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Biocatalytic site-selective (regioselective) organic transformations have been practiced for decades, but

the traditional limitations of enzymes regarding narrow substrate acceptance and the often observed
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insufficient degree of selectivity have persisted until recently. With the advent of directed evolution, it is
possible to engineer site-selectivity to suit the needs of organic chemists. This review features recent
progress in this exciting research area, selected examples involving P450 monooxygenases, halogenases

and Baeyer-Villiger monooxygenases being featured for illustrative purposes. The complementary nature
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Introduction

Site-selectivity and regioselectivity are terms that are often used
interchangeably in synthetic organic chemistry. It means that a
given reagent or catalyst induces a reaction selectively at one
out of several possible positions in a compound. If the trans-
formation is unselective, a mixture of products will arise,
generally either constitutional isomers, enantiomers or diaster-
eomers, depending upon the particular system. Since selectivity
stands at the heart of modern organic chemistry, numerous
selective reagents and catalysts have been developed and continue
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of enzymes and man-made catalysts is emphasized.

to be reported. Sometimes selectivity is possible only by resorting
to protective group technology,' but this requires additional steps.
Indeed, as Gilbert Stork once said, “The best protective group is
no protective group,” but this is generally not possible when using
man-made reagents or catalysts. Introducing and removing
protective groups site-selectively is in itself a fundamentally
important task."” The requirements as defined by the concepts
of atom-economy,* step-economy*” and redox-economy* under-
score the persisting challenges.

Enzymes catalyze natural transformations generally with
exquisite selectivity, including site-selectivity. Inspired by
these well-known characteristics, chemists have long sought
to harness wild type (WT) enzymes in isolated form, as lysates
or as whole cells (strains) for catalyzing selective reactions of
non-natural substrates.” As in the case of synthetic reagents
and catalysts,"” the ecological and economical aspects of
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Scheme 1 Regioselective oxidation of cholic acid (1).%

enzyme catalysis in organic chemistry have been addressed.®
Several reviews focus on the use of enzymes in the production
of pharmaceuticals.”

One of many practical examples of enzymes as catalysts in
organic chemistry concerns the regioselective oxidation of
cholic acid (1) with sole formation of the 12-keto product 2,
catalyzed by 12a-hydroxysteroid dehydrogenase (12¢HSDH),® a
specific alcohol dehydrogenase (ADH) (Scheme 1). Notice that
the oxidation occurs at the sterically most hindered site, a
result that is not possible using chemical reagents or catalysts
without applying protective group methodology. Indeed, this
transformation was also achieved by chemical means, albeit in
four steps, three involving protection/deprotection and one
requiring stoichiometric amounts of CrO; as the oxidant.®

Another early example of the complementarity of man-made
catalysts/reagents and enzymes was reported in the chemo-
enzymatic synthesis of the important therapeutic compound
cortisol (5) starting from readily available progesterone (3) by
several pharmaceutical companies in the early 1950s, including
Upjohn, Schering, Pfizer and Merck. In the Upjohn industrial
process, an Aspergillus niger strain was used for oxidatively hydroxy-
lating the desired C11-position regioselectively with formation
of the C11-a-alcohol 4.° This was the wrong diastereomer in an
otherwise impressive site-selective CH-activating process. At the
time the nature of the actual enzyme was not known, but it was
most likely a cytochrome P450 monooxygenase (CYP), enzymes that
have since been used in many selective oxidation reactions.'
Subsequent steps included chemical manipulation of the sidechain
at the C17-position and inversion of configuration at position
C11 (Scheme 2). The chemoenzymatic process was a practical
alternative to the 40-step purely chemical synthesis of cortisone
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Scheme 2 Chemoenzymatic synthesis of cortisol (5) by Upjohn.®

(as an entry to cortisol) by Woodward and coworkers at about
the same time.""

Perhaps even more impressive is the biocatalytic one-pot
conversion of 5-aminolevulinic acid (6) into compound 7 in
20% overall yield, a known precursor of vitamin B12 (8),
catalyzed by a mixture of 12 enzymes (Scheme 3).'*> The cascade
sequence involves regio- and stereoselective C-methylation,
oxidation, reduction, ring contraction, decarboxylation and
finally [1,5]-sigmatropic rearrangement. This stands in contrast
to the purely chemical synthesis of vitamin B12 by Woodward,
Eschenmoser and coworkers, a monumental feat which, of
course, had many spinoffs that are of substantial benefit to
synthetic organic chemistry."® Neither approach is exploited
in the industrial vitamin B12 production, which in reality is
accomplished by the biocatalytic process of fermentation, a
fascinating accomplishment in its own right."*

When considering site-selectivity (regioselectivity) in general,
essentially all of the enzyme types can be considered, including
hydrolases, reductases, oxidases, transferases, lyases, isomerases
and ligases, all in a variety of different kinds of reactions. Many of
these have been exploited by academic and industrial researchers
for the purpose of ensuring site-selectivity. For example, an
important area is enzyme-catalyzed regioselective protection
and deprotection of such functional moieties as:***

e Alcohol groups (e.g., in carbohydrates, poly-hydroxylated
alkaloids and steroids, nucleosides)

e Thiol groups (e.g., in peptides)

e Amino groups (e.g., in polyhydroxylated alkaloids, amino-
saccharides, B-lactam derivatives)

Hundreds of cases have been reported, one example being
the site-selective deprotection of the fully O-acylated glucose
derivative 9 with formation of either 10, catalyzed by porcine

12 enzymes
(20% yield)

y Me Me ,—copH

A
— 4 steps | “N Me CONH,
NH
&
HO N Me

CO,H “SoH

Scheme 3 The Scott-synthesis of intermediate 7 as a precursor of
vitamin B12 (8).*
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Scheme 4 Site-selective deprotection of fully O-acylated glucose as a
function of the enzyme (PPL: porcine pancreas lipase;}%? RTE: esterase
from Rhodosporium toruloides).*®?

pancrease lipase (PPL),"® or 11, catalyzed by the esterase from
Rhodosporidium toruloides (RTE)'®” (Scheme 4). Further studies
reporting enzymatic protection/deprotection continue to appear,
as for example in reactions of monosaccharides.'”” Sometimes
the combination of chemical and enzymatic steps is especially
effective."'*

In spite of these and other success stories, the traditional
limitations of enzymes as catalysts in synthetic organic chemistry
persisted for a long time, namely the often observed:*>

e Wrong or poor enantio- or diastereoselectivity

e Wrong or insufficient regioselectivity (site-selectivity)

e Insufficient activity and limited substrate acceptance

¢ Insufficient robustness under operating conditions

All of these problems can be addressed and generally solved
by applying the protein engineering technique of directed
evolution.'® It involves recursive cycles of gene mutagenesis,
expression and screening, the latter being the labor-intensive
step. Because asymmetric catalysis is an integral part of synthetic
organic chemistry, this parameter has been studied with great
intensity to this day. This way of generating catalysts for
