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Abstract

:

Chemical reactions can be performed to covalently modify specific residues in proteins. When applied to native enzymes, these chemical modifications can greatly expand the available set of building blocks for the development of biocatalysts. Nucleophilic canonical amino acid sidechains are the most readily accessible targets for such endeavors. A rich history of attempts to design enhanced or novel enzymes, from various protein scaffolds, has paved the way for a rapidly developing field with growing scientific, industrial, and biomedical applications. A major challenge is to devise reactions that are compatible with native proteins and can selectively modify specific residues. Cysteine, lysine, N-terminus, and carboxylate residues comprise the most widespread naturally occurring targets for enzyme modifications. In this review, chemical methods for selective modification of enzymes will be discussed, alongside with examples of reported applications. We aim to highlight the potential of such strategies to enhance enzyme function and create novel semisynthetic biocatalysts, as well as provide a perspective in a fast-evolving topic.
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1. Introduction


Biocatalysis is defined as the use of enzymes in chemical synthesis [1]. Enzymes offer synthetic advantages such as: the potential for regio-, chemo and stereo control, reactivity in aqueous media under mild conditions (temperature and pressure), and non-toxic and biodegradable components [2]. Enzyme-mediated reactions have been explored for thousands of years (e.g., fermentation of foods and beverages), however in the last two decades they have become increasingly more widespread in the chemical and pharmaceutical sectors [3,4,5]. However, despite their great potential, employment of enzymes in an industrial setting poses some issues related to protein features, such as stability, catalytic efficiency, and specificity [6]. Strategies to discover novel biocatalysts, or to improve the existing ones, include screening for natural enzyme repertoires, protein engineering through directed evolution and rational design or a combination of these approaches [7,8]. Within this framework a particular category of protein engineering, the chemical modification of native enzymes, has been around for decades [9,10,11]. The covalent alteration of amino acid side chains of an enzyme could enhance function or even create a novel biocatalyst, by expanding beyond the 20 naturally available building blocks [11,12].



The various described methodologies for chemical modification of proteins can be categorized in three main classes: (1) modification of naturally occurring amino acids; (2) modification by bioorthogonal reactions using non-canonical amino acids (nCAAs); (3) ligand directed modifications [13]. Regarding this subject, a thorough review by Pagar and co-workers has been recently published covering the application of these methods in the development of new or enhanced enzymes for biocatalysis, with a particular interest in the insertion and modification of nCAAs [14]. Here we focused on protein modification strategies targeting canonical amino acids, including cysteines, lysines, N-terminus and carboxylate residues for selective enzyme modification and functionalization. Despite great potential and increasing interest, aromatic residues (tyrosine, tryptophan, and histidine) were excluded, due to the lack of more general labeling methods and reduced number of applications. We also highlighted the chemistry behind selective modifications and their potential to create novel biocatalysts with a vast array of possible applications.




2. Historical Background


The pivotal example of protein chemical modification was published independently by Koshland Jr. and Bender, more than 50 years ago [15,16]. Both groups described the conversion of the active site serine from subtilisin (a serine protease from Bacillus subtilis) into a cysteine residue, to form a new enzyme, thiosubtilisin. The three-step reaction included the activation of the nucleophilic serine residue with phenylmethylsulfonyl fluoride (PMSF), followed by the SN2 displacement of the resulting sulfonate ester by thioacetate. The final step involves the spontaneous hydrolysis of the thioacetyl group resulting in a cysteine residue inside the active site. A decade later Ishii group reported the first successful application of the same method to a disulfide containing serine-protease, trypsin form Streptomyces griseus [17]. In a complementary work, Lowe’s group expanded this proof-of-concept to specifically modify a catalytic cysteine residue in papain [18]. Their approach was based on the successive alkylation of the active-site cysteine by a phenacyl bromide and photolysis (λ > 320 nm) of the thioether derivative. Spontaneous hydrolysis of the resulting thioaldehyde, followed by loss of hydrogen sulfide (H2S) resulted in the corresponding aldehyde, dehydroserine (formylglycine). The reduction of the photolysate with sodium borohydride (NaBH4) yielded either serine or glycine (if performed under alkaline conditions, pH 9.0).



Despite validating that is feasible to chemically modify enzymes to create new semisynthetic catalysts, these early examples lacked novel functionalities and were limited to only a few protein scaffolds. In this context, the work from E.T. Kaiser research group has provided interesting examples of enzyme scaffold functionalization [19]. First, the production of a semisynthetic protein by alkylating the active site cysteine of papain with brominated flavin coenzyme analogs [20]. The resulting flavopapain was able to catalyze de oxidation of dehydronicotinamides and dithiols, which represented the chemical conversion of a hydrolase into an oxidoreductase. Following the same strategy, E.T. Kaiser’s group also created a flavohemoglobin, containing a conjugated flavin in the vicinity of the heme group from hemoglobin [21]. The modified protein was capable of hydroxylating aniline using a 2 electrons donor (NADPH), in the absence of a reductase system. In addition, the group provided a further application of thiosubtilisin as a peptide ligase. The modified protein described by Koshland Jr and Bender lacked the endopeptidase activity but retained the ability to bind activated esters to its chemically inserted cysteine residue. This functionality was explored in amide bond formation by acylating the active site thiol with a peptide containing a C-terminal p-chlorophenyl ester [22]. The resulting thioester is prone to undergo aminolysis by the free N-terminal amino group of another peptide, thus leading to the formation of an amide bond between the two segments. This approach was successfully applied to the synthesis of peptides, including [Leu5]-enkephalin and a segment of ribonuclease T1.



