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Abstract

:

Harnessing enzymes which possess several catalytic activities is a topic where intense research has been carried out, mainly coupled with the development of cascade reactions. This review tries to cover the different possibilities to reach this goal: enzymes with promiscuous activities, fusion enzymes, enzymes + metal catalysts (including metal nanoparticles or site-directed attached organometallic catalyst), enzymes bearing non-canonical amino acids + metal catalysts, design of enzymes bearing a second biological but artificial active center (plurizymes) by coupling enzyme modelling and directed mutagenesis and plurizymes that have been site directed modified in both or in just one active center with an irreversible inhibitor attached to an organometallic catalyst. Some examples of cascade reactions catalyzed by the enzymes bearing several catalytic activities are also described. Finally, some foreseen problems of the use of these multi-activity enzymes are described (mainly related to the balance of the catalytic activities, necessary in many instances, or the different operational stabilities of the different catalytic activities). The design of new multi-activity enzymes (e.g., plurizymes or modified plurizymes) seems to be a topic with unarguable interest, as this may link biological and non-biological activities to establish new combo-catalysis routes.
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1. Introduction


Humankind demands that chemical production should be as sustainable and clean as possible [1,2,3,4,5], and catalysis is a necessary tool to reach this goal [6]. Biocatalysis should have a prominent role in this target [7,8,9,10]. Enzymes are able to catalyze the most complex processes under very mild conditions in a very atom-efficient way [11,12,13,14,15]. This is due to their high activity under atmospheric pressure and room temperature, high specificity (that permits the modification of a single compound in a mixture of very similar compounds) and selectivity (that permits the production of a single product among several possible ones). Nature provides a huge amount of enzymes bearing different catalytic features, and the current development of metagenomics tools has enlarged the range of available enzymes reaching even those produced from non-cultivable or no longer existing organisms [16,17,18,19,20,21]. Enzymes may be further improved to enhance their performance by genetic tools, such as directed evolution [22,23,24,25,26] or site-directed mutagenesis (based in dynamic simulations, enzyme modelling, etc.) [27,28]. Finally, enzyme chemical modification [29,30,31,32] or immobilization [33,34,35,36,37,38] may be the last opportunity of making enzyme features fit specific industrial requirements.



The design of artificial metalloenzymes is a quite mature discipline nowadays [39,40,41,42,43,44,45,46,47]. These artificial enzymes have special relevance when there are no natural enzymes available to catalyze the target reaction. It enables the preparation of protein-based biocatalysts where the metallic component is the catalytically active phase, whereas the enzyme environment may tune its features (providing higher catalytic efficiency, specificity or selectivity) [48,49,50,51].



One step further in the complexity of biocatalytic processes is the design of multi-enzyme processes, which may include cascade reactions [52,53,54,55,56] or the modification of several components of a complex substrate (e.g., hydrolysis of galactose and casein in milk or multiple glycerides contained in oils [57]). These cascade processes include the step by step or simultaneous use of several enzymes. The simultaneous use of several enzymes is preferred, as this reproduces the biological metabolic chains where the enzymes work in vivo, and may be used to shift equilibrium and to reduce inhibitions or inactivations [52,53,54,55,56]. Moreover, this permits the development of one step/one reactor processes, with a corresponding savings in time and resources. However, this may raise some additional problems: the reaction conditions must fit the operational window for all involved enzymes; if some deleterious product is released by one of the enzymes (e.g., hydrogen peroxide), all enzymes will be exposed to it, etc. [58].



Thanks to the huge developments in the diversity of areas involved in the design of enzymes, one of the current trends in performing cascade reactions is the design of artificial enzymes bearing two active centers. This strategy has a distinct advantage. A single peptide chain, produced in a single fermentation, may present the activities required to catalyze the whole reaction chain. This way, just one biocatalyst needs to be produced, purified and immobilized, with the corresponding cost efficiency. The conceptual advances and advantages of these enzymes bearing multiple active centers are obvious, and the potential of some of these strategies (some of them really novel) still need to be properly developed to be fully exploited. However, this can also pose some difficulties for their implementation, which needs to be at least considered.



