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Abstract:



Some hemoproteins have the structural robustness to withstand extraction of the heme cofactor and replacement with a heme analog. Recent reports have reignited interest and exploration in this field by demonstrating the versatility of these systems. Heme binding proteins can be utilized as protein scaffolds to support heme analogs that can facilitate new reactivity by noncovalent bonding at the heme-binding site utilizing the proximal ligand for support. These substituted hemoproteins have the capability to enhance catalytic reactivity and functionality comparatively to their native forms. This review will focus on progress and recent advances of artificially engineered hemoproteins utilized as a new target for the development of biocatalysts.
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1. Introduction


The ability to replace heme cofactors with transition metal complex structural analogs within intrinsically robust hemoproteins has recently met with unique possibilities for enhanced functionalities that are not displayed in their native forms. Since the discovery of the ability to separate the heme cofactor from the protein matrix of hemoproteins in the 1940s, researchers have exploited the versatility of their stabile protein structures in order to explore structure and function relationships by the substitution of new cofactors. The structure of the heme b cofactor (iron protoporphyrin IX) is shown in Figure 1. Teale described a simple acidification and heme extraction technique which allowed for generations of hemoprotein researchers to easily exchange cofactors and explore new possibilities for functionalities as shown in Figure 2 [1]. Many decades later the utility of replacing the native heme cofactor with heme analogs has emerged as a strategy to produce synthetic metalloenzymes to function as robust biocatalysts [2,3,4,5,6,7,8,9,10].


Figure 1. Structure of iron(III) protoporphyrin IX (heme b). Cofactor found in the described heme proteins.
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Figure 2. Teale’s method of cofactor replacement in hemoproteins: (a) acidification of protein to release the heme cofactor; (b) apoprotein followed by alkalination and reconstitution with new cofactor (M = Fe, Mn, Cr, Ru, Rh, or Co); (c) to regenerate new holoprotein [1].
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Replacement of the iron ion of the heme with other transition metals gained traction in the 1960s where researchers reported replacement with first and second row transition metals into stabile hemoproteins that could be readily manipulated (e.g., horseradish peroxidase, myoglobin, hemoglobin, and cytochrome c peroxidase) [11,12,13,14,15,16,17]. Yonetani and coworkers reported, in a series of papers, the substitution of horseradish peroxidase, myoglobin, and cytochrome c peroxidase with manganese protoporphyrin IX. They presented detailed analyses of the substituted hemoproteins regarding their spectroscopic properties upon ligand binding and oxidation utilizing UV/vis and electron paramagnetic resonance (EPR) spectroscopies. These types of studies were ongoing through the 1970s with a myriad of literature reports that show many heme proteins replaced with other transition metals and some modified porphyrins.



After a lag in research reports, the topic reemerged in the late 1980s through the 1990s with a few reports of transition metal substituted hemoproteins [18,19,20,21]. A report by Groves et al. on a manganese-substituted horseradish peroxidase was the most thoroughly characterized system showing the reaction with meta-chloroperbenzoic acid (m-CPBA) indicating that a Mn-oxo species was formed analogous to the compound I species formed by its iron ion counterpart [19]. This report was unique in comparison to other reports that were published earlier; for the first time, upon reaction with a two-electron oxidant, an intermediate was produced and fully characterized spectroscopically. The production of a Mn-oxo species lends itself to oxidative reactivity and a possibility emerged that metal-substituted hemoproteins might be a target to construct new types of biocatalysts.



The versatility of robust hemoproteins to provide a structural scaffold was explored by substitution with synthetic metal cofactors that resemble the flat porphyrin macrocycle in structure and by utilizing the proximal histidine residue as an anchor for the metal complex [6,7,22,23]. Watanabe, Lu, and colleagues have spent a considerable effort in exploring the potential of these types of substitutions particularly in myoglobin where enantioselective sulfoxidation of thioanisole is shown with Watanabe’s CrIII(Schiff-base)-myoglobin enhancing the oxidation rates by up to 15-fold comparatively to CrIII(Schiff-base) alone [8,10,22,24,25,26]. These examples did show promising improved functionality in some cases, but others have proven to be difficult to isolate in high yields and/or require protein modification or some form of covalent anchor in order to handle efficiently.