Along with these selective approaches, early reports on more stochastic modifications, targeting more abundant nucleophilic residues (e.g., carboxylates and amino groups) also resulted in novel biocatalysts with interesting properties. For example, targeting carboxylates, Shen & Ryser applied carbodiimide chemistry to conjugate proteins to poly-L-lysine [23]. Conjugated albumin and horseradish peroxidase displayed increased internalization by fibroblast, which represented a safe method to promote enzyme uptake by living cells. Chen & Sigman developed a semisynthetic nuclease by modifying primary amines of the tryptophan repressor (Trp) from Escherichia coli [24]. The protein amino groups were first labeled with 2-iminothiolane hydrochloride. The resulting sulfhydryl groups were then alkylated with iodoacetamide containing a 1,10-phenantroline moiety. Coordination of copper ions resulted in Trp-Phenantroline-Cu complexes which retained DNA binding properties and promoted oxidative cleavage in a sequence-specific fashion. Inada and co-workers have reported the PEGylation of amino groups of different enzymes (lipase, catalase, chymotrypsin, and a peroxidase) with choro-triazine activated-polyethylene glycol (PEG) [25]. All conjugated enzymes were soluble and remained active in benzene. Particularly for lipase and catalase, modified enzymes were active in all tested organic solvents and even displayed activity enhancement in 1,1,1-tricholorethane.



A rich past in the development of novel biocatalysts through chemical modification strategies (Table 1) highlights a diverse set of application possibilities. It is important to note that even with a limited chemical toolbox, the early mentioned examples still provide a solid base for future developments. In the next sessions we discuss the challenges inherent to native protein modification as well as the ever-growing panel of selective labeling reagents and their functional applications.




3. The Challenges of Biocompatibility and Selectivity


Protein modification strategies that target canonical amino acids rely ultimately on the intrinsic reactivity and nucleophilicity of naturally occurring residues, most notably cysteine and lysine [14,26]. Targeting natural amino acids offers immediate accessibility to modifications, relative to techniques such as genetic codon expansion or enzymatic labeling. In addition, protein modification in a genetically intact system provides better models to investigate functionality and offers the possibility to be performed in vivo [27]. A major drawback, however, is selectivity, since many of protein functional groups are nucleophiles. Also, target abundance plays its role in defining the precision of a modification [28,29]. Thus, protein modification approaches must address two main challenges: bio-compatible reactions and selectivity (Figure 1).



To retain enzymatic function, chemical modifications of proteins require a tight control over the reaction conditions. Modifications must proceed in aqueous buffered systems and organic solvents should be used with discretion to avoid interfering in protein folding. For the same reasons, pH should be kept near neutrality (6.0 to 8.0) and temperatures below 37 °C. Stoichiometry and concentration are also an issue, as proteins tend to aggregate and thus, should be handled at the µM range (or less) [29,30,31].



Proteins contain multiple copies of reactive amino acids and modification methods must discriminate among similar reacting groups. In this context two features are essential. Chemoselectivity, which is the selectivity of an electrophile to react with a specific nucleophilic functional group (e.g., cysteine thiol, lysine ε-amino group and N-terminus α-amino group) and site-selectivity (or regioselectivity), which requires the electrophile to further distinguish among different copies of the same functional group [30]. The complex nature of a protein provides therein a great challenge but also opportunities. Protein folding promotes interactions among residues that are not evident in the primary structure. The result is a landscape of microenvironments that can shape the reactivity of functional groups creating reactivity hotspots [32]



In a native protein modification perspective, target residues should be solvent exposed and located, preferentially, in the protein surface to avoid disturbances in the hydrophobic core and overall conformation. Chemoselectivity can be achieved by careful selection of targets and reagents. Harnessing the unique properties of functional groups (nucleophilicity, hardness/softness, acidity/basicity, oxidation state), as well as their location, is detrimental to avoid heterogenous and undesired products [33,34]. Site-selectivity, on the other hand, is by no means a trivial task. Because of the complex nature of proteins, microenvironment tuning of pKa (charge-charge interactions, hydrogen bonds and desolvation) profoundly affect the reactivity of certain residues [35]. Moreover, the differences in reactivity among different copies of the same residue can be so subtle that the challenge escalates exponentially with the frequency of the amino acid [30]. Nonetheless, chemical probes can and have already been designed to explore these reactivity differences and selectively modify specific residues. In the next session, we discuss established and new approaches to achieve chemo and site-selectivity in protein modification.




4. Chemical Aspects of Selective Protein Modification


4.1. Cysteines


In proteins, cysteines are multifunctional residues, which display catalytic, regulatory, structural, and metal-binding properties [36]. This wide array of functions is provided by the unique features of the sulfur atom in the thiol group (R-SH) [37]. Properties as valence shell radius, electronegativity, electron polarizability and multiple oxidation states combine to make cysteine thiol into a redox-active soft nucleophile with immense chemical versatility [38,39,40]. Cysteine is also a relatively rare type of residue found in proteins, with a maximum occurrence of 2.3% in mammalian proteomes (Homo sapiens, Bos taurus and Mus musculus), a number that is reduced to 1.27% in yeast (Saccharomyces cerevisiae) and 1.16% in bacteria (Escherichia coli) [41,42]. Interestingly, despite low abundance in protein surfaces, solvent exposed cysteines are among the most reactive ones (together with buried active site cysteines) [43,44]. Altogether, chemical reactivity and relative scarcity render cysteines a very suited target for selective modification of proteins (Figure 2).



In general, under physiological pH cysteine thiols are readily deprotonated to the thiolate anion (R-S-), one of the most reactive functional groups in proteins. Harboring three lone pairs of electrons that are highly polarizable, cysteine thiolates are potent soft nucleophiles that react, preferentially, with electrophilic species of the same nature [39,45,46]. These features provide useful ways to selective modify cysteines over other nucleophilic residues, by adjusting reaction pH to favor the deprotonated thiolate and selecting soft electrophilic probes to avoid reactions with harder nucleophilic side chains (e.g., Lys, Arg, His).



