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Abstract 
 
The ability to a site-selectively modify equivalent functional groups in a molecule has the potential 
to streamline syntheses and increase product yields by lowering step counts. Enzymes catalyze 
site-selective transformations throughout primary and secondary metabolism, but leveraging this 
capability for non-native substrates and reactions requires a detailed understanding of the potential 
and limitations of enzyme catalysis and how these bounds can be extended by protein engineering. 
In this review, we discuss representative examples of site-selective enzyme catalysis involving 
functional group manipulation and C-H bond functionalization. We include illustrative examples 
of native catalysis, but our focus is on cases involving non-native substrates and reactions often 
using engineered enzymes. We then discuss the use of these enzymes for chemoenzymatic 
transformations and target-oriented synthesis and conclude with a survey of tools and techniques 
that could expand the scope of non-native site-selective enzyme catalysis. 
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1. Introduction 
 
Controlling the selectivity of a chemical reaction is as central to synthetic organic chemistry as 
bond formation itself. From a practical perspective, forming a new bond is only useful if it provides 
a desired product with the correct connectivity between atoms (i.e. constitutional selectivity) and 
with the correct arrangement of those atoms in space (i.e. stereoselectivity).1 From a fundamental 
perspective, navigating the energy surfaces that govern selectivity constitutes a powerful test of 
our understanding of reactivity.2 This challenge can be simplified by exploiting the relative 
reactivity, or chemoselectivity,3 of reagents and catalysts toward different functional groups.4 If 
reactivity toward multiple functional groups is observed, protecting groups can be used to 
eliminate the chemoselectivity challenge, albeit at the expense of added operations and wasted 
material. Indeed, much of organic methodology involves generating a reactive intermediate and 
either blocking problematic functional groups or designing a synthesis so that they are not present 
to ensure that the intermediate reacts primarily with a desired functional group. This substrate-
controlled approach reduces the problem of controlling constitutional selectivity, if it remains a 
factor, to controlling regioselectivity, that is, the “preferential making or breaking of bonds in one 
of two possible orientations”5 at that desired functional group (Scheme 1A).1 
 
But what happens when the chemoselectivity simplification fails? As molecular complexity 
increases, the reactivities of different functional groups may be attenuated or exaggerated due to 
their molecular context such that they overlap. What if chemoselectivity is not relevant because 
one is dealing with identical functional groups? Carbon-hydrogen bonds can present a particularly 
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challenging case in this regard since they are ubiquitous in organic molecules. The latter question 
poses the challenge of site selectivity, a sub-classification of constitutional selectivity that 
“differentiates unrelated functional groups in a molecule which can undergo the same type of 
reaction” (Scheme 1A).1, 4 While molecular context, including proximity to directing groups, may 
allow for differentiation of identical functional groups,6 this form of substrate control is limiting 
(what if you need to functionalize a less reactive or non-directed site?). 
 

 
Scheme 1. A) Definitions of regioselectivity and site selectivity with representative examples of 
each (adapted from reference 1).1 B) Examples of site-selective reactions in the biosynthesis of 
paclitaxel.7 Throughout this review, crimson is used to highlight functional groups (A/B) or sites 
(B, filled circles) undergoing site-selective reactions, and mint is used to highlight the 
functionalized sites. 
 
Site-selective catalysis emerged in nature long ago when enzymes evolved to achieve this 
capability presumably due to its benefit to organismal fitness. Site-selective oxidation, reduction, 
and phosphorylation are common throughout primary metabolism, and examples of site-selective 
hydroxylation in secondary metabolism are among the most-cited examples of the potential 
synthetic utility of site-selective catalysis. The extensive hydroxylation and acylation/benzoylation 
of taxadiene en route to paclitaxel, for example, involves discrimination of multiple secondary, 
tertiary, and allylic C-H bonds, olefins, and secondary alcohols, functionality that comprises nearly 
the entire molecule (Scheme 1B).7 Many of these enzymes catalyze the formation of reactive 
intermediates, but rather than requiring blocking/directing groups or circuitous synthetic routes, 
they use catalyst control to override inherent substrate reactivity. Critical to this capability is the 
extensive, redundant, and dynamic molecular recognition exerted by enzyme active sites. 
Extensive because enzymes use many different intermolecular forces to bind substrates, redundant 
because often one or more of these can be disrupted without completely ablating catalysis, and 
dynamic because enzymes can change conformations to suit different states along catalytic cycles. 
Chemists have long sought to mimic these properties.8 Early efforts used cyclodextrins that formed 
a hydrophobic pocket for substrate binding and that provided scaffold on which catalysts could be 
appended to enable site-selective functionalization of the bound substrate.9, 10 A variety of 
substrate binding and functionalization strategies have since been explored within this bifunctional 
catalyst framework.11 
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It is interesting that these “bio-inspired” synthetic catalysts find themselves at a stage of 
development that wild type enzymes appeared to occupy in what has been termed the “first wave” 
of biocatalysis.12 That is, the former are and the latter were known to catalyze site-selective 
functionalization of a relatively narrow range of substrates; a notable similarity given that substrate 
scope is often an advantage of synthetic catalysts over enzymes. We say that first wave enzymes 
appeared to be limited in scope, however, because they have proven remarkably adept at site-
selective catalysis when researchers decided to look for that reactivity outside the confines of the 
native substrate and reaction scope.13, 14  Moreover, directed evolution has enabled rapid tuning of 
enzymes to enable site-selective reactions of diverse substrates.15, 16 Will it be possible to design 
or otherwise engineer synthetic site-selective catalysts with molecular recognition abilities as 
versatile and adaptable as enzymes? How complex must such systems be to achieve these emergent 
properties? There is no doubt that learning the answers to these questions will be endlessly 
fascinating. Moreover, it is likely that both classes of catalysts, hybrids thereof,17 and others that 
have not yet been developed will be required to achieve the ultimate goal of site-selective catalysis: 
selective reaction at any site on any substrate. 
 
With the goal of helping to frame the pursuit of this goal from the perspective of enzyme catalysis, 
we begin this review by discussing enzymes that control the site selectivity of functional group 
manipulation and C-H functionalization reactions. We then cover applications of these enzymes 
in the context of chemoenzymatic methods and target-oriented synthesis, and we conclude with a 
brief overview of site-selective modification of macromolecules. While we occasionally cover 
early studies involving native substrates, our focus is on non-native substrates, non-native 
reactions, and artificial enzymes that, collectively, illustrate the potential to use enzymes for site-
selective catalysis in situations far beyond what they evolved for in nature. Because the definition 
of site selectivity provided above does not account for the fact that a given functional group can 
behave differently depending on its molecular context, we draw particular attention to cases 
involving groups in similar contexts or in which expected reactivity patterns are overridden. Also, 
while site selectivity is fundamentally different than stereoselectivity, we highlight systems that 
are site- and stereoselective since both are required to achieve the above-stated goal. We note that 
our focus differs from late-stage functionalization, which has been reviewed elsewhere,18 in that it 
often involves relatively simple substrates and excludes cases in which chemoselectivity alone is 
the key challenge. The basics of the techniques that were used to identify or engineer enzymes 
discussed in this review (e.g. directed evolution, genome mining, etc.) are also not extensively 
discussed since there are many reviews in this regard, but we do discuss key advances that are 
needed in these areas to advance the field of non-native site-selective enzyme catalysis. 
 
2. Functional Group Manipulation 
 
As noted above, functional groups lie at the heart of synthetic methodology, and while 
chemoselectivity can often be used to ensure reaction of one functional group over others, this is 
not always possible. As functional group reactivity and molecular context become more similar, 
addressing this challenge becomes harder so that one must use either protecting groups or an 
alternate synthetic strategy to avoid the chemoselectivity issue entirely. Enzymes capable of site-
selectively manipulating similar or identical function groups using catalyst control provide an 
alternate strategy that enables otherwise impossible synthetic routes. 
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2.1. Carboxylic Acid Derivative Hydrolysis and Formation 

2.1.1. Carboxylic Ester Hydrolysis 
 
Hydrolysis of carboxylic acid derivatives, including esters, amides, and nitriles, enables a range of 
subsequent reactions to elaborate compounds. Classical methods to hydrolyze these functional 
groups use strong acids or bases, but these reagents often lead to side reactions, making site-
selective hydrolysis difficult. More recent methods correct this problem to varying extents,19-21 but 
the need for reactions that operate under mild conditions, including ambient temperature and 
neutral pH, have led to broad use of esterases and lipases as catalysts for carboxylic acid derivative 
hydrolysis. Indeed, these were among the first enzymes commonly used for organic synthesis.22 
Particularly important in this regard are serine hydrolases, which do not require a cofactor and 
instead rely largely on a Ser–Asp/Glu–His catalytic triad and an H-bonding by backbone amide 
N-H bonds in a so-called “oxyanion hole” to catalyze hydrolysis (Scheme 2).23 These enzymes 
often tolerate high concentrations of organic solvents,24 which allows for high substrate loadings 
in an aqueous solution. Extensive development of serine hydrolases has established that they can 
exhibit broad substrate scope while maintaining high site and stereoselectivity.  
 

 
 
Scheme 2. Simplified mechanism of serine hydrolases showing the roles of the so-called “catalytic 
triad” and “oxyanion hole” residues on catalysis.23 
 
The serine hydrolase C. antarctica lipase B (CALB) has been used in both fine and commodity 
chemical synthesis,25 and several examples of site-selective CALB-catalysis have been reported. 
For example, hydrolysis of the terminal ester in 1 without hydrolysis of the more reactive phenolic 
ester linkage is challenging under conditions typically used for ester hydrolysis. Site-selective 
hydrolysis of the former was possible using Novozym 435, which is a resin-supported version of 
CALB,26 in 90/10 v/v t-BuOH/H2O at 20 °C to give pro-drug 2 in 84% yield (Scheme 3A).27 
Novozym 435 has also been used for site-selective hydrolysis of triethylcitrate (3) to give 4 in 45% 
yield (Scheme 3B),28, 29 and this compound can be converted to value-added products like 
rhizoferrin.29
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Scheme 3. A) Hydrolysis of 1 in 90/10 v/v t-BuOH/H2O using Novozym 435 to give 2.27 B) Mono 
hydrolysis of triethylcitrate using Novozym 435 to give 4.29 
 
Pig liver esterase (PLE) has also been used for site-selective hydrolysis. For example, hydrolysis 
of methyl-(Z)-2-methyl-butenedioate 5 was achieved with high selectivity for the ester distal to 
the 2-methyl group (Scheme 4A).30 Castanospermine, an indolizidine alkaloid isolated from the 
seeds of Castanospermum austral and a potent inhibitor of dengue virus infection, bears four 
similarly reactive hydroxyl groups. To differentiate these groups, the natural product was 
selectively di-butyrylated to give 8.31 PLE preferentially hydrolyzes the butyryl group from the C-
7 position of 8 to give 9, whereas a different serine hydrolase, subtilisin, hydrolyzes the ester bond 
at the C-1 position to give 10 (Scheme 4B).32 Finally, while poor site selectivity was observed for 
hydrolysis of (R)-aspartate dimethyl ester (11) using acid or base catalysis, PLE afforded 12a with 
a selectivity of 98:2 (Scheme 4C).33, 34 This selectivity was maintained even for a gram scale 
reaction, and both (R)- and (S)-dimethyl aspartate were viable substrates. 



   
 

7 
 

 
Scheme 4. A) PLE-catalyzed hydrolysis of of (Z)-2-methyl-butenedioic acid esters.30 B) PLE-
catalyzed the hydrolysis of the butyryl group at C-7 of 8 (C-l:C-7 = 1:25). Subtilisin-catalyzed 
hydrolysis of the butyryl group at C-1 of 8 (C-l:C-7 > 25:1).32 C) Hydrolysis of (R)-aspartate 
dimethyl ester 11 using PLE to obtain monoester 12a.34 
 
Several other hydrolases have also been used for site-selective catalysis involving polyacylated 
sugars. For example, Wong used a lipase from Candida cylindracea to deacylate compound 13 to 
give the 6-OH derivative 14 in high yield (80-90%, Scheme 4A).35 This same group also examined 
lipase-catalyzed deacylation of other monosaccharides, including furanoses, pyranoses, and 
anomers of compounds in both classes.36 Lipases from Rhizopus japonics and Mucor sp., crude 
porcine pancreatic lipase, Aspergillus niger lipase (ANL), and Candida cylindracea lipase (CCL) 
were used to site-selectively hydrolyze acylated furanoses. ANL and CCL provided the best results 
as shown in Scheme 5B, and hydrolysis of the pyranose series also proceeded via preferential 
hydrolysis at the primary positions.36 A separate study by the Crout group reported similar site-
selective C-6 deacetylation of peracetylated α-D-hexopyranoses 17 (54-88% yield) and tetra-O-
acetyl-α-D- hexopyranoses 19 (70-85% yield) using an esterase from Rhodosporidium toruloides 
(Scheme 5C).37 A more recent effort showed that C-1 of per-acylated glucose can be selectively 
hydrolized in preference to C-6 using porcine pancreatic lipase.38 
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Scheme 5. A/B) Selective hydrolysis of peracylated sugars from the pyranose and furanose series 
by Aspergillus niger lipase (ANL) and Candida cylindracea lipase (CCL). C) Rhodosporidium 
toruloides esterase-catalyzed hydrolysis of peracetylated compound 17 and 19. 
 
2.1.2. Carboxylic Amide Formation 
 
Amide bond formation is among the most frequently performed organic transformations, and under 
typical chemical conditions, it requires the orchestration of different activating reagents and 
protecting group chemistries.39 Enzymatic amide bond formation is catalyzed by a variety of 
enzyme classes that activate carboxylic acid substrates under mild reaction conditions and without 
protecting groups. Many different classes of enzymes utilize ATP as a cofactor for activating 
carboxylic acids for amide bond formation(Scheme 6A),40 so application of these enzymes were 
initially limited by the requirement for super-stoichiometric ATP, but efficient ATP recycling 
systems have alleviated this issue.41 ATP-dependent amide bond forming enzymes use different 
mechanisms to activate carboxylic acid substrates toward attack by amines. For example, acyl/aryl 
CoA synthetases form an acyl-AMP phosphoester that is attacked by acyl-CoA to form the 
corresponding thioester. This acyl-CoA thioester is subsequently coupled to an amine via an N-
acyl/aryltransferases (NATs). Historically, the expense of the CoA cofactor and the relatively 
limited substrate scope of NATs limited applications of these enzymes for non-native amide bond 
formation. As with ATP recycling, CoA recycling allows for use of CoA and truncated derivatives 
in sub-stoichiometric quantities for acylation of lysine residues in a histone-derived peptide with 
non-native amine donors.42  
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Some amide bond forming enzymes catalyze the intermolecular reaction between two unprotected 
amino acids.43 The lack of homo-dimerization in these reactions highlights the inherent selectivity 
of these enzymes. ATP grasp enzymes are a class of amino acid ligases that release ADP to form 
an acyl-phosphate intermediate, which is attacked by an amine nucleophile to produce the amide. 
While ATP grasp enzymes have been engineered using site-directed mutagenesis,44 can have broad 
substrate scope,43 and have been used for the synthesis of macrocyclic peptides45 and natural 
product synthesis,46 no site-selective examples have been reported. 
 

 
Scheme 6. A) Activated carboxylic acid intermediates. Enzymes listed below the arrow utilize that 
activated species for subsequent amidation. B) CfaL and related enzymes catalyze site-selective 
amidation of a diamine substrate. C) PbCfaL can be engineered for improved yields in the coupling 
of acids 25 and 26 with no observed homocoupling. 
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The enzyme CfaL belongs to a subset of amide bond synthetases that do not require an additional 
N-acyltransferase to affect amide bond formation. This enzyme and its homologs coupled a range 
of aliphatic and aromatic carboxylic acids to isoleucine, and various amines to 3-methyl benzoic 
acid (Scheme 6A).47 These ligases also tolerate different amino acid coupling partners, including 
2,4-diaminobutyrate (DAB) and L-ornithine, which underwent selective amide bond formation 
with m-methylbenzoic acid at the α-amino group using SsCfaL (Scheme 6B), obviating the need 
for sidechain protecting groups. Notably, while PbCfaL gave low yield and selectivity, it 
preferentially acylated the sidechain amino group in DAB and L-ornithine, highlighting the 
catalyst-controlled site selectivity of this enzyme class. Improved activity of CfaL ligase variants 
generated via site-directed mutagenesis (i.e. Scheme 6B) also suggests that further protein 
engineering could be used to expand the scope and selectivity of these enzymes.  
 
Increasing recognition of the importance of macrocyclic peptides48 has driven the use of 
thioesterases (TEs) to enable protecting group free macrocylization via amide bond formation.49 
The application of this enzyme class in vitro was historically limited by the requirement for a C-
terminal N-acetylcysteamine (SNAC) peptide thioester to enable TE biocatalysis following solid 
phase peptide synthesis.50 This penultimate coupling step introduces an additional expense by 
requiring coupling with N-acetylcysteamine, leads to epimerization of the α-position, and 
complicates HPLC purification. Recently, it was found that the TE SurE tolerates peptide 
substrates with a simple C-terminal diol in place of the SNAC group required by most TE cyclases. 
This modification simplified macrocycle synthesis and purification, and substrate profiling 
showed SurE accepted a variety of peptides with an L-amino acid at the N-terminus and D-amino 
acid at the C-terminus (Scheme 7). SurE G235L was found to fully cyclized a peptide substrate 
with a C-terminal glycine residue, eliminating the native requirement for the less common C-
terminal D-amino acid. Other TE enzymes maintained high activity toward their native substrates 
upon incorporation of a C-terminal ethylene glycol group, showing the generality of this approach. 