In the last five years, this area of research has started to expand into exploring new types of functionality and catalysis in reference to their native forms. To date, most studies have focused on transition metal substituted heme or iron-containing porphyrin derivatives and have compared these substituted proteins with their native function, which in some studies have resulted in better native function [2,11,12,13,14,18,19,20,21,27,28,29,30,31,32,33,34,35,36,37]. There have been a limited number of studies where enhanced reactivity and functionality is addressed and characterized. A couple of studies have shown much improved reactivity with respect to C–H bond cleavage and can be found with either a manganese porphyrin derivative or an alternative metal substituted in myoglobin [38,39]. Hayashi and coworkers describe a manganese porphycene-substituted myoglobin that catalyzes the H2O2-dependent alkane hydroxylation of C(sp3)–H bonds [38]. The ability of myoglobin and other heme-containing proteins to function as powerful catalysts offers unique opportunities to discover untapped entries into biocatalysis. This review is not meant to be exhaustive but rather to provide a framework of important discoveries in the area and to highlight examples of recent advances of artificially engineered hemoproteins maintaining a particular focus on enhanced functionalities.




2. Metal-Substituted Heme Proteins


The removal of the heme cofactor from heme-containing proteins and addition of an appropriate metalloporphyrin into the protein matrix has been ongoing for decades. Successful reconstitution is shown by appearance of an intense peak, called the Soret band, which is a signature of a π to π* electronic transition, a characteristic of porphyrin macrocycles [40]. The Soret band and other visible bands shift with change of ligand binding to the central metal, identity of the metal, and metal oxidation state. Figure 3 represents an example of an electronic absorption spectrum of a porphyrin system. UV/vis spectroscopy has been a powerful technique to understand electronic changes specific to the porphyrin macrocycle and it also clearly identifies substitution.


Figure 3. The origin of intensely colored porphyrins arises from its π-conjugated system. A typical UV/vis spectrum of a porphyrin highlighting the π to π* electronic transition called the Soret band and the weaker, Q bands [40].
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Table 1 highlights some metal-substituted hemoproteins and interesting results obtained from these studies. As shown from the table, there has been a plethora of metal-substituted hemoproteins reports going back many decades. While there are many more examples, the table serves to highlight the most impactful studies and only a few examples will be discussed in detail.



Table 1. Transition metal substituted hemoproteins and their chemical and spectroscopic properties. EPR refers to electron paramagnetic resonance.







	
Hemoprotein

	
Metal

	
Comment

	
References






	
Hemoglobin

	
Co

	
Co-substituted hemoglobin binds O2 with high affinity but less than the iron version.

	
[14,15,16,18]




	
Mn

	
Mn-substituted hemoglobin does not bind O2 and was used to study cooperativity of the subunits upon O2 binding by selectively incorporating Mn-heme into the subunits.

	
[13]




	
Myoglobin

	
Co

	
Co-substituted myoglobin binds O2 with high affinity and there have been several reports of ligand binding.

	
[17,18,38,41]




	
Mn

	
Mn-substituted myoglobin reacts with hydroperoxides giving rise to Soret shifts and EPR signals showing Mn(IV) character and there have been several reports of ligand binding.

	
[19,21,22,40]




	
Cr

	
Cr(V)nitride-substituted myoglobin was prepared by azide photolysis of the Cr(III)-N3 protoporphyrin IX and subsequent incorporation into myoglobin.

	
[42]




	
Ru

	
Ru-substituted myoglobin binds CO.

	
[28]




	
Rh

	
A Rh-CH3 moiety was observed in Rh-substituted myoglobin.

	
[29]




	
Cytochrome c Peroxidase

	
Mn

	
Mn-substituted cytochrome c peroxidase reacts with hydroperoxides giving rise to Soret shifts and EPR signals showing Mn(IV) character.

	
[19]




	
Cr

	
Cr(V)nitride-substituted cytochrome c peroxidase was prepared by azide photolysis of the Cr(III)–N3 protoporphyrin IX and subsequent incorporation into cytochrome c peroxidase.

	
[42]




	
Horseradish Peroxidase

	
Mn

	
Mn-substituted horseradish peroxidase reacts with hydroperoxides giving rise to Soret shifts and EPR signals showing Mn(IV) character.