The search for electrophilic cysteine targeting reactants has been fueled by the need for selective cysteine labeling in chemical proteomics, production of protein bioconjugates and targeted covalent inhibitors [47,48,49,50,51,52,53,54]. Haloacetamides (e.g., iodoacetamide and chloroacetamide) have long been used as cysteine tagging-reagents in proteomic research [50]. Maleimides (e.g., N-ethylmaleimide) display higher chemoselectivity towards cysteines and are still the chemistry of choice for the preparation fluorescent-labeled biomolecules, PEGylated proteins, and antibody-drug conjugates (ADCs) (including several FDA approved compounds for cancer treatment) [28,55,56]. Other Michael acceptors as α,β-unsaturated carbonyls (e.g., acrylamides), targeting non-catalytic cysteines, are the most prevalent electrophilic warheads in the development of covalent drugs [49,57]. Sulfur containing electrophiles (e.g., sulfones and sulfonate esters) have also been widely used as cysteine selective probes, whilst activated thiols (e.g., thiosulfates, thiosulfonates and TNB-thiols) provide good chemoselectivity and offer a handle for further modifications through thiol-disulfide exchange reactions [30,50,54]. In recent years a panel of structurally diverse electrophiles has emerged for cysteine selective labeling and functionalization, including: bromo-oxetanes [58]; quaternized viny/alkynil pyridines [59]; dinitroimidazoles [60]; isoxazoliniums [61]; cyclopropenyl ketones [62]; 3-bromo-5-methylene pyrrolones [63]; phosphonamidates [64,65]; vinylphosphonothiolates [66].




4.2. Lysines


Lysine residues in proteins display structural, regulatory, and catalytic functions. Those are mainly related to the electrostatic and nucleophilic properties of its sidechain. Bearing an aliphatic primary amine (ε-amine) that is protonated at physiological pH (7.4), lysine is one of the positively charged (basic) amino acids together with arginine and histidine. The protonated lysine sidechain has a net charge of +1 and is usually present at the protein surface, exposed to the solvent [67]. This positive charge favors protein solubility and provides the basis for functionally important intra-intermolecular interactions such as cation-π, hydrogen bonds and salt bridges [68,69]. Also a target of a wide range of post-translational modifications (e.g., methylation, acylation, and ubiquitination), lysine residues play a crucial role in protein stability, protein-protein interactions, chromatin structure and enzymatic activity [60,70,71]. Lysines occur at a frequency of 5.19% when considering proteomes from all domains of life [72]. Thus, compared to cysteines, lysine residues are much more available for protein modification reactions.



Lysine reactivity as a nucleophile largely depends on its protonation state. The protonated ε-amino group (-NH3+) lacks the lone pair of electrons that makes its neutral counterpart (-NH2) a potent nucleophile [73]. Amino group pKa plays an important role when developing lysine selective reactions. Solvent exposed lysine residues have an overall pKa of ~10, whilst N-termini α-amino groups have a pK of ~8 [74,75,76]. Optimal pH for lysine modification ranges between 8.5 and 9.5. Being more nucleophilic than α-amino groups, the ε-amino group from lysines will be more reactive towards electrophiles in these conditions [34]. Also important is the fact that primary amines are harder nucleophiles than cysteinyl thiols and will react preferentially with harder electrophiles [46,77]. Thus, controlling reaction pH and carefully selecting the electrophilic reagents is crucial to achieve chemoselectivity.



Due to the high nucleophilicity and abundance in protein surfaces lysine residues are a popular target for protein modification [28]. Main applications include the production of bioconjugates such as fluorescent labels (e.g., fluorescein isothiocyanate—FITC), PEGylation, glycoprotein vaccines and antibody-drug conjugates [78,79,80]. Among lysine chemoselective probes, activated esters (mainly N-hydroxysuccinimide—NHS –esters) are the most widely used reagents. Other reagents include isocyanates and isothiocyanates, sulfonyl chlorides, reductive amination of aldehydes, anhydrides, squaric acids and 2-amino-2-methoxyethyl [13,28,34,81]. In contrast to cysteine, lysine ubiquity makes it difficult to develop site-selective labeling strategies. However, a few successful attempts are paving the way for further development. Chen and co-workers were able to label single lysine residues in RNase A and Lysozyme using substoichiometric amounts of a biotin containing NHS-ester reagent [82]. A so-called linchpin directed modification strategy was described by Adusumalli and co-workers using a bifunctional aldehyde reagent [83]. Capable of tagging the most reactive lysine residues in a reversible manner the reagent led to the modification of less reactive adjacent lysines in a site-selective fashion. The method was successfully applied to seven different protein scaffolds. In a different approach, Matos and coworkers described a computer assisted strategy to design a site-selective lysine labeling reagent [84]. Using quantum mechanical calculations to model aza-Michael addition reactions, a sulfonyl acrylate (methyl-2-sulfonylmethyl acrylate) was identified to react with a ΔG‡ of 17.5 kcal mol−1. Hydrogen bonding to the reaction transition state was proven to be the key feature to enhance lysine nucleophilicity, lower the energy barrier and exclude cysteine from the reaction. The reagent was used to label single lysine residues in several proteins (human serum albumin, lyzozyme, C2A domain from synaptotagmin-I and annexin V) without structural or functional impairing. Computational prediction of protein pKa revealed that modified lysine residues were slightly more acidic than the others.




4.3. N-Terminus


Compared to the ubiquity of other reactive nucleophiles, N-terminal α-amine is appealing to site-selective chemical modification for being present in every protein and for consisting of a single reactive handle. Under the influence of the backbone amide, the α-amino group has a reduced pKa (6.0 to 8.0) compared to the ε-amine from lysines (~10.5), being highly reactive at near neutral conditions [85]. This difference in pKa can be exploited to achieve site-selective N-terminal labeling using amine modifying approaches, such as NHS-esters and reductive amination with aldehydes, under appropriate pH control [27,86,87]. Other reagents applied to site-selective N-terminus labeling include imidazole-1-sulfonylazide [88], ketenes [89], 2-pyridinecarboxyaldehydes [90] and 2-ethynylbenzaldehyde [91].




