays
Guided by the 3D structure of protein-fragment complexes the fragments are elaborated using growing (Hoffer et al., 2018), merging (Nikiforov et al., 2016; Miyake et al., 2019) or linking (Bancet et al., 2020), whichever suits in order to generate compounds with higher affinity and drug-like properties. In-silico molecular modelling is a remarkably beneficial tool as, together with X-ray and cryo-electron microscopy, it provides a means to develop a suitable linker to attach to the low-affinity molecules (Scoffin and Slater, 2015; de Souza Neto et al., 2020). We do this with the help of our chemistry collaborators. The elaborated compounds are then tested by ITC for their affinities to target and functional assays for their inhibition activity against the target. An iterative cycle of fragment growing/merging/linking, followed by biophysical, biochemical and structural analyses while maintaining high ligand efficiency is established. The final compounds, often achieving nanomolar affinities and having potent in vitro inhibition, are then used for cell-based assays to check their minimal inhibitory concentrations (MICs) (Kowalska-Krochmal and Dudek-Wicher, 2021). We do this with the help of our cell biologist collaborators.
Expected Outcomes
Small “fragments” of drug-like molecules may bind to hotspots on a defined protein target. The initial screening of a library of fragments (∼1,000) often results in several fragments (∼20–50) binding to a target. Hit validation should lead to 5–10 fragments having significant affinity to the target. Fragments can be chemically “grown” or “linked” to deliver compounds with nanomolar binding affinities to the target and altering its activity. Such small-molecule inhibitors developed against essential protein targets can be developed into lead compounds. Further chemical modification of the chemical structure of the lead compound can lead to improvement in potency, selectivity and pharmacokinetic parameters. The pharmacologically active moiety thus obtained may have poor drug likeness which can usually be further modified chemically to result in a more drug-like compound for testing biologically or clinically. Such a compound should be able to compromise the growth and survival of the pathogen inside the host organism.
ANTIBIOTIC STRATEGIES TARGETING P. AERUGINOSA
Targeting Lipopolysaccharide Biosynthesis Pathway
Fragment-Based Drug Discovery on LpxA and LpxD
The presence of an outer membrane in Gram-negative bacteria (GNB) protects the bacterial cell not only from the harsh environment but also antibiotics (Koch, 2017). Lipopolysaccharide (LPS), the major component of the outer leaflet of this membrane (Raetz and Whitfield, 2002), are virulence factors essential in many clinically important GNBs, such as P. aeruginosa, where it plays important roles in the structural integrity of the bacteria and its defence against the host; hence the enzymes of the LPS biosynthesis pathway are attractive drug targets (Cryz et al., 1984; King et al., 2009). Although there are currently no antibiotics targeting LPS biosynthesis, compounds inhibiting this biochemical pathway can lead to the development of new antibiotics with novel mechanism of action (Jackman et al., 2000; Joo, 2015). Lipid A, a glucosamine disaccharide that is connected to multiple fatty acid chains of various lengths, is the minimal component of LPS required for cellular viability in most GNBs (Anderson et al., 1993; Rotella, 1997; Raetz and Whitfield, 2002). Moreover, lipid A is the antigenic determinant of LPS that triggers septic shock. The enzymes of the LPS biosynthesis pathway, including lipid A biosynthesis, are attractive drug targets for therapeutic interventions. An in silico study suggests that, in P. aeruginosa, a total of thirteen enzymes are involved in this LPS biosynthesis, of which seven enzymes matched with the list of candidate essential genes obtained by transposon mutagenesis study (Perumal et al., 2007). These enzymes have no human homologues and hence they can serve as potential drug targets.
LpxA, LpxC and LpxD are the first three enzymes in lipid. A biosynthesis pathway. Of these, LpxC has been extensively targeted by antibiotic discovery leading to the development of many small molecule inhibitors with antibacterial properties (Kalinin and Holl, 2017). In contrast, LpxA and LpxD have remained largely unexplored for the development of small molecule inhibitors and are targeted mostly by antibacterial peptides (Williams et al., 2006; Jenkins and Dotson, 2012; Jenkins et al., 2014; Dangkulwanich et al., 2019). LpxA and LpxD are amenable to dual-targeting inhibitors due to their structural similarity and the advantage of such inhibitors include increased potency and reduced likelihood of resistance against the inhibitors (Silver, 2007). FBDD against LpxA and LpxD to develop dual-targeting inhibitor was performed by Kyle G. Kroeck and co-workers (126). An initial fragment screening by virtual docking of a subset of the ZINC fragment library of John J. Irwin and Brian K. Shoichet (Irwin and Shoichet, 2005), followed by SPR characterization of binding fragments and X-ray crystallography analysis of enzyme-fragment complexes to verify binding and to reveal binding modes for lead optimization have identified novel small-molecule scaffolds that can serve as starting point for future inhibitor discovery (Kroeck et al., 2019). Several of these novel ligands, which have shown dual-binding activity (Table 2), have the potential to result in small molecule inhibitors targeting LpxA and LpxD simultaneously. For instance compound 1 in its complex with LpxA and LpxD adopted similar binding poses in the two acyl-chain binding pockets revealing both the structural similarities and differences that can guide the development of future dual-targeting inhibitors. Interestingly, these structures also highlight additional binding hot spots shared by the two enzymes that can be exploited for further lead optimization.
TABLE 2 | Binding affinities to PaLpxA and PaLpxD of the novel small-molecule scaffolds identified following an FBDD campaign. A few of them show dual binding having affinities to both PaLpxA and PaLpxD. NA: binding affinity could not be determined; NB: No binding.
[image: Table 2]Fragment-Based Drug Discovery on LpxC
The bacterial enzyme UDP-3-O-acyl-N-acetylglucosamine deacetylase (LpxC) is an attractive target for the development of novel therapeutic agents (Erwin, 2016; Chen et al., 2019). It is essential to most Gram-negative bacteria including P. aeruginosa (Raetz and Whitfield, 2002, 2002) and catalyzes the removal of an N-acetyl group from UDP-3-O-acyl-N-acetylglucosamine (which constitutes the core of Lipid A), the first committed step in biosynthesis of the LPS, which is an essential component of the bacterial cell wall. Several series of inhibitors have been developed against P. aeruginosa LpxC (PaLpxC) employing non-FBDD approach (Erwin, 2016; Kalinin and Holl, 2017; Chen et al., 2019) exploiting the following features of molecules at the binding site: 1) a zinc-chelating motif, 2) a polar group occupying the UDP binding pocket, 3) a linker that is mainly hydrophobic but sometimes makes at least one hydrogen bond interaction, 4) an extended hydrophobic moiety that binds in the tunnel, and 5) often addition of groups out into the solvent at the end of the tunnel to modulate compound properties. The most advanced compounds carry a hydroxamate moiety that coordinates the zinc ion at the core of the enzyme. One of these compounds, ACHN-975 (Cohen et al., 2019; Lpxc et al., 2019), a hydroxamate-based histone deacetylase inhibitor (HDACI) entered clinical trial and was approved by FDA for its use in oncology applications but was discontinued beyond oncology (Lpxc et al., 2019) due to its off-target side effects associated with hydroxamate group (Shen and Kozikowski, 2016).
Therefore, an FBDD campaign, to identify LpxC inhibitors with a non-hydroxamate metal-coordinating group, was started (Yamada et al., 2020). 1,152 compounds from the Vernalis Research fragment library (Baurin et al., 2004; Chen and Hubbard, 2009) were screened against PaLpxC by ligand-observed NMR (STD, water-LOGSY, and CPMG), using cocktails of 6 fragments (Hubbard et al., 2007; Hubbard and Murray, 2011) followed by singleton NMR competition assays to look for the competitive binding of the fragments with respect to binding of the tool compounds 6 and 7, (hydroxamate group containing inhibitors reported previously) to LpxC. The 28 fragments showing competitive binding were further assessed in the Fluorescence Polarization (FP) binding assay followed by Fluorescamine-Based Functional Activity Assay. Some of which such as 8 showed clear inhibition with an IC50 of 41.9 μM. Two zinc-chelating fragments, a glycine fragment 8 and an imidazole fragment 9, both of which were competitive with 6, were selected for further investigation. Both of these were shown to stabilize LpxC in a TSA experiment further confirming the binding. The crystal structure of PaLpxC-fragment 8 complex guided the initial medicinal chemistry and iterative cycle of protein-ligand co-crystallization, confirming binding poses, structure-based modeling predicting the binding poses and guiding the possibility of enhancing potency and chemical modification. This led to the development of a compound 10 with many fold increase in the activity (functional IC50 0.00603 μM) as compared to initial fragment 8 (functional IC50 41.9 μM). However, this compound showed only weak antibacterial activity even in the presence of phenylalanine-arginine β-naphthylamide (PAβN) (an efflux pump inhibitor) (MIC of 8 μg/ml against P. aeruginosa and 64 μg/ml against P. aeruginosa ATCC27853), so this series was not pursued any further. Similar medicinal chemistry on imidazole fragment 9 resulted in an advanced lead compound 2-(1 Hydroxyethyl) imidazole 11 which exhibited low nanomolar inhibition of PaLpxC (functional IC50 of 20 nM) and a minimal inhibitory concentration (MIC) of 4 μg/ml against P. aeruginosa (Figure 2). Further optimization and in vivo efficacy measurement are under consideration for this compound and will be described in a future publication. The lead compounds of both the series exhibited significant selectivity towards zinc metalloenzyme, LpxC. It was demonstrated that maintaining the zinc-chelation motif as it was in the fragments, engineering aliphatic linkers of appropriate length extending the fragments in the hydrophobic tunnel of LpxC and appending various hydrophobic groups at the para position of the benzyl successfully increased the potencies of compounds with retained ligand efficiencies.
[image: Figure 2]FIGURE 2 | (A) Location of compound 11 [2-(1S-hydroxyethyl)-imidazole] in the PaLpxC-11 complex structure (pdb id 7ci9) determined by X-ray crystallography (Yamada et al., 2020). The protein binding site is represented as grey surface and the compound as stick. The zinc ion is shown as an orange sphere. (B) Structure-guided elaboration of fragments 8 and 9, leading to compounds 10 and 11, respectively with enhanced potencies and inhibition properties.
Role of Aeropath Project in Fragment-Based Drug Discovery
An EU-funded project AEROPATH, coordinated by University of Dundee, was launched in November 2008 with the aim of identifying, characterising and exploiting novel drug targets from the Gram-negative bacterium, P. aeruginosa, by applying a multidisciplinary approach encompassing target validation, structural characterization, assay development and hit identification from small molecule libraries following a highthroughput or fragment-based screening campains. Derivation of the structural models of the potential targets was one of the central aims of this project as the structural data allow druggability analysis of the active sites (Krasowski et al., 2011; Radoux et al., 2016) and support the curation of the structure-activity relationship of the identified ligands. Towards the end of this project, 102 targets were selected based on the available genome with preliminary annotation of P. aeruginosa strain PAO1 together with gene essentiality studies and other considerations such as feasibility of enzyme assays, chemogenomics information and an appropriate balance of novel uncharacterized proteins versus established targets for antibacterial drug design (Moynie et al., 2013). De novo structures of 39 of these targets were determined using X-ray crystallography and NMR. In addition, the structures of more than 60 complexes involving substrate, cofactor and inhibitors have been determined and published by the consortium. Crystal structures of eight targets including both hypothetical uncharacterized protein and metabolic enzymes from various functional classes were reported before the end of the project (Moynie et al., 2013). This plethora of structural information was envisaged to aid the FBDD campaigns.
Targeting Fatty Acid Biosynthesis Pathway
Fragment-Based Drug Discovery to Target FabG
The fatty acid synthesis type II (FAS II) system of bacteria has been identified as an attractive target for therapeutic interventions and several antibiotics targeting this pathway are known, such as triclosan, isoniazid and thiolactomycin (Campbell and Cronan, 2001; Zhang et al., 2004; Heath and Rock, 2006; Parsons and Rock, 2011; Pan et al., 2012). FabG is a NADPH-dependent 3-oxoacyl-acyl carrier protein (ACP) reductase that plays a key role in the FAS II system of pathogenic microorganisms and has been identified as an attractive drug target. It catalyses the reduction of 3-oxoacyl-ACP to 3-D-hydroxyacyl-ACP intermediates during the elongation cycle of fatty acid biosynthesis (Rock and Jackowski, 2002; Goodman and McFadden, 2008; Chan and Vogel, 2010). FabG qualifies to be a promising drug target due to its essentiality, high conservation across bacteria and presence of only a single isoform in most of the bacterial species (Zhang et al., 2004). Inhibitors of P. aeruginosa FabG (PaFabG) identified include largely natural product extracts that pose significant drug development challenges and hence none of them have reached the clinic (Zhang and Rock, 2004; Tasdemir et al., 2006; Wickramasinghe et al., 2006; Sohn et al., 2008; Zhang et al., 2008). As part of the AEROPATH project, Cyprian D. Cukier and coworkers have established the essentiality of fabG gene in P. aeruginosa using gene knockout procedure and following a FBDD approach they then developed a series of novel PaFabG inhibitors with IC50 values in nanomolar to low micromolar range and ligand efficiencies in the range of 0.37–0.53 (Cukier et al., 2013). Although the compounds show no phenotypic response in the Gram-negative P. aeruginosa either due to poor penetration of the compounds through the Gram-negative cell wall or to rapid efflux of the compounds, the diverse chemotypes of these inhibitors presents a number of options for optimization to increase intracellular concentrations. Structural investigation of 16 PaFabG-inhibitor complexes by X-ray crystallography in this study reveals that inhibitors bind at a novel allosteric site (cryptic binding site) located at the dimer-dimer interfaces of PaFabG (Figure 3) and this binding induces the conformational changes that propagate to the active site and results in the disturbance of the catalytic triads (residues S141, Y154, and K158) with loss in the binding affinity of cosubstrate NADH, thus inhibiting the enzyme. Kinetic analysis of inhibition suggested a noncompetitive mode of inhibition with respect to NADH.
[image: Figure 3]FIGURE 3 | An allosteric inhibitor (12) of PaFabG developed by FBDD with an IC50 of 0.02 μM. The cosubstrate NADPH from PaFabG-NADPG complex (pdb id 4ag3) is mapped on the PaFabG-FG01 complex structure (pdb Id 4bnu) determined by X-ray crystallography (Cukier et al., 2013). The inhibitor binds at the dimer-dimer interface of PaFabG. Binding of the inhibitor results in disturbance of the binding site of NADPH.
ANTI-VIRULENCE STRATEGIES AGAINST P. AERUGINOSA
Antibiotic development to treat P. aeruginosa infections is undergoing a crisis due to the rapid evolution and spread of resistance in bacteria against the current antibiotics. Interfering with bacterial virulence network including virulence factors (proteases, elastase, endotoxins, and polycyanin), lipopolysaccharides, flagella, extracellular polysaccharides, and type II, III, IV and VI secretion system, instead of targeting their viability (growth and survival), to combat P. aeruginosa infections offers tantalizing prospects of novel antimicrobials and this approach has gained momentum in recent years to overcome today’s crisis in anitibacterial development (Papaioannou et al., 2013; Anantharajah et al., 2016; Gao et al., 2017; Boulant et al., 2018; Ranjbar et al., 2019). Moreover, this strategy will reduce the propensity to induce resistance as it removes the strong selection pressure imposed by bacteriostatic or bactericidal agents.
Targetting Quorum-Sensing Systems to Develop “Second Generation” Antibiotics
Inhibiting quorum-sensing systems (QSS) and the regulators that promote biofilm formation is one such novel strategy to attenuate P. aeruginosa virulence (O’Loughlin et al., 2013; Shao et al., 2020; Manos, 2021). Four QS pathways (pqs, iqs, las, rhl) have been identified in P. aeruginosa (Lee et al., 2013). Of these, pqs and las mediated QSS have been targeted using FBDD and this will be described in the following section of this review.
Fragment-Based Drug Discovery on LasB
LasB (or pseudolysin, Pseudomonas elastase B) is the most abundant extracellular collagenase protease secreted by P. aeruginosa with a hydrolysis activity against a broad spectrum of substrate proteins from the host, causing damage to host tissues, disruption of the host immune response and promoting inflammation associated with P. aeruginosa virulence and disease pathology (Wretlind and Pavlovskis, 1983; Saint-Criq et al., 2018; Galdino et al., 2019). Since LasB is extracellular the direct inhibitors are not required to cross the difficult-to-penetrate P. aeruginosa cell membrane and the fact that the target belongs to a class of validated drug targets (metalloprotease), against which there are already clinacally useful drugs, makes LasB an attractive antivirulence target for therapeutic intervention (Galdino et al., 2019). Synthesis of small-molecule inhibitors of P. aeruginosa LasB (PaLasB) had started more than 40 years ago and since then eighteen inhibitors have been developed (Everett and Davies, 2021). The FBDD approach to develop inhibitors against PaLasB started in 2012 by screening a library of 96 metal chelating fragments (CFL-1.1) (a library designed specifcally with fragments which can coordinate with the metal ion in the active site of metalloproteins) against PaLasB and the initial hits were followed up by medicinal chemistry optimization program (Agrawal et al., 2008; Garner et al., 2012). This led to the development of a thiopyridone 13 (Garner et al., 2012) with an IC50 of 2.73 μM for PaLasB but was promiscuous with regard to other mettaloproteases, and the tropolone 14 (Fullagar et al., 2013) exhibiting similar potency (IC50 of 1 μM for LasB) but had better selectivity over human metalloproteases, such as matrix metalloproteases (MMPs) and carbonic anhydrase II (Figure 4A). They were the first potent non-peptidic small molecule antagonists discovered (Cathcart et al., 2011) and the first targetted compounds exhibiting antiswarming activity (Garner et al., 2012).
[image: Figure 4]FIGURE 4 | (A) Inhibitors developed using FBDD against PaLasB with IC50 values in the low micromolar range. Compounds 16, 17 and 18 were developed using three different strategies guided by the crystallographic complex of PaLasB with 15 (B). Compound 19 with best IC50 value was obtained from compound 18 by substitution of a hydrophobic group guided by the structure of PaLasB-18 complex (pdb id 7oc7, unreleased) (Kaya et al., 2021). (B) Locations of compound 15 in PaLasB-15 complex (pdb id 6f8b) determined by X-ray crystallography (Kany et al., 2018a). Two molecules of compound 15 bind in the active site of PaLasB, one of which coordinates with the active site zinc ion. (C) PaLasB-17 complex (pdb id 6fzx) with only one molecule of compound 17 binding and coordinating with zinc ion of PaLasB (Kany et al., 2018b). (D) PaLasB-18 complex (pdb id 7oc7, unreleased) with two conformers of a single molecule of 18. The inhibitors are shown as sticks and zinc ions as orange spheres in (A), (B) and (C). The coordinates for the unreleased pdb 7oc7 was kindly provided by Prof. Dr. Anna K. H. Hirsch.
With the aim of expanding the chemical space of PaLasB inhibitors, a functional screening based on FRET-based in vitro assay (Nishino and Powers, 1980) was performed against PaLasB using 330 fragments (Maybridge Fragment Library) and a protease inhibitor-enriched library (Baell and Holloway, 2010) comprising of 1,192 low molecular weight compounds (Kany et al., 2018a). This study led to the development of a thiobenzamide (N-(3,4-dichlorophenyl)-2-sulfanylacetamide) 15, LasB inhibitor with thiol warhead, with an IC50 of 6.6 μM (Figure 4A). This was selective with regard to human MMPs. The X-ray structure of PaLasB-15 complex revealed that binding of 15 to LasB does not necessarily lead to closure of the binding site (Kany et al., 2018a), unlike that described for thermolysin-like proteases (Adekoya et al., 2015), enzymes with high structural similarity to LasB. Moreover, two molecules of 15 were observed in the structure (Figure 4B) and the binding of the second molecule was supposed to be supported by the binding of the first molecule. However, the Hill coefficient of 1 in the in vitro assay for 15 suggested that only one binding event was necessary for full inhibition of PaLasB. Neverthless, this structure with two binding sites for 15 paved the way for the development of novel LasB inhibitors targeting the open conformation of the enzyme. Attempts to merge these two molecules into one N-benzylamide derivative did not provide the desired activity. Growing the non-zinc-chelating molecule of 15 in the PaLasB-15 complex led to the development of N-arylsuccinimide 16 with an IC50 of 4 μM, which showed, 1) significant selectivity for bacterial LasB over human MMPs and three other off-targets and 2) no signs of cytotoxicity in human cell lines (Konstantinović et al., 2020). In a another subsequent study, the zinc-chelating molecule of 15 in the PaLasB-15 complex was modified by changing the zinc-chelating moiety leading to a hydroxamate 17 (Kany et al., 2018b) with an IC50 of 17 μM with moderate cytotoxic effects towards mamalian cell lines. Since only one molecule of 17 was observed in the crystal structure of PaLasB-17 complex (Figure 4C), unlike that of 15 in PaLasB-15 complex, and 17 was less susceptible to oxidation in air, the authors preferred 17 over 15 for further exploration. Moreover, 17 could undergo the characteristic hinge-bending motion resulting in clusure of LasB binding site unlike open conformation as observed in PaLasB-15 complex. Overall, given their modest activities, the authors suggest that the molecules such as 15, 16 and 17 should be considered as starting points for further chemistry rather than as potential drug development candidates which could pave the way for the rational development of selective protease inhibitors as potential new antibiotics.
Exploiting the alternative binding modes of 15 to guide efficient fragment growing resulted in a series of compounds with better activities (Kaya et al., 2021). Compound 18 thus developed had an IC50 of 1.2 μM (Figure 4A) and maintains the selectivity as 15. PaLasB-18 complex structure was determined by x-ray crystallography. Here again, the binding of 18 to PaLasB leads to closure of the binding site. This structure provided a deeper understanding of the possible interactions in the surrounding unoccupied space and complemented with docking analysis it paved the way for further optimization. A focused, substrate-inspired structure-based optimization of 18 (substitution of methyl group at the para position on the aromatic core of N-arylacetamide) resulted in compound 19 (Figure 4A) with fourteen-fold boost in activity (IC50 0.48 μM) compared to 15 (173).
In vivo efficacy of these compounds was investigated using an insect model, Galleria mellonella and PA14, a virulent stain of P. aeruginosa. Since Galleria mellonella and mice show similar virulence patterns when infected with mutant PA14 starins (PA14, virulent strain of P. aeruginosa) this insect is likely to be a good model system to perform in vivo studies (Jander et al., 2000). Administering the anti-LasB compound 15 thus generated by FBDD campaign has shown significant increase in the survival of Galleria mellonella larvae infected with PA14. For instance, injection of 2.5 nM of 15 in the P14 infected larvae increased the survival of the larve from 43 to 73% after 65 h (Kany et al., 2018a). Compound 19 with better IC50 showed enhanced in vivo efficacy compared to 15, thereby accelerating the translational path (Kaya et al., 2021). Antivirulent agents targeting quorum sensing of P. aeruginosa have previously been shown to enhance the survival of Galleria mellonella larvae infected with PA14 (Lu et al., 2014; Thomann et al., 2016). These compounds attain this efficacy by inhibiting the swarming and biofilm formationa rather than being bacteriocidal. For instance, presence of compound 17 reduces the formation of biofilm and release of extracellular DNA by P. aeruginosa. The advantage of such inhibitors is that they are capable of disrupting several important bacterial resistance mechanisms and hence open novel avenues to combat multidrug resistant strains of P. aeruginosa.
Fragment-Based Drug Discovery on PqsD
PqsD is a key enzyme in the biosynthesis of signal molecules 2-heptyl-4-hydroxyquinoline (HHQ) and Pseudomonas quinolone signal (PQS) that are involved in the regulation of virulence factor (pyocyanine, elastase B, lectin A, rhamnolipids, and hydrogen cyanide) production and biofilm formation in P. aeruginosa (Van Delden and Iglewski, 1998; Diggle et al., 2003; Déziel et al., 2005; Yang et al., 2009). It has been shown that a mutant P. aeruginosa having a transposon insertion in the pqsA gene (deficient in HHQ and PQS production) forms less biofilm than the wild type (Gallagher et al., 2002; Müsken et al., 2010). Using a ligand-based approach the first class of PqsD inhibitors were identified which repressed HHQ and PQS production and biofilm formation in P. aeruginosa, validating PqsD as an attractive anti-biofilm target for the development of novel anti-infectives (Storz et al., 2012). Elisabeth Weidel and co-workers performed an SPR-based fragment screening against P. aeruginosa PqsD (PaPqsD) using a library of 500 fragments (Maybridge) with high structural diversity covering large chemical space in order to identify new scaffold for drug discovery (Koch, 2017). This screen resulted in identification of three fragments exhibiting a moderate inhibition of PaPqsD (Table 3). Two compounds showed strong inhibition of PaPqsD and hence these may be the starting point for future investigations.
TABLE 3 | Fragment-like inhibitors of PaPqsD obtained by a FBDD campaign with two fragments showing strong inhibition (85%) of PaPqsD.
[image: Table 3]Targeting Disulfide Mediated Protein Folding
Fragment-Based Drug Discovery on DsbA1
Oxidative protein folding is essential for assembly and function of many secreted and membrane proteins, and DSB (disulfide bond) proteins that catalyze the disulfide bond formation are essential for virulence of many Gram-negative bacteria and hence these proteins are targets for novel antibacterial drugs (Heras et al., 2009). DsbA, an enzyme of disulfide oxidoreductase family, and its membrane-bound partner DsbB together catalyze the oxidative folding of disulfide bond containing proteins, many of which are virulence factors including secreted toxins and cell surface components, such as adhesins and pili. DsbA1 in P. aeruginosa (PaDsbA1) plays a pivotal role in the oxidative folding of virulence factors qualifying it as an attractive target for the development of new anti-virulence antimicrobials (Braun et al., 2001; Urban et al., 2001; Ha et al., 2003). In a FBDD approach, PaDsbA1 was screened against a library of 1,137 fragments (Bradley et al., 2013) using ligand-detected STD NMR, which identified small molecules that bind selectively to PaDsbA1 over E. coli DsbA (EcDsbA) suggesting the feasibility of species-specific development of narrow-spectrum inhibitor of PaDsbA1 (Mohanty et al., 2017). Structural characterization of the complex of PaDsbA1 with fragment 23 (highest affinity fragment with KD of 0.9, ligand efficiency 0.27 and lipophilic ligand efficiency of 0.26) using both X-ray crystallography and HADDOCK model revealed that the fragment is positioned at an interface between the thioredoxin (TRX) and helical domains of PaDsbA1 on the non-catalytic face (Figure 5) of the enzyme. Unfortunately, fragment 1 had no inhibitory effect on the enzymatic activity of PaDsbA1 as shown in an in vitro model-peptide folding assay. Nevertheless, these findings represent a starting point for the development of high affinity allosteric inhibitors of PaDsbA1.
[image: Figure 5]FIGURE 5 | Binding site of fragment 23 (obtained by a FBDD campaign) to the non-catalytic allosteric surface site of PaDsbA1 as revealed by the PaDsbA1-23 complex (pdb id 5dch) obtained using X-ray crystallography (Mohanty et al., 2017).
Fragment-Based Drug Discovery on GRX: Development of Covelent Inhibitors of P. aeruginosa by Fragment-Based Drug Discovery
Inspired by the need to develop novel classes of drug molecules targeting unconventional drug targets using a mechanism that can circumvent the efflux-mediated resistance mechanism, covalent inhibitors were sought. The present strategy involves combining a covalently reactive functional group with targeting moieties (of compounds) selective for species-specific proteins from important biochemical pathways that might have been missed due to cross-reactivity issues to the host organism. Such atypical protein targets are less likely to contain resistance-conveying mutations. Moreover, if the targeted pathway is fundamentally essential to the bacterial metabolism then infectious colonies are less likely to undergo viable mutations. Such targets from P. aeruginosa are the glutaredoxins. Glutaredoxins are component of thiol-disulfide glutaredoxins systems of bacteria that favour reducing conditions for the correct disulfide bonding of the functional protein and therefore they are employed by bacteria to defend against oxidative stress imposed by host (Norambuena et al., 2012). Hence glutaredoxins are considered as potential drug targets. An NMR-led FBDD campain targeted the P. aeruginosa glutaredoxin (PaGRX) (Khattri et al., 2020). This work involved: 1) generating PaGRX-specific fragment hits by screening 463 fragment molecules using independent STD NMR measurements, 2) NMR-based modeling of PaGRX, 3) NMR-guided docking of hits and 4) derivatising the fragment hit with a vinyl cysteine trap moiety (acrylamide warhead with strong tendency to form alkylated cysteine adducts) to generate the chimeric lead (Figure 6). The authors show that mM to μΜ selectivity can be achieved for a few fragments against orthologous proteins and the promising fragment can be optimised to enhance the selectivity by choosing an appropriate warhead. For instance, fragment 24 which binds to PaGRX with moderate specificity (Kd = 0.51 ± 0.37 and LE = 0.32), when coupled with acrylic acid warhead showed enhanced specificity towards the enzyme. This can be further developed to result in to thiol-transferase inhibitory drug candidate against P. aeruginosa.
[image: Figure 6]FIGURE 6 | FBDD campaign using NMR against PaGRX to identify best driving group, derivatization. A vinyl cysteine trap moiety resulted in the development of chimeric lead molecule with enhanced reactivity and selectivity to PaGRX over human GRX1 (hGRX1). Putative model PaGRX and FTMap identified epitope maps of PaGRX in this figure are adopted from (Khattri et al., 2020) with permission from the authors.
Targetting Effector Proteins of Type III Secretion System of P. aeruginosa
Type III secretion system (T3SS) plays a pivotal role in the virulence and development of antimicrobial resistance of P. aeruginosa by providing a diverse range of virulence factors. Readers of this review are referred to a recent review by Gertrudis Horna and Joaquim Ruiz (Horna and Ruiz, 2021b) for more details on the T3SS machinery of P. aeruginosa. T3SS is aimed to inject the effectors in host-cells, subverting cellular machinery and neutralising the host immune responses, thereby enhancing bacterial survival rates in a hostile environment within the macrophages. Hence, T3SS impairment opens up opportunities for developing antimicrobial agents to combat P. aeruginosa infections avoiding antimicrobial pressure on this and other microorganisms (Aburto-Rodríguez et al., 2021; Horna and Ruiz, 2021a). Until now six effector proteins (ExoS, ExoT, ExoU, ExoY, PemA, PemB) have been reported to be encoded by the T3SS of P. aeruginosa (Hueck, 1998; Barbieri and Sun, 2004; Hauser, 2009; Burstein et al., 2015), while four new putative effectors have recently been proposed (Zelikman et al., 2020). Of these, ExoU, ExoS, ExoT and ExoY have been studied most extensively. Drug development other than FBDD campaign have produced small molecule inhibitors of ExoU (Lee et al., 2007; Foulkes et al., 2021), ExoS (Arnoldo et al., 2008) and an inhibitor leading to decrease in secretion of ExoT and ExoY (Sheremet et al., 2018). Most of the components are yet to be investigated for inhibitor development. Thus, there is scope for the development of small molecule inhibitors using FBDD targeting these and other unexplored effectors which could interfere with these effectors and enhance the internalisation of P. aeruginosa infections by macrophages.
FRAGMENT-BASED DRUG DISCOVERY AGAINST P. AERUGINOSA AT UNIVERSITY OF CAMBRIDGE
In 2017, United Kingdom Cystic Fibrosis Trust announced a £10 million research partnership with the University of Cambridge to create the first United Kingdom Cystic Fibrosis Innovation Hub with an aim to develop life-changing new treatments for people with CF. The CF innovation hub is hosted by Department of Medicine and led by Professor Andres Floto. It harnesses a multidisciplinary approach with the aim of delivering new treatments for bacterial infections, chronic inflammation, and lung repair for patients with CF. The Arif and Blundell contribution to the United Kingdom Cystic Fibrosis Innovation Hub at the University of Cambridge is to develop new antibiotics against P. aeruginosa and M. abscessus. We use computational approaches to understand the gene products that might be appropriate targets by modelling three-dimensional structures (Šali and Blundell, 1993), often of multiprotein assemblies, understanding the impacts of mutations (Pires et al., 2014; Pandurangan et al., 2017; Pandurangan and Blundell, 2020) and assessing the essentiality of the gene. We then use structure-guided fragment-based drug discovery, pioneered in Cambridge in Astex in 1999 (see review Blundell et al., 2002) (Blundell et al., 2002), to develop candidate molecules in our biochemistry and structural biology laboratories and in collaboration with medicinal chemists in the group founded by Professor Chris Abell in Cambridge. Arif and Blundell also work very closely with Prof. Andres Floto, Research Director of the Cambridge Centre for Lung Infection at Papworth Hospital, Cambridge. His team carries out in vivo biological assays to test for the effects of elaborated compounds (inhibitors) on the cell system.
Funded as part of the Cystic Fibrosis Hub we began to focus on targets from P. aeruginosa and M. abscessus. A number of considerations for target selection such as gene essentiality in vitro and in vivo (Liberati et al., 2006; Skurnik et al., 2013; Lee et al., 2015; Turner et al., 2015; Basta et al., 2017), for example having little or no sequence identity to human or gut microbiome counterparts, the availability of apo and liganded crystal structures that suggest good ligandability, cellular localization of the protein, feasibility of functional/enzymatic assays for the target, were applied to prepare a list of targets from P. aeruginosa with ranking based on associated target selection scores (Figure 7).
[image: Figure 7]FIGURE 7 | Criteria for selecting protein targets from P. aeruginosa to be studied using FBDD. Different weights were given to the different criteria according to their impact on target selection.
Targeting DapD: An Essential Protein of the Lysine Biosynthesis Pathway
Bacterial genetic studies have suggested that the lysine biosynthesis pathway is essential and offers several potential antibacterial enzyme targets that could be explored (Cox et al., 2000; Hutton et al., 2007; Gillner et al., 2013). DapD (2,3,4,5-tetrahydropyridine-2,6-dicarboxylate N-succinyltransferase), a product of an essential gene involved in the lysine biosynthesis pathway, was selected as an initial target. P. aeruginosa DapD (PaDapD) was ranked at the very top in the list of potential targets. The lack of human homolog of DapD and maximum identity of 36% to a homolog from human gut microbiome qualifies it for a potential target as this would likely avoid any cross reactivity of the developed inhibitors. DapD catalyses the conversion of cyclic tetrahydrodipicolinate (THDP) into the acyclic N-succinyl-L-2-amino-6-oxopimelate using succinyl-CoA (SCA) as cofactor. Detailed structural analyses of the available complexes with substrate and cofactors suggest that a long narrow crevice is formed at each interface of the PaDapD trimer where the reactants bind (Schnell et al., 2012). Analysis using the HOTSPOT server (50) strongly suggests that this binding site is suitable for the binding of fragments (Figure 8A). We speculated that elaborated small molecules that bind to these sites will potentially block the binding of substrate/cofactor and will eventually inactivate the enzyme.
[image: Figure 8]FIGURE 8 | FBDD against PaDapD. (A) Binding site and fragment hotspot maps of PaDapD. The yellow region in the zoomed view represents the hydrophobic map while hydrogen-bond acceptor and hydrogen-bond donors are represented in red and blue, respectively. (B) ligands from various PaDapD-ligand complexes mapped on the structure of PaDapD-25 complex. 25 binds at two different sites in the protomer-protomer interfaces of PaDapD. 25 at site A overlaps with the binding site of the substrate analog L2AP, while that at site B overlaps with the binding site of the cofactor SCA.
An initial fragment screening employing the differential scanning fluorimetry (DSF) using our in-house library of 960 fragments resulted in 10 promising compounds that could bind to the protein, as all led to a positive shift in the thermal melt temperature of the protein. We then produced crystal structures of apo-PaDapD and binary complexes of PaDapD with fragment 25, the cofactor succinyl CoA (SCA); with the substrate analogue L-2-amino pimelic acid (L2AP). SCA binds in the narrow pocket at the interface formed between the N-terminal, middle and C-terminal part of the neighbouring protomers. L2AP binds at the N-terminal region of the pocket near succinyl β-mercaptoethylamine moiety of SCA (Figure 8B). 25 binds at a location (25-A) coinciding with the L2AP binding site. At higher concentrations of 25 a second binding site (25-B) is observed that overlaps with part of the SCA binding site (Figure 8B). The structure of PaDapD-L2AP complex differs from the apo-PaDapD complex in having the loop (residues 245–252) ordered and interacting with the ligand (Figure 9). Another large change is observed in the C-terminal tail region, which, unlike in the apo-PaDapD and PaDapD-SCA complexes where it was helical, is extended and covers the active site resulting in a cage like structure of the binding pocket (Figure 9). A comparison of the binary complexes of L2AP and 25 demonstrates a similarity in the conformational changes observed upon their binding to the active site (Figure 9), which might guide the design of inhibitors against the enzyme.
[image: Figure 9]FIGURE 9 | Conformational changes observed in PaDapD upon binding of ligands. Significant changes are observed in the C-terminal tail 330–344 and loop 245–252 (both in purple) upon binding of the substrate analog L2AP alone to PaDapD. Interestingly, binding of 25 leads to ordering of loop 245–252 in a similar way to that observed on binding of substrate analog L2AP to PaDapD.
Proximity of 25 and substrate analog L2AP suggests a structure-guided substrate-inspired growing of the fragment (Figure 10A) in order to potentiate it for binding to PaDapD. Another strategy could be to merge the fragments on the basis of the two binding sites observed in the PaDapD-25 complex structure using an appropriate length of linker (Figure 10B). The former could be achieved by first synthesizing an analog (26) to which substituents could be chemically added. We had planned to perform the syntheses with the help of our chemist collaborator (Dr J. Mayol-Llinas and Prof. Chris Abell) but these have been interrupted by the untimely death of Professor Chris Abell. The plan remains that the resulting compounds (compounds 27, 28 and 29) will then be tested for the binding to PaDapD using DSF, ITC and SPR.
[image: Figure 10]FIGURE 10 | Fragment growing and fragment merging strategies based on the structure of PaDapD-25 and PaDapD-L2AP complexes. (A) substrate-inspired growing of an 25-analog (26) based on the structures of PaDapD-26 and PaDapD-L2AP complexes resulting in compound 27 and 28. The feasibility of the fragment growing is enhanced when performed on 26, (B) Merging of 25 at sites A and B of PaDapD employing suitable linker based on the structure of PaDapD-25 complex to develop compound 29. The binding and inhibition of these compounds to PaDapD needs to be investigated.
Targeting KdsA: An Enzyme in Lipopolysaccharide Biosynthesis Pathway
As LPS has an important role in the structural integrity of the bacterium and its defence against the host, the enzymes of the LPS biosynthesis pathway are attractive drug targets. Four of them KdsA, KdsB, LpxC and WaaG were selected for homology modeling with the aim of developing inhibitors against them. Subsequently, the essentiality of KdsA for the survival and virulence of the P. aeruginosa was validated experimentally (Perumal et al., 2011).
KdsA, a 3-deoxy-D-manno-octulosonate 8-phosphate (KDO8P) synthase, catalyses the condensation reaction between D-arabinose 5-phosphate (A5P) and phosphoenolpyruvate (PEP). This enzymatic reaction plays an essential role in the synthesis and assembly process of lipopolysaccharides of most Gram-negative bacteria and is therefore an attractive target for the design of novel antibacterial drugs. The crystal structures of E. coli KdsA as binary complexes with the substrate, PEP, and with a mechanism-based inhibitor (Kd = 0.4 µM), gave insight about its mechanism of action and inhibition. Interestingly, KdsA belongs to a family of PEP-utilizing enzymes, two of which, UDPGlcNAc enolpyruvoyl transferase (MurZ) and 5-enolpyruvoylshikimate-3-phosphate synthase (EPSPS), are targeted by the antibiotic Fosfomycin and by the herbicide glyphosate, respectively. The crystal structure of P. aeruginosa KdsA (PaKdsA) in its binary complex with phosphoenolpyruvate (PEP) was reported in the year 2013 (Nelson et al., 2013). PaKdsA is a tetrameric enzyme and the binding site/hotspot of the P. aeruginosa KdsA was probed by generating fragment hotspot maps using the HOTSPOT program (50), which suggested the presence of promising pocket for targeting new therapeutics (Figure 11).
[image: Figure 11]FIGURE 11 | Tetrameric structure of PaKdsA and binding sites/hotspots identified by HOTSPOT. Two sites, site A and B have been identified to which fragments are predicted to bind.
A fragment library of 480 non-redundant fragments was used for screening against PaKdsA employing DSF. 56 fragments showed negative shift in melting temperature while 14 fragments showed positive delta Tm shift. Unfortunately, none of them showed any binding to PaKdsA as determined using ITC and X-ray crystallography.
The protein was also used to produce crystals of apo protein for a crystal-based fragment screening, and in complex with the substrates, PEP and A5P, in order to locate the active site which could be used for a virtual screening campaign. The attempt with PEP resulted in PaKdsA-PEP complex and in the presence of A5P resulted in PaKdsA-A5P complex. When the two substrates were mixed and used for cocrystallization, a product (KDO8P) bound crystal, PaKdsA-KDO8P, was obtained. PEP binds deep in the binding pocket and A5P binds above PEP in a more solvent exposed location. KDO8P in its complex with PaKdsA spans the location of both PEP and A5P.
A high-throughput crystal-based fragment screening against PaKdsA was carried out at the XChem facility of Diamond Light Source (Figure 12A) using a total of 886 crystals, 42 for solvent characterisation and 844 for soaking fragments from three different fragment libraries, namely, DSI poised (Enamine) (647 fragments), EUbOpen (109 fragments) and Spotfinder (88 fragments). 17 hits were obtained after this screening, most of the fragments were bound at the sites generated by the crystal lattice while three fragments (30, 31 and 32) were bound near the active site of the enzyme (Figure 12B). The fragments binding near the active site could be starting points for hit-to-lead compound development against PaKdsA.
[image: Figure 12]FIGURE 12 | FBDD campaign against PaKdsA (A) Crystal-based fragment screening against PaKdsA at the XChem facility of the Diamond Light Source. (B) Fragment hits (30, 31 and 32) obtained from the screening. The top panel shows location of fragments and the product KDO8P in their respective complexes with PaKdsA. The middle panel shows the electron density maps of fragments and the bottom panel shows the fragments from their complexes to PaKdsA mapped on the PaKdsA-KDO8P complex in order to compare their locations in the active site of PaKdsA.
CONCLUSION
Our review of structure-guided fragment-based drug discovery to target P. aeruginosa infections demonstrates its great potential in the design of new medicines to combat infections in the lungs of cystic fibrosis patients. However, although P. aeruginosa is a common strict aerobic bacterium that can cause disease in plants and animals, including humans, research towards the development of molecules to target it, using fragment-based approaches, remains at an early stage. Nevertheless, as our review demonstrates, the studies are encouraging, although small in number. In the future, further investment will be required in taking leads though the clinic and this is as always a challenge for genetic diseases, which affect a small percentage of the population, even those that are relatively common in wealthy Western nations of North America and Western Europe. The challenge is exacerbated by the fact that this ubiquitous multidrug-resistant pathogen, P. aeruginosa, exhibits advanced antibiotic resistance mechanisms. We remain grateful to organisations such as the Cystic Fibrosis Trust that are giving generous support to research groups such as ours in moving new candidates into the clinic.
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Microtubules are key components of the eukaryotic cytoskeleton with essential roles in cell division, intercellular transport, cell morphology, motility, and signal transduction. They are composed of protofilaments of heterodimers of α-tubulin and β-tubulin organized as rigid hollow cylinders that can assemble into large and dynamic intracellular structures. Consistent with their involvement in core cellular processes, affecting microtubule assembly results in cytotoxicity and cell death. For these reasons, microtubules are among the most important targets for the therapeutic treatment of several diseases, including cancer. The vast literature related to microtubule stabilizers and destabilizers has been reviewed extensively in recent years. Here we summarize recent experimental and computational approaches for the identification of novel tubulin modulators and delivery strategies. These include orphan small molecules, PROTACs as well as light-sensitive compounds that can be activated with high spatio-temporal accuracy and that represent promising tools for precision-targeted chemotherapy.
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INTRODUCTION
Microtubules (MTs) play a central role in many biological processes, ranging from cell signaling, cell morphology, to cell movement and division (Dustin, 1978). MTs organize networks that provide the structural scaffolding for vesicular trafficking and organelle positioning (Bonifacino and Neefjes, 2017) by acting as platforms for the motors kinesins and dyneins (Gennerich and Vale, 2009) (Figures 1A,B). In dividing cells, MTs directly contribute to the formation of the mitotic spindle ensuring equal chromosomes segregation in a highly orchestrated process (Rieder and Salmon, 1998).
[image: Figure 1]FIGURE 1 | Functional roles of microtubules (MTs), and chemical molecules affecting their dynamic instability. (A) In mitosis, MTs contribute to the formation of the mitotic spindle, ensuring equal chromosomes segregation into two daughter cells. The mitotic spindle consists of kinetochore, interpolar and astral MTs that exert mechanical forces first to align the metaphase plate and then to divide sister chromatids equally. (B) In neural cells, the cytoskeleton dynamic generated by MTs and actin ensures the proper regeneration and polarization of axons. Bundled MTs are responsible for the elongation of axons, whereas in the growth cone cooperation of filopodial actin and polymerizing MTs leads to elongation. (C) MT protofilament architecture. α- and β-tubulin subunits assemble in a heterodimer (surface representation in light and dark green respectively, (PDB-ID 1JFF)), that form polarized protofilaments. MTs are hollow structures (PDB-ID 6O2T) formed by 13 protofilaments of α/β-tubulin dimers. (D) To elongate the protofilaments, during polymerization GTP-loaded tubulin dimers are added to the growing plus end of the MT, where the dynamics is more rapid compared to the minus end. During MT shrinking, GDP-loaded tubulin dimers dissociate from the lattice.
