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1. Background


Biocatalysis is the term used to describe the application of any type of biocatalyst (enzymes, as isolated preparations of wild-type or genetically modified variants, or whole cells, either as native cells or as recombinant expressed proteins inside host cells) in a given synthetic schedule [1]. One type of applied biocatalysis, also called a biotransformation [2], takes advantage of the excellent enzymatic precision inherent to its use, in terms of chemoselectivity, regioselectivity, or stereoselectivity. The use of biotransformations has increased considerably in recent decades, complementing classical chemical synthesis in multiple industries, mainly for the preparation of pharmaceuticals [1,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18], fine chemicals [19,20,21] or food products [22,23,24]. Additionally, and based on the principles and metrics of green chemistry [25,26,27,28,29] and sustainable chemistry [30,31,32,33,34,35,36,37], biocatalysis fits perfectly into this framework; in fact, biocatalyzed procedures are highly efficient, economical, and generate less waste than conventional organic syntheses [38,39,40,41,42,43,44,45,46]. As such, the interest in the application of biocatalysis within the pharma industry is not surprising, as this industry is by far the biggest waste producer [43,46,47,48,49,50]. Furthermore, as biotransformations are generally conducted under approximately the same temperature and pressure conditions, the possibility of carrying out coupled cascade processes is enabled, providing additional economic and environmental advantages [51,52,53,54,55,56,57,58]. Finally, most biotransformations can be easily developed in standard multipurpose batch reactors without requiring costly specific devices, such as high-pressure equipment [59,60], allowing the costless implementation of continuous processes [21,44,61,62,63].



In recent decades, the increase of the impact of biocatalysis within the pharma industry has not been linear. In fact, it was relatively minor until the last two decades, when a clear increase (the third wave of biocatalysis [64]) was caused by the popularization of the genetic manipulation of biocatalysts by directed evolution [15,65,66,67,68,69,70,71,72,73,74,75], a method involving fast generation of enzyme mutants using new molecular biology techniques combined with selective pressure via screening conditions. This technique, recognized by the Nobel Prize in Chemistry being awarded to pioneer Frances Arnold in 2018 [76,77], has allowed the redesign of enzymes to fulfill industrial requirements in terms of specificity, activity, and robustness, while keeping or even increasing its outstanding precision. Thus, with this potent tool in our hands, we are facing what has been called the 4th wave of biocatalysis [1,78,79], which will be fully implemented within the pharma industry when the speed of the overall process needed to create an improved biocatalyst (rational directed evolution in a design−make−test cycle, combining multiple disciplines in a continuous industrialized workflow) is improved by at least 200%–1000% [1,18,80,81].




2. The Present Issue


In this Special Issue, in which I have been honored to act as Guest Editor, different articles have been published covering very diverse areas of this fascinating discipline—the implementation of biocatalytic tools focused on pharmaceuticals. It comprises three reviews and eight research articles.



In the first review by Bastida and coworkers [82], the application of glycosaminoglycan (GAG)-degrading enzymes, specifically chondroitin sulfate (CS) lyases (CSases), is presented as an effective tool for the preparation of bioactive molecules possessing diverse therapeutic applications. Thus, initially the types, structures, and mechanisms of different CSases are described, and afterward, the application of these enzymes for the synthesis of low molecular weight chondroitin sulphate (LMWCS; used for osteoarthritis treatment, cardiocytoprotection, anticoagulant and antithrombotic activities, etc.) is reviewed, clearly illustrating the potential of these enzymes for the sustainable development of CS-based pharmaceutical products.



In the second review, presented by Alcántara and coworkers [83], different chemoenzymatic methods (using nitrilases, ketoreductases, and aldolases) for the synthesis of the lateral chain of statins—possessing two stereogenic centers, the absolute configuration of which is vital for the therapeutic activity of these drugs—are presented and compared. Statins—inhibitors of 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase—are the largest selling class of drugs prescribed for the pharmacological treatment of hypercholesterolemia and dyslipidemia. In fact, the statin market involves a huge amount of money, which could potentially increase due to the recently described statins’ pleiotropic effects (beneficial effects for cardiovascular health, regulation of the immune system, anti-inflammatory and immunosuppressive properties, prevention and treatment of sepsis, treatment of autoimmune diseases, osteoporosis, kidney and neurological disorders, or even in cancer therapy), which are also noted.



In a similar field, Rhimi and coworkers present in this Special Issue a review of the microbial bioreduction of cholesterol to coprostanol [84], a metabolite poorly absorbed by the human intestine, allowing it to have an impact on cholesterol metabolism and modulation of serum cholesterol levels. This biotransformation is still poorly understood, as few studies are available examining cholesterol-metabolizing bacteria and their associated genes. Thus, by understanding the molecular characterization of these bacterial pathways (currently, three different pathways are proposed), as presented in this review, it could be possible to design new hypocholesterolemic strategies that could be complementary to the previously mentioned prescription of statins.