4.4. Carboxilates


Carboxylic acids are present in proteins at the side chains of aspartate and glutamate residues, as well as in the C-terminus. Despite characterizing a nucleophilic functional group, carboxylates exhibit poor nucleophilicity and reactivity under physiological conditions. Selective labeling these groups is, therefore, challenging and usually requires activating reagents [30]. An early strategy includes the esterification with diazo compounds, which dates to the 1960s and has been recently revisited for its possible application in therapeutics and as cross-linking reagent [92,93,94]. However, the most widely used carboxylate targeting reagent are carbodiimides. Reaction leads to the formation of activated acylisoureas, which can react with nucleophiles, namely amines, for further conjugation or labeling [34]. A recent report described a 3-phenyl-2H-arizine probe for carboxylate labeling with applications in chemical proteomics [95]. Despite the challenge, two site-selective carboxylate labeling strategies have been reported. Rawale and co-workers employed a linchpin directed modification to label a single glutamate residue in ubiquitin, using a bivalent reagent containing a 2-hydroxybenzaldehyde and an aryl sulfonate ester moiety [96]. Bloom and coworkers described a photoredox catalysis platform for C-terminal modification. Being able to harness differences in oxidation potential among carboxylate residues, the selective decarboxylative labeling and conjugation at the C-terminus was achieved in model peptides and insulin [97].





5. Selective Protein Modification and Novel Semisynthetic Biocatalysts


5.1. Modification at Cysteines


Thiol labeling chemistry has been primarily used in the development of protein-based therapeutics as protein-drug conjugates (e.g., ADCs) and protein-polymer conjugates (e.g., PEGylated proteins) [54,80]. However, recent examples of enzymes modified at cysteine residues provide good evidence towards the utility of this canonical residue as a reactive handle for enzyme functionalization.



López-Gallego and colleagues have characterized the chemical modification and activity enhancement of a lipase (BTL2) from Geobacillus thermocatenulatus [98]. Three mutant proteins, containing a single cysteine inside the catalytic cavity, were functionalized via thiol-disulfide exchange reactions. First, cysteines were activated by DTNB, followed by tethering of alkane-thiols (1-dodecanethiol and 1-octanethiol). The I320C mutant containing a C12 alkane displayed a 2.5 increment in activity compared to the wild-type (wt) enzyme. Tethering of alkanes to the enzyme active site is supposed to imitate the interfacial activation effect, in which detergents and hydrophobic interfaces enhance enzyme activity by promoting an open conformation of the protein lid module. Insensitivity to Triton-X activation, a reduced Km, increased susceptibility to inhibitors and intrinsic fluorescence changes supports the hypothesis of a permanent conformational change promoted by the modification. Besides higher activity, the semisynthetic enzyme also displayed different substrate specificity (short-chain esters over long-chains). More importantly, the I320-C12 variant of the enzyme displayed higher enantioselectivity (92% enantiomeric excess compared to 79% in wt) in the resolution of a chiral secondary alcohol (synthesis of 3-oxyran-2-yl butyrate). Also using a lipase (from Burkholderia cepacia) as protein scaffold, Ema & Inoue described a semisynthetic biocatalyst modified at a mutated cysteine residue by 2-Iodo-N-phenylacetamide [99]. It allowed a specific modification of a surface exposed cysteine (I287C) over the disulfide forming C190 and C270. Modified enzymes displayed enhanced enantioselectivity in the kinetic resolution of various secondary alcohols with vinyl acetate.



Darby and coworkers developed an inventive approach to enzyme chemical modification, using as model a glycoside hydrolase (BtG84, a O-GlcNAcase) from Bacteroides thetaiotaomicron [100]. In a previous work, the group described a small molecule activator of the enzyme through a fragment-based lead discovery (FBLD) strategy [101]. The 4-etoxyquinazoline compound stabilized the enzyme in an active closed conformation, which promoted an increase in the catalytic efficiency (kcat/Km). Further development of the compound included an acrylamide functional group at position 2 of the quinazoline ring for protein modification. By producing a mutant enzyme containing a single exposed cysteine residue, carefully placed at a flexible loop near the active site (Y550C), the authors were able to covalently attach the activator molecule through a Michael addition reaction to the cysteine thiol. Compared to the wt protein, the functionalized enzyme displayed a 10-fold increase in the catalytic efficiency, including a 5-fold reduction in Km for the synthetic substrate used. Further modifications of the tethered activator molecules resulted in an even more active enzyme (18 and 11-fold increase in kcat/Km, compared to wt, for the strongest activators). A thorough investigation on the mechanism of activation concluded that tethered molecules increase the enzyme pH optima, in addition to altering substrate binding affinity. This example provides a proof of principle in which small fragment-based approaches can be used for enzyme functionalization.



Cysteine residues have also been explored as a reactive handle for the selective anchoring of metal-coordinating ligands or complexes. As a result, different proteins scaffolds can be converted into semi-synthetic hybrid catalysts, known as artificial metalloenzymes [102]. Steroid Carrier Protein 2L mutant (A100C) was converted into a metalloenzyme through tethering of iron-binding nitrogen cofactor containing a maleimide linker [103]. The modified protein was able to catalyze the oxidation of β-O-4 linkage in benzylic alcohols from model substrates of lignin processing. In a similar way, the β-barrel protein nitrobindin was mutated to generate variants of different cavity sizes and single cysteine mutant (Q96C). A Grubbs-Hoveyda type catalyst was anchored to the cysteine thiol through a maleimide linker in the N-heterocycle carbene ligand [104]. The resulting hybrid catalyst was able to perform olefin metathesis reactions in water in the absence of organic solvents.