The modulation of MT polymerization dynamics, also known as dynamic instability, is the major instrument that cells use to regulate all these biological functions. MTs are hollow structures formed by 13 polarized protofilaments of α/β-tubulin dimers (Figure 1C). MT polymerization consists in the addition of α/β-tubulin dimers at the MT ends (Figure 1D) (Waterman-Storer and Salmon, 1997), with rates in the order of minutes in interphase to seconds in mitosis (Saxton et al., 1984). A plethora of MT-binding proteins is crucial for the spatial and temporal regulation of MT dynamics. For this reason, proteins affecting MT organization have been studied as chemotherapeutic agents (Zhou and Giannakakou, 2005).
The first MT regulators have been identified in neurons (Cassimeris and Spittle, 2001). Indeed, the cytoskeleton dynamic generated by MTs and actin ensures the proper growth of neurons (Capizzi et al., 2021; Alushin et al., 2014) and polarization of axons (Blanquie and Bradke, 2018) (Figure 1B). The pharmacological modulation of cytoskeleton dynamics in injured axons may overturn a dystrophic structure to a regenerative one. For example, the MT stabilizing agent Taxol was proven to facilitate axonal regeneration after spinal cord injury by stimulating axonal growth and reducing fibrotic scarring (Hellal et al., 2011).
MT-targeting agents (MTAs) are valuable effectors for cancer therapy because they interfere with MT polymerization dynamics leading to mitotic arrest and apoptosis (Giannakakou et al., 2000). Many MTAs used in clinics were discovered by large-scale screening of natural compounds derived from bacteria, plants, fungi and sponges (Miller et al., 2018). Mimicking their function, synthetic inhibitors orchestrate MT filament dynamics by binding to tubulin according to their target binding site (Dumontet and Jordan, 2010). At high concentrations MTAs affect net MTs polymer mass, while at low doses they modulate dynamic instability (Wilson et al., 1999) causing a delay in mitotic entry or a mitotic block, with consequent induction of apoptosis (Steinmetz and Prota, 2018). Interestingly, many pieces of evidence correlate the lethality of MTAs with disruption of mitosis-independent functions such as cell signaling and vesicular trafficking (Komlodi-Pasztor et al., 2011). MTAs may also act synergically with DNA-damaging agents in cancer treatment by inhibiting the correct transport of DNA repair proteins into the nucleus (Poruchynsky et al., 2015). Thus, the molecular effects of each MTA may be very complex to dissect.
MTAS AND THEIR USE IN THE CLINICS
MTAs are usually classified in two groups, according to their mechanism of action: the microtubule-stabilizing agents (MSAs), which promote their assembly (Dumontet and Jordan, 2010), and the microtubule-destabilizing agents (MDAs), which trigger MTs disassembly in α/β-tubulin oligomers or dimers. The specific binding site and the corresponding mechanism of action of each compound was identified and investigated at the atomic level by crystallographic studies (for a review see (Steinmetz and Prota, 2018)), recently integrated with cryo-EM analysis of entire MT filaments (Alushin et al., 2014). Six different MTA binding sites have been characterized on the α/β-tubulin dimer. The β-tubulin binding sites are the Taxane, Laumalide, Colchicine, Vinca and Maytansine site. The Pironetin site is the only one located on the α-tubulin subunit (Usui et al., 2004) (Figure 2A). In the following paragraphs, we will survey the different MTAs, their binding site, mechanism of action and current clinical applications.
[image: Figure 2]FIGURE 2 | MTAs binding sites, mechanism of action and the photo-pharmacological approach. (A) Binding sites of the major classes of MT stabilizers and destabilizers. Cartoon and surface representation of the α/β-tubulin dimer with the six major sites targeted by MT binding molecules. Most molecules associate with pockets on the β-tubulin subunit, including maytansine (PDB-ID 4TV8, light blue), vinblastine (PDB-ID 5J2T, pink), the Taxane vincadermolide (PDB-ID 5LXT, gold), laulimalide (PDB-ID 4O4H, brown). Colchicine fits at the interface between α -tubulin and β -tubulin subunits of the hetero-dimer (PDB-ID 4O2B, orange). The only characterized MT destabilizer binding to α-tubulin is pironetin (PDB-ID 5LA6, purple). (B) Mechanism of action of the microtubule-binding agents. Diagram of the mechanisms of action of the MSAs Taxane (gold) and laulimalide (brown): these ligands bind between two adjacent β-tubulin subunits stabilizing the lateral interaction between protofilaments in the MT. In the MDAs category, colchicine (orange) inhibits MT growth by preventing the conformational change of the α/β-tubulin dimer required for MT-lattice formation. Vinca-site agents (pink) intercalate between two longitudinally-aligned α/β-tubulin dimers along the MT lattice leading to MT destabilization. Also maytansine agents (light blue) fit on top of the β-tubulin subunit, constraining longitudinal interaction between two α/β-tubulin dimers. Pironetin agents (purple) bind to the α-tubulin subunit and prevent its binding to the α/β-tubulin dimer in the same protofilament. (C) Activation of photocaged compounds. Prior to illumination, the pharmacologically active moiety of the drug is shielded by a photolabile element, which acts as a hindering functionality. Upon illumination, cleavage of the photolabile moiety occurs and the drug becomes irreversibly activated and primed for binding to the target. (D) A photoswitchable element in the scaffold of the drug allows a reversible conformational change upon illumination with a specific wavelength of light, thus causing drug activation. The back reaction can either occur spontaneously upon light cessation (thermal activation), or by illumination with a different wavelength of light. (E) Existing photoswitchable versions of known MTAs. The name of the original MTA drug is indicated first, followed by the type of scaffold used for the synthesis of the photoswitchable analog and by the name of the corresponding photoswitchable MTA thus obtained. (F) Selected examples of microtubule-targeting agents. i) Lead structures of selected microtubule-destabilizing agents used for the development of photoswitchable analogues. ii) Trans-cis photoisomerization reaction of photostatin (PST-1) iii) Trans-cis photoisomerization reaction of styrylbenzothiazole (SBTub3) iv) Chemical structure of a hemithioindigo-based indanone-like tubulin inhibitor (HITub-4) v) Chemical structure of a hemithioindigo colchicinoid tubulin inhibitor (HOTub-31) and a pyrrole hemithioindigo tubulin inhibitor (PHTub-7).
Microtubule-Stabilizing Agents—MSAs
Taxane-Site
Since their discovery in the seventies (Wani et al., 1971), Taxanes have been studied extensively. This category includes first-generation anticancer drugs, such as paclitaxel and docetaxel, and new generation molecules, as cabazitaxel that challenge drug resistance (de Bono et al., 2010). The cause of Taxane-resistance has been identified in the overexpression of class III β-tubulin (Mozzetti et al., 2005) and in its affinity for multidrug-resistance proteins, such as P-glycoprotein (Goldstein, 1996). Taxanes bind to β-tubulin in a MT luminal side pocket with polar and hydrophobic interactions, resulting in non-functional MTs that prevent cells from proceeding into anaphase (Figure 2B). They promote MT polymerization by binding to tubulin filaments with particularly high affinity for regions that are relevant for inter-protofilament contacts. Taxanes are widely used for the treatment of ovarian, breast and lung cancer (Ojima et al., 2015). To reduce the toxicity derived from formulations needed to solubilize paclitaxel, the use of nanoparticles of albumin-bound Taxanes has been studied (Stinchcombe, 2007). In addition, Taxanes conjugated with tumor-targeting antibodies (Guillemard and Saragovi, 2001) or vitamins (Russell-Jones et al., 2004) are under development in order to redirect the effect of the drug specifically to the cancer stem cells. Local delivery of Taxol may enhance also the regenerative capacity of injured neurons by inducing efficient axon regrowth in the optic nerve (Sengottuvel et al., 2011).
Laulimalide and Peloruside-A
Laulimalide and Peloruside-A are part of the MT-stabilizing family. They bind to β-tubulin, facing the lateral interface between tubulin protofilaments, thus inhibiting their disassembly (Figure 2B). These compounds act via two mechanisms: they inhibit interactions between α/β-tubulin dimers and at the same time they strengthen the lateral contacts between protofilaments by stabilizing the Taxane-site M-loop (Prota et al., 2014b). This crosstalk opens the possibility for combinatorial strategies of Laulimalide/Peloruside with Taxane-site ligands (Khrapunovich-Baine et al., 2011). Interestingly, Laulimalide and Peloruside were found effective against paclitaxel multidrug-resistant cancer cell lines with mutations in the Taxane site and overexpression of P-glycoprotein (Liu et al., 2007).
Microtubule-Destabilizing Agents - MDAs
Colchicine-Site
Colchicine was the first MT-destabilizing agent to be discovered (Borisy and Taylor, 1967). It strongly impairs mitotic progression but its use in clinics is limited due to its high toxicity and low therapeutic index. Since the structural characterization of its binding mode (Ravelli et al., 2004), many colchicine-binding site inhibitors (CBSIs) have been developed as anti-inflammatory agents that primarily prevent the activation of the inflammatory bodies (Gasparyan et al., 2015). The binding pocket of these compound is located in the intermediate domain near the α/β−dimer interface (Figures 2A,B). When MTs assemble, α/β-tubulin dimers alter their architecture from a curved to a straight conformation (Nogales et al., 1998). Inhibitors of the colchicine family prevent this conformational change. Podophyllotoxin and Combretastatin bind in the same pocket as colchicine and are past phase II in different clinical trials (Young and Chaplin, 2004). Nocodazole is a reversible inhibitor of this pocket widely used in research as synchronization and anti-mitotic agent.
Vinca-Site
Compounds that target the Vinca site comprise different molecules of both natural and synthetic origin that destabilize MTs. They include the Vinca alkaloids, vinblastine, vincristine, eribulin, diazonamides and trizolopyrimidies (Moudi et al., 2013), which all bind between two α/β-tubulin dimers, at the longitudinal interface of protofilaments. Their binding site consist in a core pocket extending with additional contacts toward the GTP-binding site of β-tubulin at the plus end of the filament (Ranaivoson et al., 2012) (Figure 2C). Vinca-site compounds hamper the conformational changes of α/β-tubulin dimers necessary for their correct incorporation into MT filaments, and sequester them in ring-like oligomers incompatible with the straight protofilaments lattice (Na and Timasheff, 1980). In addition, Vinca drugs inhibit the hydrolysis of exchangeable GTP, bound to β−tubulin (David-Pfeuty et al., 1979). The working principles of these agents highlight the importance of the correct longitudinal curvature of the α/β-tubulin dimers for MT dynamics, as an additional possible target for further destabilizing mechanisms. Vinca alkaloids were first used in the treatment of childhood hematologic malignancies and after for solid and adult hematologic malignancies (Bohannon et al., 1963). Many semisynthetic analogs as vindesine (Gökbuget and Hoelzer, 1997), vinorelbine and vinflunine, were developed to overcome side effects such as neuropathy and myelosuppression, likely linked to altered axonal transport.
Maytansine-Site
Maytansine binds on the exposed side of the β-tubulin subunit (Prota et al., 2014a). It works by blocking the longitudinal protofilament interaction by either inhibiting the addition of dimers or by the formation of unfunctional complexes with β-tubulin (Figures 2A,B). Differently from Vinca alkaloids, maytansine prevents the correct turn-over of GTP-loaded β-subunits at the MT minus-ends (Lopus et al., 2010). Many companies are focusing on the development of antibody-maytansinoids conjugate (ADC) therapeutics, which suppress MT dynamic instability in mitosis (Oroudjev et al., 2010). Maytansine derivates are currently in use for metastatic breast cancer (Krop et al., 2012).
Pironetin-Site
Pironetin and its dimethyl derivatives destabilize MT polymerization and preclude mitotic progression. These ligands fit into a hydrophobic pocket in the α-tubulin subunit, adjacent to the α/β-tubulin dimers interface (Yang et al., 2016) (Figures 2A,B). In this way they promote the disassembly of the MT protofilaments by meddling the longitudinal contacts between dimers. Because of their peculiar binding-site, these compounds may be effective for the treatments of tumors with resistance against β-tubulin-targeting drugs.
Lately, some innovative approaches have provided interesting results and indicated possible ways forward in the discovery of new MTAs. Here, we will briefly review some of the most recent developments in the field.
PHOTOPHARMACOLOGY: LIGHT-TRIGGERED ANALOGUES OF MTAS
The use of photosensitive drugs, which are activated by specific wavelengths of light, can provide good spatio-temporal control over drug action (Hoorens and Szymanski, 2018; Matera et al., 2018; Fuchter, 2020). Although still at the preclinical stage, photopharmacology may indeed help overcome crucial pharmacological problems in the future and provide alternative therapeutic strategies. Interestingly, existing clinically approved photodynamic therapies, which are based on the use of light in combination with photosensitizing agents to promote the formation of cytotoxic reactive oxygen species (ROS), are considered less-invasive than traditional pharmacological approaches. As such, they are widely investigated for cancer treatment (Huang, 2005), although they are occasionally affected by such limitations as inefficient deep-tissue penetration, incomplete tumor suppression and the insurgence of side effects from the patient’s accidental exposure to strong Sun/indoor light after treatment.
The design of both light-activated compounds and photopharmacological agents for targeted cancer therapies has recently been extensively reviewed with respect to their clinical potential (Vickerman et al., 2021) as well as their use in photodynamic therapy (Zhao et al., 2021) and in photopharmacology (Dunkel and Ilaš, 2021). There are two different types of light-triggerable bioactive compounds: photocaged and photoswitchable. The former are molecules in which the pharmacologically active moiety is shielded by a photolabile element that can be cleaved upon illumination, thus activating the drug irreversibly (Figure 2C), while the latter are drugs whose chemical scaffold accommodates a photoswitchable element, whereby the conformation and activity of the drug can be controlled in a reversible manner using light (Figure 2D).
Photocaged Compounds
In photocaged compounds, the covalent attachment of the photolabile element in the starting form of the drug renders the compound inactive. However, when the hindering functionality is cleaved by irradiation with a specific wavelength of light, the drug is primed for binding to its target and exerts its inhibitory function. This activation process, albeit irreversible, allows a good degree of spatio-temporal control of the drug.
The first light-triggered microtubule-targeting agent ever developed was a photocaged version of paclitaxel, activated by nitrogen-pulsed laser in the ultraviolet (UV wavelength at 337 nm) (Buck and Zheng, 2002). Later, to improve cleavage efficiency and to obtain a completely inactive caged paclitaxel that could exert its activity exclusively upon illumination (UV-activated at 360 nm), a double caging strategy was developed (Gropeanu et al., 2012).
A visible-light-activated (430 nm) caged paclitaxel was subsequently developed using a 7-N,N-diethylamino-4-hydrozymethyl coumarin photolabile group (Skwarczynski et al., 2006). Further optimization of this class of photolabile-paclitaxel (phototaxel, UV-activated at 355 nm) led to compounds that feature greater water solubility (>100 mg/ml) and stability in physiological conditions (Noguchi et al., 2008).
More recently, a photocaged version of the small molecule CMPD1, another tubulin polymerization inhibitor, was synthetized using 4,5-dimethoxy-2-nitrobenzyl (DMNB) as photolabile protecting group (UV-activated at 365 nm). The tubulin inhibitor thus released was shown to be toxic for glioblastoma cells and to lead to apoptotic cell death (Döbber et al., 2017).
Photoswitchable Compounds
Photoswitchable compounds undergo a conformational change when illuminated by proper wavelengths of light in the UV-vis spectra. However, upon switching conformation, the molecule becomes thermodynamically less stable and the compound is converted back to its thermally stable geometry. This can occur either by spontaneous back reaction on a time scale that ranges from fractions of a second to years, or by illumination with different wavelengths of light.
Photoswitchable drugs are typically designed via a bioisosteric replacement approach, whereby an azobenzene moiety is introduced in the chemical structure of the starting drug to act as photoswitchable unit. This azologization process is usually considered a mildly invasive chemical change in the drug scaffold. Alternatively, the azobenzene moiety can be attached to the drug in a lateral position and this approach is called azoextension. The aim of both approaches is to favor or to disturb the pharmacological activity of the compound by switching its conformation between the two isomers. Ideally, the goal is to obtain a compound that is pharmacologically inactive in the trans form and becomes activated by switching to the cis conformation. By implementing an azologization strategy on the structure of combretastatin A-4 (CA4), one of the most prominent colchicine binding site inhibitors, Borowiak et al. developed a class of photoswitchable analogs of CA4 named photostatin (PSTs), which are 250 times more active in their cis form (obtained by illumination in the range 370–430 nm) than in their trans conformation (Borowiak et al., 2015). Further in vitro (Engdahl et al., 2015) and in vivo (Zenker et al., 2017) studies have confirmed that PSTs are a robust chemical tool for exerting a photoswitchable cytotoxic effect with excellent optical control over microtubule dynamics at the single cell level.
The success of the photoswitchable design of PSTs relies on the structural features of CA4, a stilbenoid molecule that is well suited for an azologization approach. Indeed, unlike other CA4 analogues, it retains solubility and biological activity over tubulin upon azologization (Tron et al., 2006; Gosslau et al., 2008; Rastogi et al., 2018). Moreover, CA4 binds to the colchicine binding site in a cis-like conformation (PDB 5LYJ), which was shown to provide greater stabilization energy than the trans form (Gaspari et al., 2017).
Incidentally, azobenzene is not the only scaffold used in photopharmacology. The styrylbenzothiazole (SBT) moiety has been recently used as a scaffold for the design of photoswitchable microtubule inhibitors (Gao et al., 2021b). These compounds have been shown to be metabolically stable and to allow the photocontrol of microtubule dynamics with sub-cellular precision, photoswitched either by one-photon excitation (LED at 360 nm), or by two-photon excitation (laser at 780 nm). Moreover, they bind to the colchicine binding site in a cis-like conformation, similarly to CA4, as shown in the crystal structures of Z-SBTub2 (PDB: 6ZWC) and Z-SBTub3 (PDB: 6ZWB) bound to the tubulin-DARPin D1 complex.
The fact that the patented tubulin-binding anti-cancer drugs are structurally extremely diverse (Haider et al., 2019) provides many interesting opportunities for photopharmacology. Hemithioindigos (HTI) have been used as photoswitches in the design of microtubule binders based on the colchinoid pharmacophore. These compounds, which are cell-compatible and show antimitotic photoswitchable bioactivity, have been named hemithioindigo-colchicinoid tubulin binders (HOTubs, 450 nm) (Sailer et al., 2019). Likewise, the microtubule inhibitor colchicine served as template for the design of pyrrole hemithioindigo (PHTubs) compounds (photoswitched in the range 435–450 nm) (Sailer et al., 2021). Furthermore, colchicine has been used as structural reference for the development of photoswitchable cytotoxic compounds based on spiropyran (SP, exposed to UV light at 365 nm) (Rastogi et al., 2021).
By further optimization of the HTI scaffold, a photoswitchable class of compounds based on tubulin-inhibiting indanones have also been proposed (Sailer et al., 2020). The hemithioindigo-based indanone-like tubulin inhibitors (HITubs) show improved cellular potency relative to HOTubs as well as antimitotic photo-modulated activity (photoswitched with visible light at 450 and 530 nm).
Besides the generation of photoswitchable versions of microtubule destabilizers based on colchicine analogues, the photopharmacology community has also focused on the development of photoswitchable versions of microtubule stabilizers compounds (Figures 2E,F). A photoswitchable version of the microtubule stabilizing drug paclitaxel has been developed using an azoextension approach. The 3′-azobenzamide-Taxanes (AzTax) series of compounds proposed allowed the spatio-temporal control of microtubule stabilization in living cells (photoswitched in the range 360–530 nm) (Müller-Deku et al., 2020).
The possibility to use the styrylbenzothiazole (SBT) scaffold to obtain an SBT-extension of the Taxane drug was recently investigated. Unfortunately, the SBT-Taxane (SBTax) compounds show poor solubility, low bioactivity and modest photocontrol on the biological process. The extension approach has been also applied with styrylthiazole (ST) to epothilones (STEpos, photoactivated at the 405 nm laser line), which are a class of MSA targeting the same Taxane binding site (Gao et al., 2021a).
Recently, a rationalization of the protocol for handling photosensitive drugs to photocontrol microtubule dynamics in biological assays has been proposed (Thorn-Seshold and Meiring, 2021).
PROTACS
PROteolysis TArgeting Chimeras (PROTACs) is a technology that holds great promise for overcoming drug resistance problems as it allows the inactivation of the target protein by inducing its complete degradation rather than its sheer inhibition (Garber, 2021). PROTACs are bifunctional molecules featuring an E3 ubiquitin ligase moiety tethered to a ligand of the target protein of interest via a linker of optimal length. The association of the ligand moiety of the PROTAC with the protein of interest promotes ubiquitination of the target protein and its degradation by the ubiquitin proteasome system (UPS). Recently, an attempt to develop the first tubulin-targeting PROTAC has been made (Gasic et al., 2020). The validity of this approach is corroborated by the observation that a number of compounds that are known to bind covalently to different cysteines on β-tubulin promote tubulin degradation (Yang et al., 2019). The authors designed different degrader molecules, all of them featuring a E3 ubiquitin ligase Cereblon (CRBN) moiety and either a monomethyl auristatin E (MMAE) scaffold or a combretastatin A-4 (CA4) scaffold as tubulin-binding moiety, the former binding at the interface between α and β-tubulin, the latter binding only to β-tubulin. However, neither strategies resulted in tubulin degradation. While the authors conclude that tubulin may be resistant to degradation by CRBN-recruiting PROTACs, they also suggest that the use of other E3 ligases or the use of a different tubulin-binding moiety may eventually lead to a successful tubulin degradation by different PROTACs. It is also conceivable that by combining photoactivation with protein degradation, the use of PHOTACs (PHOtochemically TArgeting Chimeras) may enable a precise spatio-temporal control of degraders by light (Reynders et al., 2020) and could represent a promising approach to high precision modulation of microtubule stability.
ARTIFICIAL INTELLIGENCE
Artificial intelligence has established itself as the most effective way to explore the chemical space in drug discovery. Recently, a drug-target prediction platform called BANDIT, which allows the integration of different chemical, genomic, clinical and pharmacological data types in a single multi-dimensional screening approach has been developed and used successfully for the identification of novel tubulin interactors (Madhukar et al., 2019). BANDIT integrates more than 20 million data points from such diverse data types as drug efficacy, post-treatment transcriptional responses, drug structures, reported adverse effects, bioassay results, and known targets. This integrated approach allows the identification of drugs that share the same target much more accurately than approaches that use single data types. Using this approach on microtubules, the authors initially identified a set of 24 structurally diverse orphan small molecules, which they tested experimentally on breast cancer cells. Of these 24 compounds, 14 were active on microtubules. Interestingly, only nine of these 14 compounds were also identified using structure-based only prediction methods. Tested on an ovarian carcinoma cell line that is resistant to Eribulin, an FDA approved MDAs, the authors identified three compounds that show good microtubule depolymerization activity against these cells, thus overcoming the Eribulin resistance problem.
CONCLUSION
Because of its essential role in mitosis, tubulin is a fundamental target in drug discovery and an important benchmark for testing new cancer therapeutic approaches and ideas. This continuous quest for novel microtubule interactors is also justified by the drug resistance problem, which is often hampering the clinical efficacy of the current gold standard MTAs such as paclitaxel and vinblastine. Here we reported some of the most interesting and innovative recent approaches to MT modulation. It is likely that some of them will continue to be explored to identify new MTAs that may eventually provide viable alternatives to the current therapeutic protocols.
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Human α-amino-β-carboxymuconate-ε-semialdehyde decarboxylase (ACMSD) stands at a branch point of the de novo NAD+ synthesis pathway and plays an important role in maintaining NAD+ homeostasis. It has been recently identified as a novel therapeutic target for a wide range of diseases, including inflammatory, metabolic disorders, and aging. So far, in absence of potent and selective enzyme inhibitors, only a crystal structure of the complex of human dimeric ACMSD with pseudo-substrate dipicolinic acid has been resolved. In this study, we report the crystal structure of the complex of human dimeric ACMSD with TES-1025, the first nanomolar inhibitor of this target, which shows a binding conformation different from the previously published predicted binding mode obtained by docking experiments. The inhibitor has a Ki value of 0.85 ± 0.22 nM and binds in the catalytic site, interacting with the Zn2+ metal ion and with residues belonging to both chains of the dimer. The results provide new structural information about the mechanism of inhibition exerted by a novel class of compounds on the ACMSD enzyme, a novel therapeutic target for liver and kidney diseases.
Keywords: ACMSD, X-ray crystallography, TES-1025, decarboxylase, drug discovery, de novo NAD+ synthesis
INTRODUCTION
Human α-amino-β-carboxymuconate-ε-semialdehyde decarboxylase (ACMSD, EC 4.1.1.45) (Fukuoka et al., 2002) stands at a branch point of the de novo NAD+ synthesis pathway, starting from the essential amino acid tryptophan, and plays an important role in maintaining NAD+ homeostasis. Given the beneficial effects of replenished NAD+ pools, there is an intense search for strategies to increase intracellular NAD+ by limiting NAD+ consumption or increasing NAD+ production (Katsyuba and Auwerx, 2017; Katsyuba et al., 2020). In this view, ACMSD inhibition is emerging as a potent strategy to replenish NAD+ levels by improving the coenzyme’s production (Yoshino, 2019).
In detail, ACMSD catalyzes the decarboxylation of 2-amino 3-carboxymuconate 6-semialdehyde (ACMS), an intermediate in the de novo NAD+ synthesis pathway, to 2-aminomuconate-6-semialdehyde (AMS), through a metal-mediated, O2-independent, non-oxidative decarboxylation reaction (Li et al., 2006), which proceeds through a metal-bound hydroxide (Huo et al., 2013, 2015). AMS can either undergo spontaneous cyclization of the pyridine ring to form picolinic acid (PIC) or be oxidized to 2-aminomuconate, which is further metabolized so that it can enter the tricarboxylic acid (TCA) cycle. Otherwise ACMS, if not metabolized by ACMSD, can cyclize spontaneously to quinolinic acid (QUIN), which is further converted to the coenzyme NAD+ (Figure 1). Because the cyclization of ACMS into QUIN is a spontaneous reaction, the amount of ACMS undergoing this conversion and therefore leading to the production of NAD+ is primarily determined by the activity of ACMSD (Fukuoka et al., 2002). Thus, inhibition of ACMSD, which is primarily and highly expressed in the liver and kidneys (Pucci et al., 2007), would channel ACMS toward de novo NAD+ biosynthesis, providing a novel way to replenish NAD+ levels and re-establish NAD+ homeostasis in pathological conditions, particularly in liver- and kidney-associated diseases.
[image: Figure 1]FIGURE 1 | Role of ACMSD as the branching point in the kynurenine pathway leading to the de novo NAD+ biosynthesis. ACMSD catalyzes the decarboxylation of the ACMS intermediate to AMS metabolite toward total oxidation in the tricarboxylic acid (TCA) cycle. Inhibition by TES-1025 favors the flux from tryptophan through ACMS toward quinolinic acid (QUIN) and increases NAD+ production.
ACMSD is catalytically inactive in the monomeric form and active in the homodimeric form since the neighboring subunit contributes with one of the two substrate-binding arginine residues (Huo et al., 2013). Furthermore, recent experiments using size-exclusion chromatography coupled with small-angle X-ray scattering (SEC-SAXS) analysis have evidenced a protein concentration-dependent activity of the enzyme, revealing that its quaternary structure is in a dynamic equilibrium among the monomeric, dimeric, and higher-order oligomeric states (Yang et al., 2019).
The first small molecule inhibitors of ACMSD to be identified were the anti-tuberculosis drug pyrazinamide (Saito et al., 2000) and the phthalate monoester, such as mono (2-ethylhexyl)phthalate (MEHP) (Fukuwatari et al., 2004) with weak and nonselective activity. Subsequent efforts in understanding the mechanism of recognition and binding of ligands to the active site of the human enzyme resulted in the release of the first co-crystal complex of ACMSD (PDB code 2WM1) with the inhibitor 1,3-dihydroxyacetonephosphate (DHAP, 1) (Garavaglia et al., 2009) (Figure 2).
[image: Figure 2]FIGURE 2 | Molecular structures of published co-crystalized ACMSD inhibitors.*: diflunisal has been resolved in P. fluorescens ACMSD.
Subsequently, the structure of the human recombinant ACMSD complex with the competitive inhibitor pyridine-2,6-dicarboxylic acid (PDC, 2) (PDB code 4IH3) was published, refining the previous findings (Huo et al., 2015) (Figure 2).
Recently, the salycilic-derivative, nonsteroidal anti-inflammatory drug (NSAID) and FDA-approved drug diflunisal (3) was identified to inhibit ACMSD with an IC50 of 13.5 µM, and its complex structure in the Pseudomonas fluorescens ACMSD has been resolved and published (PDB code 7K12) (Yang et al., 2021) (Figure 2). A chronological summary of all ACMSD structures that have been resolved and published is reported in Table 1.
TABLE 1 | Summary of all ACMSD X-ray structures deposited in the Protein Data Bank (PDB) (order for date of release).
[image: Table 1]TES-1025 (CAS. 1883602-21-8, 2-[3-[(5-cyano-6-oxo-4-thiophen-2-yl-1H-pyrimidin-2-yl) sulfanylmethyl]phenyl]acetic acid, PubChem CID: 137142885) is a potent and selective human α-amino-β-carboxymuconate-ε-semialdehyde decarboxylase (ACMSD) inhibitor with an IC50 of 13 nM. The compound has been selected as the first low-nanomolar inhibitor of human ACMSD with a suitable overall balance of good physicochemical properties and in vitro safety profile, identified after the discovery, synthesis, and biological evaluation of a series of 2-thiopyrimidone-5-carbonitriles as the first class of small-molecule drug-like ACMSD inhibitors. Proof-of-concept studies for the first time revealed that the inhibition of ACMSD by TES-1025 led to the modulation of intracellular NAD+ levels with consequent in vivo enhancement of de novo NAD+ biosynthesis via ACMSD target engagement (Pellicciari et al., 2018).
On the basis of the discovery of TES-1025 and related analogs, we have established valuable tools for a better understanding of the therapeutic applications of ACMSD inhibitors for disorders such as mitochondrial dysfunctions and metabolic and renal diseases, associated with the dysregulation or reduced NAD+ levels. In vivo efficacy data obtained with TES-1025 in preclinical murine models of liver and kidney diseases (Katsyuba et al., 2018) suggested ACMSD as a promising novel therapeutic target to improve health in pathological settings such as that of acute kidney injury (AKI) (Kellum and Prowle, 2018; Manrique-Caballero et al., 2021).
In this study, we report the crystal structure of the complex of human dimeric ACMSD with TES-1025 (4), (Figure 2) the first potent and selective ACMSD inhibitor.
MATERIALS AND METHODS
Expression and Purification of hACMSD
Expression of the recombinant protein was achieved as described previously (Pucci et al., 2007). Purification was performed as described previously (Garavaglia et al., 2009), with some modifications. In detail, a pellet of Pichia pastoris cells expressing the enzyme and derived from 400 ml culture was resuspended in 80 ml of lysis buffer consisting of 10 mM potassium phosphate, pH 7.0, 50 mM NaCl, 1 mM DTT, 5 mM 2-mercaptoethanol, and 1 mM PMSF and aprotinin, leupeptin, chymostatin, pepstatin, and antipain at 0.002 mg/ml each. After disruption by two cycles of French press (SML-Aminco, Urbana, IL, United States) at 1,000 psi, the suspension was centrifuged at 40,000 × g, for 30 min at 4°C. The supernatant was made to 10 mg/ml by dilution with lysis buffer, and streptomycin sulfate was added dropwise at a final concentration of 1%. After 30 min stirring on ice, the sample was centrifuged at 20,000 × g for 10 min at 4°C, and the supernatant was applied to 4 ml TALON Superflow resin (Cytiva, United States) equilibrated with 50 mM potassium phosphate pH 7.4 and 50 mM NaCl (buffer A). After washing with 20 mM imidazole in buffer A, elution was performed with 350 mM imidazole in buffer A.
Kinetics Studies
The inhibitory effect of TES-1025 on ACMSD activity was determined by the coupled spectrophotometric assay (Pucci et al., 2007). Briefly, pre-assay mixtures consisting of different concentrations of hydroxyanthranilic acid (from 5 to 20 µM) and an excess amount of recombinant R. metallidurans hydroxyanthranilic acid dioxygenase, in 50 mM 4-morpholinepropanesulfonic acid, pH 6.5 and 100 mM ammonium iron sulfate, were incubated at 37°C, with monitoring ACMS formation at 360 nm. After the reaction was complete, 30 nM ACMSD and TES-1025 (from 0.5 to 40 nM) were added. The enzyme activity was calculated by the initial rate of the absorbance decrease subtracted from that of a control mixture in the absence of ACMSD. The Ki value was calculated from the initial velocity data using the Dixon equation for tightly bound competitive inhibitor (Segel, 1993):
[image: image]
where Vi is the initial velocity at a given [S] in the presence of the inhibitor, Vo is the initial velocity at the same [S] in the absence of the inhibitor, Km is the Michaelis–Menten constant for the substrate, [It] and [Et] are the total amount of the inhibitor and enzyme, respectively, and Ki is the apparent Ki value. The intercept on the y-axis of the replot of apparent Ki values against [S] gives the Ki value.
Protein Crystallization and Data Collection
TES-1025 was developed by TES Pharma as reported by Pellicciari et al., (2018). For the crystallization trials, the TALON pool containing the purified protein was diluted ten-fold with 50 mM potassium phosphate and 5 mM 2-mercaptoethanol and then concentrated by ultrafiltration, using an Amicon Ultra Centrifugal Filter (cutoff 10 kDa, Merck, Millipore), at 4°C, to a final protein concentration of 4.5 mg/ml. For all crystallization trials, the sitting drop vapor diffusion method was applied. The concentrated enzyme was incubated at the 1:10 molar ratio with a stock solution of 50 mM TES-1025 in dimethyl sulfoxide, for 1 hour at room temperature, and 1.25 μL of protein–ligand solution was mixed with an equal volume of reservoir solution, and it was equilibrated against 100 µL of the reservoir solution. The best crystals were obtained in reservoir solution containing 100 mM Na(CH3COO), pH 5.7, 22% (w/v) PEG 4000, and they grew to their final size in few weeks at 18°C.
Crystals were transported to the synchrotron in plates, mounted in nylon loops, and flash-frozen directly at 100 K in a nitrogen gas stream. Diffraction data were collected at the European Synchrotron Radiation Facility (ESRF, Grenoble, France) at beamline ID30A-3 (MASSIF-3) (von Stetten et al., 2020).
Structure Determination, Refinement, and Analysis
The diffraction data were integrated and scaled with the XDS/XSCALE program package (Kabsch, 2010). The crystals belong to the space group P21212, with unit cell a = 153.3 Å, b = 92.5 Å, and c = 103.9 Å. Starting phases for solving the crystal structure were obtained with molecular replacement using PHASER (Adams et al., 2002) with monomer A of the hACMSD structure as a starting model reported by Huo et al. (2015) (PDB code 4IH3) after atom randomization to avoid any bias as a search model. Automated model building was accomplished by the PHENIX (Adams et al., 2002) suite, followed by manual fitting of the side chains and solvent molecules into electron density maps performed using COOT (Emsley and Cowtan, 2004) and PHENIX suite (Adams et al., 2002), while monitoring Rwork, Rfree, and Ramachandran plot with PROCHECK (Laskowski et al., 1993) and related geometrical parameters. The Fourier difference electron density OMIT maps at 3σ were inspected to verify the presence of TES-1025. The models were checked with the PDB REDO web server (Joosten et al., 2014). Model coordinates and structure factors of the X-ray crystal structure of ACMSD co-crystallized in the presence of TES-1025 were deposited in the Protein Data Bank (PDB) under the accession code: 7PWY. Data collection, processing, and final refinement statistics are given in Table 2. Ligand interaction diagram is generated by the tool of Maestro of the Schrodinger suite 2017−1 (https://www.schrodinger.com). The images produced in this article were generated using CCP4mg (McNicholas et al., 2011) and PyMOL software (https://www.pymol.org).
TABLE 2 | Data collection and refinement statistics.
[image: Table 2]RESULTS
The human ACMSD crystal structure in complex with TES-1025 at 2.5 Å resolution was refined to final Rwork and Rfree values of 0.210 and 0.252, respectively. The Ramachandran plot shows more than 96% of the residues in the favored regions and 4% in the allowed regions (Table 2). The molecular replacement solution of the hACMSD structure in complex with TES-1025 comprised four monomers in the asymmetric unit to form two homodimers. The average RMSD, calculated with SUPERPOSE (Winn et al., 2011) over 320 residues of each monomer, against the starting model, is 0.45 Å, to confirm that the overall fold of the enzyme is maintained. In brief, hACMSD shows a molecular architecture comprising of 12 α-helices, 11 β-strands, and the connecting loops. Residues 14–48 form the small insertion domain that comprises a short α-helix and a three-stranded anti-parallel β-sheet; the remaining protein residues form a (α/β)8 barrel domain and a two-α-helices C-terminal extension.
A total of two homodimers are observed in the asymmetric unit. Analysis of interface area, solvation energy gain upon interface formation, and the total binding energy of the interface, calculated using PISA (Krissinel and Henrick, 2007), confirms homodimers A, B and C, D as biological units. hACMSD homodimers have been reported previously (Garavaglia et al., 2009; Huo et al., 2015) (Figure 3A). In homodimer AB, there are no disordered regions, while in homodimer CD there are disordered regions namely in chain C between residues 30–37, 178–185, and 242–253 and in chain D between residues 242–253.
[image: Figure 3]FIGURE 3 | A) Ribbon diagram of the dimeric structure of human ACMSD in complex with TES-1025: dark blue, monomer A; light blue, monomer B. Fourier difference maps of TES-1025 molecules bound to monomers A and B, respectively: (B,C) 2Fo-Fc map (light blue for the protein and blue for the ligand), contoured at 1σ level; (D,E) Fo-Fc omit map (green for the ligand) contoured at 3σ level; (F,G) Fo-Fc polder map (green for the ligand) contoured at 4σ level.
Similar to previously published X-ray structures (Garavaglia et al., 2009; Huo et al., 2015), the active site of hACMSD is located at the C-terminal opening of the β-barrel and characterized by a Zn2+ metal ion coordinated with a distorted trigonal bipyramid geometry, by residues His6, His8, His174, His 224, the moiety of Asp291, and a conserved water molecule. A water molecule bridges the Zn2+ metal ion with the guanidino moiety of Arg235 belonging to the neighboring subunit (chain B) of the hACMSD dimer.
The presence and positioning of the TES-1025 molecules was indicated by the Fourier difference 2Fo-Fc maps at 1σ, the Fourier difference Fo-Fc OMIT maps at 3σ level, and the polder maps at 4σ level in each active site of hACMSD homodimer AB (Figure 3). In homodimer CD, no electron density was observed that could be attributed to a TES-1025 molecule. The molecule TES-1025 located in monomer A was refined with full occupancy, and the molecule located in monomer B was refined with a partial occupancy of 0.80. The correlation coefficients for the polder map (Liebschner et al., 2017), calculated by omitting both TES-1025 molecules were CC (1, 3) = 0.89, i.e., larger than CC (1, 2) = 0.54 and CC (2, 3) = 0.56. When omitting only TES-1025 molecule in chain A, we obtained CC (1, 3) = 0.91, i.e., larger than CC (1, 2) = 0.62 and CC (2, 3) = 0.55. When omitting only TES-1025 molecule in chain B, we obtained CC (1, 3) = 0.84, i.e., larger than CC (1, 2) = 0.59 and CC (2,3) = 0.57. Since the CC (1, 3) is larger than CC (1, 2) and CC (2, 3), then the density observed corresponds to the atomic features of the TES-1025 molecules.
The active site of each subunit binds one TES-1025 molecule with the same set of interactions. The carboxylic moiety of the ligand coordinates the Zn2+metal ion (Zn···O distance is 2.5 Å) and establishes an H-bond with the indole moiety of Trp191 residue (the H···O distance is 2.6 Å, and the N-H···O angle is 135.8°) while interacts with Asp291 through a water molecule. The pyrimidine ring interacts through the carbonyl group with Arg243 (the H···O distance is 2.5 Å, and the N-H···O angle is 143.6°), belonging to the neighboring subunit (chain B) of the functional dimer of ACMSD, while a second H-bond is established with the catalytic residue Trp188 (the H···O distance is 2.7 Å, and the N-H···O angle is 132.5°). The negatively charged nitrogen of the TES-1025 pyrimidine ring engages a charge–charge interaction with the positively charged nitrogen of the Arg47 (the N···N distance is 3.6 Å). Also, further interactions with solvent water molecules are defined. The 2-thiophene ring fits into a hydrophobic cavity generated by Trp176, Phe46, Met180, and Trp191; this latter residue also makes Pi–Pi stacking with the phenyl ring of TES-1025. (Figure 4).
[image: Figure 4]FIGURE 4 | Ligand interaction diagram of TES-1025 in the ACMSD active site of monomer A, reporting the ligand–protein type of interactions and involved residues (diagram calculated and generated by Maestro, Schrodinger suite).
The kinetic analysis of the inhibition exerted by TES-1025 on ACMSD was performed by assaying the enzyme activity in the presence of varying concentrations of the inhibitor and substrate. The IC50 value of the inhibitor at 10 µM substrate concentration is reported to be about 13 nM (Pellicciari et al., 2018). This value is very close to the concentration of ACMSD which is used in the activity assay, implying that a significant portion of the total inhibitor in the assay mixture is enzyme-bound. Therefore, to investigate the inhibition kinetics, the Dixon method (Segel, 1993) was used as described in Materials and Methods. The best fit with the experimental data was obtained by using the Dixon Equation 1 for a tightly bound competitive inhibitor (Figure 5). A Ki value of 0.85 ± 0.22 nM was calculated (inset in Figure 5).
[image: Figure 5]FIGURE 5 | ACMSD activity as a function of inhibitor concentration in the presence of fixed concentrations of the substrate traced with diamonds (5 μM), circles (10 μM), squares (15 μM), and triangles (20 μM). In the inset, the replot of apparent Ki versus [S] is shown.
DISCUSSION
The structural basis of human dimeric α-amino-β-carboxymuconate-ε-semialdehyde decarboxylase inhibition with TES-1025 is severalfold. Overall, the X-ray structure of the ACMSD–TES-1025 complex described in this study experimentally confirmed the competitive inhibition mode displayed by the ligand, in which the catalytic Arg47 and the Zn2+ metal ion together with Trp191 and chain B are engaged in unique specific interactions with the meta carboxylate group and the pyrimidine ring of the ligand. These two interactions lock the head and the tail of the ligand, respectively. Moreover, the pyrimidine ring strongly interacts with the pocket residues side chains through a network of hydrogen bonds mediated by water molecules, thus stabilizing the central core of the ligand. This strong network of interactions generated by TES-1025 ensured the low nanomolar potency inhibition of the enzyme and confirmed the previously published data of structure and activity relationship (Pellicciari et al., 2018). The kinetic analysis confirmed that TES-1025 is a competitive inhibitor with a Ki value in the low nanomolar range.
In the article by Pellicciari et al. (2018), the investigation of the induced-fit docking pose of TES-1025 into the hACMSD catalytic site coming from the 4IH3 X-ray (Huo et al., 2015) was presented. The results indicated that the majority of the binding affinity was due to the ionic interaction between the m-carboxy group of the ligand with the Zn2+ metal ion and the catalytic residues Arg47 and Trp191. Meanwhile, the pyrimidine ring was strongly anchored to Lys41 and Lys44 residues by hydrogen bond and ionic interactions. Furthermore, additional hydrophobic contacts were also established between the thiophene and Met180. In this view, the current X-ray structure of ACMSD in complex with TES-1025 reports a different ligand disposition with respect to the putative binding mode predicted by docking computation (ligand RMSD calculated on non-hydrogen atoms is 6.42 Å when using the protein backbone for the alignment). Indeed, upon TES-1025 binding, the side chain of Arg47, as resolved in the crystal structure, is oriented to the middle of the pocket driven by the interaction with the acidic oxygen of the pyrimidine ring of the ligand. It is worth noting that this Arg47 orientation was observed neither in the 4IH3 complex used for the in silico studies nor in other released ACMSD X-ray structures (pdb codes: 2WM1, 4IGM, 4IGN, and 4OFC) (Garavaglia et al., 2009; Huo et al., 2015). Moreover, the carbonyl moiety of the pyrimidine ring of TES-1025 engages an H-bond with Arg243, belonging to the neighboring subunit (chain B) of the functional dimer of ACMSD. The crystallographic disposition showed a 180° rotation of the pyrimidine ring around the Csp2-S bond that completely abolishes the interactions present in the docking pose with Lys44 and Lys41 (Figure 6).
[image: Figure 6]FIGURE 6 | TES-1025-binding (pink sticks) modes in the docking model (A), TES-1025 (green sticks) in the crystal structure (B), and superposition of the two ligand poses (C), together with the protein ribbons and Zn2+ ions. ACMSD chains A and B are shown in yellow and pink ribbons for the induced fit result, while are in blue and cyan ribbons for the X-ray image, respectively. The Zn2+ metal ion is displayed as a gray ball. The relevant residues of the binding site are labeled and shown as sticks. Hydrogen bond and salt bridge interactions are indicated with orange dashed lines.
The previous detailed works of the Aimin Liu lab (Huo et al., 2013; Huo et al., 2015) confirmed the metal ion (Zn2+) dependence of the human ACMSD for its catalytic activity and the active role of Arg47 and Arg235 of the chain B for the interaction of the natural substrate ACMS in the homodimeric functional complex. TES-1025 was able to interact with all the essential catalytic features of the site, with only the substitution of Arg235 with Arg243, stabilizing a homodimeric inactive complex and confirming the high affinity and potency of the ligand. Moreover, the preferential recognition and binding of the pyrimidine moiety of TES-1025 in ACMSD supported the subfamilial similarities with the related enzyme 5-carboxyl-uracil decarboxylase (IDCase) (Huo et al., 2015).