 
Scheme 7. Site-selective macrocyclization of peptidic substrate 28 to Surugamide 29 using a 
peptide substrate with a C-terminal ethylene glycol group.50  
 
2.2. Alcohol and Amine Functionalization 

2.2.1. Alcohol Acylation 
 
Many serine hydrolases also catalyze the acylation of alcohols with carboxylic acid derivatives to 
form esters. As in the hydrolysis reactions noted above, enzymes can provide these compounds 
with high selectivity and specificity relative to chemical methods.51, 52 For example, 
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polyhydroxylated steroids exhibit a wide range of biological activities, and while selective 
modification of the hydroxyl groups in these compounds is often desirable, their similar reactivity 
complicates this goal. Candida rugosa lipase was able to overcome this challenge to enable site-
selective acylation of substrates 30 and 32 (Scheme 8A).53 Likewise, antisense oligonucleotides 
are used to selectively inhibit translation of disease-associated genes, but manipulating the 
hydroxyl groups in these compounds requires several protection/deprotection steps and with low 
yield.54 CALB-catalyzed transesterification, on the other hand, provides 5’-O-benzoyl-2’-
deoxynucleosides in high yields (Scheme 8B).55 CALB has also been used for site-selective 
esterification in addition to trans-esterification. Naringin is a natural product with several similarly 
reactive alcohols on the sugar moiety and two phenol hydroxyl groups, but immobilized CALB 
allowed selective esterification of the primary hydroxyl group of the sugar (Scheme 8C).56  
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Scheme 8. A) Lipase-catalyzed site-selective acylation of vicinal diols of steroid molecules.53 B) 
site-selective acylation of deoxynucleosides by CALB at an elevated temperature of 60°C.55 C) 
Site-selective esterification of the sugar moiety of naringin using immobilized lipase from C. 
antarctica.56 
 
Acyltransferases also catalyze site-selective acylation. For example, ArmB from Armillaria mellea 
is responsible for site-selective acylation of a single secondary hydroxyl group in the biosynthesis 
of melleolide (Scheme 9A).57 ArmB also catalyzes transesterification of orsellinic acid (OA) esters 
with various other alcohols (Scheme 9B). LovD is an acyltransferase found in Aspergillus terreus 
that converts the inactive monacolin J acid into the lovastatin by the selective acylation of the 
hydroxy group.58 Wild type LovD is inefficient and poor stability, but directed evolution was used 
to engineer a LovD variant with activity 11-fold higher than the wild type enzyme (Scheme 9C).58  
 

 
Scheme 9. A) ArmB-catalyzed site-selective acylation to generate melleolide.57 B) Representative 
orsellinic acid esters found in fungi.57 C) Evolved acyltransferase LovD catalyze the acylation of 
monacolin J acid (MJA) to generate lovastatin.59 
 
2.2.2. Alcohol Alkylation 
 
Selective alkylation of alcohols is critical to the function of natural products60 and 
pharmaceuticals.61 While a recent report describes a site-selective PLP dependent O-alkylase 
capable of site-selective alkylation of a catechol moiety,62 this important transformation is 
typically catalyzed by S-adenosylmethionine (SAM)-dependent methyltransferases (MTases), 
which act by transferring a methyl group from the SAM cofactor to oxygen, carbon, sulfur, or 
nitrogen groups (Scheme 10A).63, 64 O-methyl transferases (OMTs) are particularly prevalent in 
natural product biosynthesis, as exemplified by the methylation of naringenin to the 7-O-
methylated natural product sakuranetin 47 or of 48 to give reticuline (Scheme 10B/C).65 The 
widespread presence of OMTs in biosynthetic pathways has facilitated the development of these 
enzymes for site-selective alkylation of hydroxyl groups on a variety of non-native substrates.  
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Scheme 10. A) Mechanism for methylation by the SAM cofactor. B) For some methyl transferases, 
alkyl transfer follows an SN2 type mechanism and can transfer the alkyl group to O-, N-, C-, S-, 
Se- and As-centred nucleophiles.66 C) Representative OMTs involved in sakuranetin and 
reticuline67 biosynthesis. 
 
In one representative example of this capability, a catechol O-methyl transferase (COMT) and 
variants of an isoeugenol O-methyltransferase (IOMT) from C. breweri were used to selectively 
methylate either the para- or meta-hydroxyl group of a series of substituted catechols (Scheme 11 
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A/B).68 Although these enzymes share ~83% amino acid sequence identity, a triple mutant of 
IOMT (T133M/A134N/T135Q) obtained through site-directed mutagenesis could alter the site 
selectivity to provide para methylation of caffeic acid. A different COMT from C. roseus 
(CaRo_MT) containing the same three mutations at the homologues residues provided the meta 
products (Scheme 11).68 
 

 
Scheme 11. A) Methylation of phenols catalyzed by OMTs to give meta (51) and para (53) 
products.68 
 
OMTs can also catalyze selective methylation of the 2,4-dihydroxybenzophenone core in 
polyketide derived natural products.69 70 A panel of these substrates was screened against wild-
type and evolved variants of methyl transferases LtOMT and HsOMT, which were obtained from 
Lasiodiplodia theobromae and Hypomyces subiculosus. These enzymes methylated either the 
ortho- or para-hydroxyl group (relative to the ketone moiety), respectively, with high site 
selectivity. These site preferences were maintained despite different substitution patterns on the 
benzophenone core. These same OMTs have also been used as models to understand and modify 
the site selectivity of the alkyl transfer reaction through protein engineering.71 Docking desmethyl 
lasiodiplodin into the active site of LtOMT and HsOMT suggested four residues that might affect 
substrate positioning relative to the SAM cofactor. Residues in LtOMT were mutated to the 
corresponding residues in HsOMT (Q384K, G386R, W387H, and Q388H, numbering taken from 
HsOMT), and the resulting OMT (M1) was capable of producing the para product as a minor 
byproduct in the reaction Scheme 12A. A variant of M1 (HM1) constructed by installing segment 
330−366 of HsOMT into M1 afforded exclusively the para-methylated product, indicating that 
this short region is critical for the site selectivity of the enzymes.71 
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Scheme 12. A) Methylation of novel benzenediol lactones catalyzed by HsOMT and LtOMT 
variants.71 B) Selective methylation of 60-62 by RnCOMT and MxSafC using a SAM regeneration 
system.72 
 
As noted above, the high cost of SAM necessitates regeneration of this cofactor for efficient 
biocatalysis in alkyl transfer reactions.73-75 In one approach to this goal, an archaeal methionine 
adenosyltransferase (TkMAT) was used to catalyze the synthesis of SAM from L-methionine and 
ATP.76 This system was evaluated using OMTs with complementary site selectivity. Reaction of 
3,4-dihydroxyphenethylamine (60), dihydrocaffeic acid (61), or 3,4-dihydroxybenzoic acid (62), 
catalyzed by RnCOMT from R. norvegicus77 or MxSafC from M. xanthus78 afforded 
complementary methylated products using substoichiometric SAM (Scheme 12B).72 
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Recent studies also show that MTases can accept synthetic SAM analogues, such as S-alkyl, -allyl, 
or -propargyl substituents, facilitating alkylation reactions beyond methylation.72, 79-81 For 
example, RnCOMT accepts carboxy-S-adenosyl-l-methionine (cxSAM) to enable 
carboxymethylation of 3,4-dihydroxybenzaldehyde with roughly 4:3 m-/p-selectivity.82, 83 The 
Y200L variant of this enzyme displayed improved m-/p-selectivity (64a’ 64% and 65a’ 3%), and 
similar selectivity trends were observed for 4-nitrocatechol. In a more recent study, an engineered 
halide methyltransferase (HMT) was evolved to accept ethyliodide as the alkyl donor to enable 
ethylation reactions.74 A variant with improved kinetics for ethylation of S-adenosyl-L-
homocysteine (SAH) was coupled with O-methyltransferases (IeOMT and COMT) to achieve site-
selective ethylation of luteolin and allylation of 3,4-dihydroxybenzaldehyde (Scheme 13B).74 The 
ability of SAM cofactor regeneration systems to turn over SAH over 1000 times, and the more 
recent advent of thiomethyltransferases for catalytic SAM production using sulfonate donors bode 
well for the advances in biocatalytic alkylations.84 

 
Scheme 13. A) Site-selective carboxymethylation of 63 using carboxy-S-adenosyl-L-methionine 
(cxSAM) catalyzed by COMT. B) Regeneration of alkyl-S-adenoxyl-L-methionines using HMT 
and representative ethyl and allyl products generated by IOMT and COMT variants, respectively. 
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2.2.2. Amine Alkylation 
 
Selective alkylation of amines is a highly desirable yet challenging reaction.85 SAM-dependent 
enzymes also catalyze amine alkylation, but most reported substrates possess only a single amine 
substituent, so site selectivity is not an issue.86 Pyrazoles can be alkylated at either N-1 or N-2 as 
a result of tautomerization between these sites, so selective alkylation of these compounds is 
particularly challenging.87 Screening several promiscuous N-methyl transferases (NMTs) revealed 
that human nicotinamide NMT catalyzed methylation of 3-methylpyrazole in 14% yield and 
roughly 2:1 N-1/N-2 site selectivity (Scheme 14A).86. Computational library design was used to 
generate a diverse panel of NMT active site variants, and several of these variants were found to 
possess improved activity and complementary site selectivity toward several substituted pyrazoles 
(Scheme 14B). The engineered enzymes from this study were subsequently found to catalyze 
selective alkylation of a variety of other N-heterocycles (Scheme 14C).88  
 

 
Scheme 14. A) Site-selective alkylation catalyzed by NMT variant v36 and haloalkanes. B) Site-
selective  methylation by variants obtained through in silico mutational studies.86 C) 
Representative examples of site-selective  alkylation catalyzed by variants of the NMTs.88 
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2.2.3. Hydroxyl Group Phosphorylation 
 
Phosphorylated molecules play critical roles in metabolism, signaling, and a wide array of other 
biological processes.89-91 Classes of phosphorylating enzymes include phosphotransferases, 
phosphorylases, phosphohydrolases, and phosphomutases.92 Purine nucleoside phosphorylases 
(PNPs) catalyze the reaction between a purine nucleoside and phosphate to generate the free 
nucleobase and ribose-1-phosphate.93 Recently, a panel of PNPs was examined to identify an 
enzyme capable of converting 78 to 79 via transfer of a phosphate group from a primary hydroxyl 
to a more sterically encumbered secondary hydroxyl.94 A PNP from E. coli provided the highest 
activity on 78, and four rounds of directed evolution were used to improve the activity of this 
enzyme.95 This study also described an enzyme that catalyzes selective phosphorylation of the 
primary alcohol over the tertiary alcohol in substrate 80. Screening a range of kinases that naturally 
act on sugars and primary alcohols revealed that pantothenate kinase (PanK) from E. coli could 
accomplish this task, albeit with low activity. Directed evolution was used to improve this activity 
100-fold to enable the desired transformation on the (R)-enantiomer of aldehyde 81. Directed 
evolution was also used to engineer a variant of 5-S-methylthioribose kinase from Klebsiella sp. 
that could catalyze selective phosphorylation of the C-1 hydroxyl on 82 over the two other 
secondary alcohols on this substrate to give 83.94, 96  

 
Scheme 15. Evolved variants of A) E. coli purine nucleoside phosphorylase (PNP)94 B) E. coli 
pantothenate kinase (PanK),94 and C) Klebsiella sp. 5-S-methylthioribose kinase catalyze site-
selective phosphorylation of different non-native substrates.96 
 
2.2.4. Hydroxyl Group Glycosylation 
 
Glycosylation of small molecules can also dramatically alter their biological function.97 Many 
natural glycosyl acceptors, including polyphenols, catechols, and sugars, often bear multiple 
similarly reactive hydroxyl groups, so site-selective glycosylation is required to ensure that only 
the biologically relevant isomer is formed.98, 99 Glycosyl transferases (GTs) must also control the 
stereoselectivity at the anomeric carbon of the glycosyl donor. While this selectivity is typically 
accompanied by relatively high substrate specificity, researchers have found that some GTs and 
engineered variants can accept a range of glycosyl donors and acceptors to enable site-selective, 
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non-native glycosylation.100-102 For example, while UGT71A15 was found to catalyze non-
selective glycosylation of some polyphenolic acceptors, it catalyzes site-selective addition of 
glucose to 84 (Scheme 16A).103 In terms of donor variation, the antibiotic-modifying GT GtfE was 
shown to install a variety of monosaccharides onto vancomycin aglycone.104 The GTs OleD, OleI, 
and MGT accepted a variety of substrates from a panel of 64 acceptors and 18 sugar donors. 
Selective glycosylation of flavanols, coumarins, and 3,4-dichloroaniline was possible using these 
enzymes (Scheme 16B/C).105 

 
Scheme 16. A) Glycosylation of 84 by glycosyl transferase UGT71A15.103 Representative scope 
of B) glycosyl acceptors and C) glycosyl donors for glycosylation of oleandomycin with OleD, 
OleI and MGT. UDP = uridine diphosphate, GDP = guanosine diphosphate, and TDP = thymidine 
diphosphate glucose.105 
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Different protein engineering strategies have been used to expand the substrate scope and utility 
of GTs for site-selective biocatalysis. For example, directed evolution was used to expand the 
acceptor scope of CgtB, a β-1,3-galactosyltransferase.106 Fluorescence-activated cell sorting was 
used to screen large libraries of CgtB variants (from ~107 colonies) generated via error-prone PCR. 
This assay involved the use of fluorescently labeled glycosyl acceptors that are trapped within cells 
following GT-catalyzed reaction with a suitable donor. Improved sequences were subjected to 
DNA shuffling, and ~106 colonies were screened. This process provided variant S42, which 
contained five amino acid mutations, provided significant improvements in activity toward 
different glycosyl acceptors and even UDP-Glu as a glycosyl donor, and maintained high site 
selectivity in all cases reported. 
 
Substrate engineering has also been used to expand the scope of site-selective glycosylation using 
GTs.107 For example, LgtC from Neisseria meningitidis is an 𝛼-1,4-galactosyltransferase that 
catalyzes the transfer of galactose from UDP Gal to lactose-containing acceptors.108 Different 
anomeric protecting groups were shown to enable glycosyl transfer involving several 
monosaccharides in place of the native disaccharide (lactose) substrate.107 Varying the protecting 
group could also be used to improve yields on a given monosaccharide while still maintaining high 
site selectivity. 
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Scheme 17.  Site-selective glycosylation by A) β-1,3-galactosyltransferase CgtB and B) CgtB 
variant S42. C) Substrate scope for glycosylation of non-natural sugar acceptors and uridine 5’-
diphosphogalactose (UDP Gal) donors catalyzed by LgtC. 
 
Finally, site-selective C-glycosylation has been achieved using GT catalysis. For example, the 
CGT responsible for the biosynthesis of flavone-C-glycosides found in rice and wheat was shown 
to accept a range of non-natural substrates to generate the corresponding C-glycosylated products 
(Scheme 18A).109 Likewise, TcCGT1 catalyzes selective 8-C-glycosylation of several flavones 
and flavonoids.110 This enzyme could also be engineered through site directed mutagenesis (I94E 
and G284K) to switch the chemoselectivity from C- to O-glycosylation, while maintaining high 
site selectivity for the latter reaction (Scheme 18B). 

 
Scheme 18. A) 2-hydroxyflavanones exists in equilibrium with its open chain form compound 
(108). These open chain intermediates get glycosylated by the C-glucosyltransferase.  B) Site-
selective catalytic promiscuity of TcCGT1. Point mutation I94E and G284K switched C- to O-
glycosylation.110 
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Glycosidases, which natively catalyze the cleavage of glycosylated substrates,102 have also been 
engineered to catalyze site-selective transglycosylation, but these reactions are thermodynamically 
disfavored, and the reaction products are susceptible to the native reverse reaction.111 Withers 
found that mutating the active site Glu/Asp of several different glycosidases to alanine ablated the 
undesired hydrolysis reaction to enable site-selective glycosylation of substrates using glycosyl 
fluoride acceptors.111, 112 Representative glycosidases on which this approach has proven 
successful are T. thermophilus β-glycosidase,113 Thermotoga maritima β-glucuronidase,114 and β-
endoglycosidase from Rhodococcus sp.115 One example of site-selective catalysis by such a system 
involved the E197S mutant of Humicola insolens Cel7B.116 This enzyme was found to catalyze 
site-selective glycosylation of different flavonoids using the glycosyl acceptor LacF (Scheme 
19B). 
 

 
 
Scheme 19. Site-selective glycosidase catalysis. A) Synthesis of glycoflavonoids catalyzed by 
Cel7B–E197S with disaccharide donor lactosyl fluoride (LacF).116 B) Saponin QS-21 can be 
enriched from a mixture of QS-17, -18, and -21 via site-selective removal of glc and rha residues.  
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Very recently, researchers at GSK used a combination of genome mining and directed evolution 
to engineer glycosidases for site-selective cleavage of sugars from a complex mixture of saponins 
obtained from bark extracts of the evergreen tree Quillaja Saponaria Molina (Scheme 19B).117 
Saponins QS-17, QS-18, and QS-21 from Quillaja extracts are used as adjuvants, but they must 
be purified by tedious reversed phase HPLC; removal of Q-18 is particularly important since it 
possesses high toxicity in mice. QS-21 can be obtained from QS-18 via loss of a specific β-D-
glucose, and QS-18 can be obtained from QS-17 via loss of a specific rhamnose. Researchers 
envisioned that they could improve the yield of QS-21, eliminate toxic QS-18, and simplify the 
saponin mixture to facilitate isolation of QS-21 by identifying enzymes that could achieve these 
transformations. An extensive genome mining effort led to the identification of a glucosidase and 
a rhamnosidase with activity on Q-18 and Q-17, respectively. Concurrent directed evolution of 
these enzymes led to site-selective variants with improved activity that achieved the desired 
enrichment of QS-21 from Quillaja extracts when the engineered enzymes were used together. 
 
2.2.5. Hydroxyl Group Epimerization 
 
In addition to enabling site-selective functionalization of hydroxyl groups via phosphorylation and 
glycosylation, enzymes can also epimerize hydroxyl groups. This is an especially desirable 
application in carbohydrate chemistry in that it enables converting readily available sugars to rare 
ones.118, 119 Rare sugars can serve as low calorie sweeteners to replace more common sugars, 
influence cell wall biosynthesis,120 and attenuate or increase immune response.121 While chemical 
methods for site-selective epimerization have been reported,122, 123 enzymes from several different 
classes of epimerases often offer superior selectivity.124 These enzymes possess different site-
selectivity, but only those that have been applied to non-natural catalysis are highlighted below. 
 
Uracil diphosphate (UDP) hexose-4-epimerases are NAD dependent enzymes that epimerize 
specific hydroxyl groups on substrates, as dictated by the orientation of the substrate relative to 
the oxidized cofactor.125, 126 Hydride transfer from the carbohydrate results in ketone formation, 
and rotation of the sugar within the active site of the epimerase repositions the ketone such that 
hydride transfer from the reduced cofactor produces the C4 epimer of the original compound. A 
few examples of evolving UDP hexose epimerases with improved activity or expanded scope have 
been reported.118, 119 The requirement for a UDP group on the substrates of these enzymes limits 
their synthetic utility, but GalE was found to catalyze site-selective 4-epimerization of free 
sugars.127 Site-saturation mutagenesis of residues predicted to interact with nucleoside portion of 
UDP-galactose in this enzyme showed that GalE N179S displayed improved activity for 
epimerization of the 4-position of free fructose and tagatose (i.e. lacking a UDP group). Further 
improvement of this activity could significantly improve the synthetic utility of these enzymes. 
 