Another versatile and general strategy for protein modification at cysteine residues consists of its chemical conversion to dehydroalanine (DHA), as described by the Benjamin Davis research group [105,106,107,108]. In terms of protein modification, dehydroalanine (an α-β-unsaturated amino acid) provides a unique electrophilic handle. It can undergo Michael addition reactions with nucleophiles or carbon-based free radical additions in a site-selective manner, to generate functionalized proteins bearing non-canonical sidechains [26,109]. DHA can be obtained from natural or mutated cysteine residues through the chemoselective bisalkylation-elimination reaction with brominated electrophiles (e.g., 2,5-dibromohexanediamide and metyl-2,5-dibromopentanoate) in native conditions [107,110]. Functionalization of proteins through DHA has mainly been applied to the in vitro recreation of post-translational modifications (PTMs) and insertion of non-canonical sidechains [111,112,113,114,115]. Nonetheless its application for the modification of native enzymes has been accomplished and highlights the utility of a DHA-based strategy for mechanistic studies and enzyme engineering.



A well characterized example was described by Alan Berry research group using the enzyme N-acetylneuraminic acid lyase (NAL) from Staphylococcus aureus. The enzyme catalyzes the aldol reaction between N-acetyl-D-mannosamine (ManNAc) and pyruvate to form N-acetyl neuraminic acid (a sialic acid). While being highly specific for its ketone donor (pyruvate) NAL accepts different aldehydes substrates, displaying a strong preference for longer molecules. The first attempt to chemically modify NAL included de substitution of the catalytic Lys165 by a cysteine (the wt protein contains no cysteine residues). The conversion of cysteine to DHA followed by the conjugate addition of 2-aminoethanol resulted in a γ-thialysine containing protein [116]. Crystallographic studies revealed that the modified enzyme exhibits the same structure as the wt counterpart. However, despite binding pyruvate, it displayed reduced activity (30% of wt) and a shift in the pH optima (7.4 to 6.8). The pH profiling and analysis of theoretical titration curves indicated that imbalances in the ionization states of residues within the modified active site prevents a fully active catalyst. In the second attempt, a single cysteine was inserted in various locations inside the enzyme active site, followed by the conversion to DHA and conjugate addition of 13 different thiol containing molecules. For each modified enzyme activity was tested for the condensation of pyruvate with several aldehydes [117]. Most notably, modification of the F190C mutant with three hydroxylated thiols (1-mercapto-2,3-propanediol, 1-mercapto-2-propanol and 1-mercapto-4-butanol) resulted in modified enzymes capable of accepting erythrose as substrate. The C4 aldehyde is poorly metabolized by the wt enzyme, thus the modifications represent a radical change in substrate specificity. The kinetic characterization of the F190Dpc variant (2,3-dihydroxypropyl cysteine) revealed a 10-fold increase in kcat/Km, compared to the wt, for the condensation of erythrose. Comparing to ManNAc, it represented a 30-fold switch in substrate specificity. This is largely attributed to kcat (15-fold increase compared to wt) and not to Km. Structural characterization and molecular modeling revealed that the Dpc sidechain alters the conformation and interaction network in the active site, which promotes a better stabilization of the transition state. Altogether, both reports provide a good highlight on how chemical modification through DHA can be applied to engineer enzyme function.




5.2. Modification at Lysines


Enzyme chemical modification through lysine residues has been limited to the production of heterogenous conjugates due to multiple site labeling. However, it is important to highlight the fact that lysine is a readily accessible and versatile target in native proteins. Its modification by chemical methods is particularly suited when site-selectivity is not detrimental and offers a valuable tool for enzyme functionalization [14,29]. For instance, the chemoselective reaction of ε-amino groups with acid anhydrides (e.g., acetic, citraconic, maleic, phthalic, pyromelltic and succinic). The acetylation of lysines by anhydrides neutralizes its positive charge and introduce extra-hydrophilic groups to the protein surface [14,73]. The effects on enzyme activity vary among different protein scaffolds, however an improvement in overall thermal stability and resistance to detergents and solvents is well documented. This approach has been employed to enzymes with industrial and biotechnological application, namely amylases [118,119,120,121]; bromelain [122]; α-chimotrypsin [123]; horseradish peroxidase [124]; and lypases [123,125,126].



Grafting enzymes to polymers through lysine residues also represent a popular functionalization strategy to create semisynthetic biocatalysts with enhanced properties. Enzyme-polymer conjugates may display enhanced reactivity due to polymer mediated alterations of microenvironment. Important local effects include pH alterations and increases in substrate concentration [127]. The former was demonstrated by Benson and co-workers using Cytochrome C as a protein scaffold that was grafted to poly (acrylic acid) polymers (PAA) [128]. Using carbodiimide chemistry, polymers with different molecular weights were cross-linked to the protein primary amines and effects on the peroxidase activity were evaluated. Bearing a weakly acidic COOH groups, PAA modulation of local pH and destabilization of a wasteful reaction intermediate accounted for the 34-fold increase on kcat of the most active conjugate. In a similar fashion Kovaliov and co-workers reported an increase in lipolytic activity for Candida antarctica lipase-B (CALB) and Thermomyces lanuginosus lipase (TLL) modified with a hydrophobic N-(iso-butoxymethyl) acrylamide (NIBMA) polymer [129]. Monomers were conjugated to the protein lysine residues through a trithiocarbonate chain transfer reagent containing an NHS moiety. Polymerization was performed by a photoinduced electron transfer reversible addition-fragmentation method. Conjugated CALB and TLL displayed a respective 6-fold and 3-fold increase in enzymatic activity. This was related to a possible increase in the local concentration of substrate (p-nitrophenyl palmitate) mediated by the hydrophobic polymer shell.



Another interesting application of protein modification strategies is the production of biocatalysts by ionic liquids. Ionic liquids (ILs) are cationic and anionic low melting salts that are liquid at temperatures below 100 °C [130]. ILs have hybrid physicochemical properties and stand somewhere in between molten inorganic salts and organic solvents [131]. Simply grafting carbonyldiimidazole activated ionic liquids onto lysine residues from lipases (Porcine Pancreatic Lipases—PPL and CALB) has been shown to enhance enzyme properties. Modified proteins exhibited improved enzymatic activity (hydrolysis of p-nitrophenyl palmitate), enantioselectivity (hydrolysis of racemic 1-phenethyl acetate), thermal stability and resistance to organic solvents (methanol and dimethyl sulfoxide—DMSO) [132,133].