	
[19,20]










2.1. Manganese


Yonetani and coworkers first described the replacement of the iron ion with manganese in hemoproteins such as horseradish peroxidase, myoglobin, hemoglobin, and cytochrome c peroxidase [11,12]. Manganese substituted globins do not bind dioxygen which is typical for manganese complexes [12]. One study utilized this aspect of manganese coordination chemistry to determine the extent of cooperativity of oxygenation of hemoglobin subunits. They also reported hydrogen peroxide oxidations of manganese substituted myoglobin, horseradish peroxidase, and cytochrome c peroxidase. Only the peroxidases seemed to exhibit Mn(IV) character upon reaction with hydrogen peroxidase in these early reports, along with catalyzing peroxidatic oxidation of known reductants [18,21].



Groves describes the spectroscopic characterization of an intermediate produced by the reaction of manganese-substituted horseradish peroxidase (Mn-HRP) with meta-chloroperbenzoic acid. This detailed study showed the presence of a Mn(IV) species by electron paramagnetic resonance. Resonance Raman of 18O isotopic substitution revealed the presence of a Mn–O moiety as the active intermediate while a redox titration showed that one equivalent of reductant restored the Mn(III) state and yet another equivalent regenerated the resting state protein. This oxidized intermediate was described as Mn-HRP-I which is an analog of the prototypical compound I of the iron-heme horseradish peroxidase. Figure 4 shows the structures and names given to these oxygen species of iron heme systems [19]. Although manganese-substituted HRP displays a compound I like species, it is not clear if reactivity studies were conducted on this manganese complex.


Figure 4. Oxygen species in hemoproteins: dioxygen bound (a); met form in globins or resting enzyme state in peroxidases (b); compound II (c) and compound I (d).
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Mn(II)–NO adducts of manganese substituted hemoproteins are known and they have their own interesting properties. They have been investigated as potential nitric oxide sensors due to their preferential binding of NO over dioxygen. Mn(II)–NO exhibits a uniquely bent NO adduct representing the first known case shown in either biological or synthetic Mn-porphyrin systems [43].




2.2. Cobalt


Myoglobin and hemoglobin have been targets of cobalt substitution since cobalt has dioxygen bonding properties [2,13,14,15,16,17]. These globins have been substituted with cobalt and their dioxygen association and dissociation rate constants have been measured in comparison with their native forms. Co hemoglobin binds dioxygen cooperatively but less cooperative than the iron version and binds O2 with less affinity [14].



Cobalt substituted myoglobin has also been shown to provide enhanced C–H amination activity. Although less efficient than its manganese substituted myoglobin counterpart, substitution with Co(II) exhibits enhanced catalytic activity in comparison to its iron counterpart showing 64 TTN (total turnover numbers) also representing a case where the protein matrix provides significant activity enhancement since free Co(II)PPIX shows a TTN of five [41].




2.3. Chromium


Chromium substituted myoglobin has not shown reactivity upon reaction with two-electron oxidants. One study utilized a unique approach to generate a high valent nitrogen species after it was determined that photolysis of Cr-azido species in myoglobin and cytochrome c peroxidase did not yield the expected nitride species [42]. A CrN(PPIX) was produced synthetically by photolysis of the azide complex and was used for direct incorporation into myoglobin and cytochrome c peroxidase. The species was purified and the UV/vis spectrum suggested incorporation of the Cr(N) species into both myoglobin and cytochrome c peroxidase, although the electronic spectra were similar enough to free CrN(PPIX) that adherence of this species and not direct binding at the active site could not be ruled out. Further electron paramagnetic resonance (EPR) confirmed a low spin Cr(V) complex, although direct evidence of incorporation of the Cr(N)PPIX moiety could not be confirmed due to similarities of their EPR spectra.





3. Rational Design of Heme Proteins that Promotes New Function


One strategy of engineering function into a hemoprotein that does not naturally perform a particular function of interest is to alter amino acids involved in reactivity and substrate binding to modify noncovalent interactions or to minimize steric constraints for substrates to bind. Several examples show that the successful engineering of hemoproteins can be used to afford enhanced desired reactivity. For clarity, Figure 4 shows the oxygen species that may exist in globins and peroxidases during oxidative processes that are referenced in the following text. The examples provided in this section maintain the native iron heme cofactor while changing amino acids around the active site to impart new functionality.