This review paper intends to quickly summarize the efforts performed to produce these artificial enzymes bearing several active centers, putting more emphasis on the discussion of their possibilities and some practical problems that can be envisioned and should be considered in future developments.




2. Enzymes Bearing Several Active Centers


In this section, we will list different examples where enzymes bearing two active centers are created.



2.1. Natural Enzymes


We have been unable to find reports describing natural enzymes bearing two independently active centers except when some natural fusion enzymes are formed, but these will be treated in the next section. An exception to this fact is the enzymes exhibiting activity promiscuity. Substrate promiscuity is related to enzyme specificity, and it is not a surprise that an enzyme can recognize many different substrates, since many enzymes have low specificity (an outstanding example are lipases, which are able to recognize many different substrates) or can catalyze diverse-related reactions using the same catalytic center that is used for the physiological reaction, as happens in ester hydrolysis, esterification, transesterification and so on [59,60,61]. These are enzymes with a broad specificity and are able to catalyze very diverse reactions. However, here we refer to a promiscuous activity, that may be defined as the capacity of the enzyme to catalyze a reaction far from the physiological activity of the enzyme, that is, with different chemo-selectivity. An example may be a hydrolase able to produce carbon–carbon bonds or exhibiting an oxidative activity. This is the real enzyme promiscuity, and it is postulated that it has been somehow related to the evolution of organisms, as first step before gene diversification to obtain new enzyme activities [62,63,64]. These promiscuous activities may be of interest when there are no alternative natural enzymes able to perform the reaction [65,66,67,68,69,70,71,72,73]. In many examples, it has been shown that this secondary catalytic activity requires a folded enzyme structure (that is, it is not a consequence of the catalytic activity of individual amino acids) but that did not involve the active center of the enzyme (as the activity remains after blocking the active center of the enzyme with irreversible inhibitors) [74,75]. This can suggest that the active center responsible for this activity may be placed in a different position, perhaps in a different pocket of the enzyme surface (Figure 1). As the standard enzyme activity, this promiscuous activity may be modulated by enzyme immobilization [74]. However, the catalytic activity values are usually moderate, and obviously, the main active center and this promiscuous activity may be utilized to catalyze cascade reactions only randomly [76]. Nevertheless, we wanted to mention this possibility as an example of natural enzymes bearing two active centers.




2.2. Fusion Enzymes


The building of enzymes bearing a domain has been a traditional strategy to facilitate enzyme purification, producing chimeric enzymes using very simple and small tags, such as poly-His (using immobilize metal chelate columns) [77,78] or poly-Lys tags (to purify the enzyme using anionic exchanges), taking advantage of the usual low isoelectric point of enzymes [79] to large domains that are designed to introduce affinity moieties, such as cellulose binding domain or choline binding domain [80,81]. These affinity domains may also be used as a single step immobilization purification of enzymes [82,83,84,85,86,87,88,89,90,91,92].



However, nature has shown us that this may be also used to produce enzymes bearing several catalytic domains by fusing the domains of different enzymes. One example of this is the covalent fusion of soluble P450 and cytochrome P450 reductase enzymes from Bacillus megaterium to produce the flavocytochrome P450BM3 system, and to achieve a highly efficient electron transport system for oxygenation of fatty acids and related molecules [93]. This gene fusion seems to be a natural evolutionary event due to fusion of adjacent genes [94,95].



Considering the advantages of having a single molecule bearing two desired catalytic activities, researchers have tried to imitate nature and produce fusion enzymes for a long time (Figure 2). These fusion enzymes have been used in biomedicine [96], in vivo to produce target metabolites via fermentation [97,98,99,100,101,102] or as isolated bifunctional enzymes to catalyze cascade reactions [103,104,105,106,107,108,109,110,111,112,113]. The selection of appropriate linkers between the involved enzymes is a critical point in the design of these fusion proteins, to permit a proper folding of both fused enzymes [114]. In some instances, the researchers fused more than two enzymes [115].