D-tagatose epimerases have been extensively explored for non-native catalysis.128-131 These 
enzymes enable C-3 epimerization of D/L-tagatose, -fructose, -psicose, and –sorbose. Both C-3 
and C-4 epimerization involves both Lewis acid catalysis by an M2+ ion and general acid/base 
catalysis involving a glutamic or aspartic acid residue. In the case of C-3 epimerization,132 these 
species catalyze formation of a cis-enediolate, and subsequent protonation from the opposite face 
of the enolate by a second aspartic acid residue leads to epimizeration. C-4 epimerization133 
proceeds via a retro-aldol reaction of the keto-sugar substrate involving a M2+ ion and a glutamic 
acid residue in the epimerase active site. Rotation of the resulting C-4 aldehyde presents the 
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opposite face of the carbonyl to the intermediate M2+-bound enolate so that the aldol reaction gives 
the opposite stereoisomer at C-4. 
 
By exploiting a thermostabilized variant of the D-tagatose 3-epimerase from P. cichorii,134 
divergent evolutions were carried out for epimerization of L-sorbose and D-fructose to L-tagatose 
and D-psicose respectively.128 By coupling production of the product sugar to a NADH dependent 
dehydrogenase, a high-throughput assay for detection of cofactor oxidation was developed that 
ultimately allowed for efficient production L-tagatose in 6 rounds of evolution and D-psicose in 
8.134 (Scheme 20A). Crystal structure analysis of the two final variants showed minor impacts on 
the overall structure and indicated that the mutations seemed to influence charge at the surface of 
the protein where the substrate entered the active site.  
 
While use of D-tagatose-3-epimerases for production of non-native sugars is common, methods to 
produce D-tagatose from commodity sugars are underdeveloped. D-tagatose is a low-calorie 
alternative to more abundant natural sugars but is rarely present in nature, making scalable 
isolation a challenge, and natural enzymes capable of epimerizing D-fructose to D-tagatose have 
proven elusive.133 An enzyme that catalyzes C-3 epimerization of a related substrate,135 was 
engineered to achieve this goal using several rounds of structure-buided site-directed mutagenesis 
(Scheme 20B). The final variant 5V was capable of capable of producing D-tagatose at 200 g/L 
titers and had reduced activity on the native D-tagaturonate substrate compared to the wild-type 
variant, indicating a significant modification of substrate scope. 
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Scheme 20. Epimerization of abundant carbohydrates to furnish rare sugars. A.) Divergent 
evolution of a thermostable D-fructose epimerase results in efficient variants for D-psicose and L-
tagatose production. B.) A natural C3 epimerase for D-frucuronate is converted into a C4 D-
fructose epimerase capable of 200 g/L production of D-tagatose. 
 
2.2.6. Alcohol Oxidation 
 
Alcohol oxidation is common in biosynthetic pathways, and several classes of enzymes, including 
alcohol oxidases have been used to catalyze oxidation of primary alcohols over secondary 
alcohols.136 Other enzymes, including NAD(P)(H)-dependent hydroxysteroid dehydrogenases 
(HSDHs), are capable of discriminating between secondary alcohols in steroids and bile acids.137, 

138 HSDHs from Bacteroides fragilis and Clostridium absonum DSM 599, for example, were used 
to develop a chemoenzymatic method for converting cholic acid to ursodeoxycholic acid, which 
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is used to treat gallstones.139 A one-pot strategy for this transformation used 7α- and 12α-HSDHs 
to oxidize the hydroxyl groups at positions C-7 and C-12 of cholic acid; a 7β-HSDH was then used 
to reduce the ketone at position C-7 to a β-hydroxyl group (Scheme 21). A more recent study 
focused on the epimerization of chenodeoxycholic acid to produce ursodeoxycholic acid in another 
one-pot experiment where a NAD(H)-dependent 7α-HSDH and a NADP(H)-dependent 7β-HSDH 
were employed.140 In this case, the oxidative step was coupled to a flavin reductase to oxidize 
NADH to NAD+, and the reaction was driven towards the production of ursodeoxycholic acid 
thanks to the auto-oxidation of FMN under aerobic conditions. 
 

 
Scheme 21. One-pot synthesis of 12-ketoursodeoxycholic acid from cholic acid using HSDHs.139 
 
2.3. Carbonyl Transformations 

2.3.1. Carbonyl Reduction 
 
In nature, enzymes from the aldo-keto reductase (AKR) superfamily catalyze the interconversion 
of wide range of carbonyl compounds and the corresponding alcohols.141  Representative AKRs 
include aldose reductases, aldehyde reductases, hydroxysteroid dehydrogenases, ketoreductases 
(KREDs), and alcohol dehydrogenases (ADHs).142 KREDs and ADHs have been widely used and 
engineered to synthesize chiral alcohols.143 One example of site-selective KRED biocatalysis 
involves reduction of tri-ketone 127 to the corresponding dihydro iso-alpha acid 128 (Scheme 
22A). Directed evolution was used to engineer a site-selective KRED for this transformation.144 
Compound 129 presents an interesting challenge for site-selective ketone reduction since reduction 
of the trifluoromethyl ketone would be expected based on electronic considerations (Scheme 22B). 
Indeed, chemoselective reduction of 129 to give racemic 131 has been reported.145 Several 
commercially available KREDs (KRED-112, KRED-129, KRED-131) were found to catalyze this 
same reaction with high enantioselectivity (>99% ee). Notably, an alcohol dehydrogenase from 
Candida parapsilosis (ADH-CP) and KRED-A1p demonstrated enantioselectivity (98%) and 
chemoselectivity (100% and 87%, respectively) toward the reduction of the methyl carbonyl 
producing the methyl hydroxyketone 130.146  
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Scheme 22. Site-selective reduction of A) sterically and electronically similar ketones in 127 and 
B) either ketone in 129, overcoming electronic bias, using engineered KREDs.  
 
The commercial availability of KREDs and ADHs has facilitated several additional examples of 
site-selective ketone reduction. Screening 20 commercially available KREDs for the reduction of 
α-alkyl-1,3-diketones, for example, led to the site-selective reduction 3-methyl-2,4 hexadione with 
100% yield after 24 hours and >99% diastereomeric ratio (Scheme 23A).147 Similarly, more than 
400 KREDs, both proprietary and commercial, were screened for the reduction of 5-androstene-
3,17-dione (5-AD) to dehydroepiandrosterone (DHEA).148 This study identified a KRED from 
Sphingomonas wittichii capable of  fully converting 5-AD to DHEA with excellent site- and 
diastereoselectivity (>99% d.e., Scheme 23B). Additionally, a more recent study evaluated more 
than 500 commercial KREDs for the reduction of diketone 136 as part of the development of a 
chemoenzymatic strategy for the synthesis of navoximod.149 KRED ADH 430 selectively reduced 
the cyclohexanone over the acyclic ketone in this substrate with a 95% yield and >99% selectivity 
for the trans isomer 137 Scheme 23C). Finally, ADHs from different origins showed high site 
selectivity towards the reduction of tert-butyl 4-methyl-3,5-dioxohexanoate to tert-butyl 5-
hydroxy-4-methyl-3-oxohexanoates.150, 151 ADHs from Lactobacillus brevis (LBADH) and 
Saccharomyces cerevisiae (YGL157w) both showed activity on the (S)-enantiomer with 
complementary diastereoselectivities, while ADH from Rhodococcus sp. (RS 1-ADH) was able to 
reduce the (R)-enantiomer (Scheme 23D), providing a platform to access most stereoisomers of 
this synthetically attractive building block via enzymatic dynamic kinetic resolution. 
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Scheme 23. Site-selective carbonyl reductions. (A) Reduction of 3-methyl-2,4 hexadione.147 (B) 
Formation of dehydroepiandrosterone (DHEA) by a KRED from Sphingomonas wittichii.148 (C) 
Site-selective reduction of a diketone as part of the chemoenzymatic synthesis of navoximod.149 
(D) Kinetic resolution of tert-butyl 4-methyl-3,5-dioxohexanoate by using substrate-specific 
alcohol dehydrogenases.150, 151 
 
2.3.2. Carbonyl Reductive Amination 
 
Biocatalytic methods for amine formation have been widely adopted in both industry and 
academia. This capability was first facilitated by the development of transaminases (TAs), which 
catalyze the formation of primary amines from ketones, as exemplified at industrial scale by the 
biocatalytic synthesis of sitagliptin.152 More recently, reductive aminases (RedAMs) and imine 
reductases (IREDS) have expanded this capability significantly to allow for the formation and/or 
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enantioselective reduction of secondary and tertiary amines.153, 154 Both TAs and IREDs are now 
available as commercial enzyme panels to facilitate easy screening. TAs use an amine donor and 
the pyridoxal phosphate (PLP) cofactor while IREDs require a reducing equivalent provided by 
NAD(P)H to reduce an imine to the corresponding amine.154 These enzymes typically have 
restricted active sites formed upon dimerization of the enzymes in solution. This active site 
structure has been exploited to enable site-selective catalysis in cases where two ketones are 
distinguished by their relative steric environments (Scheme 24A). Even for examples where 
sterically similar groups, like methyl and n-propyl, are used, a panel of S- and R- selective TA’s 
was nearly entirely 99:1 selective for the formation of the less-hindered amine (Scheme 24B). 155  

 
Scheme 24: ω-Transaminase catalyzed cyclization of diketones. A.) General scheme for 
cyclization with TAs. B.) Cyclization of nonane-2,6-dione with a panel of ω-TAs showed >90:10 
selectivity for amination of the less-hindered ketone.  
 
ω-TAs have also been used for the asymmetric synthesis of 2-methyl-5-phenylpyrrolidines via 
enzymatic and chemoenzymatic cascades. In the latter approach, a ω-TA was used to site-
selectively aminate the 4-position of 1-phenylpentane-1,4-dione, and the resulting amine 
underwent spontaneous cyclization to form an imine (Scheme 25A).156  This intermediate was non-
specifically reduced to the racemic pyrrolidine by ammonia borane, and the trans pyrrolidine was 
selectively re-oxidized to the imine by a monoamine oxidase leading to enrichment of the cis 
isomer. By replacing the ammonia borane and MAO-N with an imine reductase (Scheme 25B), 
this cascade was rendered fully enzymatic with up to 68% yield and >98% d.r. and e.r.157 This 
predictable preference for amination of less hindered ketones also extends beyond diketones, as 
shown in the synthesis of the bicyclic alkaloid xenovenine.158 In this study, the first key 
asymmetric step was accomplished by screening a panel of wild-type (R) and (S)-selective 
transaminases. The best variants provided the desired products with perfect site-selectivity for the 
less hindered ketone and 99% enantioselectivity, enabling the most efficient synthesis of the 
xenovenine enatiomers at the time. 
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Scheme 25. Biocatalytic or chemoenzymatic cascade reactions to furnish pyrrolidines from 
diketones. A) By coupling ω-TA enzymes for amination of the less hindered ketone with non-
selective ammonia borane reduction and trans-pyrrolidine selective MAO-N oxidation, the cis-
pyrrolidine accumulates.  B.) A similar reaction is accomplished using an IRED for the reduction, 
providing direct access three enantiomers starting from a simple diketone.  
 
2.4. Alkene Transformations 

2.4.1. Alkene Hydration 
 
Alkenes are substrates for a wide range of catalytic asymmetric transformations like 
hydrogenation, hydroformylation, dihydroxylation, and epoxidation. While differentiating the 
prochiral faces of a given olefin is often possible in many of these reactions, site-selective reaction 
when multiple olefins are present remains challenging. This task is particularly difficult for olefin 
hydration to produce the corresponding alcohols since this reaction is traditionally carried out 
using catalysts like mineral acids, metal oxides, and zeolites under harsh conditions.159 Several 
hydratases have been discovered that can activate unactivated alkenes to achieve stereoselective 
hydration.159-161 While site-selective hydration of non-native olefin subtrates remains rare, linalool 
dehydratase isomerase (LinD)162 from β- protobacterium Castellaniella defragrans highlights the 
potential utility of this transformation in biocatalysis. The native substrate of this enzyme, β-
myrcene, is a monoterpene that is produced by a variety of plants, and it is a key ingredient in the 
flavor and food industries. LinD catalyzes site-selective hydration of the 1,1-disubstituted olefin 
in this compound to generate (S)-linalool in 24% conversion after 24 h.163 Preliminary analysis of 
LinD variants confirmed that importance of active site residues believed to play a role in water 
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activation, and altered product distributions in the reverse reaction of geraniol to give myrcene and 
linalool. These efforts suggest that LinD may be a viable platform for biocatalytic olefin hydration. 
 

 
 
Scheme 26. Linalool dehydratase isomerase (LinD) enzyme catalyzes the reversible (de)hydration 
of the tertiary alcohol (S)-linalool to β-myrcene and its isomerization to the primary alcohol 
geraniol.163 
 
2.4.2. Alkene Epoxidation 
 
While site-selective olefin epoxidation can be achieving using directing groups or electronic 
bias,164 methods to achieve this transformation on diverse substrates remain highly desirable due 
to its synthetic utility. Cytochromes P450 have found particular utility toward this end due to the 
reactivity of the intermediate compound I, a ferryl porphyrin cation radical species (vide infra), 
toward different types of olefins.165 The high reactivity of olefins toward this species relative to C-
H bonds enables chemoselective epoxidation of substrates that might otherwise undergo C-H 
hydroxylation by these enzymes. For example, the antitumor sesquiterpene lactone parthenolide, 
which contains two alkenes and multiple C-H bonds that could potentially be hydroxylated, gave 
a mixture of epoxidation and allylic hydroxylation using P450-BM3 variant FL#62.166 Three active 
site mutations were found to provide an enzyme that is 90% selective for formation of epoxide 
product 164 (Scheme 27A) with only minor formation of the hydroxylated side reactions and 
nearly 5-fold improved TTN. A variant of BM3 also catalyzed site-selective epoxidation of the 
terpenoid β-cembrenediol, albeit as a side product in a reaction that produced many oxidized 
products.167 
 
Several other P450s have also been used for site-selective epoxidation. For example, TamI 
oxidizes its native substrate 165 in a cascade of reactions to form the tirandamycins, including 
epoxide formation of a bicyclic core in the presence of several similarly reactive alkenes (Scheme 
27B).168 Active site mutations showed that the order and degree of TamI-catalyze oxidations could 
be modified, as exemplified by TamI L101A_L295I, which catalyzes the epoxidation as the first 
reaction before later showing improved hydroxylation of the adjacent C-H bond and decreased 
hydroxylation at other sites usually transformed during the native oxidative cascade. Theobromine 
is a substrate of the human P450 enzyme CYP 3A4,169 which was selected as a catalyst to screen 
for epoxidation of a polyolefin appended to the N3 in the theobromine core (Scheme 27C). In the 
cases of substrate 168 and 172, the epoxidation was perfectly selective for the terminal alkene, 
whereas for the 1,3-hex-diene modified theobromine 170 site selectivity for the epoxidation was 
measured at 53%, although the enantioselectivity for the major product was higher than for the 
corresponding 2,4-hex-diene 1. This study not only shows an effective site and enantioselective 
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epoxidation reaction but also cleverly uses a known substrate for P450s to anchor the modified 
compounds in the active site, spurring the promiscuous activity. 

 
 
Scheme 27: Alkene epoxidation by P450 enzymes. A.) Epoxidation of parthenolide with evolved 
BM3 variant III-D4 leads to 90% selectivity for epoxidation of the internal alkene. B.) A TamI 
variant first epoxidizes the terminal alkene in the native substrate instead of hydroxylation of an 
adjacent C-H bond. C.) CYP 3A4 is capable of selective epoxidation of alkenes appended to 
theobromine. 
 
2.5 Miscellaneous Functional Group Transformations 
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2.5.1. Nitrile Hydration 
 
Hydration of nitriles to the corresponding amide bond is a valuable transformation, and nitrile 
hydratase (NHases) have been used to catalyze this transformation under mild conditions even for 
commodity chemicals like acrylamide.170, 171 NHases are metalloenzymes that typically contain an 
active site Co or Fe ion, although an exact mechanism has not been fully described for this enzyme 
class.172, 173 NHase reactions are also frequently performed using whole-cells to reduce the cost 
associated with biocatalyst preparation. The sequestration of the NHase enzyme within cells also 
allows for the incorporation of NHases into chemoenzymatic cascades where the free enzyme may 
be inhibited by other cofactors or cocatalysts in solution.174 This was demonstrated in the synthesis 
of receptor agonist compound 174,175 which was performed in a two-step, one-pot reaction wherein 
nitrile bond hydration was catalyzed by the Co-dependent CGA009 NHase (Scheme 28). The 
enzyme was highly selective for the less hindered nitrile which allowed for the formation of the 
receptor agonist in 49% yield, providing a much shorter and higher yielding synthesis than the best 
previous reported effort. In addition to this site-selective example, the same work also describes 
several enantioselective kinetic resolutions, showing the wide utility of this highly active class of 
biocatalysts. 
 
 

 
 
Scheme 28. Chemoenzymatic cascade to compound 174 enabled by site-selective hydration of 
polynitrile precursor.  
 
2.5.2. Nucleophilic Demethylation  
 
Demethylation of methyl phenyl ethers is an important transformation in synthetic organic 
chemistry,176, 177 but traditional synthetic methods rely on harsh reagents or/and reaction conditions 
that limit site selectivity.178, 179 Multi-component B12-dependent methyl transferases (MTs) 
catalyze this reaction with concomitant methylation of an acceptor substrate.180 While the native 
methyl donors for these enzymes include substrates like CH3-H4folate, methanol, methylamine, 
and dimethylsulfide,180-182 some can also accept various methyl phenyl ethers as substrates. 
Demethylation proceeds via attack of the methyl group by the nucleophilic cob(I)alamin form of 
a cobalamin-binding protein (e.g. vdmB) catalyzed by a suitable carrier protein (e.g. dhaf4611) to 
form the methyl cob(III)alamin form of the protein and the demethylated substrate. The reverse 
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reaction then occurs using an acceptor substrate to drive the reaction in the desired direction.181 
For example, site-selective monodemethylation of papaverine (175) to form 176 was achieved 
using a veratrol-O-demethylase from A. dehalogenans (vdmB) in combination with the cobalamin 
carrier protein dhaf4611 from D. hafniense.183 This same system also enabled selective 
monodemethylation of  177 to give 178 (6% conversion), and several other aromatic substrates 
with methyl ether substituents provided preferences in the site selectivity of demethylation. 
 