The asymmetric unit consists of two homodimers, namely AB and CD. In AB, two TES-1025 molecules were observed, while in CD no electron density was observed that could be attributed to a TES-1025 molecule. The two homodimers display high dynamics of the different chains too. Indeed, in homodimer AB, there are no disordered loop regions, while in homodimer CD there are disordered regions. Considering that upon ligand binding, Arg243 interacts with the pyrimidine ring of TES-1025, and the presence of the ligand is reflected in the folding of the residue region 240–253 to an α-helix structure.
In summary, the determination of the crystal structure of the human ACMSD homodimer with the first nanomolar and selective inhibitor TES-1025 reveals unforeseen interactions of the functional groups of the small molecule with the catalytic side chains and the metal ion within the active site, elucidating the principles of its potent inhibitory mechanism. These results further validate the selectivity of TES-1025 for the enzyme and consolidate the knowledge about ACMSD as a promising therapeutic target (Katsyuba et al., 2018; Kellum and Prowle, 2018; Kellum et al., 2020; Manrique-Caballero et al., 2021) for the recovery of the de novo NAD+ biosynthesis pathway and the maintaining of NAD+ homeostasis impaired in hepatic (Zhou et al., 2016) and renal diseases (Poyan Mehr et al., 2018).
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The throughput of macromolecular X-ray crystallography experiments has surged over the last decade. This remarkable gain in efficiency has been facilitated by increases in the availability of high-intensity X-ray beams, (ultra)fast detectors and high degrees of automation. These developments have in turn spurred the development of several dedicated centers for crystal-based fragment screening which enable the preparation and collection of hundreds of single-crystal diffraction datasets per day. Crystal structures of target proteins in complex with small-molecule ligands are of immense importance for structure-based drug design (SBDD) and their rapid turnover is a prerequisite for accelerated development cycles. While the experimental part of the process is well defined and has by now been established at several synchrotron sites, it is noticeable that software and algorithmic aspects have received far less attention, as well as the implications of new methodologies on established paradigms for structure determination, analysis, and visualization. We will review three key areas of development of large-scale protein-ligand studies. First, we will look into new software developments for batch data processing, followed by a discussion of the methodological changes in the analysis, modeling, refinement and deposition of structures for SBDD, and the changes in mindset that these new methods require, both on the side of depositors and users of macromolecular models. Finally, we will highlight key new developments for the presentation and analysis of the collections of structures that these experiments produce, and provide an outlook for future developments.
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INTRODUCTION
Modern drug development is an intensely multi-disciplinary exercise that relies on expertise ranging from fundamental biophysics to clinical trials (Kiriiri et al., 2020). Especially in the early stages of small molecule development, structural biology has been instrumental in guiding the rational development of numerous novel small molecule drugs (Maveyraud and Mourey, 2020). Structural knowledge of the interaction of a protein with varied small molecule ligands is used to inform the design process of compounds with improved binding affinities (Hughes et al., 2011). Determination of protein-ligand structures is done by X-ray crystallography (Maveyraud and Mourey, 2020), NMR (Nitsche and Otting, 2018), Cryo-EM (Renaud et al., 2018), and even recently with MicroED (Clabbers et al., 2020). However, despite recent breakthroughs in other methodologies (most notably cryoEM), X-ray crystallography remains the workhorse for structure-based drug design (SBDD), at least for the time being.
The prevalence of crystallography in these efforts is a testament to the platform methodologies that have been developed to enable routine crystal structure determination. Over the last decade, macromolecular crystallography has seen a remarkable gain in efficiency and throughput driven by improvements in beam intensity and X-ray detectors, the availability of fast and reliable sample changers, and advances in software for data acquisition and analysis (Owen et al., 2016; Förster and Schulze-Briese, 2019). This has culminated in the development of fully automated beamlines that reduce interaction of the scientist with the diffraction experiment to the barest minimum (Svensson et al., 2019). Moreover, so-called “unattended” data collection in combination with automated data processing (Winter, 2010; Vonrhein et al., 2011; Sparta et al., 2016) and refinement pipelines (Sharff et al., 2011; Wojdyr et al., 2013; Echols et al., 2014; Schiebel et al., 2016) running on high-performance computing systems means that it only takes minutes to get from data collection to high-quality electron density maps. Often overlooked in enabling these achievements is the role and importance of sophisticated and robust systems for managing sample logistics, which are now available at most synchrotron sites (Delagenière et al., 2011). When combined with the technical experimental advances, it is these information management systems which truly enable the establishment of routine high-throughput crystallographic experiments (Zheng et al., 2014).
These advancements have culminated in the establishment of several publicly accessible centers for crystal-based fragment screening (Lima et al., 2020; Cornaciu et al., 2021; Douangamath et al., 2021; Wollenhaupt et al., 2021; Kaminski et al., 2022). The extremes of these setups have now transformed protein crystallography from a structure determination method into another biophysical screening assay technique (Douangamath et al., 2020; Schuller et al., 2021; Günther et al., 2021). These facilities have developed several bespoke software solutions for data capture, processing and deposition, incorporating new software packages for restraints generation for new small molecule compounds, model building and refinement (Sparta et al., 2016; Krojer et al., 2017; Long et al., 2017; Pearce et al., 2017c; Cornaciu et al., 2021; Lima et al., 2021), as well as significant advancements in algorithms for detecting (weakly) binding ligands (Pearce et al., 2017b) and analyzing the output chemical information (Deane et al., 2017). Some of these solutions are still confined to specialized screening setups and are thus only used by a small number of protein crystallographers—some because they are not generic enough and some because they are simply unknown.
Here, we provide an overview of the recent history of software tools for large-scale structure determination and data analysis. Based on experiences from fragment screening, we identify a subset of these approaches which we think deserve closer attention and broader awareness within the structure determination community, and ultimately should be incorporated into the main-stream crystallographic toolbox. Furthermore, we highlight recent developments for analyzing protein-ligand structures that bring together structural biologists and computational chemists.
BATCH DATA PROCESSING AND REFINEMENT TOOLS
Currently, the majority of crystallographic structure determination is done through the graphical interfaces of the CCP4 and PHENIX packages (Echols et al., 2012; Potterton et al., 2018). These offer user-friendly interfaces that guide newcomers as well as experienced users through the structure determination process, and both have large (and overlapping) user bases. However, these fundamentally adhere to a “one structure per project” paradigm, where one data set leads to one atomic model which leads to one deposition in the Protein Data Bank (PDB) (Berman et al., 2000). This is suitable for the determination of (a small number of) novel crystal structures, where each chemically-distinct structure becomes its own project, but far less so for the determination of many related-but-distinct protein-ligand complexes, which can now involve the simultaneous determination of hundreds of structures (Schuller et al., 2021). Moreover, the graphical user interfaces have historically lacked adequate meta-data-tracking functionality and provide no direct connections between the various experimental and computational stages of the experiment—neither cloning, expression, purification, crystallization nor data collection. In reality, and in the absence of established, widely-used and integrated solutions that remove the burden of record keeping, many—if not most—practitioners still record and track their experiments in ad-hoc electronic spreadsheets and physical notebooks.
The lack of suitable large-scale (publicly-available) processing tools became painfully apparent with the establishment of dedicated synchrotron-based centers for crystallographic fragment screening where hundreds of crystals of the same protein are determined in complex with different compounds (Collins et al., 2017; Lima et al., 2020; Cornaciu et al., 2021; Douangamath et al., 2021; Sharpe and Wojdyla, 2021; Wollenhaupt et al., 2021; Kaminski et al., 2022). As a result, three novel programs—CRIMS, FragMAXapp, and XChemExplorer—became available, which are able to process hundreds of related datasets as part of a single session (Krojer et al., 2017; Cornaciu et al., 2021; Lima et al., 2021; Wollenhaupt et al., 2021). These software differ in design, layout, and scope, but all facilitate batch data processing and record a large set of meta-data in a dedicated database system which facilitates project tracking, thereby enabling posterior analysis as well as simplifying PDB deposition (Figure 1).
[image: Figure 1]FIGURE 1 | Outline of a generic data processing workbench. Future workbenches will likely be hosted in the cloud [e.g., European Open Science Cloud (EOSC)] and take in various (meta-) data through customizable entry points. Users can then define the sample/data relationship and connect pre-defined tasks as needed for their workflow, such as in KNIME workflows. Workflows could be saved and shared with any other interested party. All results and workflows would be stored in an internal database for each project and local programs or web-services can gain access through a dedicated “Results” node.
XChemExplorer is a standalone program developed at the XChem facility at Diamond Light Source for use with fragment screening experiments (Krojer et al., 2017). It enables the selection of auto-processing results, initial refinement, dataset annotation, interactive model building with Coot (Emsley et al., 2010) and refinement with Refmac (Murshudov et al., 2011) or BUSTER (Bricogne et al., 2017). FragMAXapp was jointly developed between the FragMAX facility at the MAX IV synchrotron and the fragment screening facility at Helmholtz-Zentrum Berlin (HZB) and the BESSY synchrotron (Lima et al., 2021; Wollenhaupt et al., 2021); FragMAXapp offers a web-based platform with similar functionalities to XChemExplorer, but with more customization options for diffraction data processing and initial refinement. Both of these software solutions allow a series of data sets to be consolidated and organized into a single project, and provide launchpads for additional processing with programs such as PanDDA (Pearce et al., 2017b). Finally, CRIMS is a web-based platform developed at the European Synchrotron Radiation Facility (ESRF) and is probably the most comprehensive of the three in terms of meta-data tracking and database integration (Cornaciu et al., 2021); this takes advantage of the extensive database infrastructure at the ESRF High-Throughput Crystallization (HTX) facility and can also directly communicate with the ISPYB laboratory information management system that is widely used at synchrotron beamlines (Delagenière et al., 2011). As a demonstration of the importance of these tools, and their future development, they were instrumental in facilitating the rapid solution and availability of numerous protein-ligand structures of several proteins from Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) in the wake of the coronavirus disease (COVID-19) pandemic (Douangamath et al., 2020; Günther et al., 2021; Newman et al., 2021; Schuller et al., 2021; Kozielski et al., 2022). However, availability of these programs is currently restricted to certain synchrotron sites and they do not allow for customized workflow configuration or provide interfaces for definition of new experiments (Moreno-Chicano et al., 2019; Brändén and Neutze, 2021; Schulz et al., 2022).
IDENTIFICATION, MODELING AND REFINEMENT OF BINDING MOLECULES
The second problem that is encountered during crystallographic fragment screening experiments—after the processing of the crystallographic data—is the identification of binding molecules. In a non-focussed fragment screen, only a small percentage of fragments are expected to bind at a particular location on the protein surface, but since fragments may bind at any location on the protein surface, manual inspection of the data quickly becomes infeasible, meaning that automated methods are required (Pearce et al., 2017b).
The most popular crystallographic methods for identifying and validating the presence of bound ligands revolve around internal consistency metrics, i.e., metrics which compare the atomic model and the experimental electron density (Echols et al., 2014; Liebschner et al., 2017). These are used both to identify interesting areas of the electron density map, and to validate the atomic models produced: First, “blobs” are identified by calculating one of a variety of difference maps, and then, constructed ligand models are validated by comparing the model to the experimental electron density. For the purposes of modeling, most methods seek to generate an electron density map that is minimally biased towards the refined atomic model, and which is quantified in terms of a robust signal-to-noise ratio to indicate the importance of an electron density feature. Most approaches therefore utilize different flavors of OMIT maps—in particular OMIT difference maps—which provide a measure of the electron density in a region in terms of the global model error (in units of the rmsd-value of the difference map). This is typically done at the 3-rmsd level (also called the 3-sigma level). Atoms in a selected region must be removed to calculate the difference map, and are either replaced by bulk solvent (Bhat and Cohen, 1984; Terwilliger et al., 2008; Pražnikar et al., 2009) or by vacuum (e.g., polder maps) (Vonrhein and Bricogne, 2005; Liebschner et al., 2017).
It is vitally important, and perhaps underappreciated, to understand exactly what the hereby-identified features in difference maps represent. For the interrogated region, these difference maps measure the density at a particular site relative to either vacuum (polder maps) or bulk solvent (other OMIT maps) in units of the error in your model: significant differences (typically those above 3-rmsd) therefore indicate electron density features that very likely are not experimental noise. However, this indication is different to a measure of signal (such as the presence of an unmodelled bound ligand), since density from any molecule(s), e.g., semi-ordered water molecules, may also produce electron density above this noise level—i.e., it is not only ligand binding that produces electron density in these maps. We should generally expect a map such as a polder map to show a significant amount of density for most sites on the protein surface (except in very poorly refined models or at lower resolution), since even semi-ordered solvent is likely more than three noise units higher than vacuum for high resolution data. Care must therefore be taken when using OMIT methods so as not to overinterpret the maps, whose purpose is only to quantify and show clear unbiased density for a region.
However it is common for the presence of any difference density in an OMIT map to be presented as (incontrovertible) evidence for the presence of a ligand, with even clear cases of mismodeling being difficult to refute (Stanfield et al., 2016a; Stanfield et al., 2016b). The presence of difference density in a particular map—of the appropriate shape and size—may even be misconstrued as evidence for binding by even an experienced user, especially when solving multiple structures with a set of small molecules, since at least one molecule is likely to match a putative blob in a binding site purely by chance, due to the molecules’ small sizes and simple shapes.
The reason for disagreement about interpretation stems from the nature of OMIT maps. For large strongly-binding ligands, and given medium- to high-resolution data, difference map methods will work well for accurately identifying binding poses, since the correct solution will be well-defined and unambiguous. However, for weakly-binding or smaller compounds, in part due to the reasons described above, these methods are worryingly vulnerable to false positives (incorrectly modeling a ligand which did not bind and is not present in the electron density), as there is no objective approach for determining whether a blob is due to a bound ligand, or due to (semi-) ordered solvent or other molecules in the binding site (Stanfield et al., 2016a; Stanfield et al., 2016b), even when the difference OMIT map shows electron density above a certain threshold. Without robust metrics, what constitutes unambiguity becomes a subjective measure. Opportunities for map misinterpretation are further exacerbated by partial-occupancy ligands, as will be discussed in detail below (Figure 2). Conversely, because the noise level of difference maps is related to the quality of the model, and typical macromolecular atomic models are still generally rather poor (R-values of greater than 20% are still the norm), difference maps are not able to identify more weakly binding ligands, since these will fall below the “noise level” of a difference map, leading to false negatives (failing to identify a ligand which did bind).
[image: Figure 2]FIGURE 2 | Conventional OMIT maps do not generally produce clear unambiguous evidence of binding for low occupancy ligands, even at high resolution. Examples for four binding fragments showing different levels of support for binding from OMIT maps, where clear evidence of binding is shown by PanDDA event maps. Map coloring: 2mFo-DFc maps are shown as blue mesh and all difference maps are shown as green/red mesh; associated PanDDA event maps are shown as purple surfaces. Map type and contour are as indicated. Both types of OMIT maps are produced by phenix.polder. Maps are truncated (carved) at 3Å around relevant residues and ligands for clarity; PanDDA maps are carved at 2Å. Model coloring: To distinguish alternate conformations, carbon atoms for ligand-associated conformations are coloured orange and non-ligand-associated conformations are coloured blue; main-conformation (full-occupancy) atoms are coloured light gray; all other atoms are colored by element except waters, which are coloured as per carbon atoms. Resolutions: (A) 1.40Å, (B) 1.60Å, (C) 1.29Å, (D) 1.34Å. Refined ligand occupancies: (A) 0.41, (B) 0.50, (C) 0.38, (D) 0.22. PanDDA event map pseudo-occupancies (1-BDC): (A) 0.15, (B) 0.17, (C) 0.10, (D) 0.11. (A) Binding is not evident in the 2mFo-DFc maps at a moderate contour level, but is clearly supported by both types of OMIT map, especially when considered in combination with the extra density from the superposed water molecules from non-ligand-associated conformations, as modeled. It is debatable whether the OMIT maps alone would provide strong enough evidence to support modeling of the ligand, but the single ligand conformation is clearly evidenced in the PanDDA event map, preventing potential misinterpretation of the OMIT map as multiple conformations of the ligand. (B) Similar to (A), but with less evidence in the simple OMIT map. The polder OMIT map provides an envelope which fits well with the envelope provided by the ligand and the superposed water molecules, as modeled. It is unlikely either OMIT map would be accepted as evidence of binding, but once more, the ligand conformation is clearly identified in the event map. (C) OMIT maps show mostly features which correspond to superposed (not-ligand-associated) waters, and do not present evidence for the bound ligand, unlike the event map. (D) Ligand binding coincides with an alternate conformation of an arginine residue, which dominates the refined maps and OMIT maps.
The large-scale availability of related crystallographic datasets from fragment screening experiments enabled the development of a data-driven multi-dataset ligand identification method: PanDDA (Pearce et al., 2017b). This approach aligns and compares electron density maps from different datasets and identifies local outliers in datasets which deviate from the population of electron density maps; this can be thought of as the multi-dataset generalization of isomorphous-difference (Fo-Fo) maps (Rould and Carter, 2003). For this to work, a number of datasets must not contain binders (i.e., be APO or “ground-state” datasets) against which putative binding datasets can be contrasted. For unfocussed fragment screening experiments, most datasets do not contain a binding fragment, which then constitute APO datasets. Alternately, when performing a fragment screen, a series of true APO datasets can also be collected and used, as is regularly performed at the XChem facility (Douangamath et al., 2021). For datasets with identified outliers, these outliers indicate an “event” at that location in that dataset, which gives strong evidence that a change has occurred in this dataset, and can—in contrast to OMIT maps—be used as a measure of signal. In fragment screening data, events are generally binding ligands, though some random structural changes and processing artifacts can also occur.
An additional insight while developing the PanDDA approach was that the majority of the identified binding events were partial-occupancy features, meaning that the fragment was only bound to a fraction of the protein molecules in the crystal—this is to be routinely expected for fragments, which have low binding affinities. In these cases, which constitute the large majority of identified fragments (Pearce et al., 2017b), the observed electron density is a weighted summation of the electron density for the fragment and also the “apo” or “ground-state” of the crystal, e.g., (dis)ordered water or other solvent molecules. Interpreting the raw experimental electron density map (or any kind of OMIT map) is not feasible in these cases, and indeed should be actively avoided, for fear of misinterpreting the superposed solvent density as part of the ligand density (Figure 2); this could cause mismodelling of the ligand, and would thereby mislead downstream medicinal chemists.
The real power of the PanDDA approach is the overcoming of the partial-occupancy obstacle by estimating the occupancy of the superposed ground state, and subsequently subtracting the appropriate fraction of the ground-state density, which is derived from the analysis of the ground-state (APO) datasets. This subtraction reveals an approximation to the experimental density for the bound state only, i.e., what would be obtained if the ligand was bound at full occupancy. This “event map” can then be used for ligand modeling (Figure 2). Several examples in the original PanDDA manuscript show examples of where interpreting the standard electron density maps lead to misinterpretation, as the standard experimental maps shows diffuse density that could be interpreted as the ligand in multiple conformations; however after application of the PanDDA approach, the ligand is clearly in one conformation, with a superposed solvent state (Pearce et al., 2017a; Pearce et al., 2017b; Pearce et al., 2017c).
In the original PanDDA implementation, no assumptions are made about whether datasets are comparable, and it has since been shown that pre-processing with methods such as cluster4x can dramatically increase the sensitivity of the method even further (Ginn, 2020). Combined, these approaches enable the identification and modeling of very low-affinity compounds which would not have been identified previously, and in doing so have greatly increased the amount of chemical matter available for ligand binding studies. However, the identification of weaker- and weaker-binding ligands have revealed significant weaknesses in currently available approaches for structure determination and usage.
In light of the experiences in fragment screening, it is clear that there is a large and underappreciated potential for misinterpreting electron density when modeling ligands, either because the ligand is not there at all (Stanfield et al., 2016b), or because the ligand binds at subunitary occupancy. Since we cannot know the occupancy of the ligand a priori, we may unwittingly be misinterpreting density for another molecule as density for the ligand, resulting in the wrong pose for (parts of) the ligand (Pearce et al., 2017b). Ligands in the PDB are routinely modeled at full occupancy (Pearce et al., 2017c), showing that partial occupancy is rarely considered. Our experiences with fragment screening have provided numerous cases where the outcome of a PanDDA analysis is very different to what might have been created using traditional approaches (Pearce et al., 2017a; Pearce et al., 2017b; Pearce et al., 2017c), including cases where the ligand was initially perceived to be in multiple conformations, but was in fact in one conformation, and vice versa. The exact prevalence of such mismodelling in the PDB is unknown, and though errors may be minor, inaccurate binding poses of important functional groups could seriously mislead downstream applications such as structure-based drug design.
Since sub-unitary occupancy became an inherent feature of the crystallographic data, this spurred the development of methods for the generation and refinement of multi-state models for superpositions of ligand-bound and ground-state states (Pearce et al., 2017b; Pearce et al., 2017c). Combining the ligand-bound model (derived from the event map) with the ground-state model (derived from the APO data sets) generates a multi-state model for refinement (Pearce et al., 2017c), and combined with appropriate occupancy restraints, this can produce relatively high-quality models for even low-occupancy ligands (Pearce et al., 2017b), although of course these models are lower quality than one would expect from stoichiometric binders. Visual inspection of the refined electron density maps becomes less useful for low-occupancy ligands, since all refined electron density maps will continue to contain multi-state superpositions, and so multiple validation metrics are useful for identifying errant parametric features of the models, such as inappropriate occupancies or B-factors (Pearce et al., 2017b; Pearce et al., 2017c). Iterative modeling using this multi-state approach requires a new mindset for the crystallographer, since it requires the different states of the model to be inspected separately and modeled into different electron density maps (i.e., the ground-state conformation into a ground-state map and the bound-state conformation into an event map), before being recombined for refinement against the original experimental data. This is currently technically difficult, and tools need to be further developed before this can be routinely applied by non-experts. However, routinely ignoring the partial-occupancy nature of ligands in crystallographic models is a significant oversight within the field, the current extent and effect of which is simply unknown.
STRUCTURE PRESENTATION AND ANALYSIS
With the influx of large volumes of structural data, such as that generated by synchrotron fragment-screening facilities, application-specific platforms for exploring and exploiting this data become a critical component in the context of fragment-based lead design (FBLD) (Bradley et al., 2015). Popular desktop-based software for the visualizing and analyzing crystal structures (e.g., PyMOL) are only tractable for a handful of structures, and are ineffective in identifying trends in data which could inform further FBLD (Deane et al., 2017). Curating and understanding of FBLD outputs is time-consuming due to the vast number of structures, and often rely heavily on the expertise of the researcher to keep track of interesting and potentially novel features from their analysis (de Souza Neto et al., 2020).
The usage of multi-state models introduces an additional difficulty when using these models in downstream applications. Users of the PDB are mostly not trained crystallographers, and can be confused by the presence of multiple superposed conformations in an atomic model—in the best case scenario, they are simply a nuisance artifact to be removed. Therefore, it is preferable to remove the superposed ground-state conformations from models, and present only the scientifically-interesting bound state. However, the PDB currently has no mechanism for presenting different states of the model, and thus depositors are left with a choice: deposit the full multi-state crystallographic model or deposit only the bound-state model. While the second option—which is the one that has been adopted by the XChem facility—is beneficial to the users of the PDB (who are after all the intended audience), this practice introduces problems for those that wish to reproduce model refinements, since only part of the model has been deposited; this has caused these models to be accurately identified as being poor and unreliable by validation efforts (Wlodawer et al., 2020). Now that hundreds of such models are being deposited in the PDB every year, there is urgently-needed functionality in the PDB for presenting the different components of multi-state models to end users, so that the full crystallographic model can be deposited. The development of routines which further allow the reproduction of PanDDA results are another critical area of required development to ensure that refinements of these models are reproducible and that the models can be validated.
The need for rapid access to 3D structural data necessary for competitive design of lead series in FBLD was brought into sharp focus by the coronavirus pandemic—even once the structures are processed and aligned, annotation and interpretation of this vast amount of information remains a formidable task. A plethora of structural data concerning SARS-CoV-2 and related proteins has been generated, but required a specialized data portal (PDBe-KB Covid-19 portal; https://www.ebi.ac.uk/pdbe/covid-19) (PDBe-KB consortium, 2022) to present data and findings in a coordinated way, including such information as 1) biological function, 2) display of a representative structure, 3) 3D superposed views of the structures and ligands, and 4) lists of relevant publications. Some generic online resources, for example michelaNGLo (Ferla et al., 2020), allow scientists to collaboratively annotate structural data with additional scientific context through an open-source web-based application that allows the creation and sharing of interactive pages containing interactive 3D representations of macromolecular data. Whilst this is extremely powerful, visitors to such pages should be aware that the structural data has often not been officially peer reviewed (though we must also note that peer review of structures in the PDB is not universal). However, since it is well-known that many structures in the PDB are not well-refined or have other serious problems—and that structures are often only made available to reviewers upon request—in both cases it is ultimately still up to individual users to appropriately interpret the data.
The Fragalysis platform combines the collaborative nature of an online discussion tool with the abilities to interrogate hundreds of crystal structures simultaneously. Fragalysis (https://fragalysis.diamond.ac.uk) is an open-source web-based application which was designed for the dissemination, evaluation and elaboration of fragment screening results from the XChem screening facility (https://www.diamond.ac.uk/Instruments/Mx/Fragment-Screening.html), and is aimed at the non-expert user to facilitate the progression of initial fragment hits from the beamline to more potent protein inhibitors. This is achieved by providing context to crystallographic data: All ligands in each crystal structure are treated as an individual entity, and for each ligand, the protein and ligand can be inspected or analyzed in isolation or together as part of an ensemble (Figure 3). This overlay of structural information provides the user with a starting point to consider how they might apply the existing data to the elaboration and prioritization of new molecules that aim to bind more potently.
[image: Figure 3]FIGURE 3 | Fragalysis aims to provide immediate access to ligand-protein information without confounding crystallographic artifacts. To achieve this, a given crystal structure (top left—Crystal A) is inspected to find all of the individual ligands. These ligands are then separated into separate bound-state entities (top right—Ligand 0A and Ligand 1A) using the Fragalysis API. Ligands are subsequently separated from their respective protein (top-right Ligand 0A and Protein 0A), and presented in Fragalysis as part of an ensemble of all ligands and proteins in the same reference frame (bottom).
In the recent development of Fragalysis, emphasis has been put onto how crystallographers can best communicate the key features and limitations of their crystallographic models to non-expert users, including the presentation of electron density maps—PanDDa event maps, refined 2mFo-DFc maps and mFo-DFc maps—for newer public datasets (e.g., SARS-CoV-2 Main Protease: https://fragalysis.diamond.ac.uk/viewer/react/preview/target/Mpro), and a new paradigm whereby atoms and bonds in ligands can be highlighlighted and commented upon. This both allows experts to annotate the structures for non-expert users, but also allows users to interrogate the experimental data themselves. These features will be presented fully in future publications. However, it is important to highlight that such developments are imminently necessary more widely in macromolecular crystallography, and structural biology in general. With such a massive amount of data available, and with so many computational methods in FBLD starting from crystallographic models, it is important that the structure-determination community takes responsibility for properly communicating and annotating their data and aiding the wider structural community in how to best interpret and make use of the data beyond crystallographic modeling. Of particular importance is the communication of quality considerations; here, several articles and reviews describe valuable tools for evaluation of raw experimental data and solved macromolecular structures (Kleywegt, 2000; Gore et al., 2012; Adams et al., 2016; Wlodawer, 2017).
Of course, this accumulation and digestion of populations of structures will likely be greatly affected in the near-term by the rapid advances of deep-learning structure-prediction methods such as AlphaFold (Jumper et al., 2021), and RoseTTAFold (Baek et al., 2021). Neither Alphafold nor RoseTTAFold (in their current released versions) incorporate the ability to add native ligands/cofactors, although a cavity which could accommodate one is often observed, nor allow the predicted binding poses of arbitrary ligands, but the development of these functionalities is inevitable and much anticipated.
DISCUSSION AND CONCLUSION
Despite the gains in efficiency in crystallographic experiments at synchrotrons, driven in part by automated fragment-screening beamlines, there has been no real corresponding increase of X-ray crystal structures in the PDB. The number of yearly released X-ray structures has remained largely the same since 2016 (with a COVID-19-driven exception for 2020). The number of structures that are deposited in the PDB is almost certainly significantly smaller than the real number of datasets collected or structures determined every year, especially since only a small fraction of the vast number of structures determined by pharmaceutical companies ends up in the public domain (Mullard, 2021). Nevertheless, it still takes a remarkably long time to get structures “deposition ready” and then into the PDB. There are two main problems: 1) Structure refinement does not have a clear endpoint and crystallographers often go through many refinement and model rebuilding iterations before they are comfortable depositing their data, and 2) there are hardly any tools available that help with data organization, metadata capture and large-scale PDB deposition. This leads to a situation where crystallographers tend to spend a disproportionate amount of time on finalizing what are usually considered “simple” protein-ligand structures. Consequently, this time is not available for actual structure analysis, which is further exacerbated by a lack of tools for parallel and comparative analysis of related crystal structures, combined with suitable graphical presentation.
Structural biology needs more dedicated and integrated tools for batch data processing, otherwise the gains in experimental efficiency will not result in a corresponding explosion of structural information. CRIMS, FragMAXapp and XChemExplorer begin to tackle these data-organization problems, but they are specialized for the environment where they have been developed, lack flexible workflow configuration, and are restricted to the determination of protein-ligand complexes by X-ray crystallography. While the details still need to be worked out, we would like to outline what such a novel and modular batch-processing workbench could look like. Such a platform should allow flexible and abstract workflow configuration with dedicated APIs for interaction with external databases or processing tools (Figure 1). It should facilitate direct usage of auto-processing results obtained at different synchrotrons and the meta-data stored in databases like ISPYB. This would significantly speed up the process, reduce errors and unburden users from the tedious task of data capture and management of vast amounts of raw diffraction data. Such a tool would not only be useful for single crystal diffraction experiments, but for any other multi-dataset experiment, e.g., serial synchrotron crystallography (SSX) data collections, whether for protein-ligand or time-resolved studies.
Furthermore, there are several paradigmatic lessons for routine macromolecular crystallography to adopt from fragment screening experiments. Our models need to become much more complex than they have been historically, and the databases and visualization methods for presenting these models need to develop quickly to account for this. In the short term, there is still much to be done to convince the community that more complex approaches—i.e., multi-state superpositions—are necessary, but done correctly, more complex structure-determination paradigms should allow for much more robust validation protocols than the current self-consistency metric paradigms. These problems in structure determination and validation are further exacerbated by the sheer number of structures that can be determined, and analytical and visualization methods for identifying trends and common features in these structures are due for an overhaul. Lastly, arguably the greatest responsibility of the macromolecular crystallographic community is to ensure that their data, especially when not proprietary, are released to the public in a timely fashion, and with clear and concise context that make them interpretable to observers and users who may or may not have the necessary expertise to analyze them critically themselves.
These changes will be a great challenge for the developers of databases and software for the deposition, presentation, interpretation and analysis of crystallographic data. These changes should be seen as an opportunity for those developers to redefine how we think about crystallographic data, and to treat this challenge as an exciting new area of scientific research. It is probable that the majority of applications will continue to move towards being web-based, and that more remote computing resources will need to be made available on a global level through academic funding routes. It should also be (made) apparent to funding bodies that disciplines like crystallography don’t function without robust, scalable, and sustainable software behind the scenes, and that more needs to be done to ensure secure medium- and long-term funding for software so that it can be developed and maintained appropriately. This must include funding streams to support individual research software development.
Conversely, it is the responsibility of computational scientists who develop new methods and algorithms to properly explain the relevant applications of their methods, and to ensure that those methods are made available where they are not proprietary. This includes publishing them in a version-controlled environment such as GitHub, and publishing links to these repositories within their manuscripts. It is our opinion that making data and algorithms ‘available upon request’ is no longer good enough, given the availability of a number of easy-to-use public repositories such as Zenodo (European Organization For Nuclear Research and OpenAIRE, 2013), where arbitrary files can be uploaded; to this point, the data and scripts for reproducing the OMIT maps for Figure 2 have been uploaded to Zenodo (https://doi.org/10.5281/zenodo.6334726).
Though the experiences and methods highlighted in this manuscript primarily arose from highly specialized experiments in fragment-based discovery, we believe many of the approaches should inspire developments in other areas of macromolecular crystallography. For instance, the multi-dataset-management approach to experimental crystallography is one that might greatly smooth the process of determining a (set of) typical crystallographic structure(s), and remove much of the tedious meta-data tracking, whilst more technical model-building aspects also have clear applications in more niche crystallographic experiments such as time-resolved crystallography, Laue crystallography, and X-ray Free Electron Laser (XFEL) experiments.
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The design of new therapeutic molecules can be significantly informed by studying protein-ligand interactions using biophysical approaches directly after purification of the protein-ligand complex. Well-established techniques utilized in drug discovery include isothermal titration calorimetry, surface plasmon resonance, nuclear magnetic resonance spectroscopy, and structure-based drug discovery which mainly rely on protein crystallography and, more recently, cryo-electron microscopy. Protein-ligand complexes are dynamic, heterogeneous, and challenging systems that are best studied with several complementary techniques. Native mass spectrometry (MS) is a versatile method used to study proteins and their non-covalently driven assemblies in a native-like folded state, providing information on binding thermodynamics and stoichiometry as well as insights on ternary and quaternary protein structure. Here, we discuss the basic principles of native mass spectrometry, the field’s recent progress, how native MS is integrated into a drug discovery pipeline, and its future developments in drug discovery.
Keywords: Native Mass Spectrometry, Structural Biology, Drug Discovery, Screening, Affinity
INTRODUCTION
The investigation of non-covalent interactions between a biological macromolecule and small molecule, which are driven by a myriad of forces including hydrogen bonds, Van der Waals forces, electrostatic and hydrophobic interactions, play a crucial role in the development of drug candidates. A variety of analytical methods are utilized to identify and quantify protein-ligand interactions, including isothermal titration calorimetry (ITC) (de Azevedo and Dias, 2008), surface plasmon resonance (SPR) spectroscopy (Cooper, 2002), nuclear magnetic resonance (NMR) spectroscopy (Meyer and Peters, 2003), frontal affinity chromatography combined with mass spectrometry (Slonusakiewicz et al., 2005), ThermoFluor and enzyme-linked immunosorbent assays (Benesch and Ruotolo, 2011; Aebersold and Mann, 2016).
The mass spectrometry (MS) analytical toolbox contains numerous biophysical techniques (Benesch and Ruotolo, 2011), but only a few are used in a high-throughput manner for drug discovery. One example is the analysis of biomolecules and their assemblies using MS-based proteomics approaches, which can provide means for proteome-wide quantitation of proteins, monitor their levels, and characterize protein-protein interactions and post-translational modifications (Aebersold and Mann, 2016). Another technique that has become a valuable complement to X-ray crystallography in determining protein structure, dynamics and identification of small molecule binding sites is hydrogen/deuterium exchange (HDX) coupled with mass spectrometry (Smith et al., 1997; Chalmers et al., 2011; Konermann et al., 2011; Engen and Wales, 2015; Masson et al., 2019). Both techniques are widely used for the study of proteins and biomolecules in final denaturing conditions. Native MS, the core focus of this review, represents an addition to the analytical toolbox of mass spectrometry and has, over the past decade, experienced immense growth. It is used for studying intact proteins and their complexes, including interactions with small-molecule drugs, in a native-like folded state. Unlike the analytical tools outlined above, native MS enables the investigation of non-covalent interactions, without the need for labelling or crosslinking, using just picomoles of material (Laganowsky et al., 2013), while at the same time offering high-resolution (Rose et al., 2012; Gault et al., 2016) and a speed of analysis in the timescale of milliseconds (Breuker and McLafferty, 2008).
Native MS exploits the gentle nature of electrospray ionization (ESI) (Fenn et al., 1989) to transfer proteins and their non-covalent complexes from volatile buffered aqueous solutions into the gas-phase. Under controlled operating conditions within the mass spectrometer the biomolecules can retain a near native-like structure and quaternary non-covalent interactions can be preserved (Khristenko et al., 2019). Shortly after the development of ESI-MS in the late 1980s (Fenn et al., 1989), successful applications demonstrating its potential use as a tool for probing non-covalent protein complexes were reported. Early examples include the detection of the intact heme-myoglobin complex in 1991 (Katta and Chait, 1991) and the non-covalent complex between the cytoplasmic receptor FKBP with the immunosuppressive agents FK506 and rapamycin (Ganem et al., 1991), in the same year. The initial studies demonstrating the capability of ESI-MS to preserve protein-ligand interactions, were followed by studies utilizing ESI-MS for the quantification of protein-ligand binding affinities. In 1993, Loo and co-workers reported the enthalpy of dissociation (ΔH) of the ribonuclease S-protein—S-peptide complex, and the values of the dissociation constant (Kd) of the same complex over a range of temperatures (Loo et al., 1993). Furthermore, the ability of ESI-MS to measure non-covalently bound protein assemblies, like the ribosome, a 2 megaDalton (MDa) protein-RNA complex (McKay et al., 2006), the tetradecameric GroEL (Sobott and Robinson, 2006) and the 20S proteasome, a 690 kiloDalton (kDa) 28-mer (Loo et al., 2005) has also been successfully demonstrated during the years. Although these examples for the preservation of non-covalent interactions during ESI (Fenn et al., 1989) were received with great enthusiasm, they raised at the same time the question of whether or not ESI (Fenn et al., 1989) could preserve the native solution structure of biomolecules and their assemblies during transfer into the gas-phase (Wolynes, 1995). Even almost 30 years after these initial demonstrations, there is much debate on the structure of protein ions in gas-phase. Clearly, the new gaseous environment could cause dramatic structural rearrangements; however, the question is how long it takes to transform solution structure to solvent-free structure and whether or not this is within the time frame of the ESI process and MS analysis. Whilst it appears probable that surface side-chain collapse occurs within picoseconds of dehydration, some elements of gross structural rearrangement may require milliseconds or even more (Breuker and McLafferty, 2008). For example, an ion mobility spectrometry (IMS) study showed cytochrome C gas-phase ions’ unfolding in the milliseconds region (Badman et al., 2005). Another IMS study by Wyttenbach and Bowers has investigated the structural stability of ubiquitin during the transition from solution to gas-phase. The authors concluded that during the ESI process, the native state of ubiquitin is preserved. Moreover, ubiquitin can survive for more than 100 milliseconds in a 294 K solvent-free environment (Wyttenbach and Bowers, 2011). Therefore, there may be a window for observing gas-phase ion species, which are relatively similar to their solution structures. Several other studies have also suggested that gas-phase ions generated during the ESI process can retain significant aspects of their solution structures (Ruotolo and Robinson, 2006; Koeniger and Clemmer, 2007; Bernstein et al., 2009; Grabenauer et al., 2010; Breuker et al., 2011).
Over the last 30 years, numerous examples have proven the analytical advantages of native MS (Fenn et al., 1989) in addressing biological questions such as stoichiometry determination (Rostom and Robinson, 1999; Rostom et al., 2000; Geels et al., 2006), oligomeric state formation (Hernández et al., 2006; Zhou et al., 2008), allostery (Dyachenko et al., 2013; Gavriilidou et al., 2018a), application to amyloids (Santambrogio et al., 2011; Bleiholder et al., 2013), antibodies (Thompson et al., 2014; Terral et al., 2016) and membrane proteins (Gupta et al., 2018; Robinson, 2019; Keener et al., 2021). Here, we will discuss the current application of native MS in ligand/drug screening, its latest advances, especially in the field of membrane proteins, which represent the majority of current pharmacological targets and the future option to integrate native MS with other structural biology techniques to shed light on the mechanism of action of a drug candidate in situ.
INSTRUMENTATION OF NATIVE MASS SPECTROMETRY
ESI (Fenn et al., 1989) is the consequence of the application of electricity to an ion-containing liquid that undergoes a series of subsequent evaporation and droplet shrinking events, which in turn lead to its dispersion into a fine jet. The fundamental principles of ESI have been extensively studied to date (Kebarle and Verkerk, 2009; Konermann et al., 2013). Briefly, the three prevailing models are the charged-residue model (CRM) (Kebarle and Peschke, 2000), the ion evaporation model (IEM) (Iribarne and Thomson, 1976; Thomson and Iribarne, 1979) and the chain ejection model (CEM) (Konermann et al., 2013). Evidence from ESI-MS results obtained on a variety of globular proteins studied under native conditions support that the CRM mechanism is followed in the case of native MS and it is currently the most widely accepted framework for the modelling of ESI (Fernandez De la Mora, 2000; Heck and van den Heuvel, 2004; Nesatyy and Suter, 2004). The CEM applies to unfolded proteins that are particularly hydrophobic and also capable of accommodating excess charges, whereas the IEM mechanism has been suggested to be followed in the case of small molecules such as peptide ions.
The ionization of proteins and protein assemblies by ESI (Fenn et al., 1989) generates multiple charge states, which are visualized in a mass spectrum by a series of peaks, each of a specific mass-to-charge ratio (m/z). The collection of charge states that represent a single protein moiety, is referred as the charge state distribution (CSD) of gas-phase protein ions, and usually resembles one or more Gaussian distributions (Borysik et al., 2004) (Figure 1). The extent of CSD observed in an ESI spectrum depends on the solvent-exposed surface area of the protein, with more compact structures, such as those that can be obtained in a native MS spectrum, acquiring fewer charges (Konermann and Douglas, 1998; Fenselau et al., 2000). Multiple Gaussian distributions for a single species may indicate the presence of more than one solution conformation (Chowdhury et al., 1990; Dobo and Kaltashov, 2001). Overall, solution conditions and experimental parameters have to be tuned carefully, and it has been shown that they affect how molecules are transferred to the gas-phase (Benkestock et al., 2004; Peschke et al., 2004). For example, protein unfolding during the ESI (Fenn et al., 1989) process has been related to increased charge states (Shelimov et al., 1997). The unfolding at higher charge states is attributed to increased intra- and intermolecular Coulomb repulsion within a protein ion. It can be assumed that lower charge states minimize structure unfolding, leading to the formation of more native-like species. Moreover, solution additives or impurities could lead to the formation of adducts with alkali metal cations, such as sodium and potassium, which can destabilize a protein-ligand system during the ESI process by lowering the activation barrier to dissociation (Hopper and Oldham, 2011). However, other studies have suggested that alkali metals can actually stabilize gas-phase protein structures via the formation of additional interactions (Wu et al., 1999; Rožman and Gaskell, 2010).
[image: Figure 1]FIGURE 1 | Schematic representation of the experimental procedure for native mass spectrometry. The sample is transferred from its buffer to a volatile solution. Buffer exchange can be performed via one of the following methods: gel filtration, size exclusion chromatography (SEC) or dialysis. The sample is then loaded on a ESI or nanoESI capillary and it is transferred to the gas-phase. The ions are subsequently analyzed with the mass spectrometer. A ligand (L), represented with a green circle can be added to the buffer exchanged sample. The deconvolution of the spectra will result in two peaks, one for the apo protein and the other for the complex.
A miniaturized version of ESI (Fenn et al., 1989), known as nano-ESI, was introduced in 1994 by Wilm and Mann (Wilm and Mann, 1994). Its advantages over conventional ESI are higher sensitivity, better resolution, increased tolerance to non-volatile salts (Lössl et al., 2014; Susa et al., 2017) and low sample consumption (Juraschek et al., 1999; Kebarle and Verkerk, 2009). Moreover, nano-ESI (Wilm and Mann, 1994) is also more sensitive and tolerant to buffer contaminants than conventional ESI (Wilm and Mann, 1996), and since the droplets formed by nano-ESI are smaller, low source/desolvation temperatures can be used, enabling better preservation of non-covalent interactions, which may be destabilized as a result of heating (Hernández and Robinson, 2007). The most commonly used volatile buffer is ammonium acetate which has a pH range of 6–8 and evaporates readily during ionization (Hernández and Robinson, 2007; Gavriilidou et al., 2015).
Nano-ESI has also been shown to be applicable to the analysis of membrane proteins. However, when working with membrane proteins, the sample must be supplemented with detergent or transferred to the gas-phase via lipid-based vehicles such as nanodiscs, amphipols or bicelles (Hopper et al., 2013; Laganowsky et al., 2013). For a more in depth focus on new analytical advances and application of native MS on membrane proteins we direct the readers to a recent review by Keener et al. (2021).
Sample ionization followed by separation of ions according to their m/z ratio and finally, ion detection are the three key steps that are followed in every MS experiment.
Several types of MS instruments are currently available, offering analytical sensitivity, specificity and speed in the analysis of mainly small molecules, such as drugs or peptides, as well as analysis of large therapeutic molecules (Rathore et al., 2018) or even larger macromolecules, such as viral capsids, with molecular weights in the MDa mass range (Snijder et al., 2013).
As mentioned above, native MS analysis results in a relatively narrow charge state distribution of gas-phase ions with fewer charges than the same system would attain under denaturing conditions (Konermann and Douglas, 1998). Hence, native MS analysis of proteins and protein assemblies requires mass analyzers that can operate at a higher m/z range and at the same time be optimized for the efficient transmission of large molecular ions carrying a relatively low number of charges. The first mass analyzer adapted for native MS experiments was the time of flight (ToF) (Mirgorodskaya et al., 1994) mass analyzer, which has a theoretically unlimited m/z range. Modified ToF-based instruments dominated the field of native MS for over 2 decades. However, more recently, Fourier transform ion cyclotron resonance (FT-ICR) and Orbitrap mass analyzers, have also been adapted for native MS (Zhang et al., 2011; Rose et al., 2012).
Many modern MS-instruments used for native MS combine these mass analyzers with either a quadrupole or an ion trap mass analyzer, in a single configuration. One of the most common hybrid instruments extensively used in studies of biomolecular assemblies is the Quadrupole Time–of–flight (QTof) (Morris et al., 1996), which consists of a quadrupole filter, a collision cell and a ToF analyzer. Recently, an Orbitrap mass analyzer with ultrahigh mass range (UHMR) featured with a quadrupole analyzer has been developed for native MS (Van De Waterbeemd et al., 2017; Fort et al., 2018). An Orbitrap-based trihybrid instrument featuring both a quadrupole and a linear ion trap mass analyzer has also been added to MS instruments capable of native MS studies (Gault et al., 2020).