These fusion proteins can be produced genetically, fusing coding open reading frames, or the connection of the proteins may be performed in a posttranslational process. This interesting topic has been the subject of many interesting reviews [116,117,118], therefore, we are not going to extend further in this matter.




2.3. Modification of Enzymes with Non-Biological Catalysts


The combination of enzyme and metal catalysis is highly interesting and can open new synthetic possibilities. Unfortunately, in many instances the combined use of both catalysts lead to mutual inactivation, making some compartmentalization necessary to prevent this negative effect [119]. However, another alternative is to prepare enzymes bearing both catalytic activities, via the modification of the enzymes with a compound bearing the desired catalytic activity. This has been recently reviewed [120]. Here, we will just give some examples to show the potential.



For example, glucose oxidase was coated with hemin (a peroxidase-mimetic catalytic polymer) via a flexible polymeric scaffold through coordination to their imidazole groups. This spatial distribution allows the enzyme to catalyze its reaction first and then hemin catalyst acts. This was used to build nanoreactors able to degrade organic aromatic compounds using glucose as the only fuel [121].



Another strategy consists of using the enzyme as a scaffold to get a metal nanoparticle attached to the enzyme (Figure 3). In fact, the use of different organisms to produce transition metal nanoparticles in a greener way has been proposed by some authors, in vivo or in vitro [122,123,124,125,126,127,128,129,130,131]. The production of nanoparticles employing enzymes as inductors of the metal nanoparticle formation in aqueous media is a well-known possibility [124,132,133]. Thus, it is possible to build enzymes bearing metal nanoparticles to get multifunctional hybrid-enzymes. One example of this may be the use of an alcohol oxidase to produce an in situ nanoparticle, used as an amperometric alcohol biosensor [134]. There are many other interesting examples of this kind of hybrid biocatalyst [135,136,137,138].



In some instances, this strategy may also solve the problem of the biocatalyst solubility. For example, lipase B from Candida antarctica was mixed with different metal salts (Pd(OAc)2, Na2PdCl4, AgNO3 and HAuCl4), to produce a solid precipitate that could be used as an ex novo heterogeneous biocatalyst [139] (Figure 4).



The enzyme activity recovery depended on the metal. This biocatalyst was utilized in the cascade reaction (enzymatic hydrolysis plus metal catalyzed reduction) for the transformation of p-nitrophenyl butyrate to p-aminophenol [139]. One obvious alternative to this strategy is to utilize the enzyme immobilized in a nanoparticle containing the metal [140] (Figure 5). While the first strategy utilizes a green method to produce the aggregate in one step, the second permits better control of the enzyme-support interactions, which, as discussed in the introduction section, may permit a better final enzyme stability/activity. Another example of the preparation of a metal/enzyme precipitate is the production of an oxidase precipitate hosting small spherical palladium nanoparticles that present catalytic competence for both the biocyclization as well as the C–C bond-forming cross coupling [141].



These strategies may present some problems, because the metal can still be dissolved under certain conditions affecting the enzyme activity and also decreasing the metal activity. The insertion of an organometallic catalyst onto a specific point of the enzyme is a more elegant way to reach the desired goal (Figure 6). In one interesting example, the lipase from Geobacillus thermocatenulatus was utilized. This is a peculiar lipase presenting a double lid [142]. They optimized the solid-phase modification of the active center of the enzyme [143], and later on, this protocol was extrapolated to the modification of the position 196 (where a Cys had been genetically introduced), located in the external face of the main lid, with a thiol reactive-organometallic complex. The position where the Cys was introduced was justified by the authors because the introduction on this position of a peptide had previously permitted a strong modulation of the enzyme selectivity, revealing their importance [144]. Very interestingly, the authors showed the great impact of the immobilization strategy on the expressed activity of the introduced organometallic catalyst [143]. This was explained by the necessity of having the open form of the lipase to leave accessible the new catalytic groups. The new immobilized hybrid enzyme was utilized in a cascade reaction to produce aminoarene from a nitroarene ester [143].