 
Scheme 29. Papaverine and Rac-yatein are both natural products and are of biological significance. 
Site-selective demethylation of these compounds were achieved by cobalamin-dependent 
methyltransferase MT-vdmB. 
 
3. C-H Functionalization 
 
Site-selective functionalization of C-H bonds constitutes a long-standing challenge in synthetic 
chemistry since such transformations could eliminate the need for pre-functionalized starting 
materials and enable new synthetic routes.184, 185 The same difficulties associated with site-
selective functional group manipulation apply to C-H bonds, but at least at first glance, the 
challenge appears greater since C-H bonds are ubiquitous in organic molecules. The molecular 
context of a given C-H bond, however, leads to differences in proximity to blocking or directing 
groups, acidity, bond-dissociation energy, and stereoelectronic properties that can be differentiated 
by reagents and catalysts.186 Indeed, the reactivity of C-H bonds is so diverse and approaches to 
functionalize them so varied that Dyker once recounted in an early review of the field that “C-H 
functionalization begins just below one’s own results”.187 Nonetheless, there are many cases where 
similar C-H bond reactivity leads to poor site selectivity using small molecule catalysts. Just as 
importantly, selective functionalization of a single C-H bond on a given substrate is just the start 
of the challenge since, ideally, one would be able to functionalize any C-H bond on that substrate. 
Only enzymes have been able to achieve this feat,188, 189 enabling sequential functionalization of 
C-H bonds in natural product biosyntheses, for example,190 that far surpass current synthetic 
methods. Leveraging this power for synthetic chemistry provides a means to complement our 
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ability to exploit differences in C-H bond reactivity with differences in substrate binding and 
molecular recognition to expand the scope of site-selective C-H functionalization. 
3.1. C–H Hydroxylation 
 
Several classes of enzymes catalyze C-H hydroxylation due to the broad importance of 
hydroxylation for the function and metabolism of natural products and xenobiotic compounds.191 
As noted above, alcohols are also important for the function of pharmaceuticals, natural products, 
and agrochemicals, and they serve as useful intermediates and building blocks. The diversity of 
enzymes that catalyze this transformation has led to several options for site-selective hydroxylation 
of different substrate classes, so these are grouped below based on enzyme class. 
 
3.1.1 Cytochromes P450 
 
Cytochrome P450 monooxygenases (P450s) catalyze a variety of oxidative reactions, including 
C–H hydroxylation.192 These enzymes possess a heme cofactor with a cysteine thiolate acting as a 
ligand to the iron center on the proximal face, leaving the distal face free for O2 activation. P450-
catalyzed hydroxylation is initiated by substrate binding, which promotes electron transfer from a 
NAD(P)H cofactor through a P450 reductase or ferredoxin to the iron center of the heme cofactor 
(Scheme 30).192, 193 Heme reduction is followed by O2 binding to the distal face of heme, transfer 
of a second electron by a P450 reductase or ferredoxin to produce an Fe(III)-peroxo species, and 
protonolysis of this intermediate to give a highly reactive Fe(IV)-oxo complex known as 
“compound I”. This intermediate can abstract a hydrogen atom from primary, secondary, or 
tertiary C–H bonds (or react with olefins as noted in section 2.4.2). C-H abstraction is followed by 
a radical rebound step between the substrate radical and the newly formed Fe(III)-hydroxo species, 
resulting in the hydroxylated product. Perhaps not surprisingly, given their ability to react with 
such a broad range of C-H bonds in diverse substrates, protein engineering has proven central to 
the utility of P450s for site-selective catalysis. Because of the extensive effort that this field has 
attracted, the examples below are meant to highlight early studies in the field and recent examples 
of the diversity of substrates that can now be site-selectively functionalized. Reviews on P450 
biocatalysis should be consulted for a more exhaustive coverage.194-196 
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Scheme 30. Simplified scheme of the catalytic cycle for the hydroxylation of a substrate R–H by 
a cytochrome P450. 
 
Many P450s have been used for site-selective hydroxylation,197, 198 but cytochrome P450BM3 
(BM3), a fatty acid hydroxylase from Bacillus megaterium, has attracted particular attention 
because it has a fused reductase domain that leads to high reaction rates and obviates the need for 
a separate reductase.199 This architecture also simplifies protein engineering, and several groups 
have developed BM3 variants that provide high yields and site selectivity on a range of different 
substrates. Early studies by Arnold used directed evolution to develop BM3 variants with activity 
on n-alkanes,200, 201 and subsequent mutagenesis of these variants led to enzymes with high site 
selectivity on these substrates, including 86% selectivity for 2-nonanol with 1-12G and 67% 
selectivity for 4-nonanol with 9-10A A82L (Scheme 31A).202 Further evolution of variant 139-3 
led to the development of propane monooxygenase (PMO) P450PMOR2, capable of carrying out 
the challenging hydroxylation of propane with native-like efficiency with a 9:1 2-propanol:1-
propanol product ratio.203  
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Scheme 31. A) Site-selective hydroxylation of n-alkanes by P450BM3 variants.202 B) 
Demethylation of protected monosaccharides by P450BM3 variants shown as the major product for 
each reaction.204 
The P450 variants obtained via these evolution efforts proved to be remarkably versatile for site-
selective hydroxylation of different compounds, including drugs205, natural products,206 and other 
small molecules. In a particularly notable example that illustrated the ability to tune site selectivity 
to different C–H bonds using a combination of protein engineering and substrate engineering, 
P450BM3 was used for site-selective demethylation of permethylated monosaccharides (Scheme 
31B). This capability enabled chemoenzymatic functionalization of different sugars via 
subsequent manipulation of the single deprotected hydroxyl group.204 Screening previously 
engineered P450BM3 variants to identify hits for different sugars followed by further directed 
evolution yielded a panel of enzymes with high selectivity (~50-100% in terms of product 
distribution) for the demethylation of protected hexoses (182-184). 
 
Hydroxylation of steroid substrates is of particular interest for pharmaceutical applications, but 
this goal requires distinguishing several non-activated C–H bonds. Additionally, while various 
eukaryotic P450s can perform these transformations,207 these are often membrane proteins, which 
makes them unattractive as biocatalysts. The previously engineered P450BM3 variant 9-10A F87V 
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TS was therefore further evolved using combinatorial alanine scanning and random mutagenesis 
to enable selective C-2 hydroxylation of 11α-hydroxyprogesterone (185) and demethylation of the 
alkaloids thebaine and dextromethorphan (Scheme 32A).208 Site-selective hydroxylation of a range 
of steroids using different BM3 variants was subsequently reported by other groups.209-212 

 
Scheme 32. Site selectivity expressed as percent in product distribution in the hydroxylation of 
steroids by engineered P450 enzymes. Remaining products consist of hydroxylation at different 
sites and other oxidation products. Reactions shown include A) 11α-hydroxyprogesterone (185) 
with P450BM3 F1,208 B) progesterone (186) with CYP106A2 T89N/A395I,213 and C) testosterone 
(187) with P450BM3 variants KSA-1, KSA-14, LG-23, WWV-M, and LIFI-WQM.209, 210, 214 
 
Wong also conducted early studies focusing on the hydroxylation of compounds containing 
aromatic moieties, and these efforts led to the development of BM3 variant KT5.215 While 
hydroxylation of propylbenzene (188) with wild-type P450BM3 resulted in a product distribution 
of 99% 1-phenyl-1-propanol, variant KT5 yielded 78% 1-phenyl-2-propanol and 20% 1-phenyl-
1-propanol (Scheme 33A). This effect was even more pronounced when using toluene as substrate, 
resulting in 95% benzyl alcohol and 5% o-cresol while the product distribution for BM3 consisted 
of 98% o-cresol. Further computational studies on KT5 linked the change in site selectivity in the 
hydroxylation of toluene to changes in the active site caused by mutations F87A/A330P, which 
allow for toluene to bind in previously inaccessible orientations.216 
 
Reetz and coworkers used P450BM3 to catalyze site-selective hydroxylation of cyclohexenes such 
as cyclohexene-1-carboxylic acid methyl ester (189).217 Wild-type P450BM3 provided a product 
distribution comprising 84% (R)-3-hydroxycyclohexene-1-carboxylic acid methyl ester (34% e.e.) 
and 16% isomeric alcohols and other oxidation products. Targeted mutagenesis of the active site 
resulted in variants with comparable conversion levels and improved selectivities, including one  
(F87V/A328N) that provided the desired (R)-3-hydroxycyclohexene product with 93% site 
selectivity and 96% e.e. A second variant (I263G/A328S) gave the corresponding S-enantiomer 
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with 97% site selectivity and 94% e.e. (Scheme 33B). The variants engineered for the reaction of 
the model cyclohexene 189 were successfully tested on other substrates, with cyclopentene-1-
carboxylic acid methyl ester (191) showing significant improvements in site selectivity, from a 
58% of side products with wild-type P450BM3 to 13% and 17% with the R- and S-selective variants, 
respectively. 
 

 
Scheme 33. Site-selective hydroxylation reactions carried out with engineered P450BM3 enzymes 
and A) propylbenzene (188),215 B) cyclohexene-1-carboxylic acid methyl ester (189), and 
cyclopentene-1-carboxylic acid methyl ester (191).217 Product distribution is presented as the 
percentage of the major product in each reaction. 
 
Several P450BM3 biocatalysts have been developed for the site-selective hydroxylation of 
testosterone (187, Scheme 32C). BM3 variant F87A was used in two different studies to engineer 
variants KSA-1 with 97% selectivity towards 2β-hydroxylation, KSA-14 with 96% selectivity 
towards 15β-hydroxylation, LIFI-WQM with 98% selectivity towards 6α-hydroxylation, and 
WWV-M with 92% selectivity towards 16β-hydroxylation.209, 214 Additionally, the triple mutant 
P450BM3 F87G/A328G/A330W was evolved for hydroxylation at the C-7 position of 187, with 
final variant LG-23 having an improved site selectivity of 90% 7β-hydroxytestosterone.210 
 
Finally, Fasan has engineered BM3 variants that catalyze site- and enantioselective hydroxylation 
of artemisinin (193) using the promiscuous variant FL#62 as a starting point.218, 219 While the 
parent enzyme showed a product distribution of 83% 7(S)-hydroxyartemisinin, 10% 7(R)-
hydroxyartemisinin, and 7% 6α-hydroxyartemisinin, highly selective variants were obtained 
resulting in IV-H4 producing 100% 7(S)-hydroxyartemisinin, II-H10 producing 100 % 7(R)-



   
 

41 
 

hydroxyartemisinin, and X-E12 producing 94% 6α-hydroxyartemisinin (Scheme 34A). FL#62 
variants that exhibit site-selective hydroxylation of parthenolide analogs were also developed, 
showcasing the value of promiscuous variants that can be further engineered into selective 
biocatalysts.166, 220, 221 
 
A variety of other prokaryotic P450s have also been the focus of extensive engineering efforts. For 
instance, CYP106A2 has been developed as a platform for selective steroid hydroxylation, with 
mutant T89N/A395I showcasing the potential of this enzyme by having its site selectivity switched 
to 80.9% 11α-hydroxyprogesterone from wild-type 27.7% (Scheme 32B).213, 222 Additionally, the 
P450 PikC, from the pikromycin biosynthetic pathway,223 has been engineered into PikCD50N, a 
single mutant with increased activity on the native macrolide substrates YC-17 and narbomycin.224, 

225 This variant was also used to show that the native site selectivity between C-10 and C-12 
hydroxylation could be modulated by modifying the desosamine sugar group, with a site selectivity 
C-10:C-12 of 1:1 and >20:1 for YC-17 and an analogue with a benzylic amine as anchoring group, 
respectively (Scheme 34B).226 
 

 
Scheme 34. A) Selectivity in product distribution for the hydroxylation of artemisinin (193) by 
engineered P450BM3 variants.219 B) Site selectivity of hydroxylation shown as the ratio of C-10:C-
12 hydroxylated products for YC-17 analogues with varying anchoring group with PikC.226 
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While aliphatic hydroxylation occurs via abstraction of the C–H bond, aromatic hydroxylation by 
P450s is believed take place via the formation of an arene oxide or electrophilic attack of 
compound I on the aromatic substrate.227-229 Site-selective aromatic hydroxylation by engineered 
P450BM3 variant M2 (P450BM3 R47S/Y51W/I401W)230 was shown to have high selectivity for o-
hydroxylation of monosubstituted benzenes, including substrates that were not accepted by the 
wild-type enzyme (Scheme 35A).231 A more recent study showed that CYP199A4 from 
Rhodopseudomonas palustris could be engineered to hydroxylate 4-phenylbenzoic acid (202) to 
4-(2’-hydroxyphenyl)benzoic acid (203) with a 83% site selectivity, a reaction that was not 
catalyzed by wild-type CYP199A4 (Scheme 35B).232 
 
 

 
 
Scheme 35. Aromatic hydroxylation reactions carried out by P450s. A) Product distribution in the 
hydroxylation of monosubstituted benzenes by P450BM3 M2.231 B) Selective hydroxylation of 4-
phenylbenzoic acid (202) by variant CYP199A4 F182L with percentages depicting product 
distribution.232 
 
3.1.2. Fe(II)- and α-Ketoglutarate-Dependent Oxygenases 
 
A second class of enzymes that hydroxylate C-H bonds site-selectively is the Fe(II)-/α-
ketoglutarate-dependent oxygenases (FeDOs). The consensus mechanism of FeDO-catalyzed C-
H hydroxylation is initiated via bidentate binding of α-ketoglutarate to a Fe(II) ion that is 
coordinated by a conserved His-Asp/Glu-His facial triad and three water ligands, resulting in the 
displacement of two water molecules (Scheme 36).233 Substrate binding causes loss of the last 
water ligand and creates an open coordination site for O2 to binding and activation to form a 
Fe(III)-superoxo intermediate. Oxidative decarboxylation of α-ketoglutarate by the superoxo 
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species leads to formation of a Fe(IV)-oxo intermediate, succinate, and CO2. As in P450s, the 
Fe(IV)-oxo species is responsible for abstracting a hydrogen atom from the primary substrate to 
generate a Fe(III)-OH intermediate and a substrate radical, which react via radical rebound to form 
the hydroxylated product and regenerate the Fe(II)(H2O)3 center. 
 
 

 
Scheme 36. Simplified scheme of the catalytic cycle for the hydroxylation of substrate R–H by a 
FeDO. 
 
The use of FeDOs for site-selective hydroxylation has primarily focused on amino acid substrates. 
These enzymes exhibit relatively high substrate specificity compared to P450s, so they tend to be 
used on compounds similar to their native substrates. For example, bacterial and fungal L-proline 
hydroxylases can selectively produce cis-3-, cis-4-, trans-3-, and trans-4-hydroxy-L-proline 
(Scheme 37A).234 These enzymes also accept other cyclic amino acids, including L-pipecolic 
acids. However, native pipecolic acid hydroxylases, such as GetF and PiFa, have been shown to 
have poor activity on L-proline, with efforts to increase substrate promiscuity via protein 
engineering being unsuccessful.235, 236 A patent by Merck & Co. reports the evolution of a proline 
hydroxylase over twelve rounds of evolution for the production of (2S, 5S)-hydroxypipecolic acid 
at 180 g/L substrate loading.237 The evolution approach included several rounds aimed at 
mitigating self-deactivation of the enzyme by pre-incubating it with reaction components before 
adding substrate into the bioconversion. Additionally, a FeDO from the same gene cluster as GetF, 
GetI, was characterized as a citrulline hydroxylase and engineered to selectively hydroxylate 
arginine to 4-hydroxyarginine, with an activity high enough to allow for incorporation in the 
synthesis of novel dipeptides.238, 239 
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Scheme 37. Examples of site-selective hydroxylation of amino acids with FeDOs. A) Proline 
and pipecolic acid hydroxylases.236 B) Lysine hydroxylases.240 C) Engineered SadA variants. 
Percentages correspond to relative amounts in product distribution. 
 
Genome mining has been used to discover new FeDOs with novel selectivities. A series of L-
lysine (KDO1–3) and L-ornithine (ODO) hydroxylases obtained via such a strategy resulted in 
biocatalysts with the less common C-4 site selectivity (KDO2 and KDO3) as opposed to the more 
frequent C-3 hydroxylation of polar amino acids like lysine (210, Scheme 37B).240 This capability 
allowed for the synthesis of dihidroxylated L-lysine via the sequential use of KDO1 and KDO2/3. 
These lysine hydroxylases have been used in combination with a lysine decarboxylase to form an 
enzymatic cascade for the synthesis of chiral amino alcohols from L-lysine.241 Furthermore, the 
lysine hydroxylase GlbB from the glidobactin biosynthetic cluster in Polyangium brachysporum 
was shown to hydroxylate C-4 of both L-lysine and L-leucine.242  
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Finally, a recent study by our group showed that the site selectivity of the FeDO SadA can be 
altered.243 Variants SadX (MBP-fused SadA D157G) and SadXL (SadX F152L) lack the native 
glutamic acid in their facial triad, allowing for exogenous anions to bind to the Fe(II) center and 
rescue native activity. The F152L mutation in SadXL produced a distinct change in the site 
selectivity of the hydroxylation of N-succinyl-L-leucine (213), from 98% β-hydroxylation with 
SadX to 80% γ-hydroxylation when CsF is added to a reaction. The identity of the anion also has 
a significant impact, with the product distribution of SadXL being 57% γ-hydroxylation in the 
presence of sodium formate (Scheme 37C). 
 