DETERMINATION OF PROTEIN-DRUG INTERACTIONS
Native MS is used to study a wide diversity of biological samples that differ in mass, polydispersity, symmetry and dynamic flexibility (Kaur et al., 2019). This brings tremendous analytical advantages in interrogating protein-drug interactions. Different oligomeric states can be investigated simultaneously with no need for labelling or crosslinking. Specific information is obtained for each individual species present, without data being averaged over different species. Native MS can distinguish by mass and thus reveal the entire distribution of ligand-bound states. Therefore, the dynamics of quaternary structure can be studied in real time (Yee et al., 2019). Gavriilidou et al. (2018a) demonstrated this advantage of native MS in the study of the dimer−tetramer equilibrium of M2 pyruvate kinase (PKM2), a regulatory enzyme that is often inactive in the glycolytic pathway in tumor cells. An allosteric activator, fructose-1,6- bisphosphate (FBP), was found to shift the dimer−tetramer equilibrium toward the active tetramer, with the 4:4 stoichiometry of FBP binding to the tetramer only. Other than revealing multimeric concomitant binding, native MS helps distinguish allosteric mechanisms as has been shown by the Sharon group (Dyachenko et al., 2013) for the ligation pathway of ATP to GroEL. Moreover, their approach was able to discriminate between the Monod–Wyman–Changeux (Jacques et al., 1965) and the Koshland–Némethy–Filmer (KNF) allosteric models (Koshland et al., 1965). Native MS showed its strength as well in analyzing complexes of proteins with covalently bound molecules (Lu et al., 2021). For example, Douangamath et al. conducted a combined mass spectrometry and high throughput crystallographic fragment screen against SARS-CoV-2 main protease (Mpro), using over 1,250 fragments from a compound library that yielded 48 high-value covalent fragments (Douangamath et al., 2020).
The typical native MS analysis for drug-binding requires only 1–2 μl of protein of interest at low-micromolar concentration. Given the broad dynamic range of signal detection and uniform ionization efficiencies between protein and protein-drug complexes (Peschke et al., 2004; Mehmood et al., 2015), drug-binding affinity can be unbiasedly determined. By looking directly at the spectra (Figure 2), the affinity of the protein-ligand interaction can be quickly evaluated without further analysis. The intensity of the peak corresponding to the protein-drug complex will increase with increasing protein-drug affinity.
[image: Figure 2]FIGURE 2 | Spectra of a protein in complex with three compounds (ligands). The tighter binding compound yields a more intense complex peak. Therefore, without calculating the Kd, the affinity of a compound against a protein can be estimated. Compound 2 has the highest occupancy to the protein, followed by compounds 3 and 1.
Quantitative measurement of affinities requires the measurement of the drug Kd, which can be performed by the titration approach, studied by Daniel et al. (Daniel et al., 2002), and fitting the data to the equation:
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A different approach was applied by Liu et al. to quantify the interactions between bovine b-lactoglobulin and a series of fatty acids by direct ESI-MS assay (Bagal et al., 2009; Liu et al., 2011). The equation of this assay is:
[image: image]
where I (PL) is the complex and I(P) the apoprotein peak intensity, respectively, R is their ratio, [P]0 and [L]0 are the concentrations of the protein and the ligand, and Ka is the association constant. Both approaches provide consistent results (Figure 3). However, the latter approach requires only a single concentration point for Kd measurement. Therefore, due to its speed and low material consumption, native MS has the potential to be the primary choice to acquire the affinity information of drug-binding in high throughput screening as it has been shown in various studies discussed in High-Definition Screening by Native MS (Maple et al., 2012; Woods et al., 2016; Nguyen et al., 2021). This is a unique feature of native MS compared to other biophysical methods. The dissociation constants of thousands of compounds against a protein target can be reliably ranked using this assay, which will mandate the selection of those that will move to the next step of the screening process.
[image: Figure 3]FIGURE 3 | Native ESI-MS spectra and the fitted curve of titration of dichlorphenamide against 4 μM carbonic anhydrase I in 50 mM ammonium acetate, 2% dimethylsulfoxide. The concentration of dichlorphenamide was varied. The measured Kd from the titration curve was 1.2 μΜ which is in good agreement with the values calculated based on a single spectrum using the direct approach (1.7 and 0.9 μΜ) and published values.
The ion intensity ratio between the free protein and the protein−ligand complex is measured for affinity measurements, and ideally, the target protein concentration should be below the expected Kd value. If the protein concentration is very low, such as that it appears in the noise level of the spectrum, the measurement of the intensity of the peaks may be unreliable. Therefore, using a protein concentration that will yield a high-intensity protein peak is crucial during a screening experiment, and that will allow ranking the affinities of the compounds against that protein reliably. Moreover, native MS experiments can be configured in a competitive format. Competition among different binding partners of a target molecule for its binding site can provide information about the binding affinities and specificity of host–guest complexes binding. For example, if a known ligand (hot ligand, HL) with a known binding site is available, this can be used to quickly assess the specificity for that site for a different ligand (L). Native MS competitive binding experiments consist in keeping the protein and L concentrations constant, while increasing the HL concentrations. The relative abundances of the different species in the mass spectra allow assessing whether the displacement of L with HL is competitive or not. If the HL is competing with the L for the same site, the fraction of the complex with the L decreases and the fraction of the complex with the HL increases as the HL concentration is increased as shown in Figure 4A. If the HL is not binding in the same site as the L, as the HL concentration increases and the protein becomes saturated, the peak of the protein with the L will decrease, and an additional HL + L peak will appear (Figure 4B). Jørgensen et al. (1998) used the competition approach to study the specificity of the interactions between the glycopeptide antibiotics (vancomycin, ristocetin) and several peptide and also measure their affinities. Wortmann et al. (2008), in a study of kinase inhibitors, followed the disappearance of the peak of a test ligand relative to a reference ligand in the low m/z range of the mass spectrometer, allowing them to determine high-affinity binding constants in the picomolar range.
[image: Figure 4]FIGURE 4 | Competition experiments. (A) Both the ligand (L) and the hot ligand (HL) bind at the same binding site. When the concentration of the hot ligand increases, the protein-ligand peak eventually disappears. (B) The ligand and the hot ligand do not bind at the same binding site. When the concentration of the hot ligand increases and the protein gets saturated, the protein-ligand peak eventually disappears, and a new peak appears, corresponding to the protein with both ligands bound.
Additional to affinity measurements, biomolecules’ thermodynamic and kinetic properties can be investigated by following the abundance of different species as a function of temperature and over a time course (Gülbakan et al., 2015). Thermodynamics are measured using custom variable-temperature ESI sources that enable precise temperature control of the analyte solution prior to ion formation.
Cong et al. (2016) investigated the thermodynamics of lipid binding to AmtB, an integral membrane protein of Escherichia coli. Their approach allowed them to determine the thermodynamics of individual binding events for lipids with variable chain lengths, resolving unique thermodynamic properties. Another study by Marchand et al. (2018) determined the entropic and enthalpic contributions to the binding equilibrium of G-quadruplex nucleic acid structures and their ligands using a temperature-controlled nano-ESI (Wilm and Mann, 1994) source. The Klassen group measured biotin’s dissociation rate (koff) from the tetrameric protein streptavidin (Deng et al., 2013). Marchand et al. (2020) in 2020 developed a temperature-jump electrospray source for mass spectrometry that allows performing fast kinetics experiments (0.16–32 s) at different temperatures (10–90°C).
Membrane Proteins
There are several analytical challenges in studying membrane proteins because of the complex interactions and environmental constraints that accompany their amphipathic nature. The natural abundance of membrane proteins is typically low, and overexpression and purification of membrane proteins in high yields can be challenging (Wagner et al., 2007; Zweers et al., 2009; Gubellini et al., 2011).
Native MS has become an emerging technique in recent years for investigating the structure, dynamics, and interactions of membrane proteins (Barrera et al., 2009; Laganowsky et al., 2013; Gupta et al., 2018). The sensitivity and resolution of native MS render it a powerful tool to investigate the membrane proteins and various aspects of their structure and function, such as macromolecular assemblies, lipid/ligand interactions, post-translational modifications and, most importantly, the interplay between them. Usually, membrane proteins are studied in their natural membrane or encapsulated in a membrane mimetic to solubilize the protein prior to analysis (Strop and Brunger, 2005). Different reconstitution systems, such as detergents (Laganowsky et al., 2013), nanodiscs (Marty et al., 2016) and amphipathic polymers or amphipols (Calabrese et al., 2015) have been tested and sometimes proved critical in preserving subunit and lipid interactions of membrane proteins (Hopper et al., 2013).
Native MS has been applied for analyzing various membrane mimetics, which cause significant effects on the quality of mass spectra. For example, detergent micelles cause a huge mass heterogeneity which hampers the accurate mass measurement of membrane proteins, and therefore detergent adducts need to be removed by activation processes in the mass spectrometer (Figure 5). The activation energy applied may cause protein unfolding and disruption of ligand interactions in the gas-phase, hence care must be devoted to selecting a detergent which is able to preserve the native state of the membrane protein in solution and optimize the quality of mass spectra. It has been shown that the chemical properties of the detergents mediate the charge state, both during ionization and detergent removal in the mass spectrometer (Reading et al., 2015). Therefore, screening of different detergents may be required to find a suitable one (Yen et al., 2017). Various studies have shown the capability of native MS in interrogating membrane protein interactions. Binding and affinity measurement of small-molecules to membrane proteins has been investigated for the first time in the Robinson group (Marcoux et al., 2013). In a 2013, the strength of the interaction between a 17-residue peptide and the homotrimeric E. coli outer membrane porin F (OmpF) was quantified via the titration approach (Housden et al., 2013) which enabled the observation of OmpF bound to up to three peptides. The resulting Kd value agreed with that derived from ITC. In the same year, measuring the rates of lipid binding and calculating the Kd values showed that the ATP-binding cassette transporter P-glycoprotein binds diacylglycerides more tightly than zwitterionic lipids (Marcoux et al., 2013). The application of native MS has also been demonstrated for GPCRs, one of the most important protein families for drug discovery. In a study by Hsin-Yung Yen et al. (2017), the ligand/drug-binding of a human purinergic receptor P2Y1R can be preserved in a high-resolution mass spectrometer. Intriguingly, the resolution of mass spectrometry revealed the impact of receptor phosphorylation on attenuating the binding of the drug MRS2500 but not that of ATP. The importance of solution conditions in maintaining native GPCR interactions in MS has recently been highlighted by an investigation into the effects of nonvolatile salts on GPCR−small molecule interactions (Agasid et al., 2021). The inclusion of Tris and NaCl in the ESI solution was demonstrated to significantly strengthen the noncovalent interaction of the receptor to the endogenous ligand glucagon. In addition to ligand interactions of GPCRs, Gavriilidou et al. (2019) characterized turkey β1 adrenergic receptor in complex with mini-Gs, an engineered Gαs subunit, and the impact of ligands on complex stability. A full agonist (isoprenaline) stabilizes complex formation whereas an inverse agonist (S32212) disrupts the receptor-mini-Gs complex, showing the potential of native MS in investigating the effect of small molecules on GPCR coupling. By exploring these effects with experimental GPCR-targeting drugs, it may be possible to examine bias toward particular signaling pathways, thereby facilitating the development of highly selective therapeutic agents. Native MS has shown a significant advantage in studying membrane protein-lipid interactions. The resolution of this technique enables the detailed interrogations of a wide range of membrane proteins bound to different lipids, and the impact of acyl chain lengths and degrees of saturation on lipid-binding (Gault et al., 2016). In 2014, Bechara et al. (2015) published a protocol for identifying lipids to ABC transporter TmrAB via a progressive delipidation approach. By controlling the extent of protein delipidation via timed exposure to detergent, the preferential binding of TmrAB to negatively charged phosphatidylglycerol was revealed, and the potential role of lipids in modulating glycolipid translocation of TmrAB was proposed. In a study by the Robinson group, the specific effect of phosphatidylinositol-4,5-bisphosphate PIP2 on G protein-coupling of three class A GPCRs was unveiled (Yen et al., 2018). The native MS results showed that PIP2 significantly increased mini-Gs’ coupling to the β1 adrenergic receptor, whereas other phospholipids did not possess a similar effect. Joint use of native MS, computational modelling and site-directed mutagenesis enabled elucidation of the mechanism of PIP2 in bridging the receptor and the G proteins, highlighting the structural specificity of this phenomenon. A recently developed approach, nativeomics (Gault et al., 2020), aims at combining native MS with small-molecule fragmentation to directly identify bound molecules ejected after native MS. The mass spectrometer is optimized and fine-tuned in detecting both intact protein−ligand complexes at the high m/z range and fragmented ligands at the low m/z range. The strength of this approach is that it enables determination of the chemical identity of endogenous ligands or lipids and drugs of unknown identity bound to membrane proteins. In order to achieve this, multiple rounds of fragmentation are applied to progressively dissociate the protein−ligand assembly and yield ligand partners for fragmentation.
[image: Figure 5]FIGURE 5 | Schematic representation of how membrane proteins are studied using native mass spectrometer. Proteins are first desolvated and ionized, and then the micelle is removed inside the mass spectrometer applying high energies. The spectra show that with increasing collisional energy applied in the mass spectrometer, the spectrum can go from (A) micelle cluster dominated to (B) clear peaks representing the membrane protein.
A revolutionary new method that allows membrane proteins to be directly studied from native membranes was recently developed by Robinson’s group and was named SoLVe-MS (sonication of lipid Vesicles for MS) (Chorev et al., 2018). To enable MS analysis, large membrane fragments isolated from cells are sonicated to produce smaller liposomes. This technique provided a breakthrough in studying endogenously expressed membrane proteins and their associations with native environment such as lipids and ligands, without purifying the proteins.
HIGH-DEFINITION SCREENING BY NATIVE MS
The application of native MS to compound library screening has only recently emerged, as outlined in the following examples. The native MS screening approach shows a particular potential for fragment-based drug discovery (FBDD). The ability to capture the weak binding of fragments at a millimolar range of affinity and the low sample consumption widens the accessibility even for compounds with poor solubility (Vivat Hannah et al., 2010; Woods et al., 2016; Gavriilidou et al., 2018b). In order to improve the throughput, an automated electrospray platform, the NanoMate, was introduced (Zhang et al., 2003). This chip-based nano-ESI (Wilm and Mann, 1994) system provides consistent electrospray conditions across each analytical run, improving reproducibility. NanoMate automated sampling also significantly increases the analytical throughput compared to manual sample manipulation. The proof-of-principle study of Maple et al. has demonstrated the native MS screening of a fragment library consisting of 157 compounds against an apoptotic protein target within 6 h, using the NanoMate system (Maple et al., 2012). The throughput and results are comparable to those that NMR or ITC-based library screening approaches can obtain. In another study by Woods et al., a 720-member fragment library was screened, and ESI-MS affinity measurements correlated with the ones obtained from SPR when followed-up by X-ray crystallography (Woods et al., 2016). A recent study showed protein−small molecule interactions from mixtures containing up to ∼8,900 potential small molecule ligands in a single manual measurement using nano-ESI (Wilm and Mann, 1994) emitters in combination with a rapid, low-volume gel filtration step to remove unbound molecules (Nguyen et al., 2021).
Screening with native MS increases the throughput by allowing drug multiplexing per well. The sample consumption is very low compared to other methods and has a wide dynamic range. The number of compounds per well is mandated by the resolution needed to separate protein complexes with compounds with a slight mass difference. With the current technology and using multiplexed libraries, it is possible to screen over 50 k compounds in less than 8 h. At the end of the screening, a list of compounds and their affinities to the protein is generated. Based on the Kd values, compounds with the desirable affinity, for example, Kd<50 μM, are chosen for further validation. The validation will include the specificity of binding to the protein-target by screening these compounds to a different protein or in a competition format by using a hot ligand. Moreover, the Kd values measured with the direct approach are confirmed with the titration method (Figure 6).
[image: Figure 6]FIGURE 6 | A screening cascade with native MS. The compounds of the library of the primary screen are distributed in 384-format wells. Kds of the complexes are measured with the direct approach, and the compounds of desirable affinity are chosen for further validation and screening as singletons.
Native MS is a very advantageous method during screening due to its supreme speed, selectivity, sensitivity, and quantitative capability.
Furthermore, mass spectrometry combined with ion mobility can reveal conformational changes of proteins upon binding to small molecules. This is a unique advantage over the other biophysical methods, as in a single ion mobility MS experiment, the binding affinity and the conformational impact of a compound to a protein can be measured. Ion mobility spectrometry (IMS) (Zhong et al., 2012) is the analytical technique that separates gas-phase ions based on their different mobility through a buffer gas at an applied electric field. The mobility of each ion in the gas will define its travel or drift time (Figure 7). The measured drift time is proportional to the collisional cross-section (CCS) of the ion, which is a physical property of the molecule and depends on its shape. Once the CCS is determined, it can be related to its quaternary structure (Ruotolo et al., 2008; Bush et al., 2010; Jurneczko and Barran, 2011; Lanucara et al., 2014). In contrast to MS, the separation of gas-phase ions in IMS is based on charge and shape rather than their m/z ratio.
[image: Figure 7]FIGURE 7 | Schematic diagram of ion mobility data. In the middle, the mobilogram is shown where the drift time and m/z are combined in 2D representation. With the increasing mass of the protein, the drift time of each species increases.
The combination of IMS with MS, commonly referred to as IM-MS, affords 2D separation of analytes on the size–to–charge and mass–to–charge axes, respectively (Figure 7). Several studies on highly complex mixtures have shown that IM–MS gives far greater resolution and information than is possible by either method alone (Ruotolo et al., 2007; Duijn et al., 2009; Hopper and Oldham, 2009; Smith et al., 2010; Bleiholder et al., 2011; Bleiholder et al., 2013). Studies to investigate changes in protein structure that are driven by ligand binding have been carried out. For example, Lai et al. used native IM-MS to characterize large-scale conformational shifts of the Escherichia coli molecular chaperone DnaK in response to nucleotide and substrate binding. Unique conformational states that arose due to the allosteric effects of small molecule interactions were identified and combined with results from double electron−electron resonance spectroscopy to confirm structural data derived from both NMR and X-crystallography experiments (Lai et al., 2017). Ashcroft’s group screened small molecule inhibitors against amyloid precursors, identifying the interacting protein species and defining the mode of inhibition. They were able to classify a variety of small molecules that are potential inhibitors of human islet amyloid polypeptide (hIAPP) aggregation or amyloid-beta 1–40 aggregation as specific, nonspecific, colloidal or non-interacting (Young et al., 2014). Small conformational changes in globular proteins that occur upon ligand binding can also be observed through slight changes in the arrival time distribution (Atmanene et al., 2012; Stojko et al., 2015). The Klassen group has combined multistage ion activation and IM to determine the identity of bound ligands during a screening, an approach they have termed “Catch-and-Release” (CaR) ESI-MS (El-Hawiet et al., 2012; Rezaei Darestani et al., 2016; El-Hawiet et al., 2018). In this approach, a protein of interest is mixed with a library of ligands and the resulting mixture is analyzed by native MS. Multiple stages of ion activation and fragmentation are applied, in which the ligands are fragmented. By combining this process with IM, both the arrival time distributions and the fragmentations patterns of the ligands can be used to ascertain their identity.
Collision induced unfolding (CIU) is a collisional activation method in which the unfolding of protein complexes in the gas-phase is monitored with IM-MS. During IM-MS screening, CIU fingerprints can be uniquely related to specific protein-ligand binding modes (Hopper and Oldham, 2009; Hyung et al., 2009; Niu et al., 2013). The unfolding pathway of the protein can be followed in detail to allow the comparison between different conformational families of the protein (Han et al., 2011; Han et al., 2012; Han and Ruotolo, 2013). Ruotolo’s group developed a data analysis workflow to remove chemical noise patterns caused by ionized surfactants during studies of membrane proteins (Fantin et al., 2019). Following the denoising protocol, separate gas-phase unfolding signatures with CIU for lipid and protoporphyrin binding to the dimer of translocator protein (TSPO) were generated. Complexes containing ligands known to bind at two separate sites were detected as possessing differential stabilities using CIU, where protoporphyrin IX binding provided a greater degree of gas-phase stabilization for TSPO than any lipids assessed. These data were combined with liquid−liquid extracts to propose and identity unknown endogenous TSPO ligands.
It is expected that as the resolution of IM-MS methods in both the mobility and m/z dimensions and the accuracy of computational models of protein structure and dynamics increase the use of IM-MS for studying the impact of ligand binding on protein structures and assemblies will also significantly increase.
FUTURE PERSPECTIVE OF NATIVE MS IN STRUCTURE-BASED DRUG LEADS DISCOVERY
Technological advances continue to emerge, and the recent introduction of orbitrap mass analyzers modified for protein assemblies affords excellent resolution and sensitivity, enabling facile definition of concurrent binding of small molecules in a MDa complex (Rose et al., 2012; Gault et al., 2016). Taking advantage of the high resolution, native MS is pacing towards the analysis of proteins and protein complexes directly from cells, characterizing their heterogeneity and flexibility in real time (Gan et al., 2017; Chorev et al., 2018). Intact assemblies from membranes, without chemical disruption, can be analyzed using mass spectrometry to define their composition and characterize any endogenous ligand or lipid binding. This development is analogous to the Cryo-EM structure determination of MDa complexes from native cell extracts (Kyrilis et al., 2021). However, improvements in data analysis are still required for this field to bloom, as the spectra generated from these studies can be difficult and time-consuming to annotate. The improvement of data analysis software will also allow native MS to be integrated as a routine method in the pharmaceutical sector.
The current mass spectrometers allow high throughput screening of small molecules for binding against a protein target and determining the dissociation constant. As shown and discussed above, the thermodynamic and kinetic properties of biomolecules can also be measured with MS using modified instrumentation (Gülbakan et al., 2015). Therefore, the commercialization of these novel sources for mass spectrometers that will vary the temperature in a controlled way over a time course will allow for the detailed thermodynamic study of protein-ligand complex.
3D models of macromolecular complexes have been deduced by combining MS experiments with data from crystallography, NMR, small-angle X-ray scattering and EM (Lebrette et al., 2015; Nematollahi et al., 2015) and it is expected that in the future more structures will be solved with the help of mass spectrometry. Structure-based drug discovery (SBBD) has also benefited from the introduction of mass spectrometry as a complementary tool accelerating the sample screening workflow (Olinares et al., 2021). Based on a combinatorial study of native MS and other techniques, Heck’s group (Snijder et al., 2017) revealed details of the interactions between the Kai proteins, a system that cyanobacteria use as a circadian oscillator. The stoichiometry of the different Kai proteins was monitored by native MS, allowing for structural characterization by single-particle cryo-electron microscopy (cryo-EM) and MS. Pseudoatomic models of biomolecular assemblies have been generated with computational methods based on data from native mass spectrometry (Marklund and Benesch, 2019). Politis et al. show many examples implementing this approach (Politis et al., 2014). They describe a method for the characterization of protein assemblies structures integrating results derived from different MS-based techniques with modeling data. They encoded results from native MS, bottom-up proteomics, IM–MS and chemical cross-linking MS into modeling restraints to compute the most likely structures. Esser et al. (2021) presented native electrospray ion-beam deposition (native ES-IBD) for the preparation of extremely high-purity cryo-EM samples, based on mass selection in the gas-phase. Folded protein ions generated by native MS were mass-filtered with fine tuning of the mass spectrometer, and gently deposited on cryo-EM grids, and subsequently frozen in liquid nitrogen. Single particle analysis revealed that they remain structurally intact.
Notably, native MS allows the identification of a protein bound ligand when it is featureless in cryo-EM and X-ray maps. In fact, in the specific case of membrane proteins, known to be valuable therapeutic targets, bound detergents or lipids cannot be identified completely by cryo-EM and X-ray crystallography unless their hydrophobic tails are constrained in specific places. Conversely, the hydrophilic heads tend to be defined more accurately due to the electrostatic interactions with the protein partner. Moreover, multiple chemical species bound to membrane proteins, such as a mixture of lipids present at partial occupancy, produce poorly defined electron or cryo-EM densities, making it hard to assign chemical entities. Native MS can resolve lipid mixture bound to protein and provide the relative abundance of each component. Additionally, large multimeric targets could lose ancillary or weakly attached subunits when extracted and purified from their native environment to perform SBBD studies. We envisage that in the not-too-distant future, in situ native MS will add another dimension to the 3D views of large macromolecular assemblies currently imaged in their native frozen-hydrated state by electron cryotomography (ECT) (Oikonomou and Jensen, 2017). The so-called mass spectrometry imaging (MSI) (Griffiths et al., 2019) will offer spatial information about drug distribution directly at the cellular level, evaluation of druggability in situ, and provide crucial insights about the ripple effects of a drug candidate on whole cellular physiology speeding up the development of a drug considerably.
CONCLUSION
In the last few years, native MS has become a well-established technique for drug discovery. Its high sensitivity, simplicity, speed, wide dynamic range, low protein and ligand consumption, and the possibility of automation and high throughput makes it an integral component of the biophysical toolkit commonly used for primary screening, adding to techniques such as NMR and SPR. Moreover, the ability to explore all the aspects of protein-ligand interactions and dynamics is the basis of the unique potential of native MS in the fragment hit identification. The majority of published applications of native MS in drug discovery are on soluble proteins. Nevertheless, in recent years the frontier conquered by native MS in membrane proteins broadens the repertoire of protein targets screened by this technique. Kd determinations by direct-ESI assay or titration experiments have provided accurate values and can be used to quickly assess the compounds’ affinity to the target protein during a screening campaign. Native MS can also efficiently assess compound specificity for a particular binding site in competitive binding experiments. It is possible to distinguish multiple binding sites with the appropriate instrumental parameters, revealing complex allosteric mechanisms. In addition, IMS studies during screening have provided insight into conformational changes of a protein upon binding to a compound. The continuous improvements in mass spectrometry hardware and software are expanding the limits of native MS applications. In addition, native MS is expected to be fully integrated with other structural biology techniques, such as X-ray crystallography, cryo-EM, and in a not distant future cryo-ET, in the drug discovery pipeline, providing unprecedented insights on protein-ligand binding and ligands screening that could significantly impact the drug discovery process.
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Antibiotic-resistant bacterial pathogens are a very challenging problem nowadays. Helicobacter pylori is one of the most widespread and successful human pathogens since it colonizes half of the world population causing chronic and atrophic gastritis, peptic ulcer, mucosa-associated lymphoid tissue-lymphoma, and even gastric adenocarcinoma. Moreover, it displays resistance to numerous antibiotics. One of the H. pylori pivotal transcription factors, HP1043, plays a fundamental role in regulating essential cellular processes. Like other bacterial transcription factors, HP1043 does not display a eukaryote homolog. These characteristics make HP1043 a promising candidate to develop novel antibacterial strategies. Drug repositioning is a relatively recent strategy employed in drug development; testing approved drugs on new targets considerably reduces the time and cost of this process. The combined computational and in vitro approach further reduces the number of compounds to be tested in vivo. Our aim was to identify a subset of known drugs able to prevent HP1043 binding to DNA promoters. This result was reached through evaluation by molecular docking the binding capacity of about 14,350 molecules on the HP1043 dimer in both conformations, bound and unbound to the DNA. Employing an ad hoc pipeline including MMGBSA molecular dynamics, a selection of seven drugs was obtained. These were tested in vitro by electrophoretic mobility shift assay to evaluate the HP1043–DNA interaction. Among these, three returned promising results showing an appreciable reduction of the DNA-binding activity of HP1043. Overall, we applied a computational methodology coupled with experimental validation of the results to screen a large number of known drugs on one of the H. pylori essential transcription factors. This methodology allowed a rapid reduction of the number of drugs to be tested, and the drug repositioning approach considerably reduced the drug design costs. Identified drugs do not belong to the same pharmaceutical category and, by computational analysis, bound different cavities, but all display a reduction of HP1043 binding activity on the DNA.
Keywords: HP1043, Helicobacter pylori, antibiotic resistance, drug repositioning, essential transcription factor, virtual high-throughput screening (vHTS), MMGBSA
1 INTRODUCTION
Helicobacter pylori is one of the most widespread and successful human pathogens since it colonizes half of the world population (Hooi et al., 2017). Infected people carry this bacterium for decades or even for life; if untreated, H. pylori can remain clinically silent for a long time due to the dynamic equilibrium between the bacterium and the host or evolve into chronic gastritis or even more severe diseases such as atrophic gastritis, peptic ulcer, MALT-lymphoma, or gastric adenocarcinoma. Despite its declining incidence rate, gastric cancer remains the fifth most common malignancy in the world and the third leading cause of cancer-related death (Sugano et al., 2015). H. pylori infections are currently treated with a combination of a proton pump inhibitor and different antibiotics; unfortunately, the available therapies are losing efficacy because of the antibiotic resistance insurgence, with eradication cure rates lower than 70% (Vianna et al., 2016). For instance, due to a constant increase in H. pylori resistance to clarithromycin, the triple clarithromycin-based treatment has become progressively less efficacious (Jenks and Edwards, 2002). For this reason, the World Health Organization (WHO) has included H. pylori in a global priority list of 12 antibiotic-resistant bacterial pathogens to help the scientific research prioritize the discovery and development of new antibiotics (WHO, 2017). Alongside multidrug-resistant bacteria, antibiotic-resistant H. pylori strains pose a major public health issue, and novel antibacterial strategies against H. pylori persistent infection are overdue.
Bacterial pathogens sense the host environment and respond with the expression of gene products required to adapt to a particular niche. These adaptive responses rely on transcriptional regulatory circuits that control the coordinated expression of several proteins, including virulence factors, in space and time (Seshasayee et al., 2006). H. pylori makes no exception to this paradigm, despite a remarkable paucity of annotated transcriptional regulators. To date, only 17 transcriptional regulators have been identified and characterized to different extents (Danielli and Scarlato, 2010). Among them, the HP1043 regulator seems to play an essential role. The hp1043 gene cannot be deleted, nor the amount of protein modulated, supporting the hypothesis that HP1043 could be involved in the regulation of fundamental cellular processes (Schär et al., 2005). To shed light on this possibility, by chromatin immunoprecipitation-sequencing (ChIP-seq), Pelliciari et al. (2017) comprehensively identified genome-wide the HP1043 in vivo binding sites.
HP1043 is a 223 amino acid long protein, composed by a dimerization domain (or response regulatory, residues 2–112) and a DNA-binding domain (OmpR/PhoB-type, residues 118–216) connected by a short 5 amino acid linker (residues 113–117) (Figure 1).
[image: Figure 1]FIGURE 1 | HP1043 structure. Cartoon representation of HP1043 bond to the DNA model. Protein domains and linker are evidenced.
Intriguingly, the study showed that HP1043 dimerizes and binds in vivo the promoter of genes involved in all the fundamental processes of the bacterial life cycle, namely, DNA replication, RNA transcription and translation, and energy production and conversion (Pelliciari et al., 2017). The resulting head-to-head dimer conformation, different from the canonical head-to-tail of the OmpR/PhoB subfamily, was theoretically obtained, based on experimental mutagenesis data and inter-domain linker flexibility evaluation (Zannoni et al., 2021). HP1043 appears to be fundamental for the fitness of the bacterium, a prerequisite for a successful infection, and it is a pivotal regulator on which H. pylori relies to modulate its metabolism and growing behavior. For these reasons, HP1043 makes a promising candidate to develop novel antibacterial strategies. Essential transcriptional regulators are appealing targets for the development of new antibiotics (González et al., 2018). Indeed, the inhibition of such regulators leads to the altered expression of crucial genes for cell viability. These regulators have no counterpart in humans while being specific for a particular microorganism. They are usually small soluble proteins that are easy to purify (Roncarati et al., 2022). In particular, the ease of handling makes the transcriptional regulators appropriate for experimental approaches such as in vitro binding assay, inhibition tests, and co-structural analysis. Moreover, they are ideal proteins for in silico approaches, such as structure-based virtual screening for compounds that are able to bind and hinder the regulatory function. The recombinant purified HP1043 of the H. pylori 26695 strain has been used to set up a fluorescence-based thermal shift assay to identify HP1043 binding molecules. This approach has been used to carry out a high-throughput screening of 1120 small molecules FDA-approved for human use and off-patent which resulted in the identification of 14 compounds that bind to the native state of HP1043. Notably, seven identified HP1043 binders were natural flavonoids interacting with the helix-turn-helix DNA-binding motif. These natural compounds inhibited the in vitro DNA-binding activity of HP1043, and four of them showed bactericidal activity against H. pylori (González et al., 2019b). The same screening led to the identification of other FDA-approved drugs that can form stable complexes with HP1043, including the 1,4-dihydropyridine calcium channel blocker nicardipine (González et al., 2019a), opening the possibility of a drug-repurposing approach for the treatment of H. pylori infection.
An alternative approach in the field of drug discovery is based on the generation of high-resolution structural data of the selected target followed by a repositioning strategy (Pushpakom et al., 2019) that might potentially hinder the target’s function. To this aim, our group has recently combined biochemical and computational approaches to characterize the binding architecture of the HP1043 regulator of the H. pylori G27 strain to a selected target promoter, Php1227. Experimental data combined with the available HP1043 NMR structure were used as restraints to guide an in silico protein–DNA docking. The generated model shows an HP1043 dimer interacting in a head-to-head conformation with both the major and minor grooves of a target DNA sequence (Zannoni et al., 2021). Moreover, the dimer conformation is known to increase the binding to the promoter region on DNA (Simonovic and Volz, 2001). In this study, we screened a collection of about 14,350 small molecules, composed of approved drugs (FDA approved, NIH clinical collection, Drug Bank approved, and Therapeutics Target Database approved) and “substances with the main target as transcription factors” included in the ZINC15 database. Virtual high-throughput screening (VHTS) was performed on both complexes, HP1043 dimer free, to identify molecules that can bind to the protein–DNA interface, and HP1043 dimer bound to DNA, to identify molecules that can bind the complex and potentially induce DNA unbinding. Promising complexes were analyzed by molecular dynamics as obtained by docking to evaluate the drug-binding effect dynamically. This work aimed to evaluate the reposition of approved drugs and transcription factors known as ligands to the HP1043 H. pylori transcription factor, selecting by computational methods a subset of molecules able to prevent DNA binding. Selected drugs were afterward experimentally tested; and among these, three returned promising results showing, in vitro, an appreciable reduction of the DNA-binding activity of HP1043.
2 MATERIALS AND METHODS
2.1 Molecular Docking
The previously obtained molecular models of dimeric HP1043 alone and bound to DNA were employed (Zannoni et al., 2021). HP1043 model dimer bound to the DNA was obtained by a data-driven docking, employing NMR data, and domain X-ray deposited data, and the residues involved in DNA binding were experimentally validated (for details see (Zannoni et al., 2021)). Both complexes were relaxed through 100 ns of molecular dynamic simulation and the most representative conformations obtained from cluster analysis were employed for the virtual screening step.
We used the ZINC database (http://zinc15.docking.org/) (Sterling and Irwin, 2015) to select a ligand dataset of about 14,350 molecules from five different datasets. In detail, we selected substances that can target a transcription factor (TF), Drug Bank-approved molecules (DBa), Food and Drug Administration-approved drugs (FDAa), Therapeutic Target Database-approved drugs (TTDa), and NIH clinical collection (Ncc).
Docking simulations were performed using Autodock 4.2 and AutoDockTool (ADT) interface (Morris et al., 2009). An in-house Perl script pipeline was employed for ligand preparation, parameter file for docking simulation, Slurm job-scheduling input file, and docking results analysis, while the protein structure was prepared with the ADT interface, a docking box of 126 × 126 × 126 points, with a spacing of 0.375 Å, was centered on the protein–DNA complex, including almost the whole complex, excluding the DNA underside. Considering the unbound complex, two docking boxes were prepared with the same characteristics as the previous one, both centered on the HP1043 DNA-binding domain of each protein chain, since a single box cannot include the entire docking surface.
The affinity maps for all the atom types available in AutoGrid were pre-calculated. Docking simulations were performed by treating the protein as rigid, ligands as flexible, and 50 runs for each simulation of the Lamarckian genetic algorithm were performed using the AutoDock 4.2.6 suite (Morris et al., 2009). Selected molecules were subjected to a deep re-docking screening of 200 runs per simulation, maintaining the other conditions.
The pipeline parses the docking results to identify, for each simulation, the most representative conformation, that is, the best energy conformation and all the conformations with a docking energy within 1 kcal/mol from the first ranked solution. Docking energy, cluster population, estimated Ki value, and atomic coordinates of each selected solution are extracted. The pipeline reconstructs the coordinate files of protein–ligand complexes. Moreover, final molecules were selected based on the Ki value, in the order of size of pM or lower and only the re-docking results, on cluster numerosity, greater than 20 units.
2.2 Molecular Dynamics
The molecular dynamics of the HP1043 bound or unbound to DNA molecule, as obtained by molecular docking, and in complex with a ligand selection was performed using AMBER 18 (Salomon-Ferrer et al., 2013). To parameterize the complex, ff14SB (Maier et al., 2015) was employed for the protein, OL15 (Cheatham and Case, 2013) force field for DNA, and water was treated as an optimal point charge. The total charge of each complex was balanced with Na+ counter ions, and the solution molarity was set to 150 mM adding Na+ and Cl− ions. Solvated complexes were minimized for 1,000 steps, and heated until 300 K in 100 ps followed by 50 ps of NPT equilibration. Ten simulations of 10 ns each were performed using the molecular mechanics generalized Born surface area (MMGBSA) protocol, employing periodic boundary conditions. Trajectory and energetic analyses were performed using the cpptraj and MMBPSA.py tools (Miller et al., 2012). In detail, Cα root mean square deviation (RMSD), per-residue root mean square fluctuation (RMSF), the distance between protein interface residues and specific DNA nucleotides, and Cα hierarchical agglomerative clustering analysis were evaluated using cpptraj. To perform binding energy analysis on protein–ligand and protein (ligand)–DNA complexes, the tool is MMPBSA.py was applied on 50 equally distributed frames along the joint trajectory, and the solvation free energy was evaluated using the modified generalized Born (GB) model (Onufriev et al., 2004) using 1.0, 0.8, and 4.85 values for α, β, and γ, respectively, and ions concentration was set at 0.150 M.
LigPlot+ (Laskowski, 2011) was employed for the identification of interacting residues and its classification as contacts or residues establishing hydrogen bonds.
2.3 Chemicals
Plerixafor and ribociclib were purchased from AdooQ® Biosciences (United States), and oxcarbazepine and temoporfin were purchased from Cayman Chemical (United States), while dihydroergotoxine, tetraethylenepentamine, and trientine were purchased from Sigma-Aldrich (United States). All drugs were properly stored at −20°C according to the manufacturer’s indications. For each compound, stock solutions of 16.67 mM were prepared by dissolving the powder in either H2O or 100% DMSO. The pH of aqueous solutions was adjusted when needed.
2.4 Overexpression and Purification of Recombinant His6-HP1043
Recombinant N-terminal His-tagged HP1043 wild-type and mutant proteins were overexpressed in Escherichia coli BL21 DE3 cells transformed with plasmid pTrc::1043 (Supplementary Table S1). For electrophoretic mobility shift assays (EMSA), HP1043 was purified as previously described (Zannoni et al., 2021). Briefly, the cells were incubated with lysis buffer (50 mM Tris-HCl pH 8.0, 500 mM NaCl, and 10 mM imidazole), lysozyme (0.5 mg/ml), and 1× cOmplete™ Protease Inhibitor Cocktail (Roche, Basel, Switzerland) for 1 h at 4°C. Afterward, the mix was sonicated and centrifuged at 22,000 × g for 30 min at 4°C. The supernatant was collected and incubated in a batch with Ni2+−NTA resin for His-tagged purification. The bound protein was eluted using an imidazole gradient (10–250 mM) and dialyzed twice against the store buffer (50 mM Tris-HCl pH 8, 300 mM NaCl, and 10% glycerol). Protein purity was assessed by SDS-PAGE and its concentration was determined by measuring the absorbance at 280 nm using a NanoDrop® spectrophotometer (Thermo Fisher Scientific, Waltham, MA, United States).
2.5 Electrophoretic Mobility Shift Assays
The DNA-binding activity of the recombinant HP1043 in the presence of putative inhibitors was assessed by EMSAs as already described (Zannoni et al., 2021). In brief, a 190-base pair (bp) promoter region of hp1227 (strain 26695 annotation; Php1227) (Tomb et al., 1997) including the HP1043 binding consensus sequence was amplified from pGEMt-P1227_WT (Supplementary Table S1) by PCR with oligos Php1227_EMSA_F and Php1227_EMSA_R and used as a target sequence of HP1043 (Supplementary Table S2). A 127-bp sequence obtained through PCR amplification with oligos 16S_RTF and 16S_RTR was used as a non-specific control. The recombinant HP1043 protein (4 µM) was mixed with approximately 10 ng of target promoter probe and 10 ng of non-specific DNA probe in a 25 µl reaction volume containing 1 × binding buffer (10 mM Tris-HCl pH 7.5, 40 mM KCl, 100 μg/ml BSA, 1 mM DTT, and 5% glycerol). For binding interference assays, putative binders were added to final concentrations of 1, 0.5, 0.2, 0.1 and 0.05 mM to the mixtures of protein and DNA. Single ready-to-use aliquots were thawed and immediately diluted to the desired concentration and thereby use the same volume of ligand solution in EMSA analysis. Binding assays with DMSO (6% (v/v)) or H2O instead of inhibitors and 1 × binding buffer instead of the protein were included as controls. The reactions were incubated at room temperature for 30 min and then separated on a 6% non-denaturing polyacrylamide gel 0.5 × running buffer (45 mM Tris pH 7.5 and 45 mM orthoboric acid) at 90 V for 75 min, using a Mini Gel Tank apparatus (Invitrogen, Waltham, MA, United States). DNA bands were stained with 1 × ethidium bromide and visualized using a Gel Doc XR+ image analyzer (BioRad, Hercules, CA, United States).
3 RESULTS
3.1 Repositioning VHTS
3.1.1 HP1043–DNA Complex
To identify the possible ligands of the HP1043–DNA complex, a dataset of 14,350 approved molecules was screened. The first docking screening returned 180 ligands with a Ki value in the order of magnitude of pM. These were subjected to a re-docking procedure to identify a subset of the best candidates. The re-docking simulation returned 323 conformations (multiple poses of the same ligand were allowed) with a Ki value in the pM order of magnitude. Among these, 50 conformations corresponding to 41 different ligands displayed cluster numerosity greater than 20 units, for these reasons, were considered interesting candidates.
A subset of eight ligands bound at the interface between the dimerization and the DNA-binding domains, and/or between the two HP1043 chains and one docked at the B chain external surface, the remaining ligands bound at the interface between the protein and DNA (Figure 2A). The latter can be considered ligands with lower specificity for the free form of HP1043; instead, the first eight ligands can be regarded as promising candidates for targeting HP1043, also in free form.
[image: Figure 2]FIGURE 2 | Docking binding sites for HP1043–DNA (A) and HP1043 (B). Main binding sites are evidenced in circles, interface between the dimerization and the DNA-binding domains, and/or between the two HP1043 chains in solid line, A chain in dashed line, B chain on dotted line, and interface between protein and DNA in red line.
3.1.2 HP1043 Complex
We applied the aforementioned protocol to the HP1043 dimer unbound to DNA to identify molecules able to bind the transcription factor before binding to the DNA. The first docking screening returned 155 ligands, corresponding to 161 different poses, with an estimated Ki in the fM and pM order of magnitude and sufficiently represented (see Materials and Methods for details). These were re-docked as previously described, and only two ligands in six different conformations satisfied the Ki and representative restraints. Here, we also considered ligands with the nM Ki value with cluster numerosity greater than 100 units, returning overall 19 conformations, corresponding to 15 different ligands or same ligands but localized in different binding sites. Among these, seven localized at the interface between the two chains, one bound the DNA-binding domain of the A chain at the internal surface. In contrast, nine localized at the external surface, two at the interface between the two domains of the B chain, and the last one bound to the external surface of the B chain (Figure 2B).
To compare docking results with the literature, available data (González et al., 2019a; González et al., 2019b) were analyzed with our docking protocol. Different from the literature, we docked the small molecules to HP1043 dimeric conformation; both in the DNA bound and unbound form. Even so, the obtained computational binding energy was comparable to the published results (Supplementary Table S3 compared to docking binding energy in (González et al., 2019a; 2019b)). Binding energies ranged from −5.03 to −10.07 kcal/mol for the DNA-bound complex and from −5.83 to −10.10 kcal/mol for the unbound complex. Therefore, we selected our screening molecules with a computational binding energy lower than about 10 kcal/mol.
3.2 Dynamical Evaluation of Selected Drugs
Among the 56 docking results selected with VHTS (listed in Supplementary Table S4), “Not for sale” or too expensive compounds and ligands bound only to DNA molecule were excluded. A subset of 13 compounds (Table 1) corresponding to 17 different binding poses was submitted to MMGBSA molecular dynamics simulation to obtain an accurate evaluation of binding mode and energy (Table 2) in the same complex conformation as docking results. Otherwise, the first 11 complexes listed in Table 2 (HP1043–DNA) were simulated and bound to the HP1043 dimer in the complex with the DNA molecule, and the last six complexes listed in Table 2 (HP1043) were simulated and bound to the HP1043 dimer free form. The selected molecules are mainly representative of the different binding sites. One at the dimer cleft (in green in Figure 3, P–P in Table 2), involving the residues of both chains (single underlined in Table 2), one at the dimerization domain interface between the two chains (in yellow in Figure 3, dotted-underlined in Table 2) and one with a lower specificity at the protein–DNA interface (in red in Figure 3, P-DNA in Table 2), which involves, in addition to the residues of the A chain, the DNA molecule (double-underlined in Table 2). Three other binding sites were identified. One localized at the domain interface of the B chain (Bi in Table 2) and partially involved residues of the dimer cleft, one localized on the external surface of the A chain (A ext in Table 2) and the other on the external surface of the B chain (B ext in Table 2).