Another strategy to create artificial enzymes is the introduction of noncanonical amino acids with catalytic activity in proteins to give some catalytic activities via genetic modification [145,146,147]. When combining this and the previously described tools, in a further effort, a protein may be transformed in an enzyme bearing two artificial active centers. The researchers introduced (on the lactococcal multidrug resistance regulator) a genetically encoded unnatural p-aminophenylalanine residue. This group is able to activate an enol via iminium ion formation. They also introduced a supramolecularly bound Lewis acidic Cu(ii) complex (which activates the Michael donor by enolization and supplies it to one preferred prochiral face of the activated enal) [148]. That way the final hybrid biocatalyst was able to act synergistically to achieve high activity and enantioselectivity (up to >99% e.e.) in a catalyzed Michael addition reaction. Using a similar double modification, a biocatalyst able to catalyze the tandem Michael addition/enantioselective protonation highly enantioselective reaction was also prepared [148].




2.4. Design of Enzymes Bearing an Ex Novo Biological Active Center (Plurizymes)


The combined use of enzyme modelling, dynamic simulation and genetic tools have enabled the design of the so-called plurizymes by the research group directed by Prof. Ferrer [149]. This novel strategy consists of the search (using enzyme modeling and dynamic simulation) on the surface of an enzyme for pockets that can be suitable to create a new, ex novo, human-designed biological active center (via a minimum of site directed mutations). This ex novo artificial active center will add its catalytic activities to that of the initial active center. That way, an enzyme bearing two biological (one natural and one artificial ones) will be created [149] (Figure 7). The first approach was the introduction of a second serine hydrolase active center (including the whole catalytic triad) in a serine ester hydrolase obtained by metagenomics approaches [150] and previously identified as the ester hydrolase, with the broadest specificity among a total of 147 esterases assayed [151]. This enzyme was studied to identify likely pockets where the new catalytic triad may be accommodated and the substrate may be adsorbed (using tripropionin as a model substrate), and employing Protein Energy Landscape Exploration (PELE) software (because it enables mapping ligand diffusion and binding) [151,152,153,154,155,156]. A pocket on the enzyme surface containing a Ser (residue 211) was identified, and Asp and His residues were first computationally and later experimentally added (Glu25Asp and Leu214His) to generate a catalytic triad. Special care was taken in the distances between the residues and substrate accommodation [149]. The near Gly207, Tyr208 and Phe209 groups generate a likely oxyanion hole.



The natural catalytic Ser of the native enzyme was then mutated (Ser161Ala) to eliminate the native enzyme activity and ensure the functionality of the new active center. The authors found activity of the new active center versus 24 substrates, obviously with different specificities and activities when compared to the native active center. This catalytic activity was dependent on the two mutations introduced to generate the catalytic triad as well as of the natural Ser211. Then, the authors generated an enzyme bearing the two intact catalytic centers. The specific activity of the double active center enzyme for all accepted esters was lower than that observed for the native enzyme, but higher than that for the enzyme bearing only the artificial active center [149]. The enzyme specificity was not enlarged, as the scaffold enzyme was already one esterase bearing a very broad specificity. However, the enzyme bearing the two active centers gave an altered substrate/activity (giving a sigmoidal curve) and pH/activity (giving a narrower peak) curves. This is the only example of a design of plurizymes in the literature to date, and it may be considered a proof-of-concept using relatively simple active centers to facilitate the success. However, it is expected that many other examples may follow this model, perhaps plurizymes, which not only show two different active centers, but also with two different catalytic activities.



In a further step, the model plurizyme features were improved by site-directed mutagenesis [157]. The objective was to achieve better spatial configuration of the active center, and they were able to produce an improved plurizyme with increased catalytic activity (even by 74-folds), an increased enantiospecificity (by over 1000-fold) and an increased temperature of 20 °C, at which point the enzyme retained more than 80% of its optimal activity. It also expanded the substrate scope, as the resulting plurizyme presented activity versus some substrates that were not recognized by the original esterase [157].