3.1.3. Other Site-Selective Metalloenzyme Oxygenases and Dioxygenases 
 
Heme peroxidases are widely distributed enzymes that carry out oxidative transformations by 
reducing peroxide (H2O2) through their heme prosthetic group.244, 245  The promiscuous unspecific 
peroxidase (UPO) is an aromatic peroxygenase known to perform oxyfunctionalization of C–H 
bonds that has been extensively studied and engineered.244 For example, a fungal UPO from 
Agrocybe aegerita (AaeUPO) was engineered to enable selective hydroxylation of naphthalene to 
give 1-naphthol.246  This effort resulted in a two-fold increase in activity from the parent enzyme 
and a final ratio of 1-napthol:2-napthol of 97:3. AaeUPO also catalyzes site-selective 
hydroxylation short alkanes such as propane and n-butane to the corresponding 2-alcohols, and 
flavonoids like apigenin and luteolin to the corresponding 6-hydroxyflavonoids, showcasing the 
broad substrate scope of this enzyme (Scheme 38A).247, 248  Finally, engineered AaeUPO variant 
AaeUPO Fett was recently reported to show improved selectivity for the functionalization of sub-
terminal positions of fatty acid substrates.249 The crystal structure of the Fett variant showed a 
narrower channel into the active site, restricting the access of bulkier substrates and resulting in a 
higher site selectivity towards the ω-1 position of lauric (218), myristic (219), palmitic (220), and 
stearic (221) acids. While the ω-1 selectivity of AaeUPO ranged from 20% to 56%, the Fett variant 
provided >92% selectivity in all cases (Scheme 38B). 
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Scheme 38. A) Flavonoid site-selective aromatic hydroxylation by heme peroxidase AaeUPO.248 
B) Hydroxylation of unsaturated fatty acids by AaeUPO variants. Products are shown as 
percentages of total product pool, with remaining products being ω-hydroxylated fatty acids and 
overoxidation products.249 
 
Rieske non-heme iron-dependent oxygenases are iron-sulfur cluster-containing enzymes involved 
in the degradation of aromatic compounds by bacteria via cis-dihydroxylation reactions.250 The 
iron-sulfur cluster transfers electrons from a reductase to the catalytic non-heme iron center, 
allowing for O2 reduction and the formation of a high-valent iron intermediate. This species is 
responsible for oxidizing the substrate via a series of radical intermediates. A set of Rieske 
dioxygenases from Pseudomonas strains were shown to oxidize alkenes and aromatic compounds 
with complementary selectivity; naphthalene dioxygenase (NDO) catalyzed dihydroxylation of the 
olefin in styrene exclusively, while cumene dioxygenase (CDO) provided >99% selectivity for the 
corresponding arene-1,2-dihydrodiol (Scheme 39A).251 Additionally, a single point mutation was 
found to switch the selectivity of CDO from 0.3% to 92% for olefin dihydroxylation, highlighting 
the potential for these enzymes to be engineered for non-native selectivities. More recent studies 
focused on characterizing enzymes from the saxitoxin biosynthetic pathway showed that Rieske 
monooxygenases SxtT and GxtA give different hydroxylation patterns on a series of tricyclic 
natural products derived from saxitoxin (Scheme 39B).252, 253 
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Scheme 39. A) Site selectivity in hydroxylation expressed as percentage of major product in 
product distribution for Rieske dioxygenases NDO and CDO.251 B) Site-selective 
monooxygenation of saxitoxin-derived natural products by Rieske monooxygenases SxtT and 
GxtA.252 
 
Bacterial multicomponent monooxygenases (BMMs) have also been used for site-selective 
hydroxylation. These enzymes comprise three or four components: a carboxylate-bridged 
diiron(III) center-containing hydroxylase enzyme, a NADH reductase, an effector protein required 
for the coupling of electron consumption and substrate oxidation, and, in some cases, a Rieske-
type [2Fe-2S] ferredoxin. Variants of the BMM toluene 4-monooxygenase (T4MO), which 
natively hydroxylates toluene (227) to p-cresol (228), were engineered to provide different site 
selectivity toward aromatic substrates (Scheme 40A).254, 255 For example, T4MO G103L catalyzes 
toluene hydroxylation to give o-cresol (229) as the major product. This superfamily of enzymes 
also includes methane monooxygenases (MMOs) from methanotrophic bacteria. Soluble MMO 
(sMMO) from Methylococcus capsulatus, for example, is capable of hydroxylating aliphatic C–H 
bonds selectively (Scheme 40B), and this enzyme catalyzes other oxidative reactions on alkanes, 
alkenes, and aromatic substrates.256, 257 While sMMOs are produced only by some methanotrophs, 
nearly all methanotrophic bacteria produce particulate MMO (pMMO).258 These membrane-
bound, copper-dependent enzymes possess a narrower substrate scope than sMMO, hydroxylating 
mostly linear alkanes (Scheme 40B).259 Whereas the mechanism of sMMOs has been studied 
extensively, with most of its intermediates being identified,260 characterization of the catalytic 
cycle of pMMOs is actively under study.261 
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Scheme 40. Major products in hydroxylation as percentage in product pool for A) bacterial 
multicomponent monooxygenase T4MO,255 and B) methane monooxygenases sMMO256, 262 and 
pMMO259 from Methylococcus capsulatus (Bath). 
 
3.1.4. Flavin-dependent Monooxygenases 
 
Flavin-dependent monooxygenases (FMOs) are part of the FAD-oxidoreductase family and 
catalyze, among other reactions hydroxylation of aromatic sp2 C–H bonds.263, 264 These enzymes 
can be classified as either single-component FMOs that tightly bind FAD as a prosthetic group, or 
two-component FMOs that require a second reductase enzyme to provide the reduced flavin as a 
co-substrate. The mechanism of single-component FMOs involves the reduction of FAD by 
NAD(P)H in the enzyme, followed by reaction with O2 to generate the reactive hydroperoxyflavin 
intermediate. This species can react with electron rich aromatic substrates via electrophilic 
aromatic substitution to generate the hydroxylated arene and hydroxyflavin, which undergoes 
elimination to form oxidized FAD. Depending on the class of single-component FMO, substrate 
binding may be required for the reduction of FAD (Scheme 41), or it may happen after formation 
of the hydroperoxyflavin intermediate. In the case of two-component FMOs, the flavin is reduced 
in the reductase by NAD(P)H and transferred to the oxygenase, where reaction with O2 occurs to 
form the hydroperoxyflavin intermediate. The mechanism then follows a similar path to the one 
described for single-component FMOs.  
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Scheme 41. Catalytic cycle for hydroxylation of a phenolic compound by a single-component 
FMO triggered by substrate binding. 
 
The native activity and substrates of many FMOs have been thoroughly characterized,263 and this 
has facilitated efforts to explore site-selective non-native FMO catalysis. For example, the single-
component 4-hydroxybenzoate 3-hydroxylase (PHBH), which natively converts 4-
hydroxybenzoate into 3,4-dihydroxybenzoate, can also hydroxylate a limited scope of phenolic 
acids. A study focused on PHBH enzymes from Rhodococcus rhodnii 135 and Rhodococcus 
opacus 557 showed that while both enzymes hydroxylate 2,4-dihydroxybenzoate at C-3, they 
hydroxylate 2-chloro-4-hydroxybenzoate with C-3:C-5 ratios of 40:60 and 77:23, respectively.265 
2-Hydroxybiphenyl 3-monooxygenase (HbpA), which natively hydroxylates 2-hydroxybiphenyl 
(238) at C-3, was engineered to hydroxylate tert-butyl-2-hydroxybiphenyl.266 A more recent study 
showed that HbpA M321A catalyzes selective C-4 hydroxylation of 3-hydroxybiphenyl (240), a 
substrate not accepted by wild-type HbpA (Scheme 42A).267 
 
The 4-hydroxyphenylacetate 3-hydroxylases (HPAHs) are two component FMOs that natively 
catalyze hydroxylation of 4-hydroxyphenylacetate to 3,4-dihydroxyphenylacetate and accept a 
range of additional substrates.268 The S146A variant of HPAH from Acinetobacter baumannii 
provides improved activity on 4-aminophenylacetic acid to give 3-hydroxy-4-aminophenylacetic 
acid when compared to wild-type.269 HpaBC from Pseudomonas aeruginosa catalyzes site-
selective hydroxylation of cinnamic acid derivatives such as ferulic acid, p-coumaric acid, and 
caffeic acid.270 HpaBC was also used to synthesize the natural antioxidant piceatannol from 
resveratrol.271 More recent studies on HpaB from E. coli,272 showed that this enzyme could be 
engineered to site-selectively hydroxylate bulkier molecules like naringenin (242, Scheme 42B).273 
 
Some FMOs, such as TropB, AzaH, and SorbC, natively catalyze the oxidative dearomatization 
of resorcinol derivatives to quinol products via site-selective hydroxylation.274-276 These enzymes 
showed complementary substrate scope and orthogonal site selectivity toward a panel of resorcinol 
substrates with varying steric and electronic features. For example, TropB and AzaH prefer C-3 
hydroxylation while SorbC prefers C-5 hydroxylation (Scheme 42C).277 Further study of SorbC 
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showed that the substituent at the C-1 position of its native substrate, sorbicillin, plays an important 
role in placing the substrate in a productive pose. Replacing this substituent with a crotyl ester led 
to expanded substrate scope, and the crotyl group could be removed to yield the corresponding 
carboxylic acid.278  
 
 

 
 
Scheme 42. Hydroxylase activity of native and engineered FMOs with strict site selectivity. A) 
Mutation M321A in HbpA increases substrate scope.267 Reactions result in single products. B) 
Site-selective hydroxylation by engineered HpaB variants in non-native substrates.273 
Hydroxylation sites are denoted with arrows. C) Dearomatization reactions with distinct site-
selectivities.277 
 
3.2. C–H Halogenation 
 
Just as different classes of hydroxylases evolved to act on different types of C-H bonds, so too did 
different classes of halogenases emerge in nature. Aromatic and aliphatic C-H halogenation 
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proceed via electrophilic aromatic substitution and radical rebound mechanisms, respectively, and 
unique mechanisms for generating the relevant halogenating species evolved to accommodate 
these pathways. 
 
3.2.1. Aromatic C-H Halogenation 
 
Early studies on chloroperoxidase (CPO) from C. fumago showed that this enzyme could promote 
aromatic C-H halogenation,279 but the selectivity of CPO280 and the later characterized vanadium-
dependent haloperoxidases281 is substrate-controlled. This reactivity was found to result from 
peroxidase-catalyzed oxidation of halide ions to generate free hypohalous acid (HOX, X = Cl, Br, 
I), which was responsible for the observed halogenation reactions. In the early 2000’s, however, it 
was established that site-selective chlorination of the 7-position of tryptophan is catalyzed by PrnA 
(Scheme 44A),282 the first characterized flavin-dependent halogenase (FDH). Following this 
discovery, FDHs capable of halogenating different sites of tryptophan283, 284 and various indole-
,285, 286 pyrrole-,287-289 and phenol-containing290-295 natural products were characterized, showing 
that these enzymes are responsible for site-selective halogenation of aromatic C-H bonds on a 
variety of substrates in nature, and many subsequent examples further illustrate this point.296-299 
These enzymes bind reduced flavin,300 which reacts with oxygen to form a hydroperoxyflavin 
intermediate analogous to that formed in FMOs (Scheme 41). Rather than reacting with an organic 
substrate, however, this species reacts with a halide ion (X = I, Br, or Cl) bound proximal to the 
hydroperoxyflavin to generate the corresponding hypohalous acid (Scheme 43B).301 Unlike the 
case for peroxidases, this species then travels through a tunnel within the enzyme to access the 
active site.302 Recent computational evidence supports the original suggestion302, 303 that HOX is 
activated toward electrophilic attack via general acid catalysis by an active site lysine residue.304, 

305 Structural studies show that substrate positioning relative to this activated species then controls 
the site of halogenation (Scheme 43B).306, 307 
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Scheme 43. A) Simplified FDH mechanism. B) PrnA and RebH natively chlorinate L-tryptophan 
site-selectively at C7 of the indole ring. 
 
Early studies showed that the native site selectivity of tryptophan halogenases could be used to 
access various halogenated natural product derivatives by incorporating these enzymes into 
organisms expressing genes for different metabolic pathways.308, 309 Halogenation of substrates 
other than tryptophan by PrnA was reported to proceed with substrate-controlled selectivity,310 but 
RebH catalyzed 7-halogenation of tryptamine,311 showing that at least certain FDHs could exert 
catalyst controlled selectivity toward non-native substrates. It was then established that RebH,312 
Rdc2,313 and later several additional FDHs314-317 exhibit catalyst-controlled selectivity toward a 
number of non-native substrates (Scheme 44A). 
 
Early efforts to expand FDH reactivity beyond that offered by native enzymes showed that site 
directed mutagenesis of active site residues could be used to change RebH substrate preference to 
favor tryptamine over tryptophan.311 Directed evolution was used to evolve a thermostable RebH 
variant,318 and this enzyme was further evolved to expand substrate scope to encompass larger, 
biologically active compounds (Scheme 44B)319. This effort involved a substrate walking approach 
in which iterative rounds of mutagenesis and screening were conducted on progressively larger 
and more complex substrates. Variant 3-SS possessed 65-fold improved activity for the 
tetrahydrocarbazole derivatives tryptoline and eleagnine relative to RebH, and variant 4-V 
exhibited 40-fold improved chlorination for yohimbine. Variants 3-SS, 4-V, and related active site 
mutants were later shown to catalyze site- and enantioselective halogenation of methylene 
dianilines substrates.320 Directed evolution also enabled site- and atroposelective halogenation of 
a 3-aryl-4(3H)-quinazolinones (Scheme 44C).321 While most FDH variants examined in 
preliminary screening halogenated probe substrates at the less sterically hindered C4 site, one 
RebH variant 6-TLP gave the desired C6-brominated product with high enantioselectivity. Three 
rounds of evolution were required to evolve this enzyme for improved site selectivity and yield, 
and the final variant 3-T demonstrated excellent site- and atroposelectivity for a panel of related 
quinazolinones.  
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Scheme 44. A) Biocatalysis with wild-type RebH and Rdc2 for halogenation of non-native 
substrates. Number refers to HPLC yield when provided. B) Directed evolution of a thermostable 
RebH variant for halogenation of biologically active molecules. C) Site- and atroposelective 
catalysis with FDHs. 
 
In addition to expanding FDH substrate scope, researchers have sought to alter the site selectivity 
of FDHs on both native and non-native substrates.322 For example, incorporating arginine and 
lysine residues in the active site of PrnA was used to reshape the size and charge distribution of 
the active site to modify regioselectivity and improve activity for halogenation of anthranilic acid 
derivatives.323 In a separate study, the similarity of the structures for the 5- and 6-tryptophan 
halogenases PyrH and SttH was exploited to engineer a 5-selective SttH variant by mutating three 
active site residues in SttH to the homologous residues in PyrH.324 While wild type SttH 
halogenated tryptophan and 3-indolepropionic acid with 6-selectivities of >99% and 90%, 
respectively, the triple mutant gave the 5-chlorinated compounds in 32% and 75% selectivity, 
respectively. In a similar fashion, the crystal structures of tryptophan 6- and 7-halogenases Thal 
and RebH were used to identify key residues for positioning the substrate in the active site.325 A 
total of 5 residues in the active site chosen based upon their interactions with substrate were 
switched to produce variant Thal-RebH-5, which generated the 7-chlorinated tryptophan product 
in 30% yield and with a 7:6 selectivity of 19:1, representing the most complete switch in 
regioselectivity for an FDH for a structure-guided approach (Scheme 45A). Structure based 
mutagenesis was also used to alter the site selectivity of MalA.326 
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Scheme 45. Strategies for modifying the site selectivity of tryptophan halogenases. A) Use of a 
deuterated tryptamine probe substrate allows for MALDI screening based on m/z values B) 
Directed evolution of RebH into 5- and 6- selective chlorinases 10S and 8F. C) Using the crystal 
structures of Thal and RebH, substitution of key active site residues from RebH into Thal results 
in modified site selectivity. 
 
These structure-guided approaches show that key active site residues identified in crystal structures 
of FDHs with different selectivity toward a co-crystallized substrate can be mutated to achieve the 
corresponding switch in site selectivity. To avoid the need for crystal structures and to provide a 
means to switch site selectivity to any desired site, a directed evolution approach to altering FDH 
site selectivity was developed.327 A MALDI-based screen using deuterated tryptamine probe 
substrates enabled direct evaluation FDH variant site selectivity (Scheme 45B). Several rounds of 
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evolution led to the generation of 7-selective variant 0S, which possessed increased rate relative 
to WT and 5- and 6-selective halogenases 8F and 10S that provided their respective products 
(relative to all others) with 90:10 and 95:5 site selectivity (Scheme 45C). Variants from this lineage 
were later used in conjunction with the native 6-halogenase Thal and two fungal phenol 
halogenases to compare a panel of substrates for chemical and biocatalytic halogenation.328 
Characterization of products generated by biocatalytic halogenation using RebH variants 0S, 8F, 
and 10S showed that mutations designed to modify site selectivity for tryptamine carried over to 
other substrates as well. In many cases the site selectivity of the FDH-catalyzed halogenation 
differed from the chemical NCS reaction, showing the ability of the enzyme scaffold to override 
the inherent reactivity of the substrate. Crystal structures of these variants coupled with reversion 
mutations and MD simulations were used to rationalize the observed changes in site selectivity 
and to develop a computational model to predict FDH site selectivity.305 
 

 
 
 
Scheme 46. Genome mining for FDHs enables site-selective catalysis on biologically active 
compounds. Numbers represent isolated yields. 
 
Genome mining has often been used to identify individual FDHs with novel properties from 
diverse sources.295, 315, 329 Our group pursued a family-wide genome mining approach to build a 
panel of FDHs with novel site selectivity toward diverse non-native substrates.330 A sequence-
similarity network (SSN) was constructed, and the substrate preferences for known FDHs was 
mapped onto the SSN. FDH sequences with like substrate preferences were found to cluster, 
providing a means to probe FDH sequence space for novel function. Ultimately, 80 new FDHs 
were obtained from this analysis, and the chlorinase and brominase activity of these enzymes on a 
panel of 12 probe substrates was examined using a mass spectrometry-based assay. Several of the 
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active enzymes identified from this analysis catalyze site-complementary bromination of diverse 
substrates (Scheme 46). 
 
The FDHs discussed above require a separate flavin reductase (FRED) to supply the FADH2 
required for mechanism shown in Scheme 43. This requirement complicates FDH biocatalysis 
since these enzymes are not widely available, and any FDH evolution done to improve process 
compatibility is ultimately limited by the FRED unless it is also engineered. The FDH Bmp5 is 
notable in that it is a single-component FRED/FDH, but its reported activity is limited to substrate-
controlled site selectivity on phenols and aryl ethers.331 This contrasts with the recently described 
single-component FRED/FDH AetF,332 which natively catalyzes site-selective 5-/7-dibromination 
of L-tryptophan.333 This novel site selectivity led to a recent effort to evaluate the activity and 
selectivity of AetF toward a diverse range of substrates.334 AetF accepted not only indoles and 
phenols analogous to those halogenated by many conventional FDHs, but  also heterocycles and 
less electronically activated substrates that provide low or no yield using other FDHs (Scheme 
47A). Remarkably, AetF also catalyzed site-selective iodination of the benzene ring of L-
tryptophan and 6-fluorotryptamine with high yield. Previous reports of iodination reactions 
involving FDHs have typically involved substrate controlled site selectivity,315, 331, 335 and further 
analysis of iodination activity has shown that FREDs can release hydrogen peroxide into solution 
that oxidizes I- to HOI, leading to substrate-controlled iodination selectivity.336 The broad substrate 
and halide scope of AetF, coupled with its catalyst controlled site selectivity therefore makes this 
and related single component FRED/FDHs promising tools for biocatalytic halogenation. 
 