TABLE 1 | Selected drugs.
[image: Table 1]TABLE 2 | HP1043 drug docking and MMGBSA.
[image: Table 2][image: Figure 3]FIGURE 3 | HP1043 binding sites. Residues belonging to the three principal binding sites, in green residues at the dimer cleft (P–P and single underlined in Table 2), in yellow residues at the dimerization domains interface (dotted-underlined in Table 2), and in red residues at the A chain–DNA interface (double-underlined in Table 2).
Molecular dynamics stability was evaluated based on backbone RMSD, and all complexes reached equilibrium during the simulation (Supplementary Figure S1). Two complexes, namely, HP1043_DNA-tetraethylenepentamine and HP1043_DNA-dihydroergotoxine, displayed the expulsion of the ligand during the simulation (Figures 4A,B), suggesting a lower affinity of these drugs for the HP1043_DNA complex, despite the negative binding energy between the drug and HP1043.
[image: Figure 4]FIGURE 4 | Comparison of MD representative conformation and docking pose. HP1043_DNA–tetraethylenepentamine (A), HP1043_DNA–dihydroergotoxine (B), HP1043–tetraethylenepentamine (C), HP1043_DNA–ergotamine (D), HP1043_DNA–hexafluronium (E), and HP1043_DNA–ribociclib (F). Ligand and domain movements are evidenced by black arrows. Docking conformation are in gray, light blue, orange, yellow, pink, and light red; representative MD conformation are colored as DNA in red, dark blue, green, blue, dark green, and aquamarine.
Considering ligand binding, as confirmed by interacting residue analysis, most complexes maintained a stable position (see below) except for HP1043_DNA–ponatinib, HP1043_DNA–osimertinib, and HP1043_DNA–tubocurarine complexes, where the three drugs showed a higher affinity for the DNA molecule than the transcription factor. Thus, they maintained only interactions with DNA, suggesting a low specificity of these drugs for HP1043. In addition, ligand tetraethylenepentamine bound to the A chain of HP1043 moved to the P–P interface during the simulation, and this result superimposed to the binding position of the complex with tetraethylenepentamine bound to the P–P interface of HP1043 (Figure 4C). Finally, ligand ergotamine, bound to HP1043–DNA, moved toward the A chain, reducing the interaction interface between protein and DNA and causing the displacement of helix H8, necessary for DNA interaction, a partial unfolding of C-terminal domain of the A chain and increasing the DNA bending (Figure 4D).
A subset of tested drugs induced movements of the C-terminal domains. Complexes bound to hexafluronium and ribociclib displayed a mutual rotation of the C-terminal domains that increased its distance (Figures 4E,F), while plerixafor, oxcarbazepine, and both complexes with tetraethylenepentamine bound to HP1043, without DNA, displayed a reduction of domain distance (Figure 5). The remaining complexes maintained the conformation of the C-terminal domain during the whole simulation.
[image: Figure 5]FIGURE 5 | DNA-binding domain distance in the free form. Distance between the center of mass of DNA-binding domain of A chain and B chain.
Considering the residue fluctuation of complexes without DNA, residues belonging to the DNA-binding domain displayed major flexibility (Supplementary Figure S2). On the other hand, all complexes presented reduced flexibility of A chain residues 120–145 compared to HP1043 unbound to ligands (red line in Supplementary Figure S2). These residues belonged to the DNA-binding domain and localized at the domain interface with the dimerization domain. Residues 170–190, belonging to the A chain and composing the interface to DNA (green line in Supplementary Figure S2), also displayed a reduced flexibility for all bound complexes except for both complexes bound to tetraethylenepentamine. Overall, HP1043–tetraethylenepentamine_Aext complex displayed reduced flexibility all along the structure, compared to the other complexes. Analyzing HP1043 complexes bound to DNA, the residue flexibility was generally increased compared to the unbound complex. Above all, HP1043_DNA bound to the dihydroergotoxine molecule, as previously mentioned, displayed the unbinding of C-terminal domain from the DNA molecule. Differences in local flexibility can be evidenced for residues 188–200 (A chain) (yellow line in Supplementary Figure S2), matching to helix H8 involved in DNA binding, belonging to complex HP1043_DNA bound to hexafluronium, ergotamine, and tetraethylenepentamine. Residues 389–390 (166–168 B chain) corresponding to the domain interface loop (blue arrow in Supplementary Figure S2), showed higher flexibility in complexes bound to dihydroergotoxine, hexafluronium, ponatinib, and plerixafor molecules. Finally, B chain helix H8 (gray line in Supplementary Figure S2) displayed increased flexibility in complexes HP1043_DNA–dihydroergotoxine, HP1043_DNA–hexafluronium, and HP1043_DNA–ponatinib.
3.1.3 Drug Binding
The MMGBSA approach was applied to estimate the binding energy of drug ligands to the HP1043 transcription factor with results reported in Table 2. Binding free energy values ranged between −6.65 and −84.34 kcal/mol. Ligands bound at the protein–DNA interface (molecules in P-DNA–binding site in Table 2) displayed a lower affinity (−35.27 to −10.56 kcal/mol) compared to drugs localized at the P–P binding site (−75.23 to −24.23), due to fewer contacts/hydrogen bonds (listed in “MD interaction residues” of Table 2). Moreover, these drugs principally bound the DNA molecule, showing a low specificity for the HP1043 transcription factor. Considering the drugs bound only to the transcription factor, two left the complex during the simulation (tetraethylenepentamine and dihydroergotoxine), and thus, their binding energy estimation cannot be considered a reliable value. Among the others, plerixafor and trientine showed estimated binding energy of −75.23 and −44.38 kcal/mol, respectively. Drugs evaluated on the HP1043 free complex presented similar conditions, and molecules bound to a single domain or on the external surface displayed lower affinity, except for tetraethylenepentamine. Instead, drugs bound at the dimer cleft (plerixafor and tetraethylenepentamine) showed an estimated binding energy of −84.34 and −58.09 kcal/mol, respectively, thus, resulting in a higher affinity for HP1043.
The binding cavities identified during docking simulations were partially maintained. From the interacting residue analysis, three main residue groups were identified: Tyr360 (Tyr137 B), Glu364 (Glu141 B), Val365 (Val142 B), Phe372 (Phe149 B), and Thr376 (Thr153 B) at the B chain—DNA interface (red in Figure 3 and double-underlined in Table 2); Glu133, Lys145, Glu174, Glu175, and Glu355 (Glu132 B) at the dimer cleft (P–P) involving the residues of DNA-binding domain of both chains (green in Figure 3 and single underlined in Table 2); and Ala111, Glu311 (Glu88 B) at the dimerization domain interface (yellow in Figure 3 and dotted-underlined in Table 2). All the listed residues are involved both in hydrophobic contacts and hydrogen bonds with analyzed drugs (see “MD interaction residues” in Table 2 for details).
3.1.4 DNA Binding
We estimated the binding energy between the DNA molecule and HP1043 transcription factor bound to tested drugs with values reported in Table 3. All complexes displayed remarkable negative binding energy, except for HP1043_DNA bound to hexafluronium ligand, and this value corresponds to an increased distance between the A chain, or B chain, and the DNA molecule, evidenced in Figure 6. Also, complex HP1043_DNA–dihydroergotoxine showed no binding of the A chain to DNA (Figure 6). A distance increment between the B chain and the DNA molecule, but for partial simulation time, was also displayed by HP1043_DNA–dihydroergotoxine and HP1043_DNA–trientine complexes, which presented a reduced affinity compared to the other complexes for DNA.
TABLE 3 | HP1043-DNA-binding energy estimation (MMGBSA); distance of DNA key residues compared to HP1043_DNA.
[image: Table 3][image: Figure 6]FIGURE 6 | HP1043–DNA distance. Distance between A chain and DNA center of mass (A) and between B chain and DNA center of mass (B).
The distances between key residues for DNA binding (Zannoni et al., 2021) and DNA molecules were observed during trajectories, whose results are reported in Table 3. These data confirmed no DNA binding in complexes HP1043_DNA–hexafluronium and HP1043_DNA–dihydroergotoxine since both chains showed a distance increase, and the displacement of the A chain in complex HP1043_DNA–ergotamine, and of the B chain in complex HP1043_DNA–trientine.
3.3 In Vitro Inhibition of HP1043 DNA-Binding Activity
Previous studies have documented the consistent ability of HP1043 to bind specific sequences embedded in several promoters, proving its crucial role in the viability of H. pylori (Pelliciari et al., 2017; Zannoni et al., 2021). The EMSA is a versatile and sensitive tool for detecting protein–nucleic acid interaction and its inibition. To determine in vitro whether the recombinant HP1043 protein retained its biological activity to bind the target promoter Php1227, we evaluated the shift in electrophoretic mobility of the DNA probe after protein binding on a polyacrylamide gel (see Materials and Methods Section 2.4). EMSA analyses showed a decrease of the unbound DNA in a concentration-dependent manner (Figure 7). We chose a concentration of 4 µM HP1043 monomer for subsequent tests on putative selected inhibitors, a non-completely saturating binding condition. Moreover, a 127-bp probe from the 16S gene was used as a non-specific probe for HP1043 binding in each reaction.
[image: Figure 7]FIGURE 7 | Titration of the 190-bp specific DNA probe with HP1043. All samples contained two DNA probes, one specific (Php1227) and another non-specific (16S rRNA gene). For each reaction, 10 ng of each DNA probe was used. Lane (a) control reaction without HP1043 protein; lane (b) to (e) samples containing, respectively, 1, 2, 4, and 8 μM of HP1043 protein. DNA probes were mixed with increasing concentrations of the recombinant protein, incubated at room temperature for 30 min, and subjected to a 6% PAGE. EMSA analysis show a decrease in free probe (Php1227) in response to increasing amounts of HP1043 protein, indicative of the formation of specific protein–DNA complexes represented by a smear (marked with a vertical line on the right side of the image). The smear represents protein–DNA complexes dissociating during electrophoresis.
Among ligands previously selected by molecular dockings and dynamics, those bound to DNA molecules were excluded to prevent non-specific interactions. The seven ligands available for sale (plerixafor, tetraethylenepentamine, trientine, ribociclib, dihydroergotoxine, oxcarbazepine, and temoporfin) were tested to evaluate inhibition properties through EMSA. In particular, the recombinant HP1043 protein was incubated with the validated target Php1227 in the presence of decreasing concentrations of ligand (from 1 mM to 50 µM). DNA-binding inhibition could indicate whether dynamic interactions between the compound and HP1043 hinder the formation of the protein-promoter complex. Since the compounds were diluted in either H2O or DMSO, negative control reactions were included in EMSA analysis, where equivalent volumes of solvent were added to the protein–DNA mixes replacing the ligands. In addition, we prepared a second set of negative controls to remove the hypothesis that the ligand itself might induce a mobility shift of DNA probes. For these reactions, 1 × binding buffer was used instead of the HP1043 dilution. The magnitude of the inhibitory effect was deduced from the optical density of the free DNA bands, and the ligands were considered inhibitors when capable of interfering with the protein-dependent specific shift of Php1227.
As shown in Figure 8A, the sharp inhibitory effect for temoporfin was detected even at 50 µM (lane h, Figure 8A). Such concentrations correspond to a mole monomeric-HP1043:ligand ratio of 1:12. At higher concentrations (lane d, e, f, and g; Figure 8A), reaching a mole ratio of 1:250, temoporfin significantly reduced the mobility shift of the specific DNA probe. Also, trientine (Figure 8B) and tetraethylenepentamine (Figure 8C) exhibit a less marked but appreciable loss of DNA-binding activity of HP1043. However, a faint band corresponding to the bound promoter DNA was still detected in both EMSA. Regardless, all three ligands were able to restore the electrophoretic mobility of free Php1227 in a concentration-dependent manner. In contrast, four ligands did not show an appreciable reduction of the DNA–protein complex under the used experimental conditions (Supplementary Figure S3). In conclusion, three candidates (temoporfin, tetraethylenepentamine and trientine) showed a sharp inhibition pattern on HP1043 binding, thus suggesting that these drugs can bind with a high affinity to HP1043.
[image: Figure 8]FIGURE 8 | EMSAs in the presence of DNA-binding inhibitors. All EMSAs show the same amount of specific (Php1227) and non-specific (16S rRNA gene) DNA probes and the same sample order: lane (a) DNA probes control, protein- and ligand-free; (b) compound control at 1 mM (indicated by a “+”) without the protein; (c) DNA-binding control in the presence of HP1043; lane (d) to (h) show samples containing a fixed amount of HP1043 monomeric protein (4 μM) with a decreasing concentration of the ligand, respectively, 1, 0.5, 0.2, 0.1, and 0.05 mM; the absence of protein and compound is indicated by a “−”; the compound concentration is depicted as a gray triangle, while a white rectangle is used for the HP1043 protein fixed concentration. (A) Addition of temoporfin results in a reduced in vitro affinity of HP1043 protein for its target promoter region. Temoporfin restored the free DNA probe mobility and reduced the smear of the specific DNA probe at higher concentrations. For (B) trientine and (C) tetraethylenepentamine, similar inhibition effects were observed. Both chemicals induced a decreased DNA-binding activity for HP1043. However, a faint up-shifted band is still visible with the tested conditions. Symbols are as described in the legend in Figure 7.
4 DISCUSSION
H. pylori colonizes the gastric mucosa of about 50% of the human population. It is strongly associated with the inflammation of the upper gastrointestinal tract, and it is related to several diseases including gastric cancer. Currently, the treatment for eradication of H. pylori infection mainly consists of triple standard therapy, including a proton pump inhibitor, amoxicillin and clarithromycin (Zagari et al., 2018; Roszczenko-Jasińska et al., 2020), frequently supplemented with bismuth salt, and substituted by tetracycline and metronidazole when required. The main issue of this therapy is the antibiotic resistance to clarithromycin and metronidazole, affecting the treatment efficacy in about 70% of the cases (Su Young Kim et al., 2015; Hooi et al., 2017; Roszczenko-Jasińska et al., 2020). Known antibiotics target different bacterial enzymes and ribosomal subunits (Hu et al., 2017), but none target a transcription factor. Recently, several novel molecules with an anti-H. pylori effect were proposed (Nishimori et al., 2007; Geng et al., 2009; Makobongo et al., 2014), also targeting the HP1043 transcription factor (González et al., 2019b; 2019a). The discovery of new therapies against H. pylori requires the identification and validation of novel drug targets essential for in vivo growth or pathogenicity (González et al., 2018; Roszczenko-Jasińska et al., 2020). Transcription factors belong to the genes essential for the growth and virulence of pathogenic bacteria, as they act on more than one target gene. In H. pylori, one of these is HP1043 (Pelliciari et al., 2017). This allows us to consider HP1043 as a stable protein, as it is subjected to an evolutionary pressure that avoids the emergence of new mutants.
The development of new drugs is a time-consuming and expensive process with a high failure risk. Drug repositioning has become a strategy to reduce time and costs, proposing new applications for known drugs. This strategy was recently applied to identify treatments for several diseases such as tumors (Aydin et al., 2022; Persico et al., 2022; Petrosyan et al., 2022), cardiac diseases (Rouhana et al., 2021), and neurodegenerative diseases (Bhat et al., 2020; Agostini et al., 2021).
In the present study, we propose a repositioning of approved drugs for HP1043 by applying the VHTS protocol to select molecules with a high affinity for this protein both in the free form and bound to the DNA. The binding mode of top results was deeply evaluated by molecular dynamics and experimentally tested for inhibition properties through EMSA. Presented results evidenced three promising drugs (binding mode obtained from molecular dynamics and interaction analysis are reported in Figure 9), displaying an appreciable impairment of DNA-binding activity of HP1043, excluding non-specific binding of DNA. Trientine was in silico analyzed as bound to the HP1043–DNA complex, and displayed a reduced affinity for DNA molecule, compared to the other tested complexes, just as an increased distance between the B chain DNA–binding domain and the DNA molecule. The other two drugs, namely, tetraethylenepentamine and temoporfin, were simulated and bound to HP1043 in two different conformations. The first one showed high affinity for the transcription factor without evidence on protein flexibility or conformation, while the latter induced the increase of chain distance, inducing conformational changes on the protein structure.
[image: Figure 9]FIGURE 9 | Candidate drugs binding mode obtained from MD and interaction analysis. MD representative conformation of HP1043_DNA–trientine (A), HP1043–tetraethylenpentamine_Aext (B) and P–P (C), HP1043_termoporfin Aext (D) and Bi (E) and related Ligplot sketch of interaction analysis; dashed lines represent H-bonds and red eyelashes identify residues involved in hydrophobic contacts.
From the pharmacological viewpoint, trientine is a Cu chelating agent used in the treatment of Wilson’s disease, and it is orally delivered and poorly absorbed from the gastrointestinal tract. Tetraethylenepentamine is an ethyleneamine with metal-chelating properties, while temoporfin is a photosensitizer used in photodynamic therapy of tumor cells; it is intravenously administered and collected in tumor tissues. These molecules belong to different pharmaceutical categories, but all display a similar inhibitory activity on HP1043 DNA binding.
Starting from the presented results, these three compounds can be considered to propose new molecules for H. pylori treatment, after having tested directly on bacteria to assess experimental Ki, as well as assays to determine the minimal inhibitory concentration (MIC) and the minimal bactericidal concentration (MBC) must be performed.
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Anti-microbial resistance is a rising global healthcare concern that needs urgent attention as growing number of infections become difficult to treat with the currently available antibiotics. This is particularly true for mycobacterial infections like tuberculosis and leprosy and those with emerging opportunistic pathogens such as Mycobacterium abscessus, where multi-drug resistance leads to increased healthcare cost and mortality. M. abscessus is a highly drug-resistant non-tuberculous mycobacterium which causes life-threatening infections in people with chronic lung conditions such as cystic fibrosis. In this study, we explore M. abscessus phosphopantetheine adenylyl transferase (PPAT), an enzyme involved in the biosynthesis of Coenzyme A, as a target for the development of new antibiotics. We provide structural insights into substrate and feedback inhibitor binding modes of M. abscessus PPAT, thereby setting the basis for further chemical exploration of the enzyme. We then utilize a multi-dimensional fragment screening approach involving biophysical and structural analysis, followed by evaluation of compounds from a previous fragment-based drug discovery campaign against M. tuberculosis PPAT ortholog. This allowed the identification of an early-stage lead molecule exhibiting low micro molar affinity against M. abscessus PPAT (Kd 3.2 ± 0.8 µM) and potential new ways to design inhibitors against this enzyme. The resulting crystal structures reveal striking conformational changes and closure of solvent channel of M. abscessus PPAT hexamer providing novel strategies of inhibition. The study thus validates the ligandability of M. abscessus PPAT as an antibiotic target and identifies crucial starting points for structure-guided drug discovery against this bacterium.
Keywords: Mycobacterium abscessus, Mycobacterium tuberculosis, Coenzyme A pathway, CoaD/ PPAT, drug discovery, fragment-based, antibiotics
INTRODUCTION
The emergence of highly drug-resistant non-tuberculous mycobacteria (NTM) in recent years has intensified the challenges to clinically manage chronic lung conditions such as cystic fibrosis (Nessar et al., 2012; Bryant et al., 2021). Mycobacterium abscessus is one of the most common NTMs found in cystic fibrosis (CF) related lung infections and being intrinsically resistant to most antibiotics, causes very high rates of lung function decline (Nessar et al., 2012; Stephenson et al., 2017). Although previously thought to be a benign environmental microbe, M. abscessus is increasingly observed as a cause of chronic lung and soft-tissues infections, usually in the context of lung diseases like CF and in immunocompromised individuals (Bar-On et al., 2015; Parkins and Floto, 2015). M. abscessus is highly challenging to treat due to uniform resistance to standard anti-tuberculosis drugs, in addition to most antibiotics. High virulence and resistance to chemotherapy of this bacterium is attributed to a combination of intrinsic and acquired resistance mechanisms (Hill et al., 2012). Current clinical management of M. abscessus involves prolonged therapy using antibiotic combinations such as amikacin, cefoxitin and macrolides which are poorly tolerated, often resulting in therapeutic failure (Yang et al., 2017). This NTM is also associated with life-threatening disseminated infection in lung transplant recipients (Hill et al., 2012). Thus, there is an urgent need for effective and less toxic drugs to treat M. abscessus infections.
Coenzyme A (CoA) is an essential cellular co-factor that acts as an important acyl-group carrier in all organisms. CoA plays a key role in mediating numerous biosynthetic, degradative, and metabolic pathways (Geerlof et al., 1999). The biosynthesis of CoA consists of a five-step reaction involving pantothenate (Vitamin B5), cysteine and ATP as starting substrates (Abiko, 1967). Phosphopantetheine adenylyltransferase (PPAT or CoaD) catalyses the penultimate step in the biosynthesis of CoA in prokaryotes. The enzyme catalyses the reversible transfer of an adenylyl group from ATP to 4′-phosphopantetheine (PhP) to yield 3′-dephospho-CoA (dpCoA) and pyrophosphate. The product dpCoA in turn is phosphorylated by dephospho-CoA kinase (DPCK/CoaE) to generate the final product of the pathway, Coenzyme A (Robishaw and Neely, 1985; Izard and Geerlof, 1999) (Figure 1B).
[image: Figure 1]FIGURE 1 | (A) Crystal structure of M. abscessus PPAT hexamer (grey) in complex with ATP (PDB code 7YWM). The detailed interaction map is also shown with ATP in salmon stick model and interacting residues in grey line representation. Polar hydrogen bond contacts are shown in black dotted lines and active site Mg2+ as green sphere. (B) Biosynthetic pathway of coenzyme A in bacteria. The step catalyzed by PPAT enzyme is highlighted in black box. Corresponding E. coli gene names are given in brackets. *These two steps are catalyzed by a single polypeptide in bacteria. (C) Mab PPAT in complex with 4′-phosphopantetheine (PhP) (PDB code 7YY0) showing interacting residues in grey and PhP in blue stick model. (D) Crystal structure of M. abscessus PPAT in ternary complex with substrates, 4′-phosphopantetheine (PhP) and non-hydrolysable ATP analogue AMPCPP, solved at 1.62 Å (PDB code 7YY1). PhP is shown in green, AMPCPP in blue stick models. Mab PPAT active site is shown as a space-filling model coloured according to surface electrostatics. Structural superposition with Mab PPAT:dpCoA (yellow stick model) shows close agreement in the positions of substrates and product.
Enzymes in the CoA biosynthetic pathway have been recognised as attractive antibiotic targets (Cole et al., 1998). Previous studies on CoA pathway intermediates in E. coli show that pantothenate and 4′-phosphopantetheine (PhP) accumulate in the cell, suggesting an important rate-limiting role of PPAT in the pathway for regulating the cellular content of CoA (Jackowski and Rock, 1984; Gerdes et al., 2002; Wubben and Mesecar, 2011). Further studies on M. tuberculosis show the essential role played by the coaD gene in mycobacterial growth in vitro, confirming the potential of PPAT as an antibiotic target (Ambady et al., 2012) (El Bakali et al., 2020). In higher eukaryotes, the final two steps of CoA biosynthesis are catalysed by a single bi-functional enzyme, CoA synthase, containing a PPAT like domain. The marked structural differences between bacterial and human PPAT domain architectures further facilitate target specific antibiotic discovery without inducing mechanism-based toxicity (Aghajanian and Worrall, 2002; Daugherty et al., 2002; Zhyvoloup et al., 2002).
Previous attempts to develop inhibitors targeting E. coli PPAT enzyme, using combinatorial synthesis approaches, were only partially successful as the resulting candidate compounds showed poor inhibitory activity in whole cell-based assays (Zhao et al., 2003). A high throughput screening (HTS) campaign against E. coli PPAT screened 750,000 compounds, resulting in the identification of 99 validated hits. Some of these hits were developed into compounds exhibiting low micro molar IC50 against E. coli PPAT (Miller et al., 2010), however further structural biology evidence is needed to establish the ligand binding mode. Yet another HTS of the AstraZeneca compound library and subsequent structure-guided lead optimization, targeting PPAT from Gram-positive bacteria such as S. pneumoniae and S. aureus, led to the development of compounds that significantly reduced the bacterial burden both in vitro and in animal models of infection (De Jonge et al., 2013). However, these compounds were not progressed further into clinical development due to unfavourable toxicity and pharmacokinetic profiles. A recent fragment-based drug discovery campaign (Skepper et al., 2018) resulted in the development of several unique chemical scaffolds targeting the E. coli PPAT active site. Although some of these compounds exhibited nanomolar affinity in vitro, sufficient cellular potency could not be achieved against E. coli and other Gram-negative bacteria to warrant further chemical development of the series.
In this study, we report some of the first structural insights into the substrate and feedback inhibitor binding modes of PPAT from M. abscessus. We then explore the chemical space of M. abscessus PPAT using a multi-dimensional fragment screening approach involving biophysical and X-ray crystallographic analysis. The study is further extended by incorporating the knowledge gained from a previous fragment-based drug discovery campaign in our research groups, against M. tuberculosis PPAT ortholog (El Bakali et al., 2020), to identify potential early-stage lead compound targeting M. abscessus PPAT. Results from the study validate the ligandability of M. abscessus PPAT as an antibiotic target and facilitate the initiation of structure-guided drug discovery targeting this highly drug-resistant mycobacterium.
MATERIALS AND METHODS
PCR and Molecular Cloning
The coaD gene (MAB_3259c) was amplified from Mycobacterium abscessus (ATCC 19977) genomic DNA using the following primers (Sigma):
Forward Primer: 5′-ATA​GGA​TCC​ATG​ACG​GGA​GCG​GTG​TGC​CC-3′ and
Reverse Primer: 5′-ACC​AAG​CTT​CTA​TTG​TGC​CTG​GCC​ACG​CAG​TTT​C -3′
The purified PCR products and pET28a SUMO vector were subjected to restriction digestion with BamHI and HindIII restriction endonucleases (ThermoScientific). The ligation of digested insert and vector was done using T4 DNA ligase (New England Biolabs) by incubation at room temperature for 10 min. The ligation product was transformed into E. coli DH5α competent cells by the heat-shock method, plated on LB agar-kanamycin plates and incubated at 37°C. Single colonies were randomly picked on the following day and inoculated in LB media with kanamycin (30 μg/ml) and grown overnight at 37°C. Plasmids from the resulting cultures were isolated, purified and the integrity of the clones was confirmed by sequencing (DNA Sequencing Facility, Department of Biochemistry, Cambridge).
Expression and Purification of Full-Length Mab PPAT
E. coli BL21 (DE3) strain containing pET28a N-His SUMO-PPAT plasmid was grown overnight at 37°C in LB-media containing Kanamycin (30 μg/ml). This seed stage culture was used to inoculate 6 L of 2x YT media with Kanamycin (30 μg/ml) until optical density (A600nm) reached 0.6. The expression of recombinant construct was induced by the addition of Isopropyl β-D-1-thiogalactopyranoside (IPTG) to a final concentration of 0.5 mM and further allowed to grow at 18°C for 18 h. Cells were harvested by centrifugation at 4°C for 20 min at 5,000 g and the pellet was re-suspended in buffer A (50 mM Tris-HCl pH 8.0, 350 mM NaCl, 20 mM Imidazole). 10 μg/ml DNaseI, 5 mM MgCl2 and 3 protease inhibitor cocktail tablets (New England Biolabs) were added to the cell suspension. The cells were lysed by sonication (Branson). The lysate clarified by centrifugation at 4°C for 40 min at 25,568 g, was passed through a pre-equilibriated (with buffer A), 10 ml pre-packed Nickel-sepharose column (HiTrap IMAC FF, GE Healthcare). The column was washed with buffer A and the bound protein was eluted using buffer B (50 mM Tris-HCl pH 8.0, 350 mM NaCl and 500 mM Imidazole). Eluates from HiTrap IMAC column were pooled and Ulp1 Sumo protease was added in 1:100 mg (Ulp1: target protein) ratio and subjected to dialysis against 2 L of buffer C (50 mM Tris-HCl pH 8.0, 350 mM NaCl) overnight at 4°C. After overnight dialysis and cleavage of N-His tag, the protein was passed through a pre-equilibrated (buffer A) 5 ml HiTrap IMAC FF Nickel column (GE Healthcare). The flow-through was collected and the column was washed with buffer A and passed buffer B at a linear gradient of 150 ml of 100% buffer B. 4 ml fractions were collected and analyzed on a 15% SDS-PAGE. Flow-through and wash fractions from the above column were pooled and concentrated using a 30 kDa centrifugal concentrator (Amicon) and loaded onto a pre-equilibrated (with buffer D: 50 mM Tris-HCl pH 8.0, 150 mM NaCl) 120 ml Superdex200 16/600 column (GE Healthcare). 2 ml fractions were collected and analyzed on an SDS-PAGE gel. Fractions corresponding to pure PPAT protein were pooled and concentrated to 24 mg/ml, flash frozen in liquid nitrogen and stored at −80°C. The overall protein yield from a 6 L starting culture was approximately 100 mg. Identity of the purified protein was further confirmed by MALDI mass fingerprinting.
Preliminary Fragment Screening
Thermal shift assays were carried out in a 96-well format with each well containing 25 μl of reaction mixture of 10 μM PPAT protein in buffer (50 mM Tris-HCl pH 8.0, 150 mM NaCl), 5 mM compound, 5% DMSO and 5x Sypro orange dye. Appropriate positive (Protein, DMSO and Coenzyme A) and negative (Protein, DMSO only) controls were also included. The measurements were performed in a Biorad-CFX connect thermal cycler using the following program: 25°C for 10 min followed by a linear increment of 0.5°C every 30 s to reach a final temperature of 95°C. The results were analyzed using Microsoft excel.
Soaking of PPAT Native Crystals
Crystals for this experiment were grown at 19°C in 48-well sitting drop plates (Swiss CDI) in the following condition: 0.2 M Sodium bromide, 20%–24% PEG3350, 0.1 M Bis-Tris propane pH 6.5–7.5. Crystals were picked and allowed to soak in a 4 μl drop containing reservoir solution and 10 mM compound (in DMSO), which was then equilibrated against 250 μl of the corresponding reservoir solution overnight at 19°C in 24-well hanging drop vapour diffusion set up.
Co-Crystallization of PPAT Protein
2 mM final concentration of compound in DMSO was added to 20 mg/ml of PPAT protein, mixed and incubated for 2 h on ice. Crystals were grown in the following condition: 0.2 M Sodium bromide, 20%–24% PEG3350, 0.1 M Bis-Tris propane pH 6.5–7.5 or in sparse matrix screens: Wizard 1&2 (Molecular Dimensions), Wizard 3&4 (Molecular Dimensions), JCSG + Suite (Molecular Dimensions). The crystallization drops were set up at a protein to reservoir drop ratio of 0.3 μl: 0.3 μl, in 96-well (MRC2) sitting drop plate, using Mosquito crystallization robot (TTP labtech) and the drops were equilibrated against 70 μl of reservoir at 19°C.
Data Collection and Processing
X-ray data sets for PPAT apo and ligand-bound crystals were collected on I04, I03, I04-1 or I24 beamlines at the Diamond Light Source in the United Kingdom. The crystals were flash-cooled in cryo-protectant containing precipitant solution and 25% Ethylene glycol. The data sets were collected using the rotation method at wavelength of 0.979 Å, Omega start: 0o, Omega Oscillation: 0.15o, total oscillation: 240o, total images: 2,400, exposure time: 0.05 s. The experimental intensities were processed to 1.5 Å and the diffraction images were processed using AutoPROC (Vonrhein et al., 2011) utilizing XDS (Kabsch, 2010) for indexing, integration, followed by POINTLESS (Evans, 2011), AIMLESS (Evans and Murshudov, 2013) and TRUNCATE (French, 1978) programs from CCP4 Suite (Winn et al., 2011) for data reduction, scaling and calculation of structure factor amplitudes and intensity statistics. All crystals belonged to space group C2 2 21 and consist of three protomers in the asymmetric unit.
Crystal Structure Solution and Refinement
The Mycobacterium abscessus PPAT ligand-bound structures were solved by molecular replacement using PHASER (Mccoy et al., 2007) with the atomic coordinates of Mycobacterium abscessus PPAT apo-structure (PDB entry: 5O06) as search model. Structure refinement was carried out using REFMAC (Murshudov et al., 2011) and PHENIX (Adams et al., 2010). The models obtained were manually re-built using COOT interactive graphics program (Emsley and Cowtan, 2004) and electron density maps were calculated with 2|Fo|- |Fc| and |Fo|–|Fc| co-efficients. Position of ligands in the protein active site and water molecules were located in difference electron density maps.
Isothermal Titration Calorimetry (ITC)
ITC experiments were done using an ITC200 (MicroCal) instrument. The Mab PPAT protein for ITC was dialysed overnight at 4°C in storage buffer (50 mM Tris-HCl pH 8.0, 150 mM NaCl) the same buffer was used for preparing the ligand solutions. The protein and ligands/fragments were used at a concentration of 72 μM and 1–5 mM, respectively. ITC recorded for ATP was done in buffer: 50 mM Hepes pH 8.0, 150 mM NaCl, 5 mM MgCl2, at Mab PPAT concentration of 200 uM and 3 mM ATP. Buffer components and other constituents like DMSO were kept constant in both protein and ligand solutions. Ligands to buffer titrations were subtracted in all cases and experiments were repeated at least twice. Data were analysed using the Origin software (OriginLab, Northampton, MA, United States).
RESULTS
Mab PPAT Binary Complex With Substrates ATP and 4′-Phosphopantetheine
To characterize the Mab PPAT ligand binding propensities, we determined crystal structures of Mab PPAT in complex with natural substrates ATP and 4′-phosphopantetheine (PhP). ATP occupies a positively charged pocket in the Mab PPAT substrate binding groove with the adenine ring making hydrogen-bond contacts with side chain hydroxyl of Thr118 (Figure 1A). The catalytic Arg90 at the base of the active site makes further H-bond and π-stacking interactions with the indole ring, while the adenine amino group is engaged in two additional hydrogen bonds with the backbone carbonyl groups of Val125 and Tyr122, respectively. The ATP ribose moiety mediates H-bonds to the side chain of Lys-87 and to three water molecules in the active site. The three phosphate groups of ATP are seen engaged in polar and H-bond interactions to the invariant catalytic residues Ser127, Ser128, Ser9, Phe10 and His-17, in addition to Mg2+ ion and several active site water molecules (Figure 1A).
In contrast to ATP, substrate 4′-phosphopantetheine (PhP) adopts a bent conformation in a predominantly hydrophobic part of the active site pocket. Here the 4′- phosphate group of PhP is engaged in a hydrogen-bond contact to the sidechain hydroxyl group of Ser9 and the terminal amide of the PhP β-mercaptoethylamine moiety makes further hydrogen bonds to the backbone nitrogen of Leu73 and side chain carboxylate of Glu132 at the edge of the active site. Major hydrophobic contacts in the region are mediated by Leu36, Pro7 and Leu73 at the top of the substrate site and Met101 and Leu129 at the base of the site. Figure 1C shows a detailed interaction map of the Mab PPAT- PhP complex.
Mab PPAT Ternary Complex With PhP and AMPCPP: Insights Into Catalytic Cycle
Previous studies carried out on other bacterial PPAT orthologs have shown that the catalytic mechanism does not involve a covalent participation of residues in the functional site (Izard, 2002, Izard, 2003). Rather, the enzyme acts by providing the most favourable positioning of substrates to reduce the activation energy of the transition state. This allows the 4′-phosphate of 4′-phosphopantetheine (PhP) to undergo nucleophilic attack on the α-phosphate of ATP in an in-line displacement mechanism. The activation energy barrier of this reaction is decreased by PPAT by way of orienting the ATP β and γ-phosphates, thereby stabilizing the penta-covalent transition state (Izard, 2002; Izard, 2003). Here we determined, for the first time, a ternary complex of PPAT with 4′-phosphopantetheine and non-hydrolysable ATP analogue, AMPCPP. A superposition of the substrate-bound ternary structure of Mab PPAT with that of the reaction product dpCoA bound Mab PPAT structure, determined earlier (Thomas et al., 2017), shows close agreement in the positions of substrates and product (Figure 1D). 4′-phosphopantetheine (PhP) and the corresponding moiety in dpCoA overlaps perfectly in the PPAT active site. AMPCPP β and γ phosphates show greater flexibility in the corresponding crystal structure and therefore could be modelled in two different ways oriented away from the active site. The α-phosphate that undergoes nucleophilic attack by PhP could be identified unambiguously and is seen in close proximity (1.7 Å) to the α-phosphate of the reaction product dpCoA in the crystal structure, providing further evidence for the proposed catalytic mechanism (Figure 1D).
Mab PPAT Complex With Feedback Inhibitor and Comparison With Product Binding
Previous studies on E. coli PPAT have shown that Coenzyme A (CoA), the end-product of the biosynthetic pathway, acts as feedback inhibitor of the PPAT enzyme catalyzed reaction (Wubben and Mesecar, 2011). To further understand the binding mode of CoA, we determined the crystal structure of Mab PPAT in complex with CoA. CoA and the enzyme product 3′-dephospho CoA (dpCoA) differ only by the presence of a 3-phosphate on the ribose ring. A structural superposition of the Mab PPAT CoA structure with that of dpCoA bound form determined, previously within our research group (Thomas et al., 2017), shows that the pantetheine moiety of CoA and that of dpCoA adopts a similar conformation in the Mab PPAT active site (Figures 2A,B). On the contrary, the adenosine moieties of CoA and dpCoA do not coincide in the Mab PPAT active site. The adenine ring along with the 3′-phosphate group of CoA is found largely exposed to the central solvent filled channel in Mab PPAT-CoA structure whereas in Mab PPAT-dpCoA, the adenine ring adopts a different position near the catalytic Arg90 (Figures 2A,B). Further, the adenyl moiety of CoA exhibits high B-factors in comparison to that of the dpCoA complex, suggesting greater movements of this moiety in CoA-bound Mab PPAT. This could be attributed to the steric hindrance in the molecule imparted by the additional phosphate group of CoA. These observations further corroborate the earlier reports on PPAT- CoA structures from E. coli and M. tuberculosis (Morris and Izard, 2004; Timofeev et al., 2012), which show that the CoA adenine ring adopts a highly solvent-exposed conformation and/or exhibiting low electron-density.
[image: Figure 2]FIGURE 2 | (A) Structural superposition of apo Mab PPAT in complex with feed-back inhibitor CoA (grey), PDB code 7YXZ and product dpCoA (green), PDB code 5O08, showing conformational differences in the enzyme and ligand binding mode. (B) The pantetheine moiety of CoA adopts a similar conformation to that of dpCoA. However, the CoA adenosine moiety is seen very flexible and largely solvent exposed in comparison to dpCoA in the Mab PPAT active site. (C) Thermodynamic (ITC) profile of CoA interaction with Mab PPAT.
Fragment Screening Explores the Chemical Space of Mab PPAT Active Site
Having identified the ligand binding modes and characterized the corresponding interactions, a fragment-based drug discovery campaign was explored to design inhibitors of Mab PPAT. The initial fragment screening of an in-house library (consisting of 960 fragments) was performed using fluorescence-based thermal shift assays. The hits obtained, exceeding a thermal shift cut-off of 3 standard deviations from the negative control (the PPAT and DMSO only), were further validated by X-ray crystallography and quantified using isothermal titration calorimetry (ITC). Preliminary results from this fragment screening effort have been described earlier (Thomas et al., 2017). A complete list of the validated fragment hits is shown in Table 1 and (Figure 3A and Supplementary Figure S1).
[image: Figure 3]FIGURE 3 | (A) Structural superposition of six representative M. abscessus PPAT crystal structures bound to fragments 1(purple), 2(white), 3(green), 4(blue), 5(gold) and 6(turquoise), showing fragments occupying four distinct regions in the PPAT active site. Mab PPAT is shown as surface electrostatic representation and grey cartoon model. (B) Fragment linking scheme leading to compound 20, originally designed to target M. tuberculosis PPAT and the corresponding biophysical data (thermal shift (ΔTm) and binding affinity (Kd) for M. abscessus PPAT ortholog, determined in this study (C) Superposition of compound 20 bound Mab PPAT (salmon) PDB code 7YYZ and Mtb PPAT (green), PDB code 6QMH structures showing close similarities in overall binding mode at the enzyme adenyl pocket.
TABLE 1 | Summary of fragment hits identified on M. abscessus PPAT shown along with corresponding thermal shift values and binding sites. Fragment chemical structures are also shown.
[image: Table 1]The fragment hits were shown by X-ray crystallography to occupy one of four sub-pockets in the CoaD active site, arbitrarily numbered I—IV, (Figure 3A). Sub-pockets I and II correspond to the ATP adenine and ribose phosphate binding regions of Mab PPAT. Fragments binding to this region engage in key interactions seen in the binding of Mab PPAT with ATP such as H-bond contacts with Thr118, Try122, Ser127, His17, Ser9 and π-stacking interactions with Arg90, His17 and Phe10, in addition to novel binding interactions mediated by Gly16 and Thr14 (Figure 3A and Supplementary Figure S1).
Fragment interactions at sub-pockets III and IV coincide with the binding mode of Mab PPAT in complex with PhP. Therefore, crucial contacts at this part of the active site, such as those mediated by Leu72-73, Leu36, Pro7, Ser9 and Glu132, were recapitulated by these fragments. Sub-pocket III is seen in an occluded state in apo, and native ligand bound Mab PPAT structures. Whereas fragment binding results in an open conformation allowing further chemical exploration of this cryptic site. Interestingly, many fragments are seen mediating additional π-stacking contacts such as those involving Phe76 and Tyr136 in this active site region (Figure 3A and Supplementary Figure S1). Identification of fragment hits were further informed by analysis using our in-house hotspot mapping program (Radoux et al., 2016). As described earlier (Thomas et al., 2017), this analysis performed on Mab PPAT apo structure, provided additional insights on how some of these fragment hits can be chemically elaborated into drug-like compounds.
Evaluation of Fragment-Based Lead Compound Designed to Inhibit M. tuberculosis PPAT
While the chemical elaboration and lead optimization of the above fragments are currently underway (McCarthy, W.J., Thomas, S.E., et al, unpublished), we compared the fragment hits identified on Mab PPAT with the corresponding fragments studied earlier on PPAT ortholog from M. tuberculosis (sequence identity 77%). A multiple sequence alignment of PPAT homologues from seven bacterial species, including M. tuberculosis, reveals conservation of key amino acids with Mab PPAT. These include the proposed catalytic residues such as His17, Lys41, Arg90, Ser9 and Ser127 (Geerlof et al., 1999; Izard, 2002), as well as the highly conserved T/HxGH motif, the signature of the nucleotidyltransferase α/β phosphodiesterase superfamily (Supplementary Figure S2).
We therefore analysed the interactions of fragment hits, previously studied on Mtb PPAT, with respect to the corresponding Mab PPAT complexes. The binding modes of four different fragments were verified earlier on Mtb PPAT, using biophysical characterization and determination of crystal structures (El Bakali et al., 2020), of which the pyrazole fragment 3 recapitulates the binding mode adopted by the corresponding fragment (Fragment 1) on the sub-pocket I of Mab PPAT (Figure 3A and Supplementary Figure S1). This fragment engages all the key contacts seen in the Mtb PPAT structure, such as H-bond to Thr14, Arg90, His17 and Ser127. Similarly, the Benzophenone fragment identified on Mtb PPAT (El Bakali et al., 2020) is involved in hydrophobic interactions with Leu73 and Leu36 and polar contacts to Asn105 and Glu132 as seen in the equivalent fragment analogue (Fragment 6) on Mab PPAT sub-pockets III and IV (Figure 3A and Supplementary Figure S1). In contrast, unique binding modes were observed by fragments containing the indole moiety. For instance, in the case of Mtb PPAT, the indole fragments (11 and 12) bind solely at sub-pocket II of the active site chiefly mediated by active site His17 and Arg90 (El Bakali et al., 2020). While the corresponding fragments (14 and 5) in Mab PPAT occupy sub-pockets II and III respectively, engaging additional interactions through both hydrophobic interactions to Leu73 and Leu36 and polar contacts to Ser9 and Lys87 (Figure 3A and Supplementary Figure S1).
Having identified similarities and unique features in the fragment binding modes of Mab PPAT and Mtb PPAT, the question was asked whether the lead compound developed thereof against PPAT from M. tuberculosis would inhibit Mab PPAT, with comparable affinity. We therefore determined the crystal structure of lead compound 20 in complex with Mab PPAT and performed thermodynamic studies of the interaction (Figures 4A,B). Compound 20 was developed by linking of the pyrazole fragment 3 and the indole fragment 12 which bind at the Mtb PPAT sub-pockets I and II, respectively (El Bakali et al., 2020). As discussed earlier, although the corresponding prazole fragment 1 occupies sub-pocket I on Mab PPAT, the indole fragment 5 preferentially binds sub-pocket III, as do the indole fragments 7 and 12 on Mab PPAT. In contrast, three other indole fragments identified on Mab PPAT (2, 3 and 16), preferentially bind at sub-pocket II mediating interactions with His17, Arg90, Ser127, analogous to fragment 12 on Mtb PPAT (Figure 3A and Supplementary Figure S1).
[image: Figure 4]FIGURE 4 | (A) Active site diagram showing binding interactions of compound 20 (salmon stick model) with Mab PPAT (grey). The interacting residues are shown as green stick representation. Polar hydrogen bond contacts are shown in black dotted lines and active site water molecules as red spheres. (B) Thermodynamic (ITC) profiles of compound 20 interaction with Mab PPAT. Surface electrostatic representation of M. abscessus PPAT illustrating (C) apo Mab PPAT (PDB code 5O06) having an open and predominantly negatively charged solvent channel and (D) Compound 20 (green spherical representation) bound form with closed conformation of the central solvent channel (PDB code 7YYZ). The key amino acid residues mediating the conformational switch are shown as grey stick model.