Their dual nature makes ILs particularly appropriate in some biocatalysis applications as they can provide both a protein stabilizing environment and, unlike aqueous solutions, are capable of dissolving hydrophobic molecules [134,135,136]. However, finding biocompatible ILs can be a challenge, as they can both enhance or disturb enzymatic functioning, due to the extensive molecular interactions these solvents establish with proteins [137,138]. Grafting IL-analogous cations onto proteins also offers a possibility to make enzymes more stable in ILs. Using carbonyldiimidazole as a linking agent, Bekhouche and coworkers described the grafting of hydroxylated alkyl imidazolium and cholinium salts to lysine residues of formate dehydrogenase (FHD) from Candida boidinii [139]. Modified enzymes displayed reduced activity compared to wt in aqueous solution. In the presence of 30% [MMIm][MeSO4] (1-methyl-3methyl imidazolium/dimethyl sulfate), however, wt enzymes were deactivated whilst modified variants retained their activity. More importantly, in the IL-containing media, FDH bearing hydroxypropylmethyl imidazolium grafts displayed a 30% increase in catalytic efficiency compared to the wt enzyme in aqueous conditions. Alternatively, Nordwald and co-workers reported chemical modification strategy to engineer the surface charge of a commercial Trichoderma reesei cellulase cocktail (TRC) [140]. Primary amines were modified by succinic anhydride changing the negative-to-positive charge ratio. Succinylation of the enzyme preparation resulted in a near 2-fold increment in cellulose conversion in the presence of 15% [BMIm][Cl] (1-butyl-3-methylimidazolium chloride), a condition that inactivated the wt cocktail. Fluorescence quenching assays suggest that stability and activity improvement correlated to reduced disrupting interactions with the Cl− anion.




5.3. Modification at the N-Terminus


Despite being less common than lysine modification, chemically targeting the N-terminal α-amino group offers instant access to site-selectivity. Examples of enzyme functionalization through their N-terminus are discussed below.



Perez-Rizquez and co-workers modified three glycosidases from Lactobacillus plantarum with hyaluronic acid (HA) containing a N-hydroxysuccinimide reactive group (installed by pre-activation using carbodiimide) [141]. Having performed the reaction at pH 7.0, the authors claim the HA molecules were selectively attached to the N-terminal residues of the enzymes. Despite reduced activity, modified enzymes displayed altered substrate specificity for the hydrolysis of p-nitrophenylglicosides and p-nitrophenyl-6-phosphate glycosides (glucose and galactose) tested. Most notably, the attachment of HA to the variant Lp_3525 switched the specificity towards phosphorylated glucose (compared to the more promiscuous wt enzyme), while retaining 80% of the original enzyme activity.



Schoffelen and coworkers described a copper-free diazotransfer reaction on amines using imidazole-1-sulfonylazide in aqueous media [88]. Performing the reaction at pH 8.5 allowed the selective modification of the solvent exposed primary amine with the lowest pKa. For Candida antarctica lipase B (CALB) and elastin-like polypeptide selective labeling of the N-terminal primary amine was achieved. For CALB, labeling resulted in a functional enzyme retaining 97% of its activity compared to control. Moreover, the azide moiety of the labeling reagent allowed for further modification in a copper-free click reaction, with polyethyleneglycol containing a reactive aza-dibenzo-cyclooctine group.



Using an alkyne-functionalized ketene reagent, Chan and co-workers were able to selectively label the N-terminus of enzymes as lysozyme, RNase A and the therapeutic arginase from Bacillus caldovelox (BCArg) [89]. Lysozyme activity was tested and showed that labeling did not interfere with enzyme functioning. The ketene reagent was proved to be superior to NHS-esters in N-terminal selective labeling, while also offering an alkyne reactive handle for further modification reactions through copper-catalyzed cycloaddition. Similarly, the same proteins were modified by Deng and co-workers using 2-ethynylbenzaldehydes [91]. Under neutral or slightly acidic pH (6.5 to 7.4) the reaction is selective towards the N-terminal primary amine, with the formation of an isoquinolinium heterocycle. A modified variant of BCArg was shown to retain most of its enzymatic and cytotoxic activities compared to the wt enzyme.




5.4. Modification at Carboxilates


As for lysines, carboxylates offer abundant and solvent exposed sites for protein modification approaches that do not require site-selectivity. The two examples discussed below highlight the applicability of carbodiimide activation on carboxylate labeling and its potential to enhance enzyme function.



Using a glycosidase from Aspergillus niger, Brogan and co-workers reported the development of an enzyme-surfactant conjugate nanoconstruct [142]. Activation of carboxylates with a carbodiimide, followed by cationization with a diamine reagent (N,N′-bis(2-aminoethyl)-1,3-propanediamine) allowed for electrostatic conjugation with an anionic surfactant (glycolic acid ethoxylate lauril ether). Conjugates were stable in aqueous solution and several ionic liquids (ILs). Moreover, modified proteins displayed an increased half denaturation temperature (up to 79 °C) in tested ILs. Glycosidase activity of both enzymes were similar in aqueous solution. However, in near anhydrous IL (1-ethyl-3-methylimidazolium ethyl sulfate), the modified variant was 10-fold more active than the wt enzyme. Modification also allowed the enzyme to remain highly active at 115 °C with a 10-fold activity increment compared to the same variant at 50 °C.



Krishnamurthy and coworkers described a modified variant of a fibrinolytic enzyme from Serratia marcescens [143]. Carboxylate modifications proceed through a simple labeling with different amounts of 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDAC) at pH 4.1. Treatment with 2.5 mM EDAC resulted in a modified enzyme with a 19-fold increase in specific activity. A pointed 500-fold reduction in Km suggest improved affinity for the substrate (fibrin) and resulted in a near 220-fold increase in catalytic efficiency.