 
Scheme 47. Substrate scope of AetF for site-selective A) bromination and B) iodination 
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3.2.2. Aliphatic C-H Halogenation 
 
Even in comparison to the relatively recent development of FDH biocatalysis, biocatalytic 
halogenation and of aliphatic C-H bonds is in its infancy. To date, only Fe(II)-/α-ketoglutarate 
dependent halogenases (FeDHs) can achieve this challenging reaction. These enzymes are similar 
to the analogous FeDOs discussed above, but their Fe(II) center lacks a conserved Asp/Glu residue 
found in FeDOs (Scheme 36). The resulting open coordination site allows FeDHs to bind halide 
ions (X = Cl, Br). FeDH proceeds in analogy to FeDO catalysis in that substrate binding leads to 
O2 activation and formation of a reactive Fe(IV)(X)(oxo) intermediate capable of abstracting 
unactivated C-H bonds to generate a Fe(III)(X)(OH) intermediate and a carbon-centered radical. 
The presence of the X ligand leads to the possibility for X• rebound to generate the halogenated 
product, which proceeds with high specificity in FeDHs. 
 

 
 
Scheme 48. Site-selective halogenation of fisherindole (285), hapalindole (287 and 288), and 
ambiguine (289) substrates by WelO5 and AmbO5. B) WelO5* and evolved variants catalyze 
halogenation of a martinelline-derived substrate to give products 291, a mixture of 292 and 293, 
and 294.337 C) Site-selective halogenation of soraphen A by evolved WelO5* variants. 
 
The first FeDHs characterized acted on substrates linked to a carrier protein,338-340 so it was unclear 
whether this class of enzymes would be useful for biocatalysis involving small molecule 
substrates. Eventually, however, it was established that two FeDHs, WelO5 and AmBO5, were 
responsible for site-selective installation of the chlorine substituents in the natural products 
welwitindolinone341 and ambiguine342, respectively. These enzymes could accept fisherindole, 
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hapalindole, and ambiguine substrates related to their native substrates (Scheme 48A), and WelO5 
catalyzed selective bromination of its native substrate in the presence of excess bromide.343  
 
WelO5 was the subject of the first efforts to engineer FeDH variants with substrate scope beyond 
close analogues of the natural fischerindole substrates. Buller used site-saturation mutagenesis of 
residues suspected to be involved in substrate binding to generate variants CA2 and CB2, which 
provided different chlorinated isomers of martinelline-derived substrate 290 (Scheme 48B).337 On 
the other hand, CA2 provided only 6% yield of the chlorinated product, and the reaction was 
dominated by hydroxylation (36% yield of two diastereomers). CB2 gave 30% of a chlorinated 
product, but the site selectivity had changed to an adjacent tertiary position.  This same group later 
screened libraries of WelO5* variants for activity on the macrolide soraphen A to identify the 
initial hit WelO5*-GAP.344 Subsequent mutagenesis of active site residues established that a triple 
mutant dubbed SLP (WelO5*-GAP V81S, A88L, I161P) possessed 13-fold activity for formation 
of a single product isomer relative to the parent enzyme (Scheme 48C). Using the data from this 
initial library, machine learning was applied to predict functional sequences, which were then 
characterized experimentally. It was found that all seven ML-derived sequences were active with 
four outperforming the previous best SLP enzyme, and one ML-derived sequence also showed 
altered site selectivity, with enzyme variant WelO5*-AHG being highly selective for chlorination 
of C16 in soraphen A whereas the parent enzyme GAP was largely a C14 selective halogenase. 
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Scheme 49. BesD site-selective chlorination of amino acids and conversion of terminal chloride 
to alkyne. A) Natural product pathway of BesD results in alkyne formation.345 B) Homologs of 
BesD site-selectively halogenate amino acid substrates. C) A fluorogenic click assay developed 
for high-throughput screening of chimera Hydox/Hal libraries.346  
 
In an effort to expand the substrate scope of WelO5, a directed evolution campaign was conducted 
via screening for halogenation on compounds that contained a ketone rather than the typical 
isonitrile group present in the natural products accepted by these enzymes.347 Although the wild-
type enzyme had no activity for the substrate with the ketone replacing the isonitrile, a library 
constructed by an active-site scan of 7 residues deemed likely to influence substrate binding 
resulted in a variant capable of 30% halogenation. The activity was further improved by three 
additional rounds of evolution incorporating mutations found to be beneficial as single mutants, 
ultimately providing a panel of variants capable of preparative halogenation for a panel of related 
ketone containing haplaindole compounds with high site, chemo, and enantioselectivity. 
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The lysine halogenase BesD (Scheme 49A) has been successfully used as a template for the study 
and identification of FeDHs.345 While the substrate scope of BesD proved limited in a full screen 
of L-amino acids, this enzyme was used as a template gene sequence in a BLAST search to identify 
active halogenases with activity on small aliphatic amino acids (Scheme 49B). Further exploration 
of the gene clusters identified in this study led to the identification of two closely related enzymes 
dubbed Hal (WP_122981682) and Hydrox (WP_107105619) which had over 70% sequence 
identity and both functionalized lysine with the same site selectivity favoring either hydroxylation 
or halogenation (Scheme 49C).346  The native alkyne-forming pathway of BesABCD was used to 
enable a high-throughput screen for lysine chlorination, which led to the identification of residues 
crucial for favoring halogenation over hydroxylation. By comparing the location of the conserved 
residues in halogenase variants, two adjacent beta loops were identified as being crucial for 
maintaining both high chemoselectivity and activity. Such structural insights into this enzyme class 
may inform future engineering efforts. 

 
3.3. C–H Amination, Azidation, Amidation 
 
Remarkably, several anionic species can bind to the Fe(II) center in FeDHs and FeDOs facial triad 
mutants, and the resulting X-type ligand can undergo rebound with the substrate radical.348 
Transformations such as nitration, azidation, and cyanation have been demonstrated, although thus 
far only azidation has been successfully demonstrated for functionalization of small-molecules.243 
The ability FeDHs to accept peusdo-halides varies among the enzymes studied to date. Most 
FeDHs which are natively known for chlorination accept non-native anions but do so only in low 
yield or with poor chemoselectivity in the presence of chloride in the media.349  
 
The FeDH SyrB2 was the first enzyme of this family to successfully carry out C-H 
functionalization with nitrogenous groups, catalyzing both nitration and azidation reactions.348 The 
engineered FeDO SadX appears to be relatively broadly accepting of anions, demonstrating site- 
and chemoselective rebound for chloride, bromide, azide, and isocyanate.243, 350 SadX was also 
used as the starting point in a directed evolution effort to evolve site- and chemo-selective azidation 
biocatalysts.351 Over four rounds of evolution, the chemoselectivity increased 7.5-fold over the 
parent enzyme and total yield of the azidated product increased 6.7-fold. In keeping with the need 
for precise substrate positioning relative to the reactive iron center, the substrate scope for 
individual mutants from this lineage was narrow. Instead, a panel of enzymes from the lineage was 
used to site-selectively azidate a variety of N-succinylated amino acids (Scheme 50), which were 
then readily functionalized to the reduced amine and the desuccinyalated products to produce 
modified amino acids. Azidation chemistry in FeDHs has also been accessed through an anaerobic 
abiological radical-relay reaction as well. While no site-selective examples were presented, a key 
development from this work was the synthesis and implementation of a pro-fluorogenic alkyne 
probe which enabled rapid, high-throughput screening of azidase libraries through the copper-
catalyzed azide-alkyne cycloaddition.352 Given the substrate-agnostic nature of the alkyne probe, 
this high-throughput screening platform should lay a foundation for future azidase evolution.  
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Scheme 50. Site-selective azidation by engineered SadX variants.351 
 
Heme-containing proteins have also been used for site-selective C-H functionalization via C-N 
bond formation. For example, a BM3 variant (P411BM3-CIS-T438S) containing key mutations that 
reduce monooxygenation activity (T268A) and alter the primary coordination sphere of the heme 
cofactor (C400S) displayed robust nitrene transfer activity.353 Site-saturation mutagenesis of 
active-site residues in P411BM3-CIS-T438S was then used to engineer variants with orthogonal site 
selectivity toward functionalization of benzylic and homobenzylic bonds, both with high 
enantioselectivity (Scheme 51A).354 The variants developed in this study maintained the desired 
site selectivity for a small panel of related compounds. A similar reaction was catalyzed by an 
artificial metalloenzyme generated from the CYP119 enzyme from the thermophilic S. 
solfataricus.355 In the absence of the protein scaffold, the free iridium cofactor generated the 5- 
(317) and 6-membered (318) rings in a 60:40 ratio, presumably dominated by the lower BDE of 
the benzylic C-H bond. When the Ir(Me)-PIX cofactor was encapsulated within the CYP119 
variant this selectivity switched to 20:80 towards the less favored 6-membered ring 318 with a 
84:16 e.r. (Scheme 51B). 
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Scheme 51. Heme protein catalyzed intramolecular sulfamidation reactions. A) P411 enzymes 
evolved for regio-divergent intramolecular sulfamidation. B) A non-natural iridium heme cofactor 
exhibits modified site selectivity when incorporated into a CYP119 protein scaffold compared to 
free cofactor. 
 
Intermolecular C-H amination reactions have also been developed. For example, site saturation 
mutagenesis of a P411BM3 variant led to variant P411BPA, which catalyzes site-selective amination 
of both m- and p-ethylmethylbenzene (among many other substrates) using hydroxylamine ester 
as a nitrene source (Scheme 52A).356 A second evolution effort was used to engineer an allylic C-
H aminase. The resulting P411APA enzyme demonstrated remarkable site selectivity for allylic C-
H bonds, with up to 20:1 site selectivity observed for substrate bearing benzylic C-H bonds. 
Similarly high selectivity was obtained for α-terpinene, although usually P411APA had somewhat 
limited selectivity in the presence of multiple primary alkene C-H bonds. Intermolecular amidation 
of benzylic C-H bonds using P411 enzymes was also demonstrated,43 and constitutional isomers 
were not detected in examples bearing both secondary and primary C-H bonds (Scheme 52B).  
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Scheme 52. Intermolecular amination reactions with heme proteins. A.) P411BPA and B) uAMD9 
expressed in whole-cells are capable of site-selective functionalization amination and amidation 
of benzyl C-H bonds. 

 
Perhaps most impressively, BM3 variants capable of functionalizing unactivated C-H bonds via 
amidation or amination was recently reported.357 The latter reaction constitutes the nitrogen 
analogue of the native P450 reaction. By screening variants previously developed for nitrene 
insertion chemistry, researchers from the Arnold lab identified two variants with low activity for 
3-amidation and 2-amination of methylcyclohexanone. Over 9 rounds of evolution, the activity 
and selectivity of these enzymes were improved to ultimately provide two variants uPA9 and 
uAMD9, which were 86% and 91% site selective for the 3- and 2- position respectively (Scheme 
53). These enzymes showed high site selectivity toward several cyclic and acylic compounds, and 
promising activity (though low selectivity) was observed on many additional substrates. Through 
the kinetic isotope effect and computational efforts, site selectivity was found to be largely 
determined by the steric environment of the protein active site, whereas the stereoselectivity was 
determined by both an irreversible HAT and the subsequent radical rebound.  
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Scheme 53. Evolution of P450 variants for site-selective amidation and amination of unactivated 
C-H bonds. 
 
3.4. C–H Deuteration 
 
Deuteration is a nearly traceless way to modify a compound that has both biochemical and 
therapeutic applications. Recently, the isoleucine epimerization enzyme DsaD and the partner 
protein DsaE were used to enable selective αβ, α, and β-deuteration of amino acids via selective 
epimerization.358 Reaction of the amino acid with DsaD in D2O resulted in selective α-deuteration, 
whereas by reactions with DsaD and excess DsaE led to deuteration of both the α- and β- positions 
(Scheme 54A). Incubating the α- and β-trideuterated compound with DsaD in protic water led to 
selective α-protonation, resulting in the selectively β-deuterated product (Scheme 54B). The 
DsaD/DsaE system showed efficient α-deuteration for non-polar amino acids, although the trends 
for DsaE assisted β-deuteration were less clear. Derivatization of the resulting deuterated amino 
acids with Marfey’s reagent revealed that in most cases, perfect stereoretention was observed 
regardless of whether the α-, β-, or α,β-deuterated product was obtained. Given the increasing 
importance of peptide-based drugs, the ability to site-selectively deuterate these building blocks 
could prove useful for future drug development. 

 
Scheme 54. Biocatalytic deuteration of amino acids. A) & B) By using DsaD alone or in 
combination with DsaE, selective deuteration of either α, β, or both can be accomplished by 
incubation in D2O or H2O; reaction outcomes are formatted as % recovery, % deuteration (site), 
and $ ee.358  
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3.5. C–C Bond Forming Reactions 

3.5.1 Oxidative Coupling 
 
Cross-coupling reactions are widely used to form biaryl compounds from pre-functionalized 
coupling partners like aryl halides and aryl boronic acids.359 A wide range of C-H functionalization 
methods have been developed to form biaryl compounds while avoiding the need for 
functionalization of one or both coupling partners.360, 361 One approach to accomplish the latter 
involves oxidative coupling, in which the biaryl bond is forged with formal loss of H2 from the 
reacting aromatic coupling partners. Chemical methods for oxidative coupling are often limited by 
poor site selectivity.362, 363 Biaryl bond formation in nature often proceeds via oxidative coupling, 
but enzymes enforce remarkable site-, chemo- and enantioselectivities on these reactions. 
Extending the scope of these reactions to enable site-selective non-native oxidative coupling is 
therefore highly desirable. 
 
One of the most well-studied examples of intramolecular biaryl bond formation via oxidative 
coupling in natural product biosynthesis is the OxyC-catalyzed coupling of the A and B rings in 
vancomycin.364  OxyC and other P450s365 involved in the formation of vancomycin have been 
studied for biocatalytic synthesis of related compounds, but the need for a PCP-tethered substrate 
limits the practical application of these enzymes. It was recently discovered that the enzyme AryC 
accomplishes a similar intramolecular C–C coupling reaction using only a lipophilic chain instead 
of a PCP tether to anchor the substrate within the enzyme active site.366 Recently, a P450 from 
Streptomyces sp. MG-AR, originally identified for its ability to hydroxylate testosterone, was 
engineered to enable gram-scale oxidative coupling of the arylomycin core, demonstrating scalable 
production of this medicinally relevant motif (Scheme 55A).367 This study constitutes the first 
example of a native hydroxylase being engineered for oxidative C–C bond formation, suggesting 
that other P450s originally studied for oxygenation could be used for site-selective oxidative 
coupling. 
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Scheme 55. Intra- and intermolecular site-selective cross-coupling reactions. A) Percent of product 
pool in the synthesis of the arylomycin core by P450 MG-AR variant.367 B) Intermolecular cross-
coupling of non-identical monomers by KtnC.368 C) Reactions of 7-demethylsiderin (347) with 
enzymes KtnC and DesC.369 
 
Most efforts aimed at understanding P450-catalyzed oxidative couplings focus on identifying 
enzymes that natively catalyze these reactions. For example, the enzyme DesC from E. desertorum 
was found to catalyze site- and atroposelective oxidative homo-coupling of 7-demethylsiderin 
(347) to produce the unsymmetrical 6,8’-dimer 348, showing strong catalyst control of 
selectivity.369 Similar catalyst-controlled site selectivity was observed for the enzymes AunB and 
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BfoB, which produce 10,7’- and 10,10’-coupled products of fonsecin B and rubrofusarin B.370 A 
related P450, KtnC was shown to catalyze site- and atroposelective intermolecular coupling of 347 
to produce the natural product P-orlandin via 8-8' coupling (349, Scheme 55C), but related 
substrates were not successfully coupled to the corresponding dimers.369 More recently, directed 
evolution targeting residues in the active site of KtnC was used to improve the activity and site 
selectivity for the 8,1’-cross coupled product 346, albeit at the expense of enantioselectivity 
(Scheme 55B).368 Further evolution led to variant LxC7 with improved site selectivity and 
enantioselectivity comparable to the parent enzyme (80:20 e.r. wild-type KtnC, 77:23 e.r. LxC7), 
but this variant had lower total activity than previous enzymes in the lineage for the substrate used 
in the evolution. Genome mining of the sequence space around KtnC identified several additional 
P450s capable of intermolecular coupling, including several examples where KtnC had no activity. 
 
3.5.2. Prenylation 
 
Prenyl-, gerenyl-, and farnesyltransferases catalyze nucleophilic substitution of the respective 
organic phosphates by electronically activated aromatic compounds or heteroatom substituents. 
The former reactivity is typified by the site-selective functionalization of tryptophan (350) by a 
class of prenyltransferases known as dimethylallyltryptophan synthases (DMATSs, Scheme 56A). 
The enzymes DmaW371 and FgaPT2372 have also been used to produce 4-prenyl-L-tryptophan, and 
shortly after its discovery, the substrate scope of FgaPT2 was elucidated by modifying both the 
alkyl and aryl substituents.373 While these substrates were typically prenylated in low yield, this 
enzyme was later found to be competent for the site-selective prenylation of cyclo-L-Trp-L-Tyr 
and other diketopiperazines, albeit at higher enzyme loading.374 A related 4-DMATS enzyme from 
the organism A. japonicus was recently found to accept a variety of tryptophan derivatives with 
exceptional site selectivity in high yields even at relatively high substrate loadings.375  
 
The 4-DMATS enzymes were the first prenyltransferases to be characterized, and shortly 
thereafter the 7-DMATS analogue from A. fumigatus was discovered.376 This enzyme has a broader 
substrate scope than FgaPT2.377 The first 6-DMATS enzyme characterized was IptA, which 
selectively prenylates the C-6 position of L-tryptophan and various indole compounds.378 These 
C-6 prenyltransferases were present in many organisms, and two homologs of these enzymes from 
S. ambofaciens (6-DMATSSa) and S. violaceusniger (6-DMATSSv) were used as catalysts for 
prenylation of a variety of hydroxynapthalenes and tryptophan derivatives.379 Unlike previously 
described DMATS enzymes, 6-DMATSSa was also capable of using GPP as an alkyl donor, though 
it did not accept FPP. A unique 6-DMATS designated PriB was found to accept a variety of prenyl 
acceptors, including phenazine-2,3-diamine, 1,4-diaminoanthraquinone, and pindolol, and even 
different alkyl donors, including geranyl diphosphate, farnesyl diphosphate, and a variety of 
farnesyl diphosphate analogs with phenoxy-, anilino-, phenylsulfanyl-, and benzyl-
substitutions.380 
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Scheme 56. A) General scheme of the native prenyltransferase reaction by 
dimethylallyltryptophan synthases (DMATSs) and representative non-native products for 
DMATSs with different site selectivity.373, 381 B) Geranylation reactions on genistein (359) by 
AtaPT single mutants.382 
 
DMATS-catalyzed functionalization of the remaining position on the benzene ring of indoles was 
enabled by the discovery of the C-5 prenyltransferase from A. clavatus.383 This enzyme and the 
later-discovered C-5 prenyltransferase 5-DMATSSc can also transfer non-native alkyl chains, 
including benzyl and 2-pentenyl groups.384 Yields for these reactions were typically 5-15% those 
involving the native DMAPP donor, but they provide viable starting points for further engineering. 
While 5-DMATS remain relatively rare, the 4-DMATS FgaPT2 catalyzes C-5 alkylation when 
non-native alkyl donors like 2-pentenyl, 1-methyl, and benzyl phosphate are used.385 The ability 
to control site selectivity was also shown in an effort to functionalize different sites on the four 
diastereomers of a fumiquinazoline substrate with a DMATS panel.381 This effort also highlighted 
the stereoselectivity of DMATS catalysis. For example, perfect site selectivity was observed for 
C-7 prenylation of the (11S,14S) diastereomer using a 7-DMATS, but a 2.5:1 C-6:C-7 ratio was 
observed for (11R,14R) diastereomer.  
 