3.1. Myoglobin


Myoglobin is a dioxygen storage protein and its active site structure is quite amenable to positioning dioxygen bound to the ferrous ion rather than participating in oxidative chemistry; in fact, it is quite stable with respect to autoxidation to metmyoglobin. In its native form, peroxidative reactivity of substrates is not very efficient even though oxidative intermediates are presumably formed from the reaction with peroxides. Lack of reactivity of the native form of myoglobin has been examined and many research studies have concluded that the active site of myoglobin lacks a substrate-binding site, which would prohibit oxidative intermediates to productively react with substrates [4,8,24,25,44,45,46,47,48]. To this end, many studies have employed the use of myoglobin mutants to affect a change of reactivity by (a) opening up the active site to afford substrate binding or (b) changing amino acids at the active site to mimic structural aspects of other enzymes and their functions.



3.1.1. Peroxygenase and Peroxidase Activity


A series of reports have described the engineering of the myoglobin active site to induce peroxygenase (sulfoxidation and epoxidation) and peroxidase reactivity [4,9,44,45,46,47,48]. Many mutants have been described, and some have showed increased reactivity. The exchange of a leucine residue (L29) with a hydrogen bonding histidine residue resulted in much enhanced peroxygenase activity as shown by the increased rate and enantioselectivity of thioanisole oxidation, presumably by adding a hydrogen bond between the histidine residue and the ferryl (FeIV=O) species. Watanabe proposed that myoglobin’s inherent lack of native reactivity is due to the absence of an appropriate substrate-binding site. A double mutant (F43W/H64L) of horse heart myoglobin served to open up the active site and hydroxylation of an internal tryptophan residue occurred [46]. For clarity, Figure 5 shows the mentioned amino acid mutations. This report represented the first case of myoglobin acting to oxidize aromatic carbons. From these reports, some researchers have concluded that the active site of myoglobin is not amenable to substrate binding and therefore not able to serve as a useful target to discover new types of reactivity. The distal histidine residue in myoglobin is in close proximity to the heme and it serves as a hydrogen bond acceptor. The H64D mutant of myoglobin is shown to react with m-chloroperbenzoic acid (mCPBA) to afford a compound I species that promotes peroxidase activity showing reactivity towards guaiacol (2-methoxyphenol) and 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonate) (ABTS), which are common target substrates to assay for peroxidase activity [44,47].


Figure 5. X-ray crystal structure of the active site of sperm whale myoglobin (pdb accession number: 1JP6) depicting amino acids that have been modified to facilitate desired function as described in the text: carbon atoms are depicted in gray, oxygen atoms are red, and nitrogen atoms are blue while the helical structure about the active site is shown in blue. All amino acid mutations are less than 8 Å from the active site heme [49].
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3.1.2. Dehalogenase Activity


Much work has focused on increasing myoglobin’s peroxidase activity and the same mutants were also applied to study dehalogenation activity [50]. Studies by Dawson and coworkers have shown that the differing types of reactivity, peroxidase vs. dehalogenase, arose from changes at the proximal and distal histidine positions, thus also demonstrating how the role of hydrogen bonding interactions can directly influence reactivity and change types of functionality overall, thereby adding to our knowledge of structure-function relationships of globins.




3.1.3. Oxidase Activity


Yi Lu and coworkers have been exploring the versatility of myoglobin to impart function via well-designed myoglobin mutants. By incorporating a copper binding site and changing the electrostatics of the solvent accessible sites, the L29H/F43H/G65Y and D44K/D60K/E85K mutant of myoglobin transformed the oxygen storage protein into a robust oxidase with dramatic enhanced functionality. A few such studies incorporated a CuB site in myoglobin in order to provide insight into the mechanism of reduction of dioxygen by heme-copper oxidases [8,51,52,53,54]. In this way, myoglobin serves as a small model protein that mimics the large membrane-bound heme-copper oxidase. The CuB site was engineered into myoglobin by substitution of two amino acids that are close to the active site: F43H and L29H serve as two histidine ligands while H64 provides the third histidine ligand (see Figure 5 for a reference to these point changes). This new copper-binding site is in close proximity to the heme active site, thus setting up a cooperative network of copper and heme just as in heme-copper oxidases. Results suggest that coupling of the two metal ion sites can have dramatic effects on reduction potential at the heme site.



Another study utilizing the same system as the heme-copper oxidase model showed the versatility of such an approach by demonstrating how myoglobin can also function as a small working model of bacterial NO reductases [53].