6. Perspectives


The examples discussed above highlight the potential of enzyme chemical modifications as versatile tools for the development of biocatalysts displaying enhanced and novel functionalities (Table 2). Despite significant advances in the development of biocompatible reactions, selectivity remains a major issue to be addressed in the coming years. This last session will provide a brief outlook of what are possible perspectives for each target residues discussed so far.



For reactions targeting cysteines, chemoselectivity is being addressed with an ever-growing panel of cysteine selective labeling reactions that benefits from advances in chemical proteomics, bioconjugates and other biomaterials. Site-selectivity, however, has mainly been achieved through site directed mutagenesis, by including new cysteine residues or removing existing ones to avoid cross-reactivity. To our understanding a major challenge in this context is identifying the most reactive cysteine residues and developing methods for selectively modification of multiple cysteine-containing proteins. In the last decade, proteomic techniques as isoTOP-ABPP (isotopic tandem orthogonal proteolysis-activity-based protein profiling) have been applied to identify reactive cysteines in human proteomes [47,53,144,145]. The resulting databases fueled the development of structure and sequence-based computational methods for determining cysteine pKa, a major indicator of its reactivity [146,147]. Other physics-based computational methods also have provided new tools to investigate the pKa of cysteine thiols in proteins [148]. Therefore, further developments in the ability to predict cysteine reactivity will be detrimental to the field of enzyme modification. Altogether it could provide valuable information on where to properly place or remove cysteine residues and how to target a single residue when multiple copies are available. Also, it can be applied to the search for new protein scaffolds in less known proteomes.



Regarding lysines, available chemistry offers plenty of options for chemoselective probes, applicable when site-selectivity is not required. However, similar to cysteines, the major challenge regarding lysine modification stands in the grounds of site-selectivity. A challenge that is amplified by the residue ubiquity. As mentioned before, new strategies have been recently described for lysine site-selective targeting. These developments could arguably be extended to the scope of enzyme functionalization. In this context, the research group from Vishal Ray has provided inventive and valuable tools to site-specific protein modification [149]. Beside their previously referenced reviews on bioconjugation strategies [27,30,32] and their linchpin directed modification [83], the group has developed different aldehyde-based two-step methods for site-selective modification of lysines. These included approaches as aldehyde auto-oxidation [150], a copper assisted amine, aldehyde, alkyne coupling [151] and a metal-free phospho-Mannich reaction [152]. All three methods were successfully applied to multiple protein scaffolds, including three enzymes (RNase A, lysozyme and chymotrypsinogen A). Most importantly, RNase A and Lysozyme remained fully active after labeling and thus, represent a future prospect for the application of these approaches to engineering other enzymes. Likewise, the also previously mentioned report by Matos and co-workers on the computer assisted design a sulfonyl acrylate reagent provides exciting developments to the topic [84]. Moreover, these results corroborate the combination of chemical and computational tools for envisioning novel ways to harness microenvironment tuned reactivity of functional groups. If extended to enzyme modification, those concepts represent valuable tools for de development of rationally designed biocatalyst with a diverse panel of applications.



The N-terminal primary amine, when accessible, is inherently a target for site-selective reactions. One of the issues concerning it, however, is developing chemoselective probes that can discriminate between the α-amino group and other nucleophiles, namely the other primary amines. As reviewed by De Rosa et al. [85], several chemical strategies are already available for bioconjugation at the N-terminus. Thus, the remaining challenge is to expand the application of theses selective probes to the modifications of enzymes. In this direction, previously discussed examples provide good evidence that the N-terminus is a well-suited target for the design of novel biocatalysts and holds potential for future enzyme functionalization strategies.



Finally, among the residues explored in this article, carboxylates are the ones to offer a greater stage to innovation. Somehow, they resemble lysines, as their high frequency and presence in the protein surface make them an easily accessible target. On the other hand, the low reactivity of carboxylic acids represents both a challenge and an opportunity for the development of novel chemoselective probes. Previously mentioned application of carbodiimide chemistry demonstrate the versatility of carboxylates in enzyme functionalization. Therefore, expanding beyond this class of reagents could bring a new set of options for the enzyme modification toolbox. The possibility of site-selective reactions has been demonstrated for the C-terminal residue in peptides and proteins [97,153]. Being able to harness the reactivity of the C-terminus could provide an important handle for site-selective functionalization.




7. Conclusions


In this review we discussed chemical aspects and the challenges regarding selective enzyme modification strategies and their applications. Examples of novel semi-synthetic biocatalysts are manyfold and strongly validate the pursuit for improvement and new developments. Within this framework, selective labeling, and protein bioconjugation have provided an ever-growing panel of chemo and site-selective reagents. Therefore, along with the development of chemical probes, the next steps would be further extending these new chemical tools to enzyme functionalization approaches.
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Figure 1. A schematic representation of conditions required for protein modification strategies targeting canonical residues. Conditions to determine specific modifications and stable products are highlighted. 
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Figure 2. A schematic representation of protein modification strategies targeting cysteine residues and their application in biomedicine and biotechnology. 
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Table 1. Historical enzyme modification examples.






Table 1. Historical enzyme modification examples.





	Modification Strategy and Reagents
	Target Group
	Protein Scaffold
	Functional

Implications
	Ref.