DMATS-catalyzed alkylation of substrates other than those containing indole cores has also been 
demonstrated. For example, the activity of a prenyl transferase from A. terreus (AtaPT) was 
examined on over 100 substrates, including lignanoids, quinoline alkaloids, xanthones, coumarins, 
and flavonoid glycosides. Of these substrates, 46 were prenylated in over 5% conversion, and 26  
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additional substrates provided measurable levels of product.382 While AtaPT generally prenylated 
alcohols, activated aromatic sites on several flavonoid compounds and umbelliferone were also 
prenylated. This enzyme also showed both evolvability and a broader than usual acceptance for 
prenyl donors, as the single mutants W397A and E91A were capable of selectively geranylating 
genistein (359) whereas the wild-type enzyme digeranylated the compound (Scheme 56B). 
 
3.5.3. Radical Coupling Reactions 
 
Radical SAM enzymes catalyze a wide range of reactions, including site-selective  sp3 C–C bond 
formation,386 as exemplified by the sequential methylation of carbapenam scaffold 362 by Tokk 
to forge an isopropyl group (Scheme 57A).387 While some radical SAM enzymes, including TsrM, 
which was actually found to employ a polar mechanism for methylation,388 have been explored as 
biocatalysts, such applications remain rare. To facilitate radical SAM biocatalysis by eliminating 
the need for stoichiometric SAM in these reactions, a SAM regeneration system described above 
(Scheme 12B)72 was further developed and used for selective alkylation of a glutamine residue in 
a 24-mer polypeptide (366 Scheme 57B).389 This one-pot system involves ribophosphorylation of 
adenine and two subsequent phosphorylations to produce ATP, which is used by a methionine 
adenosyltransferase to produce SAM. This regeneration system was used with cobalamin-
dependent glutamine C-methyltransferase (QCMT) to alkylate 366, showing the ability of this 
approach to generate SAM analogues by replacing the addition of methionine by ethionine 
(Scheme 57B). 

 
Scheme 57. A) Sequential methylation of carbapenem substrate 362 by SAM-dependent 
methylase Tokk.387 B) Alkylation of the glutamine residue in a 24-mer polypeptide substrate by 
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QCMT employing a one-pot SAM regeneration system.389 SAE: S-adenosylethionine, DOA: 5’-
deoxyadenosine, SAH: S-adenosylhomocysteine, Met: L-methionine, Eth: L-ethionine. 
 
Although they lack catalytic activity themselves, dirigent proteins (DIRs) also mediate site- and 
enantioselectivity of radical C–C coupling reactions.390 DIRs are involved in lignan biosynthesis 
by binding and controlling the reactivity of free radical lignol intermediates that would otherwise 
result in a mixture of products.391 The DIR from Podophyllum hexandrum (PhDIR) was used in a 
study that focused on the heterocoupling of coniferyl alcohol analogues when used with the fungal 
laccase TvLac.392 The addition of PhDIR resulted in an increase of the 8-8’ isomer both for the 
homo- and heterodimer products  when compared to the 8-5’ isomer (Scheme 58A). This study 
not only showcased the control that DIRs can exert on radical coupling reactions, but also the 
synthetic relevance of PhDIR due to its substrate flexibility. 

 
Scheme 58. A) Radical heterocoupling of coniferyl alcohol analogues by laccase TvLac and the 
effect of dirigent protein PhDIR in the 8-8’ to 5-8’ products ratio.392 Percentages represent the 
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amount of 8-8’ heterodimer product compared to the 5-8’ heterodimer product. B) Non-native 
heteroarene alkylation by ene-reductases.393 Site selectivity expressed as the percentage of the 
shown compound in the total product pool. 
 
In recent years, flavin-dependent ene-reductases (EREDs) have been engineered to carry out non-
native light-promoted C–C bond forming reactions.394-396 A recent study used a previously 
optimized variant of the ERED from Gluconobacter oxydans, GluER T36A/Y343F, as the parent 
enzyme for a directed evolution campaign aimed at developing a biocatalyst for the selective 
alkylation of heteroarene substrates.393 The final enzyme, PagER, accumulated five additional 
mutations and was able to override the initial preference for alkylation of indole at the C-2 and C-
3 positions in favor of C-4, with a ratio of 9:1 for C-4:(C-2 + C-3) (Scheme 58B). PagER and other 
GluER variants derived from its lineage were shown to have high site selectivity on a panel of both 
electron rich and electron poor arenes. 
 
3.5.4. Carbene and Nitrene Insertion into C-H Bonds 
 
The utility of cytochromes P450 for site-selective  C-H hydroxylation and olefin epoxidation were 
outlined above, but these enzymes have more recently be explored as catalysts for non-native 
carbene and nitrene insertion reactions.397 Early studies toward this end established that 
cytochrome P450BM3 variant P411, whose native cysteine axial ligand was substituted for serine 
as noted above, provide selective olefin cyclopropanation over the native hydroxylation 
chemistry.398 Several rounds of directed evolution and removal of the P411 FAD domain led to 
variant P411-CHF, which catalyzes carbene insertion into sp3 C-H bonds at benzylic, allylic, 
propargylic, and α-amino sites.399  
 
Most importantly for this discussion, P411-CHF catalyzes site-selective alkylation of N-
methyltetrahydroquinoline with a selectivity of 9:1 for alkylation of the 2-position of the 
tetrahydroquinoline moiety over alkylation of the methyl group (Scheme 59A). A variant from the 
same lineage, P411-gen5, showed superior selectivity (>50:1) and formed the opposite enantiomer, 
demonstrating the utility in developing a panel of enzymes for a given transformation. A similar 
lineage of P411 enzymes was later developed and found to catalyze alkylation of a simple N-
methylpyrrole with orthogonal site selectivity depending on the variant used.400 Four rounds of 
evolution of P411-C10 generated variant L9, which catalyzes site-selective functionalization of  
N-ethyl-N-methylaniline (379) with a preference of up to 99:1 for the methyl carbon over the ethyl 
carbon (Scheme 59B).401 A second variant developed from this lineage, P411-L10, had a 
significantly lower selectivity of 71:29 for the methyl carbon but showed high diastereoselectivity 
and enantioselectivity for the minor product, suggesting this enzyme could be further evolved for 
this minor product if desired. 
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Scheme 59. Site-selective carbene transfer reactions catalyzed by P411 variants to functionalize 
sp3 C–H bonds. Major products for each reaction are presented with the corresponding percent of 
product pool. A) Alkylation of the 2-position of the tetrahydroquinoline moiety of N-
methyltetrahydroquinoline (376), with remaining product pool being the alkylation of the methyl 
group.399 B) P411 variants selective for methyl and ethyl alkylation of N-ethyl-N-methylaniline 
(379).401 
 
Another approach to site-selective enzymatic carbene insertion involves replacing the native heme 
cofactor with metal-substituted protoporphyrin IX derivatives.402, 403 A recent report showed that 
directed evolution of an iridum-containing P450 artificial metalloenzyme enabled site-selective 
alkylation of substituted benzofurans and demonstrated alkylation with divergent selectivities for 
meta and para positions to various substituents, with an intermediate variant from the lineage 
showing high enantioselectivities in a subset of select reactions (up to 97:3 e.r., Scheme 60A).404 
Streptavidin-based artificial metalloenzymes have also been used for site-selective carbene 
insertion. Specifically, a streptavidin variant containing a biotinylated copper(I) heteroscorpionate 
complex catalyzed cyclization of aryl amides resulting in the formation of β- and γ-lactams. Site-
saturation mutagenesis of hotspots within the streptavidin scaffold resulted in two variants for 
selective formation of the 4- and 5- membered lactam (Scheme 60B).405  
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Scheme 60. Site-selective alkylation via carbene transfer by artificial metalloenzymes. A) 
Distribution of para and meta products in the alkylation of several benzofurans by artificial iridum-
containing P450s.404 B) Lactam formation via intramolecular cyclization by engineered artificial 
copper-streptavidin metalloenzymes with major products displayed with the corresponding 
percent of product pool.405 
 
4. Applications of Site-Selective Enzyme Catalysis 
 
The ability to insert functional groups into molecules at will opens up a variety of subsequent bond 
forming capabilities. When paired with the vast arsenal of chemoselective methods available to 
synthetic chemists, site-selective catalysis enables a range of chemoenzymatic methods and novel 
synthetic disconnections for target-oriented synthesis. 
 
4.1. Chemoenzymatic Methods 
 
Nearly all transformations discussed above result in functionality that can be used in subsequent 
transformations. Some, including hydroxylation, halogenation, and azidation, are particularly 
notable in that they have been paired with chemical transformations to enable bond disconnections 
that are not known for any enzymes. For example, P450-catalyzed C-H hydroxylation has been 
coupled with deoxyfluorination to enable chemoenzymatic fluorination of unactivated C-H bonds 
(Scheme 61A).204, 206, 219 While fluorinases are known, these enzymes act on the adenoside 
fragment of their SAM cofactor via an SN2 reaction that defines their site selectivity, so the 
chemoenzymatic approach provides far greater generality.406 P450-catalyzed demethylation has 
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also been paired with either Barton-McCombie deoxygenation or glycosylation to enable site-
selective sugar modification.204 Site-selective azidation catalyzed by the engineered Fe(II)/KG 
dependent oxygenase SadX (Scheme 50) has also been combined with both reduction and click 
chemistry to enable access to amines and triazoles.351 
 
Given the importance of halogenation in a wide range of transformations, particularly transition 
metal catalyzed cross-coupling, it is perhaps not surprising that enzymatic halogenation has been 
paired with a variety of reactions to enable site-selective formation of carbon-carbon and carbon 
heteroatom bonds. Early efforts towads this end focused on using wild type FDHs to access natural 
product derivatives with halide substitution that enabled subsequent Suzuki-Miura coupling to 
access biaryl derivatives (Scheme 61B).407, 408 The use of engineered FDHs allowed for extension 
of this approach to diverse substrates and different cross-coupling reactions,409 and the use of 
membrane-divided reactors allowed for the halogenation and cross-coupling steps to be conducted 
in a two-phase “one-pot” fashion.410 Concurrent halogenation/cross-coupling was achieving using 
a whole-cell biocatalyst and a Pd catalyst in the culture media.411 This transformation was also 
used to enable a high throughput screen for FDH activity,412 and cross-linked enzyme aggregates 
comprised of different FDHs, a FRED, and an alcohol dehydrogenase were shown to be effective 
catalysts.411 Extending this approach even further, enzymatic halogenation and Pd-catalyzed 
cyanation has been followed by either nitrile hydratase or nitrilase catalysis to enable site-selective 
installation of nitrile, amide, or carboxylic acid groups.174 
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Scheme 61. A) Representative examples of site-selective chemoenzymatic hydroxylation/deoxy 
fluorination and B) halogenation/cross-coupling. 
 
4.2. Target-Oriented Synthesis 
 
Site-selective enzyme catalysis has also been used to increase the efficiency of synthetic routes to 
natural products and other compounds. Importantly, however, these efforts have been limited 
relative to chemoselective enzyme catalysis due to the fundamental challenge of identifying 
enzymes with the correct site selectivity and substrate scope, since the native activity of many 
enzymes often provides little information regarding their non-native catalytic potential and scope. 
This is particularly challenging for enzymes like cytochromes P450 and flavin dependent 
halogenases, both of which have been shown to functionalize a broad range of substrates at 
different sites.15, 328, 330, 413 In methodology efforts, this capability is a highlight since it shows the 
versatility of these enzymes, but target oriented synthesis demands specific site selectivity that 
might prove elusive using known enzymes. Despite these difficulties, several promising examples 
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of target-oriented synthesis enabled by enzymatic site-selective functionalization show the 
potential of this approach.  

 
 
Scheme 62.  P450 BM3 variants utilized for site-selective C-H oxyfunctionalization in the total 
synthesis of terpenoid products. A) BM3 MERO1 and KSA 15 are both highly selective for the 
C3 hydroxylation of sclareolide and episclareolide respectively. These selectively functionalized 
compounds were then used for the concise construction of natural products. B) Sequential gram-
scale oxidation of sclareol with BM3 variants LG-23 and MERO1 provide a precursor for the core 
of (+)-pallavincin.  
 
To date, target-oriented site-selective enzyme catalysis has largely focused on C-H 
oxyfunctionalization reactions catalyzed by enzymes such as P450s and Fe(II)-dependent 
hydroxylases. For P450s, these efforts are facilitated by decades of research that has revealed key 
residues responsible for selectivity and engineered variants that provide excellent starting points 
for site-selective catalysis even on relatively complex scaffolds. For example, based on previous 
data regarding the substrate scope of BM3 variant IL-H8,218 which bears 15 mutations from wild-
type BM3, a panel of BM3 variants with mutations similar to IL-H8 were screened to identify 
variants with activity on sclareolide.414 Alanine scanning of the top hit from this panel provided 
BM3 MERO1, which hydroxylated C-3 of sclareolide in 60-70% isolated yield on gram scale, 
enabling the total synthesis of phenylpropene C. A related BM3 variant dubbed KSA15 exhibited 
the same site selectivity for episclareolide, providing a precursor for the synthesis of N-acetyl-
polveoline (Scheme 62A).  
 
BM3 variant LG-23 was similarly found to enable hydroxylation of C-6 of sclareol.210, 214 This 
enzyme was further improved through two rounds of directed evolution.415 The final variant 
contained two additional mutations and allowed for the gram-scale production of the 6-
hydroxylated compound 401 coupled to oxidative chemistry. Using the complementary 
hydroxylase BM3 MERO then afforded product 402 (Scheme 62 B). These sequential oxidation 
reactions allowed for the efficient conversion of this compound into product 402, a precursor to 
the core moiety found in (+)-pallavincin. Demonstrating incorporation into longer synthetic 
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sequences, MERO1 L437A was used to produce 3-hydroxylated sclareolide in the first total 
synthesis of gedunin, accomplished in 13 steps in 5.5% yield.416 
 

 
Scheme 63. Site-selective oxidation of a complex diterpenoid using P450 and FeDO enzymes. 
Integrating these enzymes into synthetic logic for this substrate class enabled the construction of 
9 natural products in 10 or fewer steps. 
 
Complementing utility of engineered P450 BM3 variants, the diversity of enzymes that catalyze 
C-H hydroxylation provides a means to rapidly identify enzymes that might be better suited to 
different targets. For example, BM3 MERO1, a fusion of the P450 PtmO5 with the reductase 
RHFRed, and the FeDO PtmO6, were used to enable site-selective oxidation of stevioside 
aglycone 403 at three different sites (Scheme 63).417  These selectively oxidized compounds 
provided functional handles for further diversification through traditional organic chemistry and 
ultimately provided access to nine natural products. The reported syntheses often included 
sequential biocatalytic oxidations using evolved enzymes and shortened reported syntheses for 
these compounds significantly. While bacterial P450s such as PtmO5 and BM3 are often easier to 
handle than enzymes from eukaryotic sources, enzymes sourced from higher organisms can yield 
catalysts bearing new function. This was demonstrated in the synthesis of several cardiotonic 
steroids using a fungal P450 in C. lunata,418 capable of producing more than 5 g of 14α-hydroxy-
androst-4-ene-3,17-dione. This hydroxylated intermediate was used to produce bufogenin B and 
digitoxigenin in 11 and 12 steps respectively. 
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Scheme 64. Site-selective hydroxylation of amino acids with FeDOs. A) Hydroxylation with UscF 
and GetF is used to construct a core unnatural amino acid fragment in polyoxpeptin A. B) GriE 
hydroxylation of an azidated substrate establishes the chirality of lactam X. C) In the total synthesis 
of tambromycin, the first step in construction of the tambroline core is the KDO1 catalyzed 
hydroxylation of lysine. 
 
Unnatural amino acids are often used as building blocks for synthesis of both natural products and 
pharmaceuticals, so methods to access these compounds from proteinogenic amino acids and 
related compounds are highly sought after. FeDOs and FeDHs have proven particularly useful in 
this regard since their native activity often involves site-selective amino acid functionalization. For 
example, GetF was used in the synthesis of (2S, 3R)-3-hydroxy-3-methylproline, a key monomer 
in several peptide derived natural products.419 By coupling GetF in a cascade with FeDO UcsF, 
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sequential site-selective C-H hydroxylations enabled the isolation of the boc-protected amino acid 
410 in 28% over 3 steps providing 300 mg of the product (Scheme 64 A). Similarly, the FeDO 
GriE was found to accept additional bulk at the gamma position of the native substrate L-leucine. 
Consequently, hydroxylation of an azidated L-leucine derivative provided a quick way to access 
the lactone core of manzacidin C in significantly fewer steps than some previous reports (Scheme 
64 B).  
 
While some applications of FeDOs in target-oriented synthesis utilize non-native substrates, most 
take advantage of native enzyme-substrate pairs. For example, the aforementioned hydroxylation 
of leucine by GriE was also used to produce (2S, 4R)-4-methylproline en route to the total 
synthesis of cavinafungin B.420 The enzymatically produced compound was used as a monomer in 
solid-phase peptide synthesis as the penultimate coupling partner before hydrolysis of the product 
from the resin, providing the target compound entirely from building blocks derived from 
proteinogenic amino-acids. A similar approach was used to access the pyrrolidine-containing 
amino acid tambroline in tambromycin.421 The native reactivity of a 3-selective lysine hydroxylase 
KDO1 was used to provide 3-hydroxylysine on gram scale with perfect site- and stereoselectivity 
(Scheme 64 C).240 This enabled gram-scale production of N-boc protected tambroline (416) and 
ultimately the efficient synthesis of tambromycin in 11 total steps demonstrating an efficient use 
of biocatalytic retrosynthesis.  