As mentioned before, eight research articles are included in this Special Issue. In the article presented by Plou and coworkers, a controlled enzymatic hydrolysis of chitosan or chitin with different enzymes was employed to obtain three types of chitooligosaccharides (COS), with molecular weights ranging 0.2–1.2 kDa—namely, fully deacetylated (fdCOS), partially acetylated (paCOS), and fully acetylated (faCOS) chitooligosaccharides [85]. Subsequently, the chemical composition of these biopolymers was established, as well as the anti-inflammatory activity of the three COS mixtures. In this case, this was done by measuring their ability to reduce the level of tumor necrosis factor (TNF) in murine macrophages (RAW 264.7) after stimulation with a mixture of lipopolysaccharides (LPS). Results showed that fdCOS and faCOS chitooligosaccharides effectively displayed anti-inflammatory activity, therefore proving their potentiality.



Sulfuretin is a naturally occurring aurone displaying a remarkable spectrum of biological activities (including against acquired lymphedema, anti-Parkinson’s disease activity, antioxidant action, therapeutic benefits in bone disease and regeneration, as well as neuroprotective effects). Although sulfuretin glucosides are important sources of innovative drugs, few glucosides of sulfuretin have been observed in nature, meaning the preparation of sulfuretin glycosides is an attractive research field. In this sense, in the article presented by Kong and coworkers [86], the glycosyltransferase (GT)-catalyzed glycodiversification of sulfuretin is described, specifically using a flavonoid GT (named OcUGT1) for the glucosylation of sulfuretin with UDP-Glc. In this article, ten glycosylated products (three monoglucosides, five diglucosides, and two triglucosides) are characterized; the three monoglucosides were identified as sulfuretin 3′-, 4′-, and 6-glucoside, while the major diglucoside was assigned as sulfuretin 4′,6-diglucoside. The exact structures of the other four diglucosides (traces) were not well characterized, but they were inferred to be sulfuretin 3′,6-diglucoside, sulfuretin 3′,4′-diglucoside, and two disaccharide glucosides. Finally, the structural identification of the remaining two triglucosides was not performed because of their small amount, although one of them was deduced to be sulfuretin 3′,4′,6-triglucoside, according to the previously reported catalytic behavior of OcUGT1. Remarkably, at least six of the ten sulfuretin glucosides are described for the first time, making this a pioneering article in describing the simultaneous production of monoglucosides, diglucosides, and triglucosides of sulfuretin from a single glycosyltransferase.



The use of laccases for catalyzing polymerization of bioactive phenolic compounds has become very attractive because of the enhanced physicochemical and biological properties of the obtained products, which are generally used as nutraceuticals. In this context, the article presented by Eibes and coworkers [87] describes the influence of enzyme activity on rutin (also named rutoside, quercetin-3-O-rutinoside, or sophorin) oligomerization using low (1000 U/L) and high (10,000 U/L) initial activities of laccase from Trametes versicolor in a food-compatible reaction medium; rutin oligomers with the best characteristics were obtained in the reaction with the lowest laccase activity, significantly improving the apparent aqueous solubility and xanthine oxidase inhibitory activity compared to its control reaction, without compromising the antioxidant activity. The thermal stability of rutin oligomers was negatively affected by increasing the enzyme concentration, and by comparing the antioxidant capacity of similar mean molecular mass oligomers produced with different laccase activities, these authors concluded that higher enzyme dosages promoted the formation of multiple intermolecular bonds between rutin units, which negatively affected their antioxidant activity. Remarkably, this is the first study focusing on the effect of laccase activity upon the products obtained in enzymatic oligomerization of the rutin flavonoid as a key parameter to enhance and tailor their physicochemical and biological properties.



The article presented by Otero and coworkers [88] describes different extraction methods of high-value hydrophilic spirulina biocomponents (peptides of therapeutic interest), using four selective enzymatic degradations of spirulina biomass, catalyzed by two proteases and endo- and exoglucanases, illustrating the usefulness of biocatalysts in this applied field. The four enzyme-assisted extraction processes were optimized, determining best experimental conditions (pH, temperature, enzymatic loading or duration of enzymatic pre-treatment), and scaled up, showing a superior behavior compared to those extractions not employing enzymes. The best results for hydrophilic extraction were obtained using Alcalase® (a serine endo-peptidase from Bacillus licheniformis, mainly subtilisin A), because of its effective degradation of membrane proteins, lipoproteins, and peptidoglucan under very mild conditions.