	Activation of catalytic serine with PMSF and SN2 displacement with thioacetate
	-SH
	Subtilisin
	Conversion of serine to cysteine. Impaired hydrolytic activity
	[15,16]



	Alkylation with 2-Bromo-2′,4′-dimethoxyacetophenone, photolysis (λ > 320 nm) and reduction with NaBH4
	-SH
	Papain
	Conversion of cysteine to serine, glycine, or formyl-glycine. Loss of activity
	[18]



	Activation of catalytic serine with PMSF and SN2 displacement with thioacetate
	-SH
	Trypsin

(Streptomyces griseus)
	Conversion of serine to cysteine. Impaired hydrolytic activity
	[17]



	1-ethyl-3-(3-dimethylaminopropyl) carbodiimide activation and conjugation to poly-L-lysine
	-COOH
	Human Serum Albumin

Horseradish peroxidase
	Increased cell uptake
	[23]



	Flavin incorporation through alkylation with brominated isoalloxazines
	-SH
	Papain
	Conversion to an oxidoreductase capable of oxidizing dehydronicotinamides and dithiols
	[20]



	PEGylation with 2,4-bis (O-methoxyPEG)-6-chloro-s-triazine

(Activated PEG2)
	-NH2
	Lipase

(Pseudomonas fluorescens)

Bovine Chymotrypsin

Bovine Catalase

Horseradish Peroxidase
	Active enzymes in organic solvents
	[25]



	Labeling with 2-iminothiolane hydrochloride, alkylation with 5-iodoacetamido-1,10-phenantroline and coordination of copper ions
	-NH2
	Tryptophan repressor

(Escherichia coli)
	Site-specific oxidative cleavage of DNA
	[24]



	Flavin incorporation with a N-3-alkyl-7-cyanoisoalloxazine
	-SH
	Hemoglobin
	Reductase-independent aniline hydroxylase
	[21]
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Table 2. Recent examples of novel biocatalysts created by chemical modification of protein scaffolds.
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	Target Residue
	Modification Strategy
	Protein Scafold
	Functional Implications
	Ref.





	Cysteine
	Activation of cysteines with DTNB and tethering of alkane-thiols through disulfide exchange
	Lipase BTL2

(Geobacillus thermocatenulatus)
	Interfacial activation mimic. Increased activity, shifted substrate specificity and improve enantioselectivity
	[98]



	
	Conversion of cysteine to dehydroalanine with 2,5-dibromohexanediamide followed by the conjugate addition of thiols
	N-acetylneuraminic acid lyase (NAL)

(Staphylococcus aureus)
	Novel substrate specificity
	[116,117]



	
	Cysteine alkylation with 2-Iodo-N-phenylacetamide
	Lipase (Burkholderia cepacia)
	Improved enantioselectivity in the resolution of secondary alcohols
	[99]



	
	Anchoring of Grubbs-Hoveyda type catalyst through a maleimide linker
	Nitrobindin
	Olefin metathesis in aqueous media
	[104]



	
	Conjugate addition of a small molecule activator (4-etoxyquinazoline) containing an acrylamide functional group
	Glycoside hydrolase BtG84 (Bacteroides thetaiotaomicron)
	Improved substrate affinity and catalytic efficiency
	[100]



	
	Tethering of iron-binding nitrogen cofactor containing a maleimide linker
	Steroid Carrier Protein 2L
	Oxidation of β-O-4 linkage in benzylic alcohols
	[103]



	Lysine
	Acetylation with anhydrides
	Amylases

(Aspergillus carbonarius)

(Bacillus licheniformis)

(Saccharomycopsis fibuligera)

Bromelain

(Ananas comosus)

Bovine α-chymotrypsin

Horseradish peroxidase

Lipases

(Candida antarctica)

(Candida rugosa)

(Humicola lanuginosa)
	Improved overall stability and resistance to detergents and solvents. Effect on enzyme activity depends on the scaffold
	[118,119,120,121,122,123,124,125,126]



	
	Grafting of hydroxylated ionic liquids analogous cations with carbonyldiimidazole as a linking agent
	Fumarate dehydrogenase

(Candida boidinii)
	Improved catalytic efficiency in the ionic liquid [MMIm][MeSO4] (30%)
	[139]



	
	Grafting of carbonyldiimidazole-activated ionic liquids
	Porcine pancreatic lipases
	Improved thermostability and enantioselectivity
	[132]



	
	Succinylation with succinic anhydride
	Trichoderma reesei cellulase cocktail
	Improved cellulose conversion in the presence of the ionic liquid [BMIm][Cl] (15%)
	[140]



	
	NHS-ester mediated conjugation to N-(iso-butoxymethyl)acrylamide monomers, followed by photoinduced polymerization
	Lipase B

(Candida antarctica)

Lipase

(Thermomyces lanuginosus)
	Increased enzymatic activity
	[129]



	
	Conjugation of carbodiimide-activated polyacrylic acid polymers
	Cytochrome C
	Increased peroxidase turnover
	[128]



	
	Grafting proline-based ionic liquids through carbonyldiimidazole activation
	Lipase B

(Candida antarctica)
	Increased hydrolytic activity and tolerance to organic solvents (methanol and DMSO)
	[133]



	N-terminus
	Copper-free diazotransfer of imidazole-1-sulfonylazide
	Lipase B

(Candida antarctica)
	Labeled enzymes retained their activity and gained an azide functional group for further modification
	[88]



	
	Alkyne containing ketene reagents
	Lysozyme
	Labeled enzymes retained their activity and gained an alkyne functional group for further modification
	[89]





	
	Conjugation to NHS-containing hyaluronic acids
	Glycosidases

(Lactobacillus plantarum)
	Reduced hydrolytic activity and altered substrate specificity for p-nitrophenylglicosides
	[141]



	
	2-ethynylbenzaldehydes for the formation of isoquinolinium heterocycles
	Arginase

(Bacillus caldovelox)
	Labeled enzymes retained their activity and cytotoxic properties
	[91]



	Carboxylates
	Carbodiimide activation and cationization with a diamine reagent, followed by electrostatic conjugation to glycolic acid ethoxylate lauril ether
	Glycosidase

(Aspergillus niger)
	Improved thermal stability and activity in near anhydrous ionic liquids.
	[142]



	
	Labeling with 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide
	Fibrinolytic enzyme

(Serratia marcescens)
	Improved affinity for the substrate and increased enzyme activity
	[143]
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