2.5. Design Plurizymes That Are Site-Directed Modified with Organometallic Catalysts


The modified plurizymes described in the previous section were also the first (and only at present) examples of a new strategy to obtain plurizymes bearing a biological and a metal-organic catalytic center [157] (Figure 8). The researchers designed an irreversible serine hydrolase inhibitor attached to an organometallic catalytic complex. To reach this goal, 3′-hydroxy-2,2′-bipyridin-3-yl methyl hexylphosphonate, coupled to a transition-metal-chelating moiety (the bipyridine ligand) was synthesized. The use of an excess of the inhibitor permitted blocking of both native (Ser161) and artificial (Ser211) catalytic groups. The double-blocked enzyme, after incubation with Cu(NO3)2, exhibited a synergy in the oxidation of catechol, as the double-modified enzymes were more active than both individually modified enzymes. The authors postulated that the proximity of the two organometallics facilitated the intramolecular electron transfer. In this way, one advantage of using plurizymes was found [157].



However, this composite still has only one catalytic activity bearing two active centers. To have a plurizyme bearing two different activities, the researchers utilized a different enzyme specificity for the different substrates, and therefore, for the inhibitor. They found that the native active center of the plurizyme presented a much higher affinity for the inhibitor than the artificial one. In that way, using almost a stoichiometric amount of inhibitor, they were able to selectively inhibit the native active site while leaving the artificially introduced one unaltered. This new mono-modified plurizyme presented two different catalytic activities and could be utilized as single catalyst of different one pot cascade reactions. For example, it was used to transform 1-naphthyl acetate into 1,4-naphthoquinone (with a conversion near to 100%) and vinyl crotonate and benzene into 3-phenylbutyric acid (with a conversion next to 85% and an enantiomeric excess of 99.9%) [157].



The versatility of this strategy to introduce different active centers, benefitting from the environment generated by the active enter pocket, may open unlimited opportunities to prepare catalysts able to catalyze the most complex processes under the milder and most selective conditions. We foresee a great development in the area of plurizymes and modified plurizymes in the upcoming future.





3. Practical Problems of Enzymes Bearing Several Active Centers


The developments to generate artificial enzymes bearing several active centers that have been discussed above are academically very relevant and may open the door to new and unexpected advances in the design of bioprocesses that some years ago seemed only to be a dream. Moreover, some developments are so recent that the full impact that they may have are still unknown, similar to the modified plurizymes. However, we can foresee some problems for the application of these artificial enzymes bearing several active centers.



For example, one critical step in the optimization of multi-enzymatic processes is the optimization of the ratio between the activities of the involved catalytic entities [52,53,54,55,56]. The problem has more or less importance depending on the strategy utilized to have several active centers. Using fusion multi-enzyme composites, it is theoretically possible to add more or fewer enzyme-units to the fusion target enzyme to have the desired activity ratio, or, more simply, to add the required amount of the individual enzyme, which is less active. However, if using the alternatives involving just one enzyme structure where a new active center is created, the optimization may be more difficult. If the activity that needs to be used in excess is that belonging to the native active center of the enzyme, it may be possible to use a mixture of the natural enzyme and the artificial one to get the desired native/artificial activities ratio (assuming that the properties of the natural and the modified enzymes are similar, that may be untrue in many instances). If the activity that needs to be reinforced is that from the artificial active center, to get compensated activities ratios may require using some multi-activity enzymes having the native enzymatic catalytic center inactivated and only bearing the artificial active center. If the artificial activity is less active and it is the second in the chain, it may produce the accumulation of its substrate. If this substrate is unstable (e.g., tends to isomerize or racemize, or it is easily oxidable), the result of the process will not be the desired one, as a percentage of the intermediate product will be destroyed [158,159,160,161,162,163,164,165].