 
 
Scheme 65. Chemoenzymatic synthesis of cepafungin I. A lysine-derived fragment can be 
modified with various lysine hydroxylases to study the impact of modification. For KDO1 and 
KDO3 derived peptides, yield refers to the Boc-protected monomer. The monomer for the middle 
portion of the fragment bearing an isopropyl group was prepared using the hydroxylase SadA in 
combination with the desuccinylase LasA, yield for 422 refers to the Fmoc protected monomer.  
 
The native substrate scope of new FeDOs can be leveraged to diversify natural products in 
programmable ways. For example, the biosynthetic gene cluster of the terpenoid natural product 
GE81112 contains two FeDOs, GetI and GetF, that respectively catalyze site- and enantioselective 
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hydroxylation of L-citrulline and L-pipecolic acid.422 These enzymatically produced unnatural 
amino acids could then be used as monomers in the chemical synthesis of the final GE81112 
product. To expand this approach beyond total synthesis of GE81112, the native reactivity of other 
FeDOs was used to produce diverse unnatural lysine monomers. These were incorporated into the 
GE81112 backbone to produce novel analogues, identifying modifications that could be tolerated 
without ablating antimicrobial activity. A similar approach was recently used for profiling the 
antimicrobial activity of cepafungin I, wherein retrosynthetic analysis identified 4-hydroxylysine 
as a potential synthon for macrolactam 417 (Scheme 65).423 A panel of lysine hydroxylases with 
complementary selectivities could be used to provide diversified northern fragments of the 
macrocyclic core. Furthermore, SadA in combination with the desuccinylase LasA were used to 
provide a modified center amino acid fragment further proving the utility of biocatalysts for 
product diversification.  
 

 
Scheme 66. Hydroxylation of cotylenol and brassicicene I precursors with evolved variants of 
MoBsc9, a homolog of the native hydroxylase. 
 
In a similar way to how GetF and GetI were identified from analyzing biosynthetic gene clusters, 
BscD and Bsc9 were found to be involved in the formation of a tertiary alcohol late in cotylenol 
biosynthesis.424 These enzymes were initially investigated for in vitro late-stage hydroxylation of 
compound 423 but could not be solubly expressed in E. coli. Screening of related Bsc9 homologs 
led to the identification of MoBsc9, which was found to catalyze the desired transformation with 
roughly 1:1 selectivity for the desired alcohol 424 and a ketone byproduct. Site-saturation 
mutagenesis of active-site residues was used to generate MoBsc9 L110A, Y112R, which provided 
the desired tertiary alcohol and allowed for synthesis of over 100 mg brassicicene I 426 in 10 total 
steps (Scheme 66 A). A second variant with the mutation Y112M maintained high activity and 
selectivity for hydroxylation of an analog of this compound bearing different oxygenation patterns 
on the cyclooctene fragment (Scheme 66 B). This example shows how bioinformatic approaches 
coupled with protein engineering in a total synthesis context can enable powerful transformations.  
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Scheme 67. Oxidative coupling of etoposide precursors with FeDOs. A) The native reaction. B) 
A closely related non-native substrate shows altered selectivity for the ring closure. 
 
The FeDO 2-ODD-PH natively catalyzes the C-C bond-forming cyclization of the C-ring in (-)-
podophyllotoxin, which serves as a precursor for the chemotherapeutic compound etoposide.425 
Substrate profiling of 2-ODD-PH showed that this enzyme accepted modifications of the native 
substrate, especially in the “A” ring of the compound, although in the absence of electron donating 
groups the enzyme affects a C-H hydroxylation reaction at the benzylic position. When an electron 
donating moiety was present enantioselective C-C bond formation was accomplished instead, 
providing homologs of podophyllotoxin. Later exploration of 2-ODD-PH reactivity showed that 
product outcomes with 2-ODD-PH were highly susceptible to minor modifications of the substrate 
as shown by the difference between the selectivity observed for the methylenedioxy substrate 427 
and corresponding dimethoxy compound 429 (Scheme 67 A&B).426 Ultimately by utilizing 2-
ODD-PH for the key cyclization step in a chemoenzymatic synthesis, (-)-podophyllotoxin was 
produced in 28% yield over 5 steps. 
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Scheme 68. Flavin dependent enzymes as tools in total synthesis. A) FasV was used as the final 
step in the total synthesis of fasamycin A to affect site-selective halogenation of napthacemycin 
B1. B) SorbC was used in the first total synthesis of sorbicillactone A. 
 
Flavin-dependent enzymes have also been used for target-oriented synthesis. For example, the site-
selective chlorination of napthacemycin B1 by flavin-dependent halogenase FasV provided 
fasamycin A 432 in 5% isolated yield as the final step in a chemoenzymatic approach starting from 
prenol and a simple phenol.427 Confirming the activity of FasV for chlorination of napthacemycin 
B1 both supports this enzyme as being responsible for late-stage functionalization in its native 
context and enables a competitive route to this product step-wise compared to the previous 
synthesis. Other than this example of target-oriented synthesis with halogenases, most flavin-
dependent enzymes used for synthetic purposes catalyze oxidative chemistry. As noted above, the 
flavin-dependent oxidase SorbC catalyzes a site- and enantioselective hydroxylation reaction to 
produce sorbicillinol in biosynthesis of sorbicillactone A (Scheme 68 B).277 This sorbicillinol 
intermediate has been used to synthesize several natural products,428, 429 for example by cyclization 
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with a bisacyl urea to produce natural product sorbacatechol in 30% yield over 2 steps, the first 
total synthesis of this natural product (Scheme 68 B).428  
 
5. Site-Selective Functionalization of Macromolecules 
 
The use of protein-based pharmaceuticals has increased dramatically in recent years, leading to a 
commensurate increase in the need for generalizable methods for site-selective modification of 
these macromolecules.430 Site-selective modification of proteins is particularly challenging given 
that they are of course comprised of only 20 amino acid building blocks. Most enzymes that 
catalyze site-selective protein functionalization, including glycosyltransferases, lipoic acid ligases, 
sortases, and transpeptidases, therefore rely on the presence of specific amino acid sequence motifs 
that are recognized by the biocatalyst, a form of substrate control. While the respective motifs for 
these enzymes can often be recognized in different proteins, this requires modification of the 
original protein, which might not be desirable, and the context of that motif can have a significant 
impact on its modification efficiency (just as with directing groups in small molecule substrates). 
Overcoming this limitation with sequence-independent, site-selective protein modification is 
therefore a major challenge to this area. Here, we also note that DNA base-editing technologies 
such as the Crispr-Cas9 system have shown a remarkable ability to effect site-selective 
transformations both in vitro and in vivo, but since the site selectivity of these methods is dictated 
by a guide-RNA, it is not relevant to other biopolymers, and we refer readers to other excellent 
reviews of this area.431, 432  
 
5.1. Hydrolases for peptide modification 
 
Insulin is a peptidic natural product with inter- and intramolecular bonds between the peptide 
fragments. The enormous clinical relevance of this protein makes it a prime target for the 
development of site-selective methods for biomolecule modification. In addition to the two free 
amines in the N-terminal glycine and phenylalanine residues (labeled A1 and B1 respectively, 
Scheme 69) a reactive lysine residue must also be protected before chemical modification, 
presenting a challenge for selective modification. Early studies showed that the penicillin G 
acylase from E. coli (EcPGA) could be used to deprotect the B29 lysine residue with a phenylacetyl 
protecting group on an insulin derived peptide without disrupting the peptide structure.433 This 
finding was exploited by researchers at Merck to develop a comprehensive chemoenzymatic 
strategy for site-selective protection and deprotection of the insulin peptide. A penicillin G acylase 
enzyme from K. cryocrescens (KcPGA) was found to exhibit differential rates of hydrolysis for a 
triacylated insulin peptide and could be modified to express well in E. coli. After divergent directed 
evolution campaigns resulted in selective B29 and A1 deacylating enzymes, the reverse acylating 
reaction starting from unprotected insulin was developed to provide a route to A1-PAc in high 
selectivity. Ultimately, five distinct variants of this enzyme were obtained which in conjunction 
with the wild-type PGA from Achromobacter sp. allowed for the site-selective modification of 
both N-terminal residues and the internal lysine sidechain. For global protection and deprotection, 
further evolution of the starting enzyme produced a variant capable of efficient non-selective 
modification of each exposed amine group, finishing a fully biocatalytic approach to mono, di, and 
tri protected insulin (Scheme 69).434  
 



   
 

85 
 

 
Scheme 69. A toolbox for insulin modification from penicillin acylases. Starting from a panel of 
EcPGA enzymes, a complete biocatalytic, regiocomplementary strategy for insulin protection and 
deprotection was developed.  
 
This so-called insulin toolbox of PGA enzymes greatly streamlined the existing syntheses for 
several clinical candidates and provided the starting point for evolving an enzyme capable of 
modifying the insulin dimer MK-5160 in up to twice the yield of the previous chemical synthesis 
with high purity.435 The PGA enzymes evolved for acylation of insulin were investigated for their 
promiscuous activity on other peptides and in several cases were found to be highly selective for 
modification of N-terminal residues. In the case of the small peptide somatostatin which contains 
several lysine residues in addition to the N-terminal alanine, evolved acylase enzymes were 
capable of differential acylation reminiscent of the differential hydrolysis that inspired selection 
of KcPGA as the template. Taken together this study is a significant step forward in the 
development of site-selective peptide modifications and demonstrates a marked improvement over 
existing pKa based strategies exploited by chemical synthesis.436  
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5.2. Microbial transglutaminases 
 
Microbial transglutatminases (mTGs) catalyze the intermolecular formation of an amide bond 
between the γ-amine in glutamine and the primary amine from lysine or a similar amine donor. A 
cysteine residue in the active site of the mTG forms an acyl enzyme-substrate intermediate, which 
is then attacked by the primary amine of the amine donor resulting in the release of ammonia and 
the formation of a cross-linking bond. Unlike transpeptidases, mTGs can recognize glutamine 
residues in unique primary and secondary structures without a consistent motif. Furthermore, 
studies focusing on incorporation of an acyl donor containing a fluorescent probe revealed that 
mTG was competent for forming amide bonds on a variety of secondary structures including α-
helices, β-sheets and unstructured portions when glutamine residues were genetically incorporated 
into Protein G.437 This combined site-selective ligation without absolute motif or structural 
requirements underpins the potential of transglutaminases, but while this can provide a benefit by 
obviating the need to genetically incorporate a specific motif into the substrate, it also results in 
site selectivity that must often be determined experimentally and is largely not programmable. This 
difficulty in predicting and screening for site selectivity in biomolecule modification means that 
even in instances where directed evolution of mTGs is attempted, the targets are largely activity 
or thermoselectivity.438, 439  
 
Many non-naturally occurring amines including aromatic and aliphatic compounds can act as acyl 
acceptors in mTG catalyzed reactions,440 although mTGs exhibit a distinct preference for less 
sterically hindered primary amines. Early studies with mTGs showed that even for proteins 
containing multiple surface-exposed glutamine residues, addition of Boc-PEG-NH2 or PEG-NH2 
resulted in only mono- or di-PEGylation of the target protein sequences.441, 442 Analysis of the 
glutamine residues pegylated by mTG showed only glutamine residues located on flexible portions 
of the target protein surface were functionalized with high selectivity compared to glutamine 
residues on more rigid portions of the surface. A critical study found that for humanized, 
aglycosylated antibodies an mTG enzyme was highly site-selective for Q295 in the heavy chain 
portion of the protein. This high selectivity has been used to produce antibody-drug conjugates 
using primary amines connected to a payload via a defined linker which usually contains a site 
designed to be readily hydrolyzed when uptaken into the target cells.443 Incorporation of a linker 
connected to both azide and tetrazine moieties enabled the production of bifunctionally labeled 
ADCs which proved advantageous for the reduction of hetereogeneous tumors, demonstrating 
benefits over the mono-labeled antibody treatment.444  
 
6. Outlook 
 
The examples outlined above highlight the current state of the art in our ability to use and engineer 
enzymes for non-native site-selective enzyme catalysis. With this information in mind, we can 
consider what types of advances might have the potential to expand the substrate and reaction 
scope of these enzymes and thus applications for which they could be used. As for biocatalysis 
and protein engineering more broadly,445 tight integration of tools and techniques from disparate 
research areas will be required, but the added challenge of site selectivity will provide an 
interesting context for their development. 
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Identifying new enzymes is central to biocatalysis. This task has historically been accomplished 
by characterizing enzymes involved in natural product biosynthesis.12 Looking at the diversity of 
natural product structures, we can infer that enzymes with remarkable biosynthetic capabilities 
exist in nature.446 The unique reactivity of enzymes involved in anaerobic secondary metabolism 
are notable in this regard, particularly in light of the dearth of studies examining their utility for 
biocatalysis.447 Even relatively common enzymatic activities like sp3 C-H hydroxylation and 
aromatic halogenation can belie the fact that they may involve novel enzymes with untapped 
potential, like recently reported Mn/Fe-dependent hydroxylases448 and single-component flavin 
reductase/halogenases.332, 333 For these enzymes to be broadly useful, however, it is equally 
important to establish whether these capabilities extend to non-native substrates and reactions. 
Metagenomic and family-wide genome mining have also been used to identify new enzymes,449 
and these efforts allow for direct analysis of non-native activity on probe substrates330, 450 to 
identify enzymes with broad substrate scope. Advances in de novo enzyme design continue to 
emerge, but these remain limited to relatively simple chemical processes.451 Efforts to enable the 
design of enzymes that catalyze complex multi-step reactions involving cofactors, including the 
metal cofactors responsible for much of the reactivity outlined above, are needed. For all of these 
systems, chemical and mechanistic intuition is critical to judge whether a given enzyme might 
reasonably catalyze a desired transformation and how probe substrates might be designed to 
identify novel activity and site selectivity. 
 
Artificial metalloenzymes (ArMs)17 represent a particularly interesting source of enzymes for site-
selective catalysis since they could be used to impart site selectivity to synthetic catalysts, thus 
avoiding the blocking and protecting group strategies noted in the introduction. To date, there have 
been relatively few examples of this capability,404, 405 and these involved the generation of carbene 
intermediates. The ArM scaffold is primarily involved in binding and orienting substrates relative 
to these intermediates to impart selectivity, which mimics the mechanisms of P450s, FeDOs, 
FDHs, and other enzymes that generate intermediates capable of reacting with a range of functional 
groups and C-H bonds in organic substrates (e.g. Schemes 30 and 36). This approach simplifies 
ArM (and natural enzyme) evolution since one need not worry about mutations disrupting complex 
networks of amino acids involved in substrate activation, and any compound reactive toward the 
intermediate could potential serve as a substrate. On the other hand, it requires robust methods to 
orient the catalyst within the scaffold and to avoid diffusion of reactive intermediates since both 
could lead to non-selective reactions. Native substrate activation modes in ArM scaffolds mitigate 
these issues and can also be used to enable non-native catalysis,452, 453 but this approach is 
inherently limited to substrates that contain suitable functionality for activation, such as a carbonyl 
compound in the case of serine hydrolases (Scheme 2). Beyond the significant technical challenges 
to ArM engineering,454-456 perhaps the biggest limitation to broadening their utility is the fact that 
the vast majority of transition metal catalysis is incompatible with water. The benefits to 
developing transition metal-catalyzed reactions that tolerate water are manifold, and the potential 
to incorporate water-tolerant catalysts into ArMs and to interface them with biocatalysts more 
broadly should certainly be counted among these.457 
 
Identifying an enzyme with novel activity and/or selectivity is a necessary but not sufficient 
requirement for biocatalysis since extensive directed evolution is often needed for synthetic utility 
and essentially always required for commercial applications.458, 459 The successful examples of 
directed evolution outlined above should not distract from the fact that enzymes are not equally 
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evolvable 460 and that technical hurdles can derail evolution efforts. Moreover, the field has now 
moved on from evolving individual enzymes to evolving entire synthetic pathways,445 so the scope 
and speed of directed evolution must be increased. Tools like laboratory automation, in vitro 
transcription/translation,461 and in vivo continuous evolution can increase library size and ease of 
generation. Importantly, however, improved screening throughput is required to realize the 
potential of these tools, and screening for site selectivity is often challenging since isomeric 
products are formed. These products are difficult to resolve using chromatographic methods, and 
while microfluidic ESI-MS462, 463 and DESI-MS464 can increase screening throughput, particularly 
using pooled reactions,330 site selectivity can only be distinguished if the products have different 
ionization patterns. Selectively deuterated probe substrates can be used to directly screen for site 
selectivity using mass spectrometry, but synthesis of such probes can be difficult, and the 
selectivity analysis must account for possible deuterium kinetic isotope effects.327 Biosensors, 
including ligand-dependent transcription factors, can provide a direct readout of formation of a 
specific product isomers, but these must be engineered to achieve the desired substrate and site 
specificity.465 New, rapid methods for assaying the site selectivity of chemical reactions are 
therefore needed. 
 
Computational tools also have the potential to accelerate both directed evolution and genome 
mining, and these areas have been extensively reviewed.466 In the context of site-selective 
catalysis, methods to rapidly model467 enzyme structures and analyze differential substrate binding 
in enzyme active sites can be used to guide enzyme selection or library design. Molecular dynamics 
simulations have been used to rationalize size selectivity in cases where docking simulations fail 
to provide useful insights,305 so decreasing the computational cost of these simulations or finding 
ways to use machine learning to avoid them entirely would be beneficial. Machine learning 
directed evolution468 could also prove particularly useful for site-selective catalysis since deep 
learning methods are adept at handling complex data,469 such as the selectivity data associated with 
substrates that can undergo reaction at multiple sites with variable stereoselectivity. This approach 
also requires efficient methods to pair sequence information for entire enzyme libraries,469 not just 
improved variants, with enzyme activities from high throughput assays such as those noted above. 
 
Given the scope and limitation of these tools and the diversity of molecules to which they could 
be applied, it is difficult at this time to envision a “general” approach to generating enzymes for 
biocatalysis and non-native site-selective enzyme catalysis in particular. Careful consideration 
parent enzymes and protein scaffolds; target reactivity, selectivity, and process compatibility; and 
methods for library generation and analysis will likely be required for some time. Site-selective 
catalysis is therefore not just a challenging goal for organic synthesis, it is a driving force for 
fundamental developments in protein engineering. 
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