Interestingly, the crystal structure of Mab PPAT in complex with compound 20, solved in this study, shows similarities in binding mode and interactions, with that of Mtb PPAT at the ATP binding site (Figures 3C, 4A). The pyrazole part of the compound recapitulates interactions of the corresponding pyrazole fragment 1, while the indole moiety, now positioned at sub-pocket II, makes H-bond contact with backbone carbonyl of Pro7 and cation-π interaction to Lys87. This change in binding preference of the indole moiety is not surprising, as interactions with this region of the active site are recapitulated by other indole fragments that occupy sub-pocket II as well as ATP. Furthermore, the overall affinity of the pyrazole moiety (fragment 1, Kd 0.54 ± 0.02 mM), quantified by ITC on Mab PPAT, is higher than indole fragment represented by fragment 5 (Kd 3.2 ± 0.02 mM). The interactions gained by fragment 5 in sub-site II such as those mediated by the backbone carbonyl of Pro7 seems to compensate for those lost in sub-site III, such as hydrophobic contacts to Leu73 and Leu36, thereby further facilitating the alternate binding mode of the indole moiety of compound 20 (Figure 4A and Supplementary Figure S1).
Compound 20 Results in Conformational Switching and Closure of Solvent Channel
As observed in PPAT from other bacterial species, Mab PPAT contains a solvent channel running through the centre of the hexamer along the 3-fold axis. Overlay of crystal structures of apo and compound-20 bound to Mab PPAT shows that compound 20 results in large conformational change at the base of the PPAT active site and ordering of loop IV, connecting helix α4 and strand β4, to two complete α-helical turns. Such a dramatic shift is mediated by a change in orientation of Arg90 side chain which now makes hydrogen-bond and π-stacking contacts with the ligand and is no longer available to interact with Thr-91 and Thr-93 at the edge of the channel. The Arg-90 further makes polar contacts with the Asp-94 of the loop region thereby lowering the negative charge of the solvent channel. These conformational rearrangements of residues 89–96 exposed to the channel lead to closure of the PPAT solvent channel when bound to compound 20 (Figure 4D).
Similar rearrangements can be observed in ATP and dpCoA bound PPAT from Mab (Supplementary Figure S3) and other bacteria (Izard, 2003; Timofeev et al., 2012). Whereas in apo, PhP-bound and CoA-bound PPAT structures, the solvent channel adopts an open conformation and has a predominantly negative charge distribution from the acidic groups like Asp-94 and Glu-96 that are exposed to the channel (Figure 4C and Supplementary Figure S3). It was proposed earlier that these negatively charged residues lead to repulsion between protomers of the hexamer at the trimer interface playing an important role in subunit communication and in transitioning the enzyme from its symmetric to asymmetric forms. Additionally, the channel opening may also facilitate entry and binding of substrate to the active site (Morris and Izard, 2004; Timofeev et al., 2012). Therefore, the compound 20 bound Mab PPAT structure determined in this study presents an additional approach to enhance inhibition of the enzyme by blocking the central solvent channel, which may in turn prevent inter-subunit communication and access of substrates to the PPAT active site.
Binding Affinity and Anti-Microbial Effect of Compound 20
Thermodynamic study of compound 20 binding to Mab PPAT shows a very significant improvement in binding affinity (Kd 3.2 ± 0.8 µM) by over two orders of magnitude in comparison to starting fragments (Kd ≥ 0.5 mM) (Figure 3B). An 80-fold improvement in the binding affinity is achieved by introduction of the linked indole ring. The affinity of compound 20 is comparable to that of Mab PPAT for feedback inhibitor CoA (Kd 8.2 ± 1.1 µM) (Figure 2C) and ≈ 7-fold greater than affinity of Mab PPAT for the substrate ATP (Kd 20.1 ± 3.3 µM) (Supplementary Figure S4). Notably, the binding affinity of compound 20 on Mab PPAT is nearly 5-fold higher than that on Mtb PPAT (Kd 15 ± 4 µM) (El Bakali et al., 2020).
However, compound 20 afforded only low cellular activity when profiled on M. abscessus ATCC19977 whole-cell cultures using a luciferase-reporter based luminescence assay up to a concentration of 200 µM in comparison to positive control, Amikacin (data not shown). NTMs, such as M. abscessus, are unique in their drug susceptibilities and ability to evade antibiotics through several powerful intrinsic resistance mechanisms. These include antibiotic-inactivating enzymes, target-modifying enzymes, drug efflux pumps and several additional genes acquired through horizontal gene transfer (Nessar et al., 2012; Nasiri et al., 2017). Further investigations are now underway to assess the lack of cellular activity of compound 20 and improve the physico-chemical properties of this early-stage lead compound.
DISCUSSION
In this study, phosphopantetheine adenylyltransferase (PPAT/CoaD) enzyme, involved in the coenzyme A biosynthesis pathway, was evaluated in the context of fragment-based discovery of new inhibitors targeting Mycobacterium abscessus. The structures of PPAT from M. abscessus in binary complex substrates 4′-phosphopantetheine (PhP) and ATP, feedback inhibitor Coenzyme A (CoA) and ternary complex with 4′-phosphopantetheine (PhP) and AMPCPP were solved at 1.5–1.8 Å resolution. These structures and corresponding thermodynamic studies provided detailed insights into the mode of ligand binding and catalytic process of Mab PPAT, facilitating the initiation of a structure-guided fragment-based drug discovery against this intrinsically drug-resistant mycobacterium.
Screening of a fragment library of 960 molecules by differential scanning fluorimetry and hit validation using X-ray crystallography resulted in the identification of 16 fragment hits. These fragment hits occupy four distinct sub-pockets in Mab PPAT, spanning the entire active site groove of the enzyme thus providing several potential starting points for drug discovery. While the chemical elaboration of the above fragments are on-going (McCarthy, W.J., Thomas, S.E., et al, unpublished), we investigated the compounds developed from a previous fragment-based drug discovery effort on M. tuberculosis PPAT ortholog (El Bakali et al., 2020), in the context of M. abscessus. The compound 20 studied was developed by linking of two fragments that occupy the PPAT adenylyl binding regions. This elaborated compound afforded low micromolar affinity against Mab PPAT with a dissociation constant of 3.2 ± 0.8 µM and the resulting crystal structures reveal important conformational changes imparted by the compounds on Mab PPAT. However, these compounds failed to show any significant inhibitory activity, when profiled on M. abscessus ATCC19977 whole-cell model. Further investigations are underway to assess whether the lack of cellular activity is related to permeability of the compounds across the thick cell envelope of mycobacteria or due to inactivation of compounds by the bacteria, to improve the physico-chemical properties of compound 20 and aid future drug discovery. The structural insights into substrate, feedback inhibitor and fragment binding modes described in this study can be utilized to further explore the chemical space of mycobacterial PPAT. In addition, the validated fragment hits identified in this study can also act as building blocks for new chemical entities targeting this essential bacterial enzyme. Overall, the study validates the ligandability of M. abscessus PPAT as an antibiotic target and identifies crucial starting points to facilitate structure-guided drug discovery against this highly-drug resistant mycobacterium.
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Trypanothione reductase (TR) is a key factor in the redox homeostasis of trypanosomatid parasites, critical for survival in the hostile oxidative environment generated by the host to fight infection. TR is considered an attractive target for the development of new trypanocidal agents as it is essential for parasite survival but has no close homolog in humans. However, the high efficiency and turnover of TR challenging targets since only potent inhibitors, with nanomolar IC50, can significantly affect parasite redox state and viability. To aid the design of effective compounds targeting TR, we performed a fragment-based crystal screening at the Diamond Light Source XChem facility using a library optimized for follow-up synthesis steps. The experiment, allowing for testing over 300 compounds, resulted in the identification of 12 new ligands binding five different sites. Interestingly, the screening revealed the existence of an allosteric pocket close to the NADPH binding site, named the “doorstop pocket” since ligands binding at this site interfere with TR activity by hampering the “opening movement” needed to allow cofactor binding. The second remarkable site, known as the Z-site, identified by the screening, is located within the large trypanothione cavity but corresponds to a region not yet exploited for inhibition. The fragments binding to this site are close to each other and have some remarkable features making them ideal for follow-up optimization as a piperazine moiety in three out of five fragments.
Keywords: fragment screening, trypanosomatid infection, trypanothione reductase, rational drug discovery, protein crystallography
1 INTRODUCTION
Leishmaniasis and trypanosomiasis are vector-borne zoonoses transmitted by parasites from Leishmania and Trypanosoma spp., belonging to the Trypanosomatidae family. It is estimated that, overall, these parasites affect 20 million people worldwide, causing 100.000 deaths every year (WHO, 2022b; WHO, 2022c; WHO, 2022d). These infections are included in the list of neglected tropical diseases (WHO, 2022a) and are diffused in some of the poorest countries in the world. However, leishmaniasis is endemic in the whole Mediterranean basin, and climate change is promoting the spreading of the insect vector, expanding the risk of human exposure to regions previously out of the range of the disease.
Currently available treatments are very unsatisfying due to poor efficacy, high toxicity, and increasing resistance. Despite the urgent need, no new drugs reached the market in the last 30 years and the number of compounds in a clinical trial is very low (Field et al., 2017), indicating that more efforts are necessary for the development of new classes of therapeutics.
Target-based drug discovery is a powerful approach to the early stages of drug development. The success of this method strongly relies on the careful selection of the target that must fulfill some requirements in order to assure efficacy and selectivity of the hits (Frearson et al., 2007).
Parasitic redox systems are a valuable source of promising targets since the maintenance of intracellular redox homeostasis is essential for parasite survival inside their hosts; moreover, these systems often depend on unique and nonredundant core redox enzymes (Salinas, 2013). In the case of the Trypanosomatidae, redox homeostasis relies on the dithiol trypanothione (TSH), a peculiar variant of glutathione (GSH) in which two GSH molecules are joined by the polyamine spermidine. TSH is kept in the reduced state by the action of the NADPH/FAD-dependent protein trypanothione reductase, homolog to the human glutathione reductase (GR).
Since its identification, TR has been considered a convincing target for drug discovery because of some attracting characteristics: 1) it is essential for parasite viability; 2) it differs from the homolog GR enough to allow for selectivity; and 3) it is druggable since it has been shown to be efficiently addressed by inhibitors (Battista et al., 2020). Moreover, the high sequence conservation of TRs from different species, reaching 100% for the TSH cavity, supports the possibility to develop a broad-spectrum drug against all trypanosomatid infections (Ilari et al., 2018).
However, TR has a significant limitation that must be taken into account in drug discovery. Indeed, previous studies showed that, in order to significantly affect parasite viability in culture, TR activity must be reduced by at least 90%, meaning that only inhibitors with sub-micromolar IC50 should be considered suitable drug candidates (Krieger et al., 2000). The identification of such inhibitors is particularly challenging considering that the substrate cavity is wide and solvent exposed, thus making it difficult to efficiently target it with small drug-like compounds (Patterson et al., 2011).
Considerable effort has been put together to identify new hits targeting TR, rationalize the interaction through structural characterization, and improve known scaffolds through SAR studies or structure-based design (Bernardes et al., 2013; Field et al., 2017; Battista et al., 2020), but despite some remarkable results (Patterson et al., 2011; De Gasparo et al., 2018; Turcano et al., 2018; De Gasparo et al., 2019; Turcano et al., 2020), none of the leads proposed has been yet promoted to preclinical trials, due to sub-optimal activity or toxicity issue. Most characterized inhibitors were found to target the TSH cavity, mainly the so-called mepacrine binding site (MBS) located at the entrance of the TSH cavity. More recently, an alternative structure-based strategy has been successfully explored, aimed to disrupt TR functional dimer by targeting a cavity located at the dimerization interface (Revuelto et al., 2021). However, it is very likely that other sites as well as other modes of inhibition not yet identified can be exploited for TR inactivation.
In this context, we decided to perform the first crystallographic fragment screening on TR, since we believe that it can make an important contribution to TR-targeted drug development. In fact, fragment screening is now well-established as a powerful approach to early drug discovery since it gives the unique opportunity to probe protein surfaces with limited collections of small molecules (150–250 Da) covering a large chemical space (Murray and Rees, 2009). Among the biophysical detection methods available for screening, crystallography has the advantage to identify the hits and define the binding mode in one single step. Therefore, it is possible to obtain a detailed mapping of the interaction hot spots of a target and to unravel unexpected mechanisms of inhibition. These results may be particularly useful to overcome the issues encountered so far with TR as a target. In fact, the detailed scanning of the TSH cavity as well as the identification of previously unexplored allosteric pockets has the potential to disclose new opportunities for lead design.
2 EXPERIMENTAL METHODS
2.1 Protein Production and Crystallization
TR from L. infantum was produced as previously reported. TR from T. brucei (TbTR) was produced as previously reported (Turcano et al., 2020), with minor modifications. Briefly, the gene corresponding to TbTR (Uniprot ID: Q389T8) was cloned in the pET15b vector using the restriction site NdeI and XhoI to add an N-terminal His-tag. The construct TbTR-pET15b was transformed in E. coli BL21 (DE3) cells and expressed in LB medium by o/n induction with 0.5 mM IPTG (OD600 = 0.6) at 37°C. Cells were recovered by centrifugation, lysis was performed by sonication on ice (lysis buffer: 20 mM Tris-HCl pH 8, 300 mM NaCl, 5 mM imidazole, 0.1 mM PMSF, DNAse, 5 mM MgCl2). The soluble fraction was collected by centrifugation at 40,000 g for 20 min, clarified by filtration through a 0.2 μm syringe filter, and then applied to prepacked 5 ml HisTrap colums (Cytiva). The protein was eluted by a linear gradient against 500 mM imidazole (elution peak around 150 mM imidazole). The His-tag was removed by thrombin cleavage, 1 U of thrombin per mg of TbTR, overnight incubation at 4°C in 50 mM TRIS-HCl pH 8, 100 mM NaCl, 2 mM CaCl2. Thrombin was removed by Benzamidine-Sepharose 6B resin (Cytiva) and tag-free TbTR was further purified by reverse immobilized metal affinity chromatography (Protino Ni-TED resin, Macherey-Nagel). Finally, the buffer was exchanged in a centrifugal concentrator with 20 mM HEPES pH 7.5, the protein was concentrated at 12 mg/ml, frozen in liquid nitrogen, and stored at −80°C.
The crystallization condition suitable for screening at the Diamond Light Source XChem facility was identified by optimizing the conditions previously reported (Patterson et al., 2011). Little differences in the concentration of the precipitants led to two different crystal forms: plate-like monoclinic crystals with the tetrameric asymmetric unit (AU), same as reported in the original study, and tridimensional orthorhombic crystals with dimeric AU. The orthorhombic crystals have been considered more favorable since they resulted to be more resistant to mechanical stress and diffract consistently up to 1.6 Å; moreover, the dimeric AU, corresponding to the biological unit of TR, is more convenient than the tetrameric one for the inspection of the events identified by the Pan-Dataset Density Analysis (PanDDA). The selected crystallization condition is composed as follows: 22% 2-Methyl-2,4-pentanediol (MPD), 14% PEG3350, imidazole 40 mM pH 8. 50 mM NaBr must be added to the protein solution to get regular and well-diffracting crystals. Protein and crystallization solution was then shipped in dry ice to the XChem facility where crystallization plates have been set up in SwissCi 3-drops midi plates using 200 nl of protein solution plus 200 nl of crystallization solution.
2.2 Fragment Screening Experiment and Structure Solution
A total of 381 fragments from the DSI poised library (https://enamine.net/compound-libraries/fragment-libraries/dsi-poised-library) (500 mM stock concentration dissolved in DMSO) were transferred directly to TbTR crystallization drops using an ECHO liquid handler (50 mM nominal final concentration) and soaked for 1–2 h before harvesting. Data were collected at Diamond light source beamline I04-1. A total of 371 datasets were collected in the resolution range of 2.9 Å or higher with the majority being in the range of 1.6 Å to 2.2 Å.
Data processing was performed using the automated XChem Explorer pipeline (Krojer et al., 2017). Fragment hits were identified using the PanDDA algorithm (Pearce et al., 2017) followed by visual inspection. Refinement was performed using REFMAC (Murshudov et al., 2011). A summary of data collection and refinement statistics for all fragment-bound datasets and the reference dataset is shown in Supplementary Table 1.
2.3 Enzymatic Assay
Enzymatic inhibition assays were performed on LiTR as reported in (Ilari et al., 2018). Briefly, each assay was started by the addition of NADPH 100 μM to the pre-equilibrated reaction solution comprising HEPES 50 mM at pH 7.4, NaCl 40 mM, LiTR 50 nM, oxidized TSH 150 μM, and inhibitor. The decrease of absorbance at 340 nm, indicating the oxidation of NADPH, was measured to follow reaction progression.
The selected compounds were tested at a fixed concentration (100 μM, triplicates), and the residual activity with respect to control was considered.
2.4 Chemistry
All the commercially available reagents and solvents were purchased from Sigma-Aldrich, Alfa Aesar, VWR, and TCI and used without further purification. Reactions were followed by analytical thin-layer chromatography (TLC) on pre-coated TLC plates (layer: 0.20 mm silica gel 60 with a fluorescent indicator UV254, from Sigma-Aldrich). Developed plates were air-dried and analyzed under a UV lamp (UV 254/365 nm). A CEM Discover SP-focused microwave reactor was used for microwave-assisted reactions. Nuclear magnetic resonance (NMR) experiments were run on a Varian VXR 400 (400 MHz for 1H and 100 MHz for 13C). 1H and 13C NMR spectra were acquired at 300 K using deuterated chloroform (chloroform-d) and dimethyl sulfoxide (dimethyl sulfoxide-d6) as solvents. Chemical shifts (δ) are reported in parts per million (ppm) relative to tetramethylsilane (TMS) as the internal reference and coupling constants (J) are reported in hertz (Hz). The spin multiplicities are reported as s (singlet), br s (broad singlet), d (doublet), t (triplet), q (quartet), and m (multiplet). Mass spectra were recorded on a Waters ZQ4000, XevoG2-XSQTof, Acquity arc-QDA LC−MS apparatus with electrospray ionization (ESI) in positive mode. Compounds were named following IUPAC rules as applied by ChemBioDraw Ultra (version 19.0). The purity of compounds was determined using a Kinetex 5 μM EVO C18 100 Å, LC column 150 × 4.6 mm, and an HPLC JASCO Corporation (Tokyo, Japan) instrument (PU-1585 UV equipped with a 20 μl loop valve). All the tested compounds showed ≥95% purity by analytical HPLC.
2.4.1 1-(4-(3-Phenylpropyl)piperazin-1-yl)ethan-1-one (1)
To a stirred solution of 8 (79 mg; 0.38 mmol, 1.0 eq) and triethylamine (0.07 ml, 0.48 mmol, 1.25 eq) in dichloromethane (4 ml) at 0°C, acetic anhydride (0.04 ml, 0.42 mmol, 1.1 eq) was added dropwise. The resulting reaction mixture was stirred at room temperature for 3 h. Upon completion, the reaction mixture was diluted with additional dichloromethane (10 ml) and washed with saturated NaHCO3 aqueous solution (2 × 10 ml). The organic phase was dried over anhydrous Na2SO4, filtered, and concentrated under vacuum to afford 1 as a colorless oil (86 mg, 92%). 1H NMR (400 MHz, chloroform-d) δ 7.32–7.24 (m, 3H), 7.23–7.15 (m, 2H), 3.62 (t, J = 5.2 Hz, 2H), 3.50–3.43 (m, 2H), 2.69–2.61 (m, 2H), 2.46–2.34 (m, 6H), 2.08 (s, 3H), 1.82 (p, J = 7.6 Hz, 2H). 13C NMR (101 MHz, chloroform-d) δ 169.0, 142.0, 128.5 (2C), 128.5 (2C), 126.0, 57.9 (2C), 53.4, 52.9, 46.5, 41.6, 33.7, 21.8.
2.4.2 N-(4-fluorophenyl)-4-methylpiperazine-1-carboxamide (2)
To a solution of phenyl (4-fluorophenyl)carbamate (13, 84 mg, 0.36 mmol) in dichloromethane (1.85 ml) was added triethylamine (2.00 eq) and the methylpiperazine (12, 0.03 ml, 0.36 mmol). The reaction mixture was heated at 40°C overnight. Solvent was removed under vacuum and the resulting crude purified by silica gel chromatography. Purification by silica gel column chromatography (dichloromethane/methanol, 9.5:0.5), gave 2 as pale-yellow powder (54 mg, 64%).1H NMR (400 MHz, chloroform-d) δ 7.32–7.27 (m, 2H), 7.01–6.90 (m, 2H), 6.26 (br, 1H), 3.52–3.49 (m, 4H), 2.47–2.43 (m, 4H), 2.34 (s, 3H). 13C NMR (101 MHz, chloroform-d) δ 159.1 (d, JC-F = 242.0 Hz), 155.2, 135.0 (d, JCp-F = 2.8 Hz), 122.2 (d, JCm-F = 8.0 Hz, 2C), 115.6 (d, JCo-F = 22.4 Hz, 2C), 54.8, 46.3, 44.2.
2.4.3 N-(4-fluorophenethyl)furan-2-carboxamide (3)
2-(4-Fluorophenyl)ethan-1-amine (15, 0.20 ml, 1.53 mmol) was added dropwise to a microwave vial charged with a magnetic stirring bar and the acyl chloride 14 (0.43 ml, 3.28 mmol) in toluene (3 ml). The reaction was carried out under microwave irradiation at 100°C, 150 W for 10 min. The solvent was removed under vacuum, and the crude purified by silica gel chromatography. Purification by silica gel column chromatography (dichloromethane/methanol, 9.8:0.2) gave 3 as yellowish oil (345 mg, 94%). 1H NMR (400 MHz, chloroform-d) δ 7.40 (dd, J = 1.8 and 0.8 Hz, 1H), 7.22–7.15 (m, 2H), 7.10 (dd, J = 3.6 and 0.8 Hz, 1H), 7.04–6.96 (m, 2H), 6.49 (dd, J = 3.6 and 1.8 Hz, 1H), 6.36 (s, 1H), 3.67–3.61 (m, 2H), 2.89 (t, J = 7.2 Hz, 2H). 13C NMR (101 MHz, CDCl3) δ 161.8 (d, J C-F = 244.4 Hz), 158.5, 148.1, 143.9, 137.5, 134.5 (d, J Cp-F = 3.2 Hz), 130.3 (d, JCm-F = 7.8 Hz, 2C), 115.6 (d, J Co-F = 21.2 Hz, 2C), 114.3, 112.3, 40.5, 35.2, 21.7.
2.4.4 Tert-Butyl Piperazine-1-carboxylate (5)
To a solution of piperazine (4, 4.04 g, 48.00 mmol, 6.0 eq) in dichloromethane (24 ml) at 0°C, was added a solution of Boc2O (1.75 g, 8.00 mmol, 1.0 eq) in dichloromethane (40 ml) over a period of 2 h. The reaction mixture was stirred at room temperature for 18 h. Upon completion, the resulting suspension was washed with H2O (5 × 100 ml) to remove the unreacted piperazine. The organic phase was dried over anhydrous Na2SO4, filtered, and concentrated under vacuum to afford 5 as a colorless solid (947 mg, 64%). 1H NMR (400 MHz, chloroform-d) δ 3.44–3.35 (m, 4H), 2.84–2.75 (m, 4H), 2.16 (br, 1H), 1.45 (s, 9H).
2.4.5 Tert-Butyl 4-(3-Phenylpropyl)piperazine-1-carboxylate (7)
In a 50-ml sealed vessel, a stirred mixture of 5 (555 mg, 2.97 mmol, 1.5 eq) and commercially available (3-bromopropyl)benzene (6, 0.30 ml, 1.98 mmol, 1.0 eq) in acetonitrile (6 ml) in the presence of K2CO3 (411 mg; 2.97 mmol, 1.5 eq) as base and KI (3 mg; 0.02 mmol, 0.01 eq) as a catalyst, was heated to 80°C for 3 h. Upon completion, the hot suspension was filtered, and the residue was washed with acetone several times. The collected filtrates were concentrated under vacuum and the resultant crude was purified by silica gel column chromatography (dichloromethane/methanol/ammonia 32% aqueous solution, 9.8:0.2:0.02) to afford 7 as a colorless oil (554 mg, 92%). 1H NMR (400 MHz, chloroform-d) δ 7.31–7.23 (m, 2H), 7.22–7.14 (m, 3H), 3.44 (t, J = 5.2 Hz, 4H), 2.64 (t, J = 7.6 Hz, 2H), 2.40–2.35 (m, 6H), 1.84 (q, J = 7.6 Hz, 2H), 1.45 (s, 9H).
2.4.6 1-(3-Phenylpropyl)piperazine (8)
7 (368 mg, 1.21 mmol, 1.0 eq) was treated with trifluoroacetic acid (1.85 ml, 24.2 mmol, 20.0 eq) in dichloromethane (12 ml) at 0°C. The ice bath was removed, and the resulting mixture was stirred at room temperature for 2 h. Upon reaction completion, the mixture was diluted with additional dichloromethane (10 ml) and washed with saturated NaHCO3 aqueous solution (2 × 15 ml). The organic phase was dried over anhydrous Na2SO4, filtered, and concentrated under vacuum to afford 8 as a colorless oil (233 mg, 94%). 1H NMR (400 MHz, chloroform-d) δ 7.28–7.20 (m, 2H), 7.19–7.10 (m, 3H), 2.87 (t, J = 4.8 Hz, 4H), 2.65–2.56 (m, 2H), 2.46–2.27 (m, 6H), 2.20 (br, 1H), 1.85–1.73 (m, 2H).
2.4.7 Phenyl (4-Fluorophenyl)carbamate (11)
To a solution of 9 (0.09 ml, 0.90 mmol, 1.0 eq) and Na2CO3 (57.2 mg, 0.54 mmol, 0.6 eq) in a mixture of ethyl acetate, tetrahydrofuran and H2O (1.36, 0.27 and 0.27 ml, respectively) at 0°C, phenyl chloroformate (10, 0.12 ml, 0.99 mmol, 1.1 eq) was added dropwise. The reaction mixture was stirred at room temperature overnight, then it was concentrated under a vacuum to remove organic solvents. Water was added to the residue and the resulting precipitate was recovered by filtration under vacuum, washed with water, and dried to give compound 11 as a grey solid (357 mg, quantitative yield). 1H NMR (400 MHz, chloroform-d) δ 7.44–7.37 (m, 4H), 7.26–7.22 (m, 1H), 7.21–7.17 (m, 2H), 7.08–7.01 (m, 2H), 6.88 (br, 1H).
2.4.8 Furan-2-carbonyl Chloride (14)
SOCl2 (5.26 ml, 44.6 mmol) was added dropwise to a suspension of the furan-2-carboxylic acid (13, 500 mg, 4.46 mmol) in toluene (22 ml). The reaction refluxed at 110°C for 2 h before heating was stopped. Evaporation of the volatiles under vacuum gave the desired compound (assumed 100% yield), which was employed in the next synthetic step without further purification.
3 RESULTS AND DISCUSSION
3.1 Fragment Screening: 12 Hits Identified in 5 Sites
Crystallographic fragment screening performed at the XChem facility allowed us to test 352 small compounds from the DSiP library, a collection specifically designed to ensure rapid and cheap follow-up synthesis (Cox et al., 2016).
Data analysis, performed by the PanDDA algorithm (Pearce et al., 2017), reported 480 interesting “events” clustered in 33 sites possibly associated to fragment binding. Visual inspection of these putative events led to the identification of 21 true binding events in eight sites, corresponding to 12 fragment hits distributed in 5 independent binding sites (Figure 1), described later in detail. The experimental results have been compared to the prediction made by FTmap (Kozakov et al., 2015), a computational mapping server that identifies binding hot spots (Supplementary Figure S3).
[image: Figure 1]FIGURE 1 | Location of fragments binding sites on TbTR surface. The two subunits of the dimer are colored in two different grey shades. Ligands are represented as spheres. Sites numbering is reported according to the output generated by PanDDA analysis; double numbers indicate symmetrically equivalent sites on the dimer.
Table 1 gives an overview of data quality for the hits. All datasets have a resolution higher than 2 Å and the modeled fragments show a good correlation with the electron density maps, as proven by the real-space correlation coefficient (RSCC) (Pearce et al., 2017). Indeed, the RSCC is around 0.9 for most hits and always in the range of 0.77–0.93. Refined occupancy is relatively high for all the fragments apart from sample 90, but even in this case, the ligand has been unambiguously located thanks to the event map generated by PanDDA (see Supplementary Material for a view of the event map for each ligand).
TABLE 1 | Overall data quality for fragment hits. R/Rf: R factor and free R factor as calculated by the last refinement cycle in Refmac. RSCC: real space correlation coefficient. The reference model is the structure of unbound TbTR based on the best dataset collected.
[image: Table 1]3.2 Fragments Binding in Proximity of the NADPH-Site: The Doorstop-Pocket
Four different fragments bind to the site 14–15. The binding does not cause any significant structural variation with respect to the unbound protein. A detailed description of the interactions engaged by each fragment is reported in Supplementary Figure S1. The analysis of the unbound TbTR structure made by FTmap predicts a hot spot located at this site, although it does not stand out as a remarkable druggable site (Supplementary Figure S3). Site 14–15 is located in close proximity to the NADPH binding cavity (Figure 2). As shown in Figure 2A, the two binding pockets are almost independent (note that fragment soaking has been performed in the absence of NADPH). Although there is no significant overlap between the fragments and NADPH (Figure 2A), the presence of the fragments would hamper the entrance of NADPH into its cavity due to the conformation assumed by Phe198 (Figures 2B,C). In fact, Phe198 is located over the FAD and, in the apo conformation, its side chain is perpendicular to the isoalloxazine ring. Upon NADPH binding, the nicotinamide moiety inserts between FAD and Phe198 forming an aromatic sandwich in which the phenyl ring lays parallel to the FAD (Figure 2B). Therefore, for the NADPH to bind to TbTR, it is essential that Phe198 is able to switch from its perpendicular position to a parallel one with respect to the FAD. The binding of the fragments in the adjacent pocket blocks Phe198 in the perpendicular conformation, thus the binding of the cofactor is prevented (Figure 2C).
[image: Figure 2]FIGURE 2 | Fragments binding to the “doorstop pocket”. (A) View of the NADPH binding site (green) and the fragment binding site (magenta). Although soaking has been carried out in absence of NADPH, it is shown in the figure for clarity. The figure was prepared by adding the fragments (color code on the left) to the structure of the complex TbTR-NADPH (pdb: 2wov). (B) Conformation of Phe198 upon NADPH binding. (C) Conformation of Phe198 in presence of the fragments, hampering NADPH binding.
A very similar mechanism of inhibition has been observed in 2018 for the protein thioredoxin glutathione reductase from Schistosoma mansoni (SmTGR) by Angelucci and coworkers (Silvestri et al., 2018). The authors defined the fragment binding site as the “doorstop pocket”, according to the effect to block the aromatic side chain that acts as a door for the entrance of NADPH. Indeed, the mode of binding of NADPH described above for TR from Trypanosoma brucei is common to NAD/FAD reductases in general, only differing by the nature of the “door” residue that may either be a phenylalanine or a tyrosine residue depending on the species.
By sequence comparison with homologous, the authors noted that the residues contributing to the doorstop pocket in SmTGR are highly conserved, and they predicted the existence of a similar pocket in TR from leishmania and trypanosoma as well as in human GR and thioredoxin reductase (TrxR).
To evaluate the feasibility to exploit this pocket to develop selective inhibitors of TbTR, we compared its structure to hGR and detected some significant differences (Figure 3). We found few substitutions among the residues lining the pocket, namely Gly229 and Leu332 replaced by Ser225 and Ala336 in hGR, that cause a shape variation that is limited but capable to interfere with the binding. However, more relevant substitutions are present not far away from the pocket, and concern residues Val381, Glu385, and Thr360 which are replaced by Glu386, Lys390, and Asn365 in hGR. These substitutions, affecting both shape and charge distribution, are located along a small contiguous cleft (Figure 3) that could be targeted by fragment growing. Notably, other human NAD-dependent reductases, such as TRxR, should be taken into account as potential off-targets.
[image: Figure 3]FIGURE 3 | The doorstop pocket, differences between TbTR and hGR. The electrostatic semitransparent surface of TbTR in complex with the fragment 64 (pdb: 5S9T) is reported as generated by PyMol. Yellow arrows indicate the main sequence substitutions, the corresponding side chains are shown as sticks (green for TbTR, blue for hGR (pdb: 3djj)).
3.3 Fragments Binding to the TSH Cavity
Five fragments were found to bind at the site two to six, located in the TSH cavity. The ligands occupy the same region of the cavity, corresponding to the so-called Z-site, a sub-pocket predicted by bioinformatic analysis (Khan et al., 2000) but never confirmed experimentally until now (Figure 4).
[image: Figure 4]FIGURE 4 | Fragments binding at the TSH cavity. (A) View of the whole TSH cavity. The surfaces corresponding to the Z-site and the MBS are colored green and magenta, respectively. The redox active cysteines are shown as sticks and colored yellow to help locate the fragments with respect to the catalytic site. (B) Binding of the fragments 69, 109, 221, and 371 are characterized by an amino heterocycle. (C) Binding of the fragment 71.
Surprisingly, no ligands could be modeled at the mepacrine binding site (MBS), although most of the yet structurally characterized inhibitors of TR are known to target this hot-spot (Battista et al., 2020), including the ones mispredicted to bind the Z-site (Saravanamuthu et al., 2004). Indeed, the PanDDA analysis reported some events at the MBS, but the density map was so poorly defined that these putative hits were not further considered. This result is confirmed by FTmap since no hot spots are predicted at the MBS (Supplementary Figure S3).
Some relevant features can be detected among the fragments targeting the Z-site. Four fragments contain an amino heterocycle, namely a piperazine ring for hits 69, 109, 221 or a piperidine ring for hits 371 (Figure 4B). It is worth noticing that the piperazine assumes the same position in all the structures. In general, the amino heterocycle strongly contributes to binding, in fact, the positively charged amino group forms a salt bridge with Glu467 (N-O distance: 2.7 Å for piperazine, 3.6 Å for piperidine), while the other main interactions are hydrophobic and involve Ile339, Phe396, Leu399 (Figure 4B).
The fifth fragment, compound 71, strongly differs in the mode of binding: it explores a small cavity corresponding to the narrow entrance of a wide interfacial cavity that connects the two TSH sites on the dimer (Figure 4C). The interaction is mainly hydrophobic: the fluorophenyl group targets a sub-pocket lined mostly by hydrophobic side chains (Figure 4C) while the furan makes a stacking interaction with Phe396. Moreover, the amide moiety engages in hydrogen bonds with the Leu399 backbone and a water molecule bridging to Glu367.
The binding of the ligands to the Z-site does not require any conformational rearrangement of the site with respect to the apo structure (ground state model, PDB ID 5SMJ), except a very limited movement of the stretch 395–397 toward the ligand in the case of fragment 71.
Although no known inhibitor binds this area of the cavity, a HEPES molecule was serendipitously found in the TbTR structure solved in a complex with an inhibitor targeting the MBS (De Gasparo et al., 2019). It is interesting to note that the piperazine of HEPES interacts with Glu467 while the sulfonate points toward the subpocket. This finding stresses a role for the piperazine as an anchoring moiety for the Z-site.
Intriguingly, the interfacial cavity, whose entrance appears to be occluded by hit 71, has been exploited to carry out an alternative inhibition strategy of TR aimed at the disruption of the dimeric assembly (Ruiz-Santaquiteria et al., 2017; Revuelto et al., 2021). Moreover, a similar cavity is present in GR and is targeted by some non-competitive or uncompetitive inhibitors such as xanthenes (Savvides and Karplus, 1996), menadione (Karplus et al., 1989), and N-arylisoalloxazines (Schönleben-Janas et al., 1996). Indeed, the analysis made using the FTMap web server (Supplementary Figure S3) highlights hot-spots corresponding to hit 71 and indicates the whole interfacial cavity as a significant druggable site. The fact that no hits have been found within the cavity could be due to poor accessibility, resulting from the combination of the narrow entrance and the structural rigidity caused by crystal packing.
Even in the case of the Z-site, we assessed the potentiality for selective inhibition by comparison to hGR. As shown in Figure 5, almost all the residues contributing to fragment binding are conserved apart for Leu399 which is replaced by Met406. This finding is not surprising because, during catalysis, this zone of the cavity hosts the carboxylic ends shared by both TSH and glutathione. However, structure superimposition shows that in hGR the small cavity targeted by fragment 71 is narrower due to the shift of the segment 396–399 (403–406 in hGR). The difference in conformation is justified by the replacement of Ala102 with the bulkier Tyr106: the side chain, therefore, pushes Met406 and results in a shrunk subpocket where the entrance of the ligand would be hampered (Figure 5).
[image: Figure 5]FIGURE 5 | The Z-site, differences between TbTR and hGR. The residues lining the Z-site are shown as sticks, grey for TbTR, blue for hGR, and fragment 71 are colored cyan. Labels are reported only for residues differing in TR and GR.
This observation indicates that, in order to develop a selective inhibitor targeting the Z-site, it is essential to exploit this small cavity explored by fragment 71.
3.4 Other Binding Sites
The remaining binding sites (5, 7–9, 21) are less populated by fragments and are located in regions that seem not particularly significant for the modulation of the activity of the protein. Thus, these sites are likely of little relevance and the corresponding fragments will be only briefly described.
The binding sites of the fragments 60 and 90 are very close, thus they are grouped as site 5 even if they are distinct. In fact, while compound 60 binds at a mainly hydrophobic pocket on the protein surface, compound 90 is completely buried within the dimerization interface (Supplementary Figure S2). Note that compound 90 mainly binds to sites 14–15 (the doorstop pocket) while its occupancy in site 5 is low. Site 5 is far away from the catalytic site, and the compound binding does not cause any significant conformational variation, except the shift of the side chains of Leu73 and Phe83 in the case of hit 90 (Supplementary Figure S2B), suggesting that the binding of these ligands may not affect TbTR activity. However, it is worth noticing that fragment 90 in site 5 is adjacent to the interfacial cavity where the xanthene inhibitor of GR is bound (Supplementary Figure S3).
Fragments 94 and 296 are placed at sites 7–9 and 21 that are rather peripheral and solvent exposed.
3.5 Synthesis of Selected Fragments Targeting the Z-Site
Based on the structure analysis, we decided to focus on the fragments binding to the Z-site. Indeed, these hits offer the opportunity to improve already known inhibitors as well as to design completely new compounds by merging and linking approaches. We selected three representative fragments, i.e., two fragments containing the piperazine ring (109 and 221) and the one targeting the sub-pocket (71).
Given the in-house availability of the building blocks, we decided to synthesize the compounds 109 (1), 221 (2), and 71 (3), over purchasing them from commercial vendors. Fragments 1–3 were thus synthesized by slightly modified reported procedures (Scheme 1) (Glennon et al., 1981; McNaughton et al., 2009; Li et al., 2019). In this way, the optimized synthetic routes also give clues about the synthetic feasibility, and the scale-up and provide the basis for analog expansion. All the synthesized compounds showed ≥95% purity by analytical HPLC and were characterized by spectroscopic data (1H and 13C NMR), which are reported in the Methods Section.
[image: Scheme 1]SCHEME 1 | Synthesis of fragments 109 (A), 221 (B), 71 (C). Reagent and conditions: (a) Boc2O, DCM, r.t., overnight (64%); (b) K2CO3, KI, CH3CN, 80°C, 3 h (92%); (c) TFA, DCM, from 0°C to r.t., 2 h (94%); (d) acetic anhydride, DCM, Et3N, r.t., 3 h (92%); (e) Na2CO3, THF/EA/H2O, r.t., 12 h (100%) (f) DCM, Et3N, 40°C, overnight (64%); (g) SOCl2, toluene, 110°C, 2 h (100% assumed); (h) toluene, MW irradiation, 100°C, 10 min, 150 W (94%).
3.6 Activity Assay of Selected Fragments
We tested the activity of the selected fragments by preliminary inhibition assay on TR from Leishmania infantum. Indeed, the high degree of sequence conservation, reaching 100% for the TSH cavity, allows using TR from any species.
As shown in Figure 6, reporting the residual activity of LiTR after treatment with a fixed concentration (100 μM) of the compounds, the fragments have a low but evident effect on protein activity, in line with the general behavior of fragments, whose affinity for the target is usually in the millimolar range due to the small size of these compounds that limits the number of possible interactions.
[image: Figure 6]FIGURE 6 | Activity of the selected fragments. Residual activity of LiTR after treatment with fixed concentration (100 μM) of the selected fragments.
4 CONCLUSION AND PERSPECTIVES
TR is an appealing but challenging target for the development of new trypanocidal drugs. Indeed, due to its high efficiency and turnover, only very potent inhibitors can be considered as leads, but the structural characteristics of the substrate binding cavity, wide and solvent exposed, make this goal difficult to achieve.
In order to bring out new opportunities for inhibition, such as new binding molecular scaffolds as well as uncharacterized secondary sites, we performed the first crystallographic fragment screening ever reported on TR. The experiment resulted in 12 fragments targeting 5 independent sites, two of which are of particular interest.
The screening revealed the existence of an allosteric pocket close to the NADPH binding site, named “doorstop pocket” in reference to the mechanism of inhibition observed. A very similar site has been recently detected in a homolog protein from the parasite Schistosoma and was successfully exploited to develop efficient inhibitors active in the low micromolar range (Silvestri et al., 2018), stressing the potentiality of the new druggable site identified by our study.
The second site, known as the Z-site, is located within the large TSH cavity but corresponds to a region not yet exploited for inhibition. The fragments binding to this site have some remarkable features making them ideal for follow-up optimization. Indeed, the recurrence of a piperazine moiety in three out of five fragments suggests a convenient anchoring point, suitable for fragment merging. Moreover, the capability of one fragment to target a small and specific subpocket provides an opportunity for specific inhibition. Based on these observations, we selected and synthesized three hits particularly suited for future developments and tested their activity on TR resulting to be in line with inhibitors with such a limited size. We are currently working on the design and synthesis of derivatives of the selected fragments based on the merging and linking approach. Moreover, the fact that most structurally characterized inhibitors bind to other regions of the same cavity suggests the possibility to exploit our results to modify known inhibitors to improve their activity and selectivity, possibly overcoming the constitutive limitations of TR as a drug target.
The promising results gathered from this first fragment screening campaign bring new light to TR as a target for a structure-based approach and encourage the expansion of the chemical space explored by testing new fragments collections.
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A Fe2+-dependent self-inhibited state influences the druggability of human collagen lysyl hydroxylase (LH/PLOD) enzymes
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Multifunctional human collagen lysyl hydroxylase (LH/PLOD) enzymes catalyze post-translational hydroxylation and subsequent glycosylation of collagens, enabling their maturation and supramolecular organization in the extracellular matrix (ECM). Recently, the overexpression of LH/PLODs in the tumor microenvironment results in abnormal accumulation of these collagen post-translational modifications, which has been correlated with increased metastatic progression of a wide variety of solid tumors. These observations make LH/PLODs excellent candidates for prospective treatment of aggressive cancers. The recent years have witnessed significant research efforts to facilitate drug discovery on LH/PLODs, including molecular structure characterizations and development of reliable high-throughput enzymatic assays. Using a combination of biochemistry and in silico studies, we characterized the dual role of Fe2+ as simultaneous cofactor and inhibitor of lysyl hydroxylase activity and studied the effect of a promiscuous Fe2+ chelating agent, 2,2’-bipyridil, broadly considered a lysyl hydroxylase inhibitor. We found that at low concentrations, 2,2’-bipyridil unexpectedly enhances the LH enzymatic activity by reducing the inhibitory effect of excess Fe2+. Together, our results show a fine balance between Fe2+-dependent enzymatic activity and Fe2+-induced self-inhibited states, highlighting exquisite differences between LH/PLODs and related Fe2+, 2-oxoglutarate dioxygenases and suggesting that conventional structure-based approaches may not be suited for successful inhibitor development. These insights address outstanding questions regarding druggability of LH/PLOD lysyl hydroxylase catalytic site and provide a solid ground for upcoming drug discovery and screening campaigns.
Keywords: collagen, lysyl hydroxylase (LH), Fe2+/2-oxoglutarate-dependent dioxygenases, structure-based drug design, molecular dynamics simulations, cancer metastasis, 2-2'-bipyridyl
INTRODUCTION
The supramolecular organization of collagen in the extracellular matrix (ECM) depends on various post-translational modifications (PTMs) that occur during its biosynthesis. Among the different PTMs, lysine (Lys) hydroxylation is key for proper collagen fibril formation, thus defining the overall physiochemical properties of ECM (Yamauchi and Sricholpech, 2012). The collagen lysyl hydroxylase (LH/PLOD) enzyme family comprises the three isoforms LH1/PLOD1, LH2/PLOD2 and LH3/PLOD3 (encoded by the procollagen-lysine, 2-oxoglutarate 5-dioxygenase (PLOD) genes) and is the sole enzyme capable of hydroxylating collagen Lys in humans (Scietti and Forneris, 2020). These enzymes use Fe2+, 2-oxoglutarate (2-OG), ascorbate and O2 to catalyze the addition of a hydroxyl group in position 5 of collagen Lys, yielding 5-hydroxylysine (Hyl) with the release of succinate and CO2 (Figure 1). Unmodified collagen Lys and modified Hyl are both substrates of collagen lysyl oxidases (LOX), which catalyze the oxidative deamination of Lys and Hyl forming highly reactive aldehydes (Lysald and Hylald, respectively) that spontaneously rearrange to form Lys-derived collagen cross-links (LCC) and Hyl-derived collagen cross-links (HLCC) in the ECM. A physiological ratio between LCC and HLCC is essential to establish and maintain a proper ECM functionality. Conversely, excess HLCC in the tumor microenvironment has been linked to biomechanical alterations and increased ECM tension and stiffness (Levental et al., 2009; Pankova et al., 2016). The deposition of ordered thicker collagen fibers, as consequence of the abnormal LCC/HLCC ratio, is a characteristic of severe tissue fibrosis, one of the hallmarks of cancer (Van Der Slot et al., 2004; Chen et al., 2015). Cancer cells take advantage of these “collagen highways” to migrate toward blood vessels that sustain metastatic progression (Provenzano et al., 2006; Du et al., 2017b; Gkretsi and Stylianopoulos, 2018). Over the last years, multiple studies correlated both hypoxia-dependent and independent overexpression and mislocalization of LH enzymes with increased propensity to metastatization in a wide variety of solid tumors, recognizing these enzymes as markers of adverse prognosis (Chen et al., 2015; Chen et al., 2016; Pankova et al., 2016; Sato et al., 2021).