Sterically demanding 2,2-diaryl-2-hydroxy carboxylic acids are valuable chiral building blocks for the synthesis of antimuscarinic agents. When facing a hypothetical enzymatic kinetic resolution of these bulky substrates, there are two main drawbacks: First of all, esters having α-quaternary or α- tertiary centers display high steric hindrance, hampering their approach to the enzymatic active site, (only pig liver esterase (PLE) has been proven active for this purpose). Additionally, esters of 2-hydroxy-2-(3-hydroxyphenyl)-2-phenylacetate (the key precursors for preparation of antimuscarinic agents) display poor stereo discrimination because of the two aromatic groups directly bound to the stereocenter, which differ only by the presence of a meta substituent on one of the two aromatic rings. For this difficult task, Pinto, Carzaniga, and coworkers [89] have described a very smart approach, using a double enzymatic hydrolysis: In fact, because in a first PLE-catalyzed hydrolysis of the quaternary α-hydroxyester, only moderate enantioselectivity (80% ee) was obtained, these authors chemically re-esterified the enantiomerically enriched α-hydroxyacid and carried out a second enzymatic hydrolysis. With this methodology (optimized by choosing suited co-solvents (DMSO) and additives (β-cyclodextrins)), it was feasible to prepare the desired optically pure α,α-diaryl-α-hydroxyacid on a multi-milligram scale.



Speranza, Ubiali, and coworkers present in this Special Issue a paper describing the chemoenzymatic synthesis of ribavirin, tecadenoson, and cladribine (nucleoside analogues, well-established drugs in clinical practice, mainly used as anticancer and antiviral agents) via “one-pot, one-enzyme” transglycosylation; that is, the transfer of the carbohydrate moiety from a nucleoside donor to a heterocyclic base [90]. For this purpose, purine nucleoside phosphorylase from Aeromonas hydrophila (AhPNP) was the biocatalyst used, using 7-methylguanosine iodide and its 2´-deoxy counterpart as sugar donors. Good conversions (49%–67%) were achieved in all cases under screening conditions. Similarly, 7-methylguanine arabinoside iodide was prepared for the purpose of synthesizing the antiviral vidarabine via a novel approach, although neither the phosphorolysis of the sugar donor nor the transglycosylation reaction were observed. Finally, this strategy was used to prepare two other ribonucleosides structurally related to ribavirin and tecadenoson, namely, acadesine (5-aminoimidazole-4-carboxamide-1-β-D-ribofuranoside, also named AICA-riboside or AICAR) and 2-chloro-N6-cyclopentyladenosine (CCPA), leading to a moderate yield (52%) for the latter compound only. This study clearly paves the way for the development of a new synthesis of the target Active Pharmaceutical Ingredientes APIs at a preparative scale, and contributes to the understanding of the specific substrate requirements of AhPNP.



The stereoselective synthesis of enantiopure amines is an interesting task because of their role as intermediates in pharmaceutical synthesis, as well as for a variety of other chemical products. There are several biocatalyzed approaches leading to these optically pure amines using different enzymes (amine dehydrogenases, imine reductases, reductive aminases, or amine transaminases). Two contributions in this Special Issue focus on this area. Campos, Gotor-Fernández, and coworkers apply a broad panel of commercially available amine transaminases (ATAs) for the biotransanimation of 3,4-dihydro-2H-1,5-benzoxathiepin-3-one (the chemical synthesis of which is reported via some previously undescribed intermediates) to furnish the correspondent enantiopure amines [91]. The optimization of the reaction conditions (enzyme loading, temperature, and reaction times) using ATA03 from Neosartorya fischeri and ATA07 from Mycobacterium vanbaalenii (leading to the (S)-amine), as well as TA-P1-G05 for the (R)-counterpart, allowed a milligram-scale synthesis of the pure amines, which are useful as building blocks for the preparation of antiproliferative drugs.



In the second article producing enantiopure amines, Hollmann and coworkers report a methodology based on the aerobic photooxidation (mediated by water-soluble sodium anthraquinone-2-sulfonate (SAS) and heterogeneous graphitic carbon nitride (g-C3N4)) of primary and racemic secondary alcohols to the corresponding aldehydes and prochiral ketones, which are subsequently transformed into the (chiral) amines with commercial aminotransaminases (one (R) and four (S)-ATAs), using isopropylamine as the sacrificial amine donor [92]. The system worked in a one-pot, one-step fashion; as time-consuming intermediate isolation and purification steps were omitted, the required amount of organic solvents was minimized, with a concomitant reduction of waste. The productivity was significantly improved by switching to a “one-pot, two-step” procedure. A wide range of aliphatic and aromatic compounds was transformed into the enantiomerically pure corresponding amines via the photo-enzymatic cascade, providing good yields and excellent ee values.



In conclusion, these eleven papers clearly illustrate the versatility of biocatalysis in the preparation of bioactive compounds. Once again, let me reiterate what an honor it has been for me to act as Guest Editor of this Special Issue. I would like to thank all of the authors participating in it, as well as all of the reviewers for providing me with their valuable comments. Finally, I cannot refrain from thanking all of the staff of the Catalysts Editorial Office, especially Caroline Zhan, Associated Editor, whose efforts made this Special Issue possible.
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