3.1.4. Some Recent Examples of the Versatility of Myoglobin Mutants


Fasan and coworkers have developed a library of myoglobin mutants and explored chemistries with alternative metal centers showing some interesting capabilities in reactivity that both native myoglobin and free hemin do not exhibit. They have developed several target chemical transformations that are synthetically valuable to organic synthesis methodology. In the last two years, their group has shown significantly enhanced reactivity towards olefin cyclopropanation [55], provided the first biocatalytic example of the conversion of primary azides to aldehydes [56], carbene N–H and S–H insertion [57,58], and olefination of aldehydes by fine-tuning the active site with larger and smaller apolar residues within the protein scaffold of myoglobin [59].





3.2. Horseradish Peroxidase


Thioanisole sulfoxidation by horseradish peroxidase proceeds via a peroxygenase mechanism by a two-step electron transfer from the same substrate. Expression of two mutants of horseradish peroxidase, F41L, and F41T, in a baculovirus/insect cell system resulted in enhanced reactivity of sulfoxidation compared with native horseradish peroxidase. Although impressive to impart greater functional performance by a single point mutation, the change was not effective at turning the peroxygenase activity into a greater epoxidation catalyst [60].





4. Insertion of Schiff-Base Cofactors into Myoglobin


Another entry into the field of designer enzymes is the substitution of Schiff-base metal complexes into myoglobin. Metal-salen complexes are known to be powerful and robust catalysts and their planar structures make them an ideal choice to mimic the structure of porphyrins so that the active sites of the hemoproteins stay relatively unchanged [61,62,63,64,65]. Figure 6 shows the comparison of protoporphyrin IX and two salen metal complexes that have been utilized as surrogates for the heme cofactor.


Figure 6. Schiff-base metal complexes that are substituted into apomyoglobin, where M = Fe, Mn, Cr, or Co. (a) protoporphyrin IX; (b) salophen, where R1 = R2 = H or R1 = Me and R2 = H or R1 =H and R2 = tBu and (c) salen where R = Me, Et, or n-Pr.
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The protein matrix of myoglobin acts to anchor the metal complex and provides regio-selectivity of the sulfoxidation of thioanisole due to the amino acids in the protein scaffold. Several studies emerged from this idea that metal complexes, not just porphyrin or porphyrin-like structures, could serve as the active site moiety. By a simple comparison of their structures with respect to heme b, it is observed that the relatively planar Schiff-base ligands could simulate a porphyrin structure at the active site of hemoproteins. The crystal structure, shown in Figure 7, reinforces this idea that the similarity in structure between the porphyrin and the Schiff-base ligands allows the protein to have similar non-covalent interactions with the Schiff-base ligand as the native porphyrin cofactor and to ligate the metal ion to the proximal histidine residue serving as an anchor.


Figure 7. Overlay of the X-ray crystal structures of metmyoglobin (blue) and iron salophen substituted apoA71Gmyoglobin (red) (a); Active site comparison of the heme and iron salophen cofactors (b).
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The development of inserting metal complexes into hemoproteins opens up exciting possibilities for the design of synthetic metalloenzymes. A particularly important distinction between the substitution of the salen-like complexes and porphyrins and porphyrin-derivatives was the low yields of substitution of the Schiff-base metal complexes into apomyoglobin [7,25,26]. The redesign of the active site structure of myoglobin with a few amino acid changes in order to improve substrate accessibility and steric hindrance of the Schiff-base ligand offered additional success. Upon analysis of the active site structure of myoglobin determination of an A71G substitution enforced accommodation of substrates in the active site by reducing steric constraints. Figure 7 shows the overlay of the X-ray crystal structures of metmyoglobin and A71Gmyoglobin substituted with iron salophen [22]. As mentioned previously, the structure of salophen mimics the planar structure of porphyrin very well as they are directly overlaid on each other. By reducing steric constraints, the active site substituted with chromium salophen supports enantioselective sulfoxidation of thioanisole.



Lu and coworkers used dual covalent anchors by introducing cysteines in the heme pocket to provide a covalent anchor via methane thiosulfonate groups. The dual anchoring system provided an enhanced rate and enantioselectivity of sulfoxidation of thioanisole [24].




5. Porphyrin-Derivative Substitution


Another entry into the area of engineered hemoproteins comes from the insertion of porphyrin-derivatives into globins and peroxidases. Each type of structure as outlined below offers interesting exploration into structure function relationships since their electronic structures are so similar yet they impart different properties upon substitution. Many of these examples utilize myoglobin due to its exceptional versatility to serve as a protein scaffold for incorporation of non-native cofactors. Figure 8 shows the porphyrin-derivatives that have been successfully incorporated into hemoproteins.