[image: Figure 1]FIGURE 1 | Reaction scheme for collagen lysine hydroxylation by LH3/PLOD3. The enzyme requires Fe2+ as an essential catalytic cofactor, O2, and 2-oxoglutarate (2-OG) as co-substrates, and ascorbate to maintain the redox state of Fe2+ to enable catalytic turnover. Upon lysine hydroxylation, 2-OG is converted into succinate with release of one molecule of CO2.
Initially, the hypoxia-driven overexpression of PLOD2 was the first identified prognostic factor in several tumors, as hepatocellular carcinoma (Noda et al., 2012; Du et al., 2017a), sarcoma (Eisinger-Mathason et al., 2013), lung and colon cancer (Du et al., 2017a), renal carcinoma (Kurozumi et al., 2016), glioma (Song et al., 2017; Xu et al., 2017), oral squamous cell and endometrial carcinoma (Saito et al., 2019; Wan et al., 2020) bone and breast metastasis (Blanco et al., 2012; Gilkes et al., 2013; Du et al., 2017b) and cervical cancer (Li et al., 2021). Interestingly, the downregulation of LH2/PLOD2 isoform in renal cell carcinoma via tumor suppressing miRNA significantly inhibited cell migration and invasion (Kurozumi et al., 2016), confirming the importance of LH in tumor progression. Later on, the LH1/PLOD1 and the LH3/PLOD3 isoforms were also identified as biomarkers in many different types of solid tumors. High PLOD1 expression levels were found in gastrointestinal carcinoma (Wang et al., 2018), osteosarcoma (Jiang et al., 2020), glioma (Tian et al., 2021; Wang et al., 2021) and bladder cancer (Yamada et al., 2019). The LH3/PLOD3 isoform was identified to be upregulated in glioma (Tsai et al., 2018; Baek et al., 2019), gastric cancer (Wang et al., 2019) and colorectal cancer (Deng et al., 2021; Shi et al., 2021), acting as a promoter of metastatization in different cancer types (Gong et al., 2021). In agreement with the observations on PLOD2, also PLOD3 knockdown suppressed the malignant phenotype in renal cell carcinoma (Xie et al., 2020). Furthermore, the entire LH/PLOD family was found correlated with metastatization of solid tumors as hepatocellular and renal cell carcinomas (Xu et al., 2019; Yang et al., 2020), gliomas (Zhao et al., 2021), gastric (Li et al., 2020), and ovarian (Guo T. et al., 2021) cancers. Taken together, these observations strongly point these enzymes as a hot topic in cancer research: LH/PLODs are not only widely recognized prognostic markers of cancer metastatization with poor outcome, but also very promising druggable targets for anticancer therapy.
The lack of a structural templates of LH/PLODs have hampered for many years targeted drug discovery campaigns. Only recently, our group and others determined molecular structures suitable as templates for in silico drug discovery (Guo et al., 2018; Scietti et al., 2018). In particular, the crystal structure of the full-length LH3/PLOD3, the first of a human collagen lysyl hydroxylase, provided key insights on catalytic pockets. LH3/PLOD3 is a multifunctional enzyme capable of performing collagen lysine hydroxylation (as the other two isoforms) and glycosylation (Scietti and Forneris, 2020; De Giorgi et al., 2021). Indeed, LH3/PLOD3 can additionally catalyze the galactosylation and further glucosylation of Hyl to form α-(1,2)-glucosyl-β-(1,O)-galactosyl-5-hydroxylysine in vitro. The identification of specific genes (COLGALT1/2) encoding for collagen galactosyltrasferases (GLT25D1/2) makes the physiological relevance of the galactosyltransferase activity of LH3/PLOD3 under debate. In addition, there are increasing indications that also LH1/PLOD1 and LH2/PLOD2 possess glycosyltransferase activity, although less pronounced (Ewans et al., 2019; Guo H. F. et al., 2021).
LH/PLOD enzymes belong to the Fe2+, 2-OG-dependent dioxygenase superfamily (Martinez and Hausinger, 2015), a widespread class of enzymes that catalyzes oxidative reactions such as epimerization, demethylation, and hydroxylation (Hausinger, 2004; Flashman and Schofield, 2007; Loenarz and Schofield, 2008; Loenarz and Schofield, 2011). Despite the broad range of functions carried out, all Fe2+, 2-OG-dependent dioxygenases display a common double-stranded β-helix folding (DSBH) topology with highly conserved binding sites and catalytic mechanisms (Costas et al., 2004; Clifton et al., 2006). The catalytic domain responsible for Lys hydroxylation is located at the C-terminus of the LH/PLOD structure and is essential for its unique dimeric quaternary structure, a fundamental prerequisite for collagen lysyl hydroxylase activity (Guo et al., 2018; Scietti et al., 2018). Within the enzymatic pocket of human LH3/PLOD3, a catalytic Fe2+ is coordinated by His667, Asp669 and His719 (Figures 2A,B). In a LH/PLOD viral homolog, this Fe2+ is a fundamental structural element of LH/PLOD enzymes and its chelation from the active site completely disrupt protein folding, dimer formation and catalytic activity (Guo et al., 2018). Pioneering work (Kivirikko and Prockop, 1967; Myllylä et al., 1979; Puistola et al., 1980) highlighted the complexity and binding promiscuity of LH/PLODs towards binding of different metal ions, and the associated impact on the LH enzymatic activity. Structural studies also revealed the presence of a possible second Fe2+ bound within the LH domain, shaping a unique site never observed in other Fe2+, 2-OG-dependent dioxygenases. This second Fe2+ is coordinated by two Asp and two His residues (in human LH3/PLOD3, His595, Asp597, Asp611 and His613), whose side chain interactions with the metal ion induce a well-defined conformation of a “capping loop”, a stretch comprising residues Gly590-Glu610 that closes the entrance of the catalytic site, mimicking the collagen Lys substrate by positioning Arg599 exactly in front of the 2-OG donor substrate (Scietti et al., 2018) (Figures 2C,D). The same region was characterized by pronounced flexibility in absence of Fe2+ (Guo et al., 2018; Scietti et al., 2018), but did not allow to unambiguously rule out crystallization-induced stabilization of the unique conformation observed in the presence of a second Fe2+ bound.
[image: Figure 2]FIGURE 2 | Structural features of the LH domain and catalytic site in LH3/PLOD3. (A) Cartoon representation of the dimeric assembly of multidomain LH3/PLOD3. The labels indicate the domain organization of LH3/PLOD3, showing the positions of the GT, AC, and LH domains along the quaternary structure. The box highlights the position of the LH domain (green) at the dimer interface. (B) Details of the LH catalytic site. Amino acids surrounding the Fe2+ cofactor and 2-OG are shown as sticks. The capping loop is shown in magenta, indicating the substrate entrance site. (C) Details of the second Fe2+ binding site interlocking the capping loop into the self-inhibitory state. Residues interacting with the second Fe2+ as shown as sticks. Residue Arg599, mimicking the collagen lysine substrate subject to hydroxylation, is shown in blue. (D) Side-by-side surface representations of the accessibility to the LH active site in absence (left) and in presence (right) of the capping loop. Residues involved in catalysis and in maintaining the self-inhibitory state of the capping loop are shown as in panels (B,C).
The simultaneous presence of features common to all Fe2+, 2-OG-dependent dioxygenases and unique, distinguishing elements exclusively present in the LH/PLOD family, makes these enzymes ideal targets for structure-based drug discovery campaigns. In this study, we combined MD simulations with structure-guided mutagenesis of LH3/PLOD3 and used biochemical assays to elucidate the role of the capping loop in the accessibility of the active site. Our work sets the grounds for successful drug discovery campaigns on LH/PLOD enzymes to fight cancer metastasis.
MATERIALS AND METHODS
Chemicals
All chemicals were purchased from Sigma-Aldrich (Merck) unless specified otherwise.
Molecular cloning and site-directed mutagenesis
The coding sequence for wild-type human PLOD3 gene (GenBank accession number BC011674.2) was obtained from Source Bioscience. Oligonucleotides containing in-frame 5′-BamHI and 3′-NotI were designed and used to sub-clone the coding sequence devoid of the N-terminal signal peptide into a pCR8 vector, that was also used as a template for subsequent experiments. Single-point mutations were generated using Phusion Site Directed Mutagenesis (Invitrogen) with the oligonucleotides listed in Table 1. The linear mutagenized plasmids were phosphorylated using T4 polynucleotide kinase (Invitrogen) prior to ligation using T4 DNA ligase (Invitrogen). All plasmids were checked by Sanger sequencing prior to cloning into the pUPE.106.08 expression vector. This expression vector, kindly provided by U-protein Express, BV (U-PE, Netherlands) provides the N-terminal cystatin signal peptide, followed by a N-terminal 6xHis-tag and a recognition site for Tobacco Etch Virus (TEV) protease prior to the in-frame BamHI-NotI restriction cassette, followed by an in-frame stop codon.
TABLE 1 | List of oligonucleotides used to generate LH3/PLOD3 mutants.
[image: Table 1]Production of recombinant LH3/PLOD3 expression using transiently-transfected HEK293F cells
Recombinant tagged LH3/PLOD3 were produced using suspension cultures of HEK293F (Invitrogen) cells, maintained and transfected according to (Faravelli et al., 2021). Cells were not authenticated and not tested for mycoplasma contamination. Briefly, cells were transfected at cell densities of 1 million/ml using 3 μg of polyethyleneimine (PEI; Polysciences) for 1 μg of pUPE.106.08-LH3/PLOD3 plasmid DNA per mL of cells. Cultures were supplemented with 0.6% Primatone RL 4 h after transfection. The cell medium containing secreted LH3/PLOD3 was collected 6 days after transfection by centrifugation at 1,000 × g for 15 min.
Purification of recombinant LH3/PLOD3 enzymes
The LH3/PLOD3-containing medium from HEK293F cell cultures was filtered through a syringe 0.8 μm filter (Sartorius). The pH and ionic strength of the filtered medium were adjusted using a 5X concentrated buffer stock to reach a final concentration of 25 mM 4-(2-hydroxyethyl)−1-piperazineethanesulfonic acid (HEPES)/NaOH, 500 mM NaCl, 30 mM imidazole, pH 8.0. Recombinant LH3/PLOD3 was purified using a combination of affinity and size-exclusion chromatography on Äkta systems (GE Healthcare) according to (Scietti et al., 2018). The filtered supernatant was first loaded onto a 20 ml His-Prep FF column (GE Healthcare) and eluted using 250 mM imidazole. The eluate was then loaded onto a 5 ml HiPrep desalting FF column (GE Healthcare) equilibrated in 25 mM HEPES/NaOH, 500 mM NaCl, pH 8.0. The N-terminal His-tag was cleaved using overnight His-tagged TEV protease digestion at 4°C followed by affinity-based removal of TEV protease and the cleaved His-tag using a 5 ml HisTrap FF (GE Healthcare). Recombinant LH3 was concentrated to 5 mg/ml using 30,000 MWCO Vivaspin Turbo centrifugal filters (Sartorius), then loaded onto a Superdex 200 10/300 GL (preparative scale) or onto a Superdex 200 5/150 GL (analytical scale) columns (GE Healthcare) equilibrated with 25 mM HEPES/NaOH, 200 mM NaCl, pH 8.0. LH3/PLOD3-containing fractions as assessed from SDS-PAGE analysis were pooled, concentrated, and stored at −80°C until further usage.
LH assays using LC-MS and analysis of 2,2’-bipyridil effects on enzymatic activity
Synthetic collagen peptides were purchased from China Peptides. Peptides tested were ARGIKGIRGFS and GIKGIKGIKGIK sequences (Scietti et al., 2018). 5 μM LH3/PLOD3 was incubated with 50 μM FeCl2, 100 μM 2-OG, 500 μM ascorbate, 1 mM peptide substrate and 0–500 μM 2,2′-bipyridine. Reactions were allowed to proceed for 3 h at 37°C. 10 μl of each sample were supplemented with 38 μl of Milli-Q water and acidified by addition of 2 μl of formic acid (FA) to reach a final volume of 50 μl, then analyzed on an UHPLC-HRMS/MS system (AB Sciex, United States). LC unit (ExionLC AD) consists of a column oven thermostated at 40°C, an autosampler cooled at 10°C and a binary gradient pump system. MS instrument consists of a high resolution QTOF mass spectrometer (AB Sciex X500B) equipped with a Turbo V Ion source and a Twin Sprayer ESI (electrospray ionization) probe, controlled by SCIEX OS 2.1 software. Peptides were separated by reverse phase (RP) HPLC on a Hypersil Gold C18 column (150 × 2.1 mm, 3 μm particle size, 175 Å pore size, Thermo Fisher Scientific) using a linear gradient (2–50% solvent B in 15 min) in which solvent A consisted of 0.1% aqueous FA and solvent B of acetonitrile (CAN) containing 0.1% FA. Flow rate was 0.2 ml/min. Mass spectra were generated in positive polarity under constant instrumental conditions: ion spray voltage 4,500 V, declustering potential 100 V, curtain gas 30 psi, ion source gas 1 40 psi, ion source gas 2 45 psi, temperature 350°C, collision energy 10 V. Spectra analyses were performed using SCIEX OS 2.1 software. Statistical evaluations based on pair sample comparisons between uncoupled and coupled assay values using Student’s t-test in Prism 7 (Graphpad software).
Luminescence-based LH assays
Reaction mixtures (5 μl total volume) were prepared according to (Scietti et al., 2018) by sequentially adding LH3/PLOD3 at 0.2 mg/ml, 0–1 mM peptide substrate or 4 mg/ml gelatin in water (solubilized through heating denaturation at 95°C for 10 min), 500 μM ascorbate, 100 μM 2-OG, variable concentrations of FeCl2 (0–200 μM) and let incubate for 1 h at 37°C. Reactions were stopped by heating samples at 95°C for 2 min prior to transfer into Proxiplate white 384-well plates (Perkin-Elmer), then 5 μl of the Succinate-Glo reagent I (Promega) were added and let incubate 1 h at 25°C, after that 10 μl of the Succinate-Glo reagent II (Promega) were added and let incubate 10 min at 25°C. The plates were then transferred into a GloMax Discovery plate reader (Promega) configured according to manufacturer’s instructions for luminescence detection. All experiments were performed in triplicates. Control experiments were performed using identical conditions by selectively removing LH3/PLOD3, 2-OG or peptide substrates. Data were analyzed and plotted using Prism 7 (Graphpad Software). Statistical evaluations based on pair sample comparisons between uncoupled and coupled assay values using Student’s t-test in Prism 7 (Graphpad software).
Differential scanning fluorimetry assays
DSF assays were performed on LH3/PLOD3 wild-type using a Tycho NT.6 instrument (NanoTemper Technologies). LH3/PLOD3 samples at a concentration of 1 mg/ml in a buffer composed of 25 mM HEPES/NaOH, 200 mM NaCl, pH 8. Binding assays were performed by incubating LH3/PLOD3 with variable FeCl2 and 2,2′-bipyridil concentrations. Data were analyzed and plotted using GraphPad Prism 7 (Graphpad Software).
Fe2+ binding assays
Recombinant LH3/PLOD3 was subject to labeling using the NHS-RED kit (NanoTemper Technologies) according to manufacturer’s instructions. Labeled LH3/PLOD3 at a concentration of 50 nM was incubated in a buffer composed of 25 mM TRIS/HCl, 100 mM NaCl, pH 7.5 with variable concentrations of FeCl2 for 40 min. The samples were then transferred into Dianthus 384-well plates for Temperature-Related Intensity Change (TRIC) (NanoTemper Technologies), and centrifuged at 1,000 g for 2 min. TRIC measurements were performed immediately after centrifugation using a Dianthus NT.23 instrument (NanoTemper Technologies). The samples were first measured for 1 s without heating and for 5 s with the IR-laser turned on. Normalized fluorescence values (Fnorm), described as ratios between fluorescence values after and prior to infrared laser activation were collected and plotted as a function of ligand concentration (Schulte et al., 2021). Determination of binding affinities was carried out using the DI.Screening Analysis software (NanoTemper Technologies). Data were then exported and plotted using GraphPad Prism 7 (Graphpad Software).
Molecular dynamics simulations
Simulations were started from the extrapolation of the dimeric LH domain of human LH3/PLOD3 from its experimental crystal structure (PDB 6FXR) (Scietti et al., 2018) using COOT (Emsley et al., 2010); two systems were prepared: in one system both Fe2+ cations were left (LH3Fe2), while in the other one only the catalytic Fe2+ was left in (LH3Fe1). Residues were modeled in their standard protonation states at physiological pH, as predicted by PROPKA, version 3.1 (Sondergaard et al., 2011): this resulted in one disulfide bridge (between Cys 563 and 698), histidines 546, 586, 643, 681, 717 being protonated on Nε2, and histidines 595, 613, 667, 711, 719 protonated on Nδ1 (comprising histidines in both Fe2+ binding sites). Crystallographic waters were taken from the published crystal structure of LH3/PLOD3 (PDB: 6FXR) (Scietti et al., 2018). Hydrogen atoms were introduced using the tleap utility in AmberTools (version 19) (Case et al., 2005), as well as –NH3+ and –COO– caps at the N- and C-termini, respectively. All molecular dynamics simulations (MD) were carried out with the AMBER software package (version 18) (Case et al., 2005; Case et al., 2018), using its GPU-accelerated (Salomon-Ferrer et al., 2013) pmemd.cuda utility during equilibration and production, and sander otherwise; three independent MD replicas (different random seeds) were carried out for LH3Fe1 and LH3Fe2 alike. A 8.0 Å cutoff was applied for the calculation of Lennard-Jones and Coulomb interactions between nonbonded atoms; beyond this limit, only Coulomb interactions were computed, using the particle mesh Ewald approach (Darden et al., 1993). Each replica’s production stage was 1 μs in length, and conducted with a 2 fs time-step in the NpT ensemble (with a temperature of 300 K enforced via Langevin’s thermostat (Loncharich et al., 1992); collision frequency 1 ps–1, and a 1 atm pressure enforced by Berendsen’s barostat) (Berendsen et al., 1984). Preproduction stages for each replica consisted in minimization (10 steps of steepest descent + 290 steps of conjugate gradient); heating (20 ps; NpT; 25–300 K; increasingly softer harmonic restraints on Cα atoms; k = 5.0 kcal mol–1 Å, collision frequency 0.75 ps–1 , with 2 fs time-step); and equilibration (1.0 ns; NpT; 300 K collision frequency 1 ps–1 , with 2 fs time-step). Analyses of MD trajectories were carried out with the CPPTRAJ program distributed within the AmberTools suite (version 19) (Case et al., 2005) or with code written in-house.
Distance fluctuation
To characterize the impact of the second Fe2+ on the internal dynamics of LH domain of LH3, we made use of the previously introduced distance fluctuation (DF) analysis (Morra et al., 2012; Moroni et al., 2018). For each MD trajectory of the two systems, we computed on the combined meta trajectory the matrix of distance fluctuations, in which each element of the matrix corresponds to the DF parameter. DF is defined, for a couple of amino acids i and j, as the variance of the time-dependent distance dij of the C [image: image] atoms:
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where the brackets indicate the time-average over the trajectory. This parameter is invariant under translations and rotations of the molecules and, unlike the covariance matrix, does not depend on the choice of a particular protein reference structure. The resulting DF matrix can be used to assess the intrinsic flexibility of proteins. This parameter characterizes residues that move in a highly coordinated fashion, and it is actually able to reflect the presence of specific coordination patterns and quasi-rigid domains motion in the protein of interest. In particular, pairs of amino acids belonging to the same quasi-rigid domain are associated with small distance fluctuations and vice versa.
Forcefield and parametrization of cofactor 2-OG and Fe2+ binding sites
Lennard-Jones and intramolecular bonded parameters for the 2-oxoglutaric acid cofactor (2-OG) in the catalytic site of LH3/PLOD3 were assigned according to the generalized Amber forcefield (GAFF) (Wang et al., 2004), using AmberTools’ antechamber and parmchk2 utilities (Case et al., 2005), after adding methyl hydrogens using the reduce tool (Case et al., 2005). Assignment of charges and (intermolecular) 2-OG-Fe2+ bonded parameters were performed as discussed below. Parametrization of both Fe2+ binding sites was carried out using the MCPB.py utility (Li and Merz, 2016) in conjunction with density functional theory calculations (DFT) using the Gaussian09 suite (Frisch et al., 2009). Intermolecular bonded parameters for all residues in both Fe2+-binding sites and for the 2-OG cofactor were derived by MCPB.py (Li and Merz, 2016) applying the Seminario method (Seminario, 1996) on a DFT-derived Hessian matrix. More specifically, this Hessian matrix was calculated at the B3LYP (Lee et al., 1988; Becke, 1993)/6-31G(d) level of theory after optimizing a “small” model of both binding sites at the same level to a confirmed minimum (no imaginary frequencies). Such “small” models (generated by MCPB.py (Li and Merz, 2016)) included: 1) the Fe2+ cation in that particular binding site; 2) binding site residue sidechains up to their Cβ, with a shorter Cβ-H bond replacing Cα-Cβ; and 3) in the catalytic site, the entire 2-OG cofactor. Residues’ Cβ atoms and 2-OG’s carboxylate oxygens farthest from Fe2+ were frozen during optimization and excluded from frequency calculations. Atomic point charges on both Fe2+ cations on individual binding site residues and on the entire 2-OG cofactor were fitted by MCPB.py (Li and Merz, 2016) using the RESP method (Bayly et al., 1993) based on the outcome of (single-point) ESP charge fitting calculations (Besler et al., 1990) at a higher DFT level, on a “large” version of each Fe2+ binding site. More specifically, the chosen level of DFT for ESP charge fitting (Besler et al., 1990) was B3LYP (Lee et al., 1988; Becke, 1993)/6-31G(d)/def2-SV(P), (Weigend and Ahlrichs, 2005) with the def2-SV(P) basis set specifically applied to Fe2+. “Large” binding site models (generated by MCPB.py (Li and Merz, 2016)) comprised Fe2+, 2-OG, binding site residues in their entirety (i.e., with their backbone) as well as backbones of Glu596 and His668, contiguous to His595/Asp597 and His667/Asp669, respectively. All contiguous backbone fragments in the large models are capped by acetyl and N-methyl moieties at their N- and C-termini, respectively. Gaussian09 (Frisch et al., 2009) was programmed to perform ESP charge fitting (Besler et al., 1990) over 10 spherical shells around each atom, with 17 grid points per square Bohr. As per MCPB.py’s default (Li and Merz, 2016), the atomic radius of both Fe2+ cations was taken to be 1.409 Å. In all DFT calculations, Fe2+ centers in both the catalytic and noncatalytic binding sites were modeled in their quintet state, after comparative optimizations of each site with Fe2+ in the triplet and singlet state confirmed—at the B3LYP (Lee et al., 1988; Becke, 1993)/6-31G(d) level of theory—that the quintet state is the most energetically stable in both cases (data not published). All remaining LH3/PLOD3 residues—including intra-residue bonded parameters for residues in both Fe2+-binding sites—were treated with the ff14SB forcefield (Maier et al., 2015), whereas Na+ countercations were modeled with parameters by Joung and Cheatham (Joung and Cheatham, 2008): these are compatible with the TIP3P model in use for water (Jorgensen et al., 1983).
RESULTS
The LH catalytic site does not accommodate competitive inhibitors
The presence of amino acid networks shared by Fe2+, 2-OG-dependent dioxygenase enzymes in their catalytic sites provides a general template for structure-based design of potential inhibitors. The analysis of the residues surrounding the catalytic Fe2+ and the 2-OG indeed supported the possibility that 2-OG analogs may act as competitive inhibitors of the co-substrate molecule (Rose et al., 2011). In human LH3/PLOD3, the catalytic Fe2+ is strongly coordinated by the side chains of His667, Asp669, and His719 of the DSBH fold, and by the 2-OG co-substrate, capped towards the outer solvent by a flexible capping loop defined by residues 590-610 (Figure 2). Using a combination of nano-differential scanning fluorimetry (nanoDSF) and luminescence-based activity assays, we screened a small, focused library of 2-OG analogs (Table 2) searching for compounds capable of inhibiting LH activity. After thorough testing, none of the compounds tested showed binding/folding stabilization in nanoDSF, nor inhibition of enzymatic conversion of 2-OG into succinate. Likewise, a custom-designed library of compounds selected through in silico virtual screening of specific candidate binders of the LH3/PLOD3 catalytic site did not provide suitable hints for inhibitors of LH activity using these assays.
TABLE 2 | List of 2-OG analogs tested. For each compound, the chemical formula of the associated free acid is reported. None of the compounds yielded detectable binding to LH3/PLOD3 or inhibition of the conversion of 2-OG into succinate in presence or absence of acceptor substrate.
[image: Table 2]A second Fe2+ binding site on the capping loop modulates accessibility to the LH catalytic site
Intrigued by the recalcitrance to inhibition of the LH catalytic site by 2-OG analogs, we focused our attention to the distinguishing features displayed by this domain when compared to homologous Fe2+, 2-OG-dependent dioxygenases, and in particular to the capping loop and the stable conformation adopted in the presence of excess [Fe2+]. This interlocked state may indeed constitute an obstacle when dealing with inhibition of the LH catalytic site, and the relative positioning of the capping loop is crucial for inhibitor accessibility to the active pocket. We decided to perform a thorough investigation of the flexibility of this loop in silico and with site-directed mutagenesis in vitro to validate the possible significance of the second Fe2+ binding site prior to attempting to quantitatively probe the specific metal ion binding to the two distinct LH3/PLOD sites within the LH domain.
To investigate the impact of the second Fe2+ on the structural conformation of the capping loop 590-610, the C-terminal LH domain involved in LH/PLOD dimerization underwent all-atom MD simulation in explicit solvent, with and without the second Fe2+ ion. In the following, we refer to the simulated system with the second Fe2+ as LH3Fe2, while the system simulated without it has been named LH3Fe1. Three independent replicate simulations were carried out for the two systems, each 1 μs long. In each independent replicate we used identical simulation parameters (see Material and Methods), varying only the initial velocities of atoms via random assignments from a Maxwell distribution consistent with the required temperature. Visual inspection of MD simulations shows that both systems are characterized by minimal atom fluctuations, suggesting that this fragment of the enzyme is stiff and allows for minimal protein motions away from the starting (crystal) structure, except for the gate loop and some protein region at the dimer interface.
The first step in the analysis of the dynamics of LH3/PLOD3 C-terminus and its potential variation as a function of the presence/absence of the second Fe2+, was the identification of protein regions displaying higher levels of local flexibility during dynamics, through the computation of the local fluctuations (LF). This parameter detects the flexibility of a given residue with respect to the neighboring amino acids; the comparison of this calculation for the two systems (i.e., LH3Fe1 and LH3Fe2), allows to extrapolate variations in protein regions more affected by the presence/absence of the second Fe2+. LF is calculated for residue i, as the mean of the variances of the distance dij of the Cα (i) and Cα (j) atoms, for j = i-2, i-2, i+1, i+2. In the LH3Fe1 system residues 593-611 of the gate loop of both monomers displayed higher flexibility as compared to the LH3Fe2 system (Figures 3A,B). The peak at residues 640-646, constituted by residues of one monomer which contact the gate loop of the other monomer, is more defined in the LH3Fe1 system (Figures 3A,B). To quantify the observed differences in the dynamics of the enzyme during MD in the two simulated systems, we calculate the root-mean-square deviation (RMSD) distributions of MD trajectories, after optimal rigid body superposition of backbone atoms of each snapshot with the corresponding atoms of the crystal structure, where the gate loop is in the closed conformation.
[image: Figure 3]FIGURE 3 | Computational analysis of the dynamic behavior of LH capping loop in modulating accessibility to the LH catalytic site. (A) Mean values of the local fluctuations for each residue of the dimerization LH domains of LH3, calculated over the three replicate simulations for LH3Fe1 (red profile) and LH3Fe2 (black profile) systems. (B) Structure of the dimerization LH domains of LH3: residues corresponding to the highest peaks in the local fluctuations profile of LH3Fe1 (593-611 of the gate loop and residues 640–646) are colored in red. (C,D) RMSD distributions (loop 590–610) of the LH3Fe2 (black lines) and LH3Fe1 systems, for both LH domains. (E,F) Distance Fluctuations analysis. Color-coded DF matrices resulting from the DF analysis for the LH3Fe2 (E) and LH3Fe1 (F) systems. Pairs of amino acids that move in a coordinated way, that is with a quasi-rigid motion, are characterized by small DF values (white dots) and vice versa (blue dots). Red dots in the LH3Fe1 matrix correspond to residues which show significant difference in DF values compared to the LH3Fe2 matrix, according to the F-test. Red rectangle encloses residues 650-738 of one monomer, corresponding to the beta-sheet core of the LH domain, that move in a coordinated way with the other monomer. (G) Structure of the LH domain of LH3: residues which show significant differences in protein motion for the two systems are colored in orange.
The RMSD distributions of the loop 590-610 in the two monomers of the single trajectories are reported in Figures 3C,D, showing the different behavior of the two systems and the variations in the single trajectories. A threshold of 3 Å was used to distinguish the closed from the open conformation, based on visual inspection of MD simulations and superposition of snapshots representing the two states. These plots show that the gate loop is stabilized in the closed conformation in the LH3Fe2, while the absence of second Fe2+ impacts the stability of the loop, shifting the population of LH3Fe1 towards the open conformation, even though both systems can visit the two states. To understand the impact of the second Fe2+ on the internal dynamics of LH3/PLOD3, we performed the distance fluctuation analysis on the meta trajectories of the two systems, obtained concatenating the three MD replicas of each system. The DF parameter, which is the variance of the inter-residue distance dij, was calculated for any pair of residues during the trajectory (see Material and Methods). The resulting DF matrices calculated for LH3Fe1 and LH3Fe2 shown in Figures 3E,F, report on the fluctuation of the inter-residue distance in the corresponding residue pairs and matrix regions, describing the intrinsic flexibility and coordination of the LH domains. Relatively low DF values identify protein regions that move together, in coordination. The comparison of these matrices can be used to evaluate possible changes of the internal dynamics and coordination due to the presence/absence of the second Fe2+.
Overall, the matrices for both systems turned out to be similar, with largely overlapping patterns of small and large fluctuations of inter-residue distances. In both systems, the internal dynamics of the two domains is characterized by small atomic fluctuations, confirming that protein structure is stiff. Indeed, the highest DF parameters in both systems correspond to protein regions that do not adopt well-ordered 3D structures, which are intrinsically more flexible. Generally, the inter-domain motion is characterized by higher fluctuations than the internal domain motion. In particular, in the LH3Fe1 system, residues 650-738 of one monomer, corresponding to the beta-sheet core, move in a more coordinated way with the other monomer than the rest of the protein (Figure 3F).
The significance of the differences observed between the two DF matrices was evaluated with a statistical analysis based on F-test. We used LH3Fe2 as a reference state for comparing the two matrices. Red dots in the LH3Fe1 system (Figure 3F) correspond to residues which show significant difference in DF values in respect to the corresponding DF values in LH3Fe2, according to this test. This analysis highlights that relevant differences in protein motion for the two systems concern residues of the gate loop 590-610 and residues 640-650 forming the loop that connects the alpha helix 618-639 with the beta-sheet core of the protein. This loop partially forms the dimerization interface of the two domains, as well as residues 694-702, which displays higher DF values in the LH3Fe1 system (Figures 3F,G).
To further investigate the role of the relative positioning of the capping loop for the accessibility to the active pocket depending on the second Fe2+ ion, we computed the part of the van der Waals surface of residues forming the catalytic site (protein residues within 6 Å of 2-OG and Fe2+) that are accessible to solvent, that is the solvent accessible surface area, across each frame of MD trajectories, using the VMD program (Humphrey et al., 1996). This analysis gives a measure of the capability of the loop in regulating the access of the substrate to the catalytic site, depending on the presence of the second Fe2+. Figure 4 shows the distribution of the solvent accessible surface area calculated for the three replicas, for each system and monomer. In both monomers the distributions of the LH3Fe1 system are shifted towards slightly higher values compared to the LH3Fe2, suggesting that the presence of the Fe2+ has an impact on the access to the active site by modulating the opening/closure of the loop, even though both systems can visit the two distinct states, in agreement with the RMSD analysis discussed above.
[image: Figure 4]FIGURE 4 | Distribution of the solvent accessible surface area calculated for the three replicate simulations. The simulations have been carried out separately for each computed system (LH3Fe1 in red, LH3Fe2 in black) and monomer (A,B).
To inspect the effect of the second Fe2+ on the dynamics of the capping loop at a finer level, we evaluated the persistence over the simulation time of the native and new interactions established by this loop with the rest of the protein. The results of this analysis show that most of the native contacts are maintained during the simulation time in both systems (Supplementary Figure S1A,B), while in LH3Fe1 some residues of the loop tend to weaken some of these interactions compared to LH3Fe2. As for new stable contacts, we observed that in LH3Fe1 the loop can’t form new interactions with the rest of the protein due to its higher mobility, while in the LH3Fe2 the loop establishes new steady interactions with residues 643-648 of the other monomer (Supplementary Figure S1C).
As mentioned above, in the crystal structure of the LH domain obtained in the presence of excess [Fe2+], residue Arg599 belonging to the loop 590-610 forms a salt bridge with the 2-OG co-substrate, yielding a conformation that mimics the collagen lysine substrate (Scietti et al., 2018) (Figures 2C,D). To check the impact of the presence/absence of the second Fe2+ on the stabilization of this bond, we tracked the hydrogen bonds between Arg599 and 2-OG co-substrate over the course of the trajectories. This analysis showed that in most of the conformations visited during the dynamics, Arg599 forms a salt-bridge with 2-OG in both systems, with a in slight prevalence in LH3Fe2 (Supplementary Figure S1D–F). Taken together, the results from the in silico analysis corroborate the observation that the second Fe2+ constrains the LH domain in a tightly interlocked conformation with reduced conformational motility in proximity to the enzyme’s catalytic site.
To better examine the impact of the second Fe2+-binding site on enzymatic activity and substrate accessibility, we generated the Asp597Ala and Asp611Ala variants of human LH3/PLOD3 using site-directed mutagenesis. In particular, we focused on Asp597 as a critical capping loop residue involved in the coordination of the second Fe2+, whereas Asp611 could represent its counterpart as central to the Fe2+ coordination platform on the surface of the LH domain (Figures 2C,D). Both mutants could be expressed and purified to homogeneity, and showed yields, folding stability and oligomerization states comparable to wild-type LH3/PLOD3 (Supplementary Figure S2). We probed their Fe2+ binding affinity using Temperature-Related Intensity Change (TRIC) and found that both mutants showed 4-times lower affinity compared to wild-type LH3/PLOD3 (Supplementary Figure S3). We were not surprised of the weak binding observed: the catalytic Fe2+ is known to have structural roles within the LH domain and cannot be removed to probe its binding (Guo et al., 2018; Scietti et al., 2018), therefore we assumed that the binding data collected exclusively refer to possible additional Fe2+ binding sites. When tested for their enzymatic activity in the presence of acceptor substrates such as gelatin (i.e., coupled activity), the mutants showed slightly higher (i.e., 1.5X) activity than their wild-type counterpart (Figure 5A, right). Nevertheless, we consistently observed a much higher (i.e., 3-5X) degree of 2-OG conversion into succinate without the need of an acceptor substrate (i.e., uncoupled activity, Figure 5A, left). Prompted by this observation, we decided to investigate the modulatory effect of [Fe2+] on both uncoupled and coupled enzymatic activities of these mutants. We found that the uncoupled activities of both LH3/PLOD3 Asp597Ala and Asp611Ala mutants were less inhibited by high [Fe2+] compared to wild-type LH3/PLOD3 (Figure 5B, left), whereas the modulation of the coupled enzymatic activities was almost unaffected by the presence of the point mutations (Figure 5B, right). Based on the combined results obtained from the MD simulations and mutagenesis, we reasoned that binding of a second metal ion on the surface of the LH domain induces a conformationally stable, self-inhibited state which in turn reduces the ability of LH/PLOD enzymes to process 2-OG into succinate via uncoupled activity.
[image: Figure 5]FIGURE 5 | Comparison of enzymatic activity of LH3/PLOD3 wild-type and mutants affecting the second Fe2+ binding site. (A) Luminescence-based uncoupled (i.e., with no acceptor substrate, left) and coupled (i.e., using gelatin as acceptor substrate, right) enzymatic activity assays detecting succinate formation. Error bars represent standard deviations from average of triplicate independent experiments. Statistical evaluations based on pair sample comparisons between luminescence values for wild-type LH3 and mutants using Student’s t-test. ns, non-significant; *, p-value<0.05; **, p-value<0.01; ***, p-value<0.001; ****, p-value < 0.0001. (B) Evaluation of the uncoupled (left) and coupled (right) enzymatic activities [as in panel (A)] in presence of increasing concentrations of Fe2+. Error bars and statistical analyses as in panel (A).
Fe2+ chelating agents produce unexpected effects on LH3/PLOD3 enzymatic activity
Given the unique presence of two distinct Fe2+ binding sites in close proximity, but with opposite effects on enzymatic activity, we wondered whether small-molecule inhibitors acting through metal ion chelation could efficiently modulate substrate processing in LH/PLOD enzymes. To date, despite large scale screenings identified potential hits (Devkota et al., 2019), specific inhibitors of the lysyl hydroxylase activity are missing. The only known inhibitor of LH/PLOD enzymes is the 2,2’-bipyridine (BPY), a non-specific inhibitor that act as chelating agent. BPY chemical structure is characterized by two pyridyl rings, heterocyclic chemical moieties containing nitrogens (Figure 6A). Although the mechanism of action of BPY on LH/PLOD enzymes is not well characterized, being a metal chelator, it likely acts on the Fe2+ ion present in the lysyl hydroxylase domain (Ikeda et al., 1994; Rose et al., 2011; Vasta and Raines, 2015; Jover et al., 2018). We therefore decided to explore the actual impact of BPY inhibition on human LH3/PLOD3 enzymatic activity. Firstly, we attempted to evaluate concentration-dependent inhibition using luminescence-based assays, but we realized that usage of BPY was not compatible with the assay setup, likely due to inhibition of the Mg2+-dependent luciferase reaction by the reagent. We therefore focused on a strategy to directly investigate hydroxylysine formation on synthetic collagen peptides using mass spectrometry (MS) by evaluating the relative ratios between non-hydroxylated and hydroxylated lysine side chains (Figure 6B). Using this method, we could perform accurate quantitation of the dose-dependent effects of BPY on LH3/PLOD3 enzymatic activity.
[image: Figure 6]FIGURE 6 | Evaluation of the effect of 2,2’-bipyridil (BPY) on LH3/PLOD3 enzymatic activity. (A) Chemical structure of BPY. (B) Detection of Hyl formation using direct mass spectrometry (MS) assays, and evaluation of the effect of BPY on Lys-to-Hyl conversion. The scheme shows the comparison between three MS spectra, showing the peaks consistently detected for unmodified Lys in the synthetic peptides (dashed box) and the presence of additional peaks (dotted box) indicating Hyl formation. (C) Results of MS analysis of LH3/PLOD3 enzymatic activity as a function of BPY concentration. The plot shows the presence of an unexpected increase of enzymatic activity at low BPY concentrations, followed by a drop consistent with inhibition due to sequestration of catalytic Fe2+. Error bars represent standard deviations from average of triplicate independent experiments. Statistical evaluations based on pair sample comparisons between data points collected in absence or in presence of [Fe2+] using Student’s t-test. ns, non-significant; *, p-value<0.05; **, p-value<0.01; ***, p-value<0.001; ****, p-value < 0.0001. (D) Evaluation of LH3/PLOD3 enzymatic activity as a function of varying [BPY]/[Fe2+] ratios. The analysis shows that the enzymatic activity increase, already observed at low BPY concentration, depends on the residual Fe2+ concentration available for catalysis. Error bars represent standard deviations from average of triplicate independent experiments. Statistical analyses conducted by comparing data points collected at the same [Fe2+]/[BPY] ratio using one-way ANOVA analysis highlight non-significant differences for experiments performed using different concentrations of Fe2+ in the assay. Additional statistical evaluations for each data point are provided in Supplementary Figure S3.
In absence of BPY, collagen peptide substrate processing was consistent with previously reported data (Scietti et al., 2018). Given a BPY:Fe2+ chelation stoichiometry of 3:1, and a half-maximal BPY concentration required to form complexes with 20 μM Fe2+(Fe20–EC50) experimentally determined in about 40 μM (Vasta and Raines, 2015), we would have expected an initial reduction of LH activity at a [Fe2 +]/[BPY] ratio of 2:1. Surprisingly, assays performed with concentrations of BPY up to 25 μM unexpectedly revealed increasing Hyl/Lys ratios, suggesting enhancement of enzymatic activity, whereas only higher BPY concentrations caused the expected dramatic decay in substrate processing (Figures 6B,C). Considering that standard assays are carried out by supplementing a fixed concentration of Fe2+ (i.e., 50 μM), we wondered whether the activity boost observed at relatively low BPY concentrations could be associated to Fe2+ sequestration from the non-catalytic site on capping loop, whereas inhibition could be caused by chelation of the catalytic Fe2+.
We therefore carried out additional assays, in which we simultaneously varied [Fe2+] and [BPY]. Our results (Figure 6D, Supplementary Figure S4) showed that the LH3/PLOD3 catalytic activity always reaches its maximum at [Fe2+]/[BPY] ratio of 2:1, supporting a fine balance between sequestration of excess inhibitory metal ions bound to the capping loop and inhibition through chelation of Fe2+ in the catalytic site. These results suggest that usage of BPY as a lead compound for the development of inhibitors of LH/PLOD enzymatic activity demands particular care, as unexpected concentration-dependent opposite effects may be produced through release of the self-inhibitory, Fe2+-dependent capping loop.
DISCUSSION
Human LH/PLOD enzymes are becoming a hot topic in cancer research, due to their involvement in fibrotic conversion of collagens in the tumor microenvironment and the association to higher risk of metastasis. As cancer metastatization has been clearly correlated to excess Lys-Hyl enzymatic conversion, development of highly specific LH/PLOD inhibitors is desirable. With the release of the molecular structure of full-length human LH3/PLOD3, the challenge of securing detailed atomic structures for at least one human LH/PLOD isoform has been overcome (Scietti et al., 2018), however as of yet no LH/PLOD inhibitors are available. In this work, we carried out a small molecule screening aiming at finding hits to be used for the development of LH/PLOD inhibitors. To achieve this goal, we used structural and mechanistic insights from related Fe2+, 2-OG-dependent dioxygenases, and found that the challenge of developing specific LH/PLOD inhibitors may present additional obstacles for which extra care is needed.
Despite the high resemblance of the LH3/PLOD3 catalytic pocket with structurally-related Fe2+, 2-OG dioxygenases that could be inhibited by 2-OG analogs (Rose et al., 2011), our initial campaign focused on development of small-molecule inhibitors based on their ability to compete with 2-OG in the LH catalytic site were not successful. Likewise, dedicated libraries of compounds developed in silico based on high-resolution structural templates of the enzyme cavity did not provide any useful leads towards LH/PLOD inhibition. Using MD simulations, we could interpret the systematic recalcitrance to inhibition with limited accessibility to the catalytic site, caused by a very stable, self-inhibited state generated by specific conformations adopted by the capping loop in the presence of excess [Fe2+]. Previous structural studies demonstrated that the capping loop folding was strictly dependent on the iron coordination by four residues, three of which laying on the surface of the LH domain (i.e., His595, Asp611, His613), and one (Asp597) being part of the capping loop. By mutagenizing either Asp611 or Asp597 to alanine, we could observe a decrease in the binding affinity for non-catalytic Fe2+ and a much-increased uncoupled conversion of 2-OG into succinate which can be explained with improved accessibility to the catalytic site, supporting the physiological role of the Fe2+-dependent self-inhibited conformation adopted by the capping loop.
Taken together, these results highlight the extremely delicate balance of Fe2+ concentration needed in LH/PLOD enzymes to enable their function: while too little [Fe2+] hampers catalysis due to lack of an essential component in the catalytic site, even a little excess can instead interlock the LH domain into a self-inhibited state. This behavior is unique for LH/PLODs and different from related Fe2+, 2-OG dioxygenases, and is likely responsible for the differential responses observed during treatment with Fe2+ chelators. Indeed, when testing BPY as candidate inhibitor of LH activity, we found that at low concentrations this compound is capable of enhancing the enzymatic activity rather than blocking it. We interpreted this boost in enzymatic activity with sequestration of the Fe2+ bound on the LH domain surface trapping the capping loop, and we could demonstrate that such effect depends on the ratio between [Fe2+] and [BPY].
Collectively, the results obtained provide interesting perspectives regarding the mechanisms of substrate processing by LH/PLOD enzymes, as well as guidance for future inhibitor design. The strong stability of the Fe2+-induced conformation adopted by the capping loop, together with the self-inhibited state obtained through substrate mimicry by LH3/PLOD3 Arg599 implies that physiological substrate processing may depend on the release of the second Fe2+ interlock through long-range interactions on the surface of the LH domain. Given the extended conformation of collagen polypeptide substrates, this is a likely option and demands further investigation, in particular considering the possible roles that metal ions bound to collagen substrates may have upon/during post-translational modification of lysines, but also after the processed collagen has detached from the LH/PLOD enzymes. As for inhibitor design, the presence of this metal ion-dependent self-inhibited state represents an additional challenge, which may require the development of synergistic strategies acting simultaneously on the release of the capping loop and on the competition with either 2-OG in the catalytic site, or the Lys side chain subjected to hydroxylation.