Another likely problem may rise if the stability of one of the activities is much lower than the stability of the other components of the chain. This way, this weak component will mark the stability of the whole composite, causing the same problem that arises when using coimmobilized native enzymes [36,38]. Using coimmobilized enzymes, some solutions have been recently proposed for these dissimilar stabilities of the different enzyme components, designing strategies that permit the release of the least enzyme component after its inactivation and the immobilization of a fresh enzyme batch [58,166,167,168,169,170,171,172,173,174]. This solution is not valid using enzymes bearing multiple activities; the only solutions will be as described above to get a balanced ratio between the involved activities.



One exception may be (as we have not found any paper concerning this possibility, this may be just a hypothesis) the case where we use an enzyme bearing a metallic catalyst together with the biological active center. If the problem is in the inactivation of the metal itself and it is not caused by some undesired conformational change of the enzyme structure in the area where the metal is adsorbed, its activity could be recovered. In this case, it might be possible to release the inactivated metal and reload fresh metal batches following a similar protocol to the employed in the preparation of the original artificial organometallic-enzyme complex. If the cause of metal inactivation is a conformational change affecting the area where the metal is assembled and not to the enzyme active center, the solutions will require adding enzyme containing only the metallic active center. (obviously if the accumulation of the substrate of the metal produces some undesired effect as described above).



In this way, although conceptually and academically, the design of enzymes bearing several active centers is of indubitable interest, and their practical implementation should consider how to solve these likely drawbacks, and some other problems that might have been undetected to date.




4. Conclusions


The design of enzymes bearing a unique structure and several catalytic activities is of great interest. Starting with natural evolution, similar to fusion enzymes or enzymes bearing a second promiscuous active center, nowadays the tendency is to add catalytic active centers whose activities are quite far from the biological ones, permitting the coupling of biological and metal catalysis to perform the most complex, selective and environmentally friendly cascade reactions. In many instances, as in the development of plurizymes and modified plurizymes, they were only possible by the imagination of the involved researchers and the availability of accurate and powerful enough tools to perform enzyme modelling and design, as well as organic chemistry (to build the suicide inhibitor attached to the organometallic catalysts). These novel tools should be a topic to be strongly developed in the near future, as they may permit the relatively simple coupling of biological and metal catalysis, but to date these tools are clearly under-exploited. This huge potential should not cause researchers to forget some practical problems, such as the necessity of use balanced activities of the involved enzymes to maximize the catalytic potential of the new multiple activity enzymes, or the possibility of very different operational stability of their different elements. While immobilization is usually considered a requisite in most of the industrial applications of enzymes (and most of the enzyme is the result of a sophisticated post-production enzyme chemical modification that can be benefited of the use of solid phase), scarce efforts have been directed to the immobilization of some of these multiple activity enzymes, with the exception of enzymes/metal precipitated and one example of immobilization of an enzyme site directed modified with an organometallic catalyst. It is also likely that this gap may be covered in the upcoming future.



Thus, the application of cascade reactions may be enlarged by the use of biological and metal catalysis but still benefit from the selectivity, reactivity and specificity given by the biological environment. Although academically they are very relevant, the practical advantages of using simultaneously individual natural enzymes and artificial enzyme catalyst bearing just one active center in a cascade reaction versus having both activities in the same unique structure have not been proved in most cases. One exception is the synergy found by the proximity of two organometallic complexes in a modified plurizymes. This synergy between active centers may become an advantage to consider in the design of multi activity enzymes. The future should drive to never stop dreaming of multiple activity enzymes where these advantages may be clearly established, as now we are in the starting of the development of some of the new technologies (e.g., plurizymes).
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Figure 1. Enzymes having promiscuous activities not related to the main active center. 
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Figure 2. Design of artificially fused enzymes. 
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Figure 3. Preparation of an enzyme bearing its biological center and a nanoparticle. 
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Figure 4. Preparation of metal-enzyme aggregates. 
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Figure 5. Preparation of enzymes immobilized in metal catalyst nanoparticle. 
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Figure 6. Preparation of enzyme site-directed modified with a metal catalyst. 
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Figure 7. Design and optimization of plurizymes. 
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Figure 8. Design and modified plurizymes; single or multiple catalytic activities. 
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