Figure 8. Porphyrin and porphyrin derivatives that have been successfully substituted into apohemoproteins, where M = Fe, Co, Cr, or Mn: (a) protopophyrin IX; (b) chlorin; (c) corrole; (d) phthalocyanine; (e) porphycene; (f) hemiporphycene; (g) monoazahemin; (h) diazahemin.
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5.1. Chlorin


The magnesium complexes of chlorins are derived from the photosynthetic pigment of green leaves. Iron chlorins are found naturally in several enzymes as many forms where each structure is two less π electrons in comparison to iron protoporphyrin IX (Figure 8b). These are collectively referred as green hemes since they are green in color rather than red as in other globins and enzymes that have heme b as the native cofactor. Ligand binding studies of CO and O2 represent faster association of these small ligands but lower affinity for dioxygen due to decreased electron density in the iron d-orbitals weakening the Fe–O2 bond [66,67].




5.2. Corrole


The structure of iron corrole resembles porphyrin but lacks one meso carbon (Figure 8c). Hayashi and coworkers have substituted the iron corrole macrocycle into myoglobin and horseradish peroxidase and the oxidation of guaiacol was monitored [68]. It was shown that incorporation of the iron corrole into myoglobin enhanced its peroxidase functionality, while incorporation into horseradish peroxidase showed a decrease in its native peroxidatic function. This difference in reactivity can be attributed to the trianionic character of the macrocycle in comparison to the porphyrin.




5.3. Azahemins and Phthalocyanines


Phthalocyanines are the tetraza derivatives of porphyrins, the structure is shown in Figure 8d. Reconstitution of a phthalocyanine in myoglobin results in the binding of the distal histidine to facilitate a 6-coordinate iron ion which results in a substantial structural change to accommodate binding [29]. The strong proclivity to be 6-coordinate is not unusual for phthalocyanines since there are few examples of a coordination number of five [69,70]. Azahemins are a group of porphyrin derivatives that are porphyrin and phthalocyanine hybrids where either one or two nitrogen atoms replace carbons at the meso positions as shown in Figure 8g,h, respectively. Both of these groups have been incorporated into myoglobin and their ligand binding capabilities investigated [30,31]. In contrast to native myoglobin, each binds nitrogenous ligands to the ferrous versions, although binding is stronger in the diazahemin representing electronic similarities with phthalocyanines.




5.4. Porphycene


Hayashi and coworkers have several examples of utilizing a new type of porphyrin derivative, porphycene (Figure 8e). It is an entirely synthetic porphyrin with a difficult ten-step synthesis yielding only a milligram of the porphycene for reconstitution into apomyoglobin. Iron porphycene substituted myoglobin yielded interesting functionality where the new myoglobin has an extremely high affinity for dioxygen and selectivity against CO binding without autoxidation of the Fe(II) in comparison to the native myoglobin [32,34,35]. Another study incorporated iron hemiporphycene (Figure 8f) into myoglobin also showed the new myoglobin exhibiting high dioxygen affinity in comparison with native myoglobin [33]. Cobalt porphycene myoglobin also demonstrated increased O2 affinity [71]. Most notably, no amino acids were changed to afford the enhanced functionality. These studies represented a largely untapped field of study where engineering function into proteins did not necessarily involve mutation of amino acid residues.





6. New Catalytic Functions Identified


Replacement of the heme cofactor within hemoproteins has been studied for over seventy years, but investigations into the potential of new functionality and reactivity has been limited. Only recently have reports emerged that explore the diverse chemistries that are possible. It has been shown recently that minor changes in electronic structure of the substituted cofactor or with the replacement with alternative metals has profound effects on the ability of relatively non-reactive proteins (myoglobin) into functionally interesting enzymes. Impressive results have emerged that have shown that replacement of the heme cofactor with other metals or with metal porphyrin derivative complexes can in itself be a useful method of producing synthetic metalloenzymes that have diverse functionalities.



6.1. Peroxidase Activity


Replacement of the heme cofactor in myoglobin with porphycene, where M = Fe, resulted in a myoglobin that had enhanced peroxidase activity toward guaiacol by 11-fold [35]. This enhanced reactivity is displayed only by the slightly different electronic structure of porphycene in comparison with heme b. The same substitution into horseradish peroxidase dramatically increased the rate of sulfoxidation of thioanisole, a reaction HRP is known to perform.