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None of the current data processing pipelines for X-ray crystallography fragment-based lead discovery (FBLD) consults all the information available when deciding on the lattice and symmetry (i.e., the polymorph) of each soaked crystal. Often, X-ray crystallography FBLD pipelines either choose the polymorph based on cell volume and point-group symmetry of the X-ray diffraction data or leave polymorph attribution to manual intervention on the part of the user. Thus, when the FBLD crystals belong to more than one crystal polymorph, the discovery pipeline can be plagued by space group ambiguity, especially if the polymorphs at hand are variations of the same lattice and, therefore, difficult to tell apart from their morphology and/or their apparent crystal lattices and point groups. In the course of a fragment-based lead discovery effort aimed at finding ligands of the catalytic domain of UDP–glucose glycoprotein glucosyltransferase (UGGT), we encountered a mixture of trigonal crystals and pseudotrigonal triclinic crystals—with the two lattices closely related. In order to resolve that polymorphism ambiguity, we have written and described here a series of Unix shell scripts called CoALLA (crystal polymorph and ligand likelihood-based assignment). The CoALLA scripts are written in Unix shell and use autoPROC for data processing, CCP4-Dimple/REFMAC5 and BUSTER for refinement, and RHOFIT for ligand docking. The choice of the polymorph is effected by carrying out (in each of the known polymorphs) the tasks of diffraction data indexing, integration, scaling, and structural refinement. The most likely polymorph is then chosen as the one with the best structure refinement Rfree statistic. The CoALLA scripts further implement a likelihood-based ligand assignment strategy, starting with macromolecular refinement and automated water addition, followed by removal of the water molecules that appear to be fitting ligand density, and a final round of refinement after random perturbation of the refined macromolecular model, in order to obtain unbiased difference density maps for automated ligand placement. We illustrate the use of CoALLA to discriminate between H3 and P1 crystals used for an FBLD effort to find fragments binding to the catalytic domain of Chaetomium thermophilum UGGT.
Keywords: UGGT, crystal polymorphism, structure-based lead discovery, structure determination pipeline, [(morpholin-4yl)methyl]quinolin-8-ol
1 INTRODUCTION
There is an urgent medical need to develop novel antiviral drugs, as exemplified by the recent Ebola, Zika, and SARS-CoV-2 outbreaks (Pardi and Weissman, 2020). In particular, an FDA-approved host-targeting broad-spectrum antiviral could revolutionize the treatment of existing and newly emerging viruses (Dwek et al., 2022). Recent works elucidating the structures of key endoplasmic reticulum (ER) enzymes assisting the folding of viral glycoproteins have opened new avenues for identifying novel antivirals (Caputo et al., 2016; Roversi et al., 2017; Warfield et al., 2020).
Host-targeting broad-spectrum antivirals are a possibility because many viruses hijack the same host enzymes during their life cycle (Oksenych and Kainov (2022). For example, the envelope glycoproteins of many viruses are exquisitely dependent on calnexin-mediated folding, a process enabled by the action of the ER endoplasmic reticulum enzyme UDP–Glc glycoprotein glucosyltransferase (UGGT) and the ER alpha glucosidases I and II (D’Alessio et al., 2010). ER alpha glucosidases I and II usher client proteins in and out of the calnexin cycle, which is part of the glycoprotein folding quality control in the ER, whilst UGGT plays a key role in retaining misfolded glycoproteins in the ER for a “second chance” at folding correctly (Hammond et al., 1994).
One of the more advanced strategies for host-targeting broad-spectrum antiviral drug development is focusing on iminosugars as active site inhibitors of the ER alpha glucosidases (Alonzi et al., 2017; Tyrrell et al., 2017). However, as carbohydrate mimics, iminosugar inhibitors of the ER alpha glucosidases have some undesired off-target effects, as they also inhibit certain other carbohydrate processing enzymes within the human host (Sayce et al., 2016). A new class of molecules inhibiting host glycoprotein folding enzymes that viruses depend upon would have great potential for antiviral therapy (Karade et al., 2021). To complement a programme of development of new allosteric ER alpha glucosidase inhibitors with fewer off-target effects, we endeavoured to investigate the potential of UGGT, the major calnexin cycle misfold sensor (Trombetta et al., 1989), as a novel antiviral target (Tax et al., 2019). Currently, no UGGT inhibitors are known other than the product UDP (Trombetta and Helenius, 1999) and the UDP–glucose analogue UDP-2-deoxy-2-fluoro-D-glucose (U2F), neither of which is selective for UGGT.
One effective strategy to broaden the knowledge of the chemical space of a given protein target is fragment-based lead discovery (FBLD), a sequence of experiments enabling the extraction of ligands of a chosen target macromolecule from a chemical library (Ciulli et al., 2006; Murray and Blundell, 2010; Chen et al., 2015; Müller et al., 2022). Whenever crystals of the target macromolecule reliably diffract to near-atomic resolution, single-crystal X-ray crystallography is one of the main techniques successfully used for FBLD (Ciulli et al., 2006; Murray and Blundell, 2010; Radoux et al., 2016; Müller et al., 2022).
We recently determined crystal structures of the ER glycoprotein folding quality control checkpoint enzyme, the UDP-Glc glycoprotein glucosyltransferase of Chaetomium thermophilum (CtUGGT) (Roversi et al., 2017). As well as a potential drug target against viruses (Dalziel et al., 2014), UGGT could be a target for compounds rescuing slightly misfolded and yet active glycoprotein mutants in certain instances of congenital rare disease (Amara et al., 1992) and against some cancers (Tax et al., 2019). We set out to find small-molecule ligands for this target via X-ray crystallography FBLD.
We could not crystallise the GT24 catalytic domain of human UGGT—so we used crystals of the GT24 catalytic domain of CtUGGT (hereinafter CtUGGTGT24) instead. The sequence of this fungal UGGT has about 70% similarity and 60% identity to the ones of the same domain of the two human UGGT isoforms (UGGT1 and UGGT2, see Figure 1) so that any ligands found with the crystals of CtUGGT would likely bind the human enzymes too—paving the way to a medicinal chemistry program towards modulators of human UGGT activity. In order to avoid fragments that would bind to the UDP–Glc pocket (and would then likely have some off-target affinity for a number of human glucosyltransferases using the same co-factor (Albesa-Jové and Guerin, 2016), the crystals used for the FBLD study were grown in the presence of Ca2+ and UDP–Glc (hereinafter CtUGGTGT24UDP−Glc).
[image: Figure 1]FIGURE 1 | Sequence alignment of GT24 domains of a few eukaryotic UGGTs. Ct: Chaetomium thermophilum; Hs: Homo sapiens; Mm: Mus musculus; At: Arabidopsis thaliana; Ce: Caenorhabditis elegans; Dm: Drosophila melanogaster; Sp: Schizosaccharomyces pombe; Ca: Candida albicans. The CtUGGT D1302 and D1304 residues coordinating the catalytic Ca2+ ion are completely conserved across these sequences. Red triangles mark the CtUGGT 1346WY1347 clamp. A blue square marks the position of CtUGGT Y1211 (coordinating the UDP–Glc uracyl ring). A green circle marks the position of CtUGGT D1435 (coordinating the Ca2+ ion).
The CtUGGTGT24UDP−Glc crystals turned out to belong to two different polymorphs. Crystal polymorphism refers to the growth of crystals of the same compound belonging to different crystal forms. Each of the crystal forms for the same compound is referred to as one of its crystal polymorphs. All polymorphs contain the same molecule, but each polymorph has its own distinct crystal lattice and/or space group symmetry and/or asymmetric unit contents (Buerger, 1936a; Buerger, 1936b). A number of different polymorphs can grow from a few related crystallisation conditions—or even from crystallisation solutions that are nominally the same but experience slight stochastic variations in variables such as temperature, rate of evaporation, and impurities (Jurnak, 1985; Carter et al., 1994; Zabara et al., 2011; Yekwa et al., 2017).
The occurrence of crystal polymorphism during FBLD efforts is not uncommon. For example, in a recent crystallographic screening project, 364 diffraction datasets were collected each from a crystal individually soaked with one compound from a library; of these, 16 crystals belonged to the orthorhombic P212121 space group instead of the common monoclinic P21 form; the two unit cells were also closely related (Schiebel et al., 2016). It is of note that systematic exploration of crystal polymorphism prior to FBLD can be of great advantage: the best diffracting polymorph can be selected, and various lattices expose different potential drug-binding sites (Vera et al., 2013). Unfortunately, implementation of polymorph assignment in automated FBLD data processing pipelines still leaves some to be desired.
For example, the XCE FBLD X-ray data processing pipeline used at Diamond Light Source (Krojer et al., 2017; Collins et al., 2018; Douangamath et al., 2021; Pearce et al., 2022) decides on the crystal polymorph using a comparison of point group symmetry and cell (ignoring the information encoded by the known polymorph atomic models), or it leaves polymorph attribution to manual intervention on the part of the user. The FBLD efforts at the BESSY and MAXIV synchrotrons use FragMAXapp for data processing (Lima et al., 2021); at EMBL Grenoble, the CRIMS suite is a large-scale, automated fragment screening pipeline enabling evaluation of libraries of over 1,000 fragments (Cornaciu et al., 2021); the IspyB system used at some synchrotrons allows for data integration and storage in alternative lattices in parallel, specifically to address the possibility of multiple polymorphs (Monaco et al., 2013); the FBLD efforts at the Swiss Light Source (SLS) rely on the FFCS processing pipeline (Kaminski et al., 2022). Regrettably, none of these FBLD data processing systems has a mechanism in place for automated polymorph assignment.
Overall, current implementations of the FBLD discovery process can be plagued by space group and cell ambiguity, especially if the polymorphs at hand are variations of the same lattice and, therefore, difficult to tell apart from their morphology and/or their apparent crystal lattices and point groups.
In order to expedite the analysis of the CtUGGTGT24UDP−Glc FBLD X-ray diffraction datasets, we have written and described here a series of Unix shell scripts called CoALLA (crystal polymorph and ligand likelihood-based Assignment). The CoALLA scripts are written in Unix shell and use autoPROC (Vonrhein et al., 2011) for data processing, CCP4-Dimple/REFMAC5 (Murshudov et al., 2011; Winn et al., 2011; Keegan et al., 2015) and BUSTER (Blanc et al., 2004; Bricogne et al., 2017) for refinement, and RHOFIT (Vonrhein et al., 2011) for ligand placement.
Unique to CoALLA is the implementation of the choice of the polymorph, which is effected by carrying out diffraction data indexing, integration, scaling, and structural refinement in each of the possible polymorphs. The most likely polymorph is then chosen based on the best structure refinement statistics.
2 CTUGGTGT24UDP−GLC CRYSTAL STRUCTURE
The crystals of CtUGGTGT24UDP−Glc used for the FBLD effort belonged to the space group H3 (with cell edges a = b = 118.8 Å  and c = 68.8 Å  (cyan cell in Figures 2A,B, PDB ID 6FSN)) with one molecule per asymmetric unit. The crystals likely capture a conformation of UDP–Glc following initial binding to the protein: the co-factor’s ribose ring points towards the solvent (Figure 3A). The uracyl ring O4 atom accepts a hydrogen bond from the main chain NH of S1207, and its N3 atom donates one hydrogen bond to the main chain O of the same residue (top of Figure 3A). Half of the coordination sphere of the Ca2+ ion in the CtUGGTGT24 active site is occupied by the side chains from D1302 and D1304 belonging to the UGGT conserved 1302DAD1304 motif) and the side chain of the conserved D1435; the remaining three sites are occupied by an O atom from the β phosphate of UDP–Glc, the O2′ atom of the Glc ring, and a water molecule (Figure 3A).
[image: Figure 2]FIGURE 2 | (A,B) Related crystal symmetries and lattices of the H3 (cyan) and P1 (orange) crystal forms of the CtUGGTGT24 crystals. (C)The molecule in the asymmetric unit of the H3 crystal is shown, together with two of its symmetry mates (cyan), in cartoon representation. This portion of the H3 lattice has been overlaid onto the asymmetric unit of the P1 crystals (three chains, painted orange, light orange, and yellow-orange; also in cartoon representation) by superposing the “A” of the H3 crystal to the “A” chain in the P1 crystal.
[image: Figure 3]FIGURE 3 | CtUGGTGT24UDP−Glc  and CtUGGTGT245M−8OH−Q crystal structures. (A) CtUGGTGT24UDP−Glc (PDB ID 6FSN). Protein atoms in stick representation; C cyan (but UDP–Glc C magenta), O red, N blue, P orange. H-bonds and Ca-coordination bonds are in yellow dashed lines. At the top, the residues coordinating the uracyl ring: the side chain of CtUGGT Y1211 and the main chain of S1207. At the bottom, the Ca2+ ion is a green sphere, and its coordinating water molecules are red spheres. The side chains of residues D1302, D1304, and D1435 coordinate the Ca2+. Three more coordination sites are taken up by the β phosphate, the O2′ atom of its Glc ring, and a water molecule. The uracyl O4 atom accepts an H-bond from the S1207 main chain NH. (B) Zoom onto the CtUGGT 1346YW1347 clamp (C atoms in cyan) binding 5M-8OH-Q (C atoms in green). The 8OH-quinoline ring inserts and is sandwiched between the aromatic side chains of the conserved residues 1346YW1347. The two aromatic side chains stabilise the quinoline ring, forming an aromatic trimer; the 8-OH group of the quinoline also establishes an H-bond to the side chain of 1402H. Representative distances to interacting residues are in green dashed lines. Only two of the many morpholine ring placements are shown. The unbiased Fo–Fc map is represented as a grey mesh at a 2.0 σ contour level. PDB ID: 7ZXW.
2.1 Fragment-soaked CtUGGTGT24UDP−Glc crystal index in related P1 or H3 lattices
To discover CtUGGTGT24 ligands by FBLD, 768 CtUGGTGT24UDP−Glc crystals were soaked with as many compounds, and X-ray diffraction datasets were collected from each soaked crystal (see Table 1). During the initial analysis of these X-ray diffraction datasets, we discovered that, upon soaking, crystal symmetry was sometimes lowered to P1, with three molecules in the asymmetric unit of a pseudo-rhombohedral primitive cell (orange cell in Figures 2A,B, PDB ID 7ZLU) of dimensions a = 66.3 Å, b = 72.7 Å, c = 72.7 Å, α = 111.2°, β = 107.7°, and γ = 107.7°. This cell is a distortion of the R3 primitive rhombohedral cell, which for the CtUGGTGT24UDP−Glc H3 crystals used for the soaks, would have lattice parameters a = b = c = 72.32 Å  and α = β = γ = 110.43°. The three molecules in the P1 crystal asymmetric unit are related by an NCS threefold axis equivalent to the H3 crystallographic threefold axis. The two packings are difficult to distinguish (see Figure 2C), and often a soaked CtUGGTGT24UDP−Glc X-ray diffraction dataset can index in both the H3 and P1 lattices, depending, for example, on the program used for indexing or the parameters of the automated indexing algorithm.
TABLE 1 | Summary of the FBLD effort on CtUGGTGT24.
[image: Table 1]The CtUGGTGT24 FBLD datasets were initially processed through the XCE workflow tool (Krojer et al., 2017). Space group assignment in the XCE workflow relies on automated data processing taking place during automated data collection on the Diamond I04-1 beamline (Douangamath et al., 2021), but the decision about the possible space group and cell of a certain dataset is made without consulting available models. In essence, the initial XCE automated decision regarding the space group is based on X-ray diffraction scaling statistics and the cell and point group of the dataset. For example, XCE reads the PDB header of each declared polymorph and determines the point group and unit cell volume. Then, once processing each fragment-soaked dataset, if the MTZ point group is identical to the one of a reference polymorph and the unit cell volume is similar (within 12%, but this can be tuned), it assumes that they belong to the same crystal form. XCE also allows for the detection of unexpected crystal forms for a subset of the collected crystals: in the presence of different polymorphs, discrepancies between the reference files provided and some of the datasets arise—either in terms of the space groups and/or the unit cells’ volumes or because of high RRfree values after initial refinement. In the presence of crystal polymorphism, a certain degree of manual curation is, therefore, needed to run XCE successfully.
When faced with processing hundreds of datasets belonging to different and yet related crystal forms, we reasoned that from a Bayesian statistical standpoint (Bricogne, 1997), the best way of deciding on the correct crystal polymorph is the one that consults all the available data. In this conceptual framework, the likelihood of a certain dataset belonging to one of the known polymorphs can be best evaluated by refining, in turn, each known polymorphic structure against the dataset processed in that symmetry/cell and then choosing the one with the best refinement Rfree statistic.
3 RESULTS ON THE CTUGGTGT24 FBLD EFFORT
More than 1,200 CtUGGTGT24 crystals were grown, and 768 of them were soaked with as many compounds of the DSi-Poised Library (Diamond-SGC-iNext, ex DSPL, https://www.diamond.ac.uk/Instruments/Mx/Fragment-Screening/Fragment-Libraries/DSi-Poised-Library.html).
Each compound was at a concentration of 500 mM in deuterated DMSO; 40 nl of compound stock solution was dispensed by the Echo robot onto each 200-nl drop, making the final compound concentration 83 mM in 20% DMSO.
Automated data collection was carried out on 692 soaked crystals, but only 493 scaled datasets were obtained, spanning the resolution range of 1.72–11.4 Å. The majority of datasets diffracted to 3.5 Å  resolution or better, see Figure 5A.
Only for 439 of these 493 datasets, a structure could be successfully refined in either H3 or P1 or both. Table 1 reports the overall counts, while Figures 5A,B report a few statistics for the 439 diffraction datasets that refined better either in H3 (390 datasets) or P1 (49 datasets).
On average, H3 crystals diffract better than P1 ones: [image: image]H3Resolution[image: image] = 2.53 Å  and [image: image]P1Resolution[image: image] = 3.62 Å (Figure 5A). Indeed, the scaling statistics are on average better in H3 than in P1: [image: image]H3Rmeas[image: image] = 0.171 and [image: image]P1Rmeas[image: image] = 0.341 (Figure 5B).
None of the 39 P1 crystals revealed any bound fragments. The P1 2.05 Å  structure of a co-crystal of the CtUGGTGT24  domain with the UDP–Glc analogue (and UGGT inhibitor) UDP-2-deoxy-2-fluoro-D-glucose (U2F) was obtained after the FBLD effort and is available at the Protein Databank (https://www.rcsb.org) as PDB ID 7ZLU.
Three of the H3-soaked crystals turned out to contain density for a bound CtUGGTGT24 ligand.
3.1 Fragment x0441
A CtUGGTGT24UDP−Glc crystal soaked in (1-(1-ethyl-1H-pyrazol-5-yl)-N-methylmethanamine (SMILES string CCN1N=CC=C1CNC, “fragment x0441”) shows density for the ligand at a crystal contact, but the binding site is not particularly conserved: CtUGGT Y1350, H1402, Q1381, and M1403 (which in HsUGGT1 corresponds to H1406, N1458, Q1437, and M1459) (Figures 1, 4). The pose is rather ambiguous at this resolution (2.44 Å). This site, in the context of the full-length UGGT molecule, faces the UGGT central saddle and is proximal to the putative binding site of the first GlcNAc of the UGGT client’s glycan (close to CtUGGT H1402, which is HsUGGT1 N1508).
[image: Figure 4]FIGURE 4 | Ligands x0441 and x0763 bind to surface pockets of the CtUGGTGT24 domain. The crystal structures of CtUGGTGT24UDP−Glc soaked in compounds x0441 and x0763 are painted in green and cyan cartoon representation, respectively. The molecule of UDP–Glc in the catalytic pocket of each structure is represented in sticks (its C atoms also in green and cyan for the x0441 and x0763 soaked crystal structure, respectively; N atoms in blue, O atoms in red, and P atoms in orange). Two partially overlapping poses of compound x0673 are represented in sticks with magenta C atoms. Two partially overlapping poses of compound x0441 are represented in sticks with yellow C atoms, next to CtUGGTGT24 residue H1042, also represented in sticks.
3.2 Fragment x0763
The CtUGGTGT24UDP−Glc crystal soaked in (1,3-dimethyl-N-(propan-2-yl)-1H-pyrazole-5-carboxamide (SMILES string CC(C)NC(=O)C=1C=C(C)N(C)N1, “fragment x0763”) also showed residual electron density for the ligand (in two orientations), this time in a conserved pocket: CtUGGT T1442, M1441, R1333, R1452, and E1444 (which in HsUGGT1 corresponds to T1498, M1497, R1389, R1508, and E1500) (Figures 1, 4). The pocket is not far from the putative binding site for the C-branch of the client glycoprotein glycan (CtUGGT M1336, Y1339, and M1441 or HsUGGT1 M1392, Y1395, and M1507), but the interactions of the fragment with the GT domain are weak—perhaps because the binding site is at a crystal contact.
3.3 Fragment x0248: CtUGGTGT245M−8OH−Q crystal structure
The best hit of the FBLD effort was 5-[(morpholin-4-yl)methyl]quinolin-8-ol (SMILES string C1COCCN1CC2=C3C=CC=NC3=C(C=C2)O, “fragment x0248,” henceforth 5M-8OH-Q), a crystal soaked with which diffracted to 2.25 Å  (PDB ID 7ZXW). Diffraction data from this crystal process in H3 with RmeasH3 = 0.323 and in P1 with RmeasP1 = 0.206. The CCP4-Dimple/REFMAC5 Rfrees are RfreeH3 = 0.227 and RfreeP1 = 0.2537.
The compound binds to a conserved patch on the surface of the CtUGGTGT24  domain, about 15 Å  away from the UDP–Glc binding site (Figure 3B). The morpholine ring is partially disordered in the crystal, but one of its ring placements is 4.2 Å  from the conserved 1396DQD1398 motif coordinating the Glc ring of UDP–Glc; the ligand also causes a displacement of the side chain of CtUGGTGT24  1346Y. Through this displacement, the 8OH-quinoline ring inserts and is sandwiched between the aromatic side chains of the conserved residues 1346YW1347—which we propose to call the “YW clamp.” The two aromatic side chains stabilise the quinoline ring, forming an aromatic trimer (Lanzarotti et al., 2020); the 8-OH group of the quinoline also establishes an H-bond to the side chain of 1402H (Figure 3B).
Tables 2, 3 report the crystallographic data and refinement statistics for the CtUGGTGT24UDP−Glc and CtUGGTGT245M−8OH−Q crystal structures.
TABLE 2 | X-ray data collection parameters and data processing statistics for CtUGGTGT24 crystal structures.
[image: Table 2]TABLE 3 | Refinement statistics for CtUGGTGT24 crystal structures. All structures contain a Ca+ ion coming from the protein solution.
[image: Table 3]4 DISCUSSION
In the course of an X-ray crystallography FBLD effort aimed at the discovery of molecules binding the catalytic domain of Chaetomium thermophilum UGGT (CtUGGTGT24), we encountered crystal polymorphism: the majority of CtUGGTGT24  crystals belonged to space group H3, but some crystals lowered their symmetry to an equivalent P1 pseudo-rhombohedral lattice. The space group and lattice ambiguity was tricky to resolve by the automated FBLD data processing algorithm—which essentially did not commit to a specific polymorph and left the polymorph choice to the user. However, how is such a choice best implemented in an automated and reliable fashion?
First, if the coordinates of enough indexing spots are gathered, the reciprocal cell parameters can be rather precise. Errors in the reciprocal lattice choice can then be estimated by the differences between reciprocal cell parameters that would differ in the two reciprocal lattices being compared. For example, for the CtUGGTGT24 crystals described in this study, b* and c* would be identical in R3 but differ in P1.
In cases where alternative lattices are pseudo-equivalent and symmetry/cell changes are such that the volume of the asymmetric unit increases/decreases, a discriminating criterion between polymorphs can be based on indexing quality or average intensity of classes of reflections that are systematically extinct in one polymorph and allowed in another one. For example, if indexing and integration of a lattice-centred dataset are carried out in a primitive lattice, the data will appear pseudo-lattice-centred, with more reflections in the primitive than in the lattice-centred space group, and the question that will help discriminate the space groups is then how strong are the additional reflections only allowed in the primitive cell polymorph compared to those that are present in both polymorphs. The values of the fractional mean intensity of the additional reflections, perhaps as a function of resolution, would help discriminate between a truly centred lattice and a pseudo-centred one.
In the general case in which the polymorphs have equivalent lattices but different symmetries, or unrelated lattices altogether, a polymorph choice based on indexing quality (or average intensity of classes of reflections) may not be so straightforward.
A second class of statistics that may be conceivably used for polymorph discrimination are scaling statistics, but each commonly evaluated scaling statistic risks opening a different can of worms if chosen as the basis for polymorph discrimination. For example, Rmerge has been shown to privilege lower-symmetry space groups, and Rmeas was introduced to discriminate between space groups with different scaling multiplicities (Diederichs and Karplus, 1997; Karplus and Diederichs, 2015). Unfortunately, a robust estimation of Rmeas requires data multiplicity—and so does the estimation of CC1/2 (Karplus and Diederichs, 2015): both scaling statistics are strongly dependent on random (i.e., photon-counting) errors and may not discriminate very well between low-signal but correct symmetry and high-signal but wrong symmetry. Data multiplicity will be high enough for reliable polymorph choice (in the presence of polymorphs of low symmetry) only if more than half a reciprocal sphere of data is collected and/or a data collection strategy is followed—both of which are uncommon practices in most FBLD efforts. For example, in P1, two (or more) datasets of 180◦ each, with a large kappa offset, would be needed. Data of this kind may not be always available for low-symmetry space group FBLD datasets, thus ruling out the implementation of strategies based on statistics like Rmeas or CC1/2 or those where the error model comes into play, like average I/σ(I) and its sister statistic, asymptotic I/σ(I)asympt (ISa) (Diederichs, 2010). Supplementary Figure S1 illustrates scatter plots of outer shell I/σ(I), outer shell CC1/2, I/σ(I)asympt (ISa), and Rmeas separately for CtUGGTGT24  datasets that had lower Rfree in H3 or P1. None of these data processing-based statistics would lead to polymorph choice in overall agreement with the Rfree one.
We decided to test a polymorph choice strategy that would consult the known H3 and P1 atomic structures, and for each dataset use both of them individually in refinement against the diffraction data (processed in that symmetry), in order to resolve the H3 vs. P1 decision, which would then have the advantage of being based on all the prior information available (Jaynes, 1968).
Polymorph choice based on refinement statistics of course has its own risks/drawbacks. First, reliable refinements in all possible polymorphs depend on the availability of a structural model of good quality for each of them. Second, when the lattices of the polymorphs at hand are related, to properly compare Rfree values, the free set of reflections should be chosen consistently: for example, the free set of a lower-symmetry polymorph should be a symmetry expansion of the pseudo-equivalent higher-symmetry one. Finally, the standard error of an R value is (roughly) inversely related to the square root of the number of reflections. So how big does a difference of Rfree values have to be so that it is statistically significant? A statistical test would be needed to judge if the improvement on Rfree warrants the choice of the lower-symmetry space group over the higher-symmetry one.
More generally, we are aware that, strictly speaking, the use we make of Rfree is not what the statistic was invented for (Brunger, 1992), that is, discrimination between alternative models in view of one set of diffraction structure factor amplitudes. In the case of polymorph choice, the single set of data to account for are the diffraction images, while the alternative models to be tested against the diffraction data comprise lattice parameters (including the orientation matrix) and space group symmetry as well as the usual atomic model parameters.
The best approach to the problem would, therefore, require a single integrated piece of software that refines two classes of parameters against unprocessed X-ray diffraction images: the first class of parameters are the ones traditionally refined during X-ray data processing, and the second class are the parameters traditionally refined during macromolecular refinement. To be most useful for the purpose of polymorph choice, such a program would likely need to deal at least with some of the correlations between parameters belonging to either class (Roversi and Tronrud, 2021). Each refinement of the atomic structures of one of the possible polymorphs directly against the diffraction images would compute a Rfree, a free likelihood or another model comparison metric, (Babcock et al., 2018) and presumably enable the choice of the best polymorph as the one that uses only as few parameters as are needed to fit the signal but not the noise in the data, and no more.
Rather than a statistically solid (and likely time-consuming!) solution to the problem of polymorph choice in FBLD, we have aimed here at the implementation and testing of a simple protocol that would nevertheless choose polymorphs by consulting the information in the available atomic models. The scripts implementing the automated polymorph choice processed each of the 493 CtUGGTGT24 datasets both in H3 and in P1, enabling 439 structural refinements to take place in either or both space groups. For the 156 datasets that were refined in both H3 and P1, the polymorph choice was then based on the symmetry giving the lower Rfree. For each dataset, in each polymorph, our scripts inherit the free set of reflections from the reference dataset in that polymorph so that the choice of free sets for a pair of related-lattice polymorphs can be made consistently once and for all before running the refinements on which the polymorph choice is based. Unsurprisingly, analysis of the distributions of Rmeas and Rfree over these datasets reveals that in both polymorphs, the dispersion of the latter statistic is sharper than the one of the former (see Figure 5B), supporting the choice of the polymorph based on Rfree rather than Rmeas. The best hit was a CtUGGTGT24  2.2 Å  H3 crystal soaked in 5M-8OH-Q. The molecule is bound to a conserved patch on the surface of the protein. The compound is now the starting point for a medicinal chemistry programme that will develop more potent and selective UGGT inhibitors.
[image: Figure 5]FIGURE 5 | (A) Box plots of resolution for 390 CtUGGTGT24 FBLD datasets, which refined better in H3, and 49 datasets, which refined better in P1. (B) Box plots of Rmeas and Rfree for the same CtUGGTGT24 FBLD datasets. Both the resolution and R scales are logarithmic.
As to the generality/feasibility of our strategy, it is true that its computational requirements scale linearly with the number of possible polymorphs. For a given dataset and n possible polymorphs, all our approach requires is full data integration, scaling, and refinement in each polymorph. Synchrotron high-throughput automated data processing pipelines run such a series of steps many times per dataset already: for example, at some synchrotrons, the IspyB system (Monaco et al., 2013) enables data reduction and storage of each dataset at least three times: with xia2 and xia2. multiplex (Winter et al., 2013; Gildea et al., 2022), DIALS (Winter et al., 2022), and autoPROC (Vonrhein et al., 2011), run with a variety of defaults and making use of programs such as XDS (Kabsch, 2010) and/or toolkits such as CCTBX (Grosse-Kunstleve et al., 2002). Each of these data processing strands is then completed by a structural refinement. One of the reasons for this “redundancy” is indeed related to the possibility that different data processing algorithms may choose different polymorphs, thus alerting the user to the possibility of alternative symmetries/lattices. As we do not know of examples of fragment-based lead discovery efforts encountering more than n = 3 polymorphs, one possible solution to make a strategy equivalent to the one we suggest and yet retain generality and feasibility would be commitment to one of the currently implemented data processing pipelines and its repetition for each of n possible polymorphs. In most cases, if n is not large, such an approach would not add much extra time, and it would still systematically sample all possible polymorphs.
Whichever the best solution, implementation of automated polymorph assignment will be an important step towards the realisation of the full potential of crystal polymorphism in FBLD (Vera et al., 2013). It is our hope that with minimal tweaks, existing pipelines for FBLD data processing can be modified to implement ideas similar to the ones we have described here, when discriminating between polymorphs which are related and, therefore, difficult to distinguish on the basis of cell parameters, diffraction data apparent point group, and scaling statistics alone.
5 MATERIALS AND METHODS
5.1 CtUGGTGT24 cloning, protein expression, and purification
The C-terminally 6xHis-tagged CtUGGTGT24 construct corresponding to CtUGGT residues 1,187–1,473 was successfully amplified by PCR starting from the CtUGGT–pHLSec vector (Roversi et al., 2017) using primers CtUGGTGT24_Fwd: ggt​tgc​gta​gct​gaa​acc​ggt​GAG​GCA​ACC​AAG​TCC​GTG and CtUGGTGT24_Rev: gat​ggt​ggt​gct​tgg​tac​cTT​CCC​TCA​CTC​TCC​TCG​C.
The amplified insert was identified by agarose gel electrophoresis (about 900 bp) and purified from the gel.
Following purification of the PCR products, the CtUGGTGT24  insert was assembled into the AgeI/KpnI linearised pHLSec vector (Aricescu et al., 2006) via ligation-independent cloning (aka Gibson assembly). After transformation and plating, E. coli colonies containing the desired construct were identified by colony PCR through identification by agarose gel electrophoresis of the correct size. CtUGGT–pHLsec DNA plasmid purification from the correctly identified colonies was carried out via DNA miniprep and the resulting plasmid DNA sent for sequencing for confirmation of the desired DNA construct.
The maxiprepped CtUGGT–pHLsec DNA plasmid was transfected into HEK293F cells following the protocol used for CtUGGT (Roversi et al., 2017). Purification was achieved by IMAC on an Åkta FPLC system, followed by gel filtration chromatography, after which the proteins were identified by SDS-PAGE. The final buffer was 20 mM HEPES pH 7.4, 50 mM NaCl, and 1 mM CaCl2.
5.2 CtUGGTGT24 co-crystallization with UDP-Glc
All crystals were grown at 18°C in sitting drops by the vapour diffusion method, set up with a mosquito liquid handling robot (TTP Labtech). Crystallisation drops had an initial volume of 200 nl. The volume ratio of protein to precipitant was either 1:1 or 2:1.
Crystals of CtUGGTGT24UDP−Glc grew in 1 week in a 1:1 mixture of CtUGGT at 6 mg/ml, 2 mM CaCl2, and 5 mM UDP–Glc and a number of Morpheus screen conditions (Gorrec, 2009, Gorrec, 2015).
The best crystals came from a crystal grown in Morpheus screen condition 2–9 containing 0.12 M ethylene glycol, 0.1 M buffer system 3 pH 8.5, and 30% v/v precipitant mix 1 (Gorrec, 2009; Gorrec, 2015).
5.3 CtUGGTGT24UDP−Glc  crystal growth for FBLD
A 96-well deep well block was prepared with 500 μl in each well: 257.5 μl of Morpheus precipitant mix 1 (40% v/v PEG 500 MME; 20% w/v PEG 20000); 25.8 μl of 1 M Bicine (buffer system 3 acid component); 24.3 μl of 1 M Tris (buffer system 3 basic component); 192.4 μl of MilliQ Water. The Hydra robot at the Research Complex in Harwell was first used to transfer 25 μl of the crystallisation solution from the deep well block to each mother liquor well of six MRC 3-well crystallisation plates. Vapour diffusion experiments were set up at the Research Complex in Harwell in six MRC 3-well crystallisation plates—using a mosquito robot equipped with an anti-evaporation cover with 60% controlled humidity in order to avoid drying up of the crystallisation drops during deposition. A total of 6 × 96 × 3 = 1728 drops were set up. The CtUGGTGT24 protein at a concentration of 6.5 mg/ml, in the presence of 1 mM CaCl2 and 5 mM UDP–Glc), was mixed in protein: mother liquor proportions 1.35:1 (drops a and c) and 2:1 (drop d) in drops of total volume 200 nl, and the crystals were left to grow at 18°C. In less than a week, about two-thirds of the experiments yielded crystals.
5.4 CtUGGTGT24UDP−Glc crystal soaking for FBLD
Prior to the fragment-based lead discovery effort, 50 of the CtUGGTGT24UDP−Glc crystals were soaked in 0, 5, 10, 15, 20, and 30% DMSO and diffraction tested; no significant deterioration of the diffraction quality was observed. The space group prior to soaking is H3, one molecule per asymmetric unit, with cell edges a = b = 119 Å, and c = 69 Å.
All CtUGGTGT24UDP−Glc crystal drops were imaged, and the best crystals were marked for soaking with the Echo robot at the Xchem facility attached to beamline I04-1 at the Diamond Light Source (Collins et al., 2017; Douangamath et al., 2021). 768 compounds of the DSi-Poised Library (Diamond-SGC-iNext, ex DSPL https://www.diamond.ac.uk/Instruments/Mx/Fragment-Screening/Fragment-Libraries/DSi-Poised-Library.html) and compound stock solutions at a concentration of 500 mM in deuterated DMSO were each soaked into a crystal drop: 40 nl of the compound was dispensed by the Echo robot (Collins et al., 2017) onto each 200-nl drop, making the final compound concentration 83 mM in 20% DMSO. The soaked crystals were left incubating for a variable time between 2 and 4 h. 692 crystals were fished and cryocooled with the aid of the SGC Shifter Robot (Wright et al., 2021).
5.5 CtUGGTGT24UDP−Glc soaked crystal X-ray diffraction for FBLD
Automated data collection was carried out on 596 soaked crystals. Automated loop centring failed about 6% of the time, and about 50 crystals were re-measured with optical centring. The symmetry is sometimes lowered by soaking, the crystal can in this case index in space group P1 with three molecules in the asymmetric unit of a pseudo-rhombohedral cell of dimensions a = 66.3 Å b = 72.7 Å c = 72.7 Å, alpha = 111.2°, beta = 107.7°, and gamma = 107.7°. This cell is related to the one of the rhombohedral setting of the H3 crystals, a = b = c = 72.32 Å  and α = β = γ = 110.43°.
5.6 CtUGGTGT24UDP−Glc X-ray data processing, model refinement, and ligand fitting for FBLD
Data processing, model refinement, and ligand fitting were carried out with the purpose-written shell script pipeline CoALLA. In order to decide on the correct symmetry, each dataset was indexed and integrated both in H3 and in P1 using the autoPROC suite of programmes; for each dataset, refinement of the protein model was carried out in both the H3 and P1 form in autoBUSTER, with the space group giving rise to the lower Rfree being chosen as the correct one for the calculation of the Fo–Fc map. The SMILES string for each compound was fed together with the refined model and phases in order to attempt docking the ligand using rhofit. The best hits were listed by ranking the rhofit score and/or CC and the hits inspected in Coot.
5.6.1 Data processing and polymorph assignment
In order to run CoALLA, all possible polymorphs must be known; moreover, two reference files must be available for each polymorph: one X-ray diffraction dataset with experimental structure factor amplitudes [in mtz format (Winn et al., 2011)] and its corresponding structure coordinates (in PDB format).
The CoALLA pipeline initially processes the diffraction data in each and every one of the polymorphs listed in input, using the data processing suite autoPROC Vonrhein et al. (2011).
The resolution of the data processed in each polymorph is initially chosen by autoPROC using the autoPROC command flag -M HighResCutOnCChalf, which by default sets the maximum resolution so that CC1/2 in the outer shell is no lower than 0.30.
At the indexing stage, in order to ensure consistent indexing across all FBLD datasets belonging to the same polymorph, the autoPROC command line flag -ref <reference dataset>—is used, enforcing the same indexing choice as the reference diffraction dataset for the polymorph being tested. If the reference cell dimensions differ significantly from any of the autoindexed ones, autoPROC may be unable to refine a reference-based indexing solution that fits the data: the reference dataset indexing choice is then enforced only after autoPROC indexing/integration by a run of CCP4-pointless (Evans, 2011) with the keyword TOLERANCE 101. At this stage, the reference dataset Rfree flags are also inherited for each polymorph (using CCP4-CAD) and are kept for all subsequent calculations for the dataset in that polymorph.
The PanDDA pipeline (Pearce et al., 2017a; Pearce et al., 2017b; Pearce et al., 2017c) in use at Diamond Light Source beamline I04-1 Douangamath et al. (2021)—where the data were collected—uses CCP4-Dimple/REFMAC5 (Murshudov et al., 2011; Winn et al., 2011; Keegan et al., 2015) as its refinement engine (see Figure 6). At the initial stage of deciding on the correct polymorph, it seemed natural to exploit the fast refinement capabilities of CCP4-Dimple. After data processing in all polymorphs, the hypothesis that the data belong to a certain polymorph is tested in CoALLA by running structural refinement in CCP4-Dimple (Winn et al., 2011; Keegan et al., 2015) against the data processed in each polymorph in turn.
[image: Figure 6]FIGURE 6 | CoALLA flow diagram.
In each polymorph, the CoALLA scripts run two CCP4-Dimple refinements of the reference model against the dataset as processed in that polymorph: a rigid body refinement first, followed by a full atomic one. In order to be able to compare the Rfrees of models refined in different polymorphs, all CCP4-Dimple refinements are run in CoALLA up to the best common maximum resolution limit across all polymorphs, which the scripts obtain for each polymorph by harvesting the resolution limit from the relevant autoPROC output file (see Figure 6).
Once a CCP4-Dimple refinement of the structure has run for each polymorph, the polymorph with the best CCP4-Dimple refinement Rfree is chosen as the most likely one to continue the analysis. It is at this stage that CoALLA improves on automated polymorph choices based on data processing only: the available information about the structures of the polymorphs is added to the one present in the diffraction data to single out the most likely polymorph.
5.6.2 BUSTER structure refinements
The structures are then refined in BUSTER starting from the CCP4-Dimple output file, with automated NCS restraints and external restraints to the reference structure (Smart et al., 2012), command line keywords—target <ref.pdb>—autoncs).
The first BUSTER refinement is run with the -L command line flag: this turns on automated water updating. Waters initially also fill volumes where potential ligands are located, but the water atoms around residual difference density are then removed at the last BUSTER refinement cycle. This procedure enables water-building without deteriorating the quality of the difference density in putative ligand regions.
At this stage, CCP4-PDBSET is run on the BUSTER-refined model (with keyword NOISE) in order to introduce positional noise in the coordinates resulting from the refinement previously described—including any waters that survived the pruning at the end of the previous BUSTER refinement with automated water addition. The positional noise introduced by CCP4-PDBSETat this stage ought to wipe out any “memory” of the waters that may have been refined (and then were removed) in putative ligand pockets. A second BUSTER refinement (without water addition) is then run starting from the CCP4-PDBSET shaken model. The 2Fo–Fc and Fo–Fc density maps necessary for ligand identification and docking are computed at the end of this BUSTER  refinement.
5.6.3 RHOFIT ligand placement
Automatic interpretation of crystal residual difference density fully automates the placement of ligands, providing an unbiased alternative to manual ligand placement, especially for data of low to medium resolution (Langer et al., 2008; Carolan and Lamzin, 2014; Echols et al., 2014; Wlodek et al., 2006). Algorithms can take into account protein–ligand interactions as well as fit to the map (Mooij et al., 2006).
The RHOFIT program (Smart et al., 2014) is used within the CoALLA pipeline to find the best placements in all the BUSTER  refined maps.
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FOOTNOTES
1Note that in Phenix-based FBLD pipelines, models are mapped to the same frame of reference as an isomorphous structure. The CoALLA algorithm choice of enforcing indexing to the polymorph’s reference dataset has the advantage that simple rigid-body refinement of the reference structure against the data processed in the chosen polymorph is enough to commit to consistent origin choices for all crystals belonging to a certain polymorph, without the need for any molecular replacement steps and/or origin reconciliation.
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Crystallisation experiments (sitting drops)~ 1,800

Soak experiments 768

Soaked crystals mounted/cryoprotected 692

Diffraction experiments 732

Processed diffraction datasets (H3-only, P1-only, or both) 493 (266, 25, 202)
Successfully refined (lower Ry in H3 and lower Ry in P1) 439 (390, 49)
Fragments bound 3

More than one dataset was collected from some crystals. A total of 96 crystals were soaked and mounted/cryoprotected but were not irradiated due to a mistake in loading the sample
Ca——
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64 5891 18.9/22.1 1.66 14-15 0.7-0.64 0.93-0.77
68 589U 19.3/22.8 1.73 14-15 0.68-0.63 0.85-0.8
69 589V 18.7/22.9 19 2-6 1-0.96 0.83-0.87
7 5S9W 19.9/24.6 1.96 26 0.66-0.72 0.86-0.89
90 589X 19.7/238 1.84 5-14-15 0.29-0.5-0.63 0.87-0.89-0.85
94 589y 19.8/23.6 1.756 97 0.86-0.7 0.9-0.84
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17 5SA0 19.6/26.1 197 14-15 0.63-0.72 0.78-0.81
221 5SA1 19.4/23.1 184 2 1 093
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Drug Biological target Description

Vemurafenip BRAF VB0OE Vemurafenib, the first drug developed using FBDD, marketed as Zelboraf, is an inhibitor of
mutant B-raf enzyme that lead to programmed cell death in melanoma celllines
Bol-2 Venetoclaxis a BCL2 homology domain 3 (BH3) mimetic that blocks the anti-apoptotic B-cel

lymphoma-2 (Bcl-2) protein leading to programmed cell death of chronic lymphocytic
leukernia (CLL) cells

\a
FGFR Marketed under the brand name Balversa, erdafitinib is a small molecuie inhibitor of fibrobast
growth factor receptor (FGFR, a subset tyrosine kinase) used for the treatment of bile duct
cancer, gastric cancer and esophagial cancer
Pexidartinib CSF-1R Marketed as Turalio, pexidartinib is kinase infibitor that blocks the activity of colony-
n M stimulating factor-1 receptor (CSF-1R). It is used to treat of adults with asymptomatic
/ﬂj\% tenosynovial giant cell tumor (TGST)
T
Sotorasib KRAS G12C Sold under the brand name Lumakras and Lumykras, Sotorasib targets the common

mutant mutation G12C in KRAS protein associated with various forms of cancers. It is an inhibitor of
RAS gtpase family of protein and used to treat non-small-cell lung cancer (NSCLC)

§

Ber-ABL Asciminib (Scembiix) is a protein kinase inhibitor which specificaly targets the ABL myristoy
pocket of the fusion protein Ber-ABL. It is used to treat Philadelphia chromosome-positive
chronic myeloid leukemia (Ph + CML)
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