6.2. C–H Bond Cleavage Activity


The heme in myoglobin was substituted with manganese protoporphyrin IX and was shown to exhibit oxidative reactivity that is not displayed with the native iron heme in myoglobin, which is known to be a very weak peroxygenase. The presence (and stability) of an oxidizing intermediate lends itself to afford greater oxidative capabilities than what is displayed in native myoglobin [39]. Substitution with the manganese ion at the heme center results in C–H bond cleavage of the weak C–H bonds of cyclohexadiene (77 kcal/mol). The rate of C–H bond cleavage shows a linear dependence of kobs with the concentration of C–H bonds of substrate. The linear dependence with substrate concentration indicates that C–H bond cleavage is rate-limiting, although the mechanism of a stepwise proton-electron transfer or a concerted hydrogen atom abstraction mechanism cannot be discerned.




6.3. Hydroxylase Activity


Cytochromes P450 are the only heme enzymes that perform monooxygenation of unactivated alkanes [72,73,74,75,76]. They are able to insert oxygen atoms into C–H bonds, which comprise some of the most difficult chemical transformations that are performed by enzymes. Interestingly, P450cam substituted with manganese protoporphyin IX does not hydroxylate its native substrate even though the spectral evidence suggests the presence of a Mn(IV)-oxo species upon reaction with iodosobenzene [75]. Comparatively to P450 enzymes, myoglobin functions as a dioxygen storage protein and does not participate in oxidative reactivity even though both proteins comprise the same heme cofactor. Difference in reactivity stems from (a) different proximal ligand (thiolate vs. imidozolate) and (b) promiscuous active site of most P450s to allow access from a variety of substrates [77]. Prior studies of substituted myoglobins have concluded that myoglobin cannot support reactivity of substrates since its active site structure does not have a clearly defined substrate binding site [46]. The last five years of exploring alternative chemistries of myoglobin has in some ways disproven this hypothesis and that myoglobin in particular may be more conducive to engineering function than originally thought. Substitution of the native heme cofactor in myoglobin with manganese porphycene had surprisingly enhanced reactivity as shown in Figure 9.


Figure 9. MnPorphycene (MnPc) substituted myoglobin and its reactivity towards a C(sp3)–H bond. Catalytic hydroxylation of ethylbenzene by MnPc reconstituted myoglobin displays a TON (turnover number) of 13 and kinetic isotope effect of 2.4.
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Given that myoglobin, apart from well-designed mutant versions and substitution with alternative cofactors, does not participate in oxidative chemistry, it is surprising that a simple substitution with manganese porphycene invokes much improved reactivity accessing substrates that are only equaled in P450 enzymes. The reaction was determined to be a catalytic with a turnover number of 13 after completion of the reaction with 1-phenylethanol isolated as the only product. Importantly, manganese porphycene alone does not hydroxylate ethylbenzene, thus showing the importance of the protein matrix of myoglobin. The kinetic isotope effect utilizing rate for reaction with ethylbenzene/rate for reaction with deuterated ethylbenzene is 2.4. A linear relationship with a negative slope was observed in the logarithmic initial rates plotted against BDE (bond dissociation energy), thus providing support that the rate-determining step of the reaction involves C–H bond activation by a Mn(V)-oxo species similar to the consensus mechanism for the hydroxylation by P450 enzymes.





7. Outlook and Conclusions


A target to access new types of biocatalysis is engineering structurally robust hemoproteins to perform desired reactivity. It has recently been discovered that simple substitution of the heme with a metal porphyrin or porphyrin-derivative can impart dramatically enhanced reactivity with respect to native function of hemoproteins without the requirement of recombinant protein or covalent anchors. These studies will allow for the understanding of the synergistic relationship between structure and function and how structural features can be tuned and modulated to afford anticipated chemical reactivity.



It is truly an exciting time in the field of metalloprotein design. The long-term goal of engineering synthetic metalloenzymes is to afford desirable chemical transformations. The use of small molecule inorganic complexes to catalyze required reactions has its limitations due to the reliance on precious metals, while metalloenzymes are able to catalyze chemical transformations with a significantly higher degree of efficiency and selectivity even with relatively abundant transition metals. The design of metalloenzymes to afford desirable reactivity has the potential to offer significant advantages for industrial and biotechnology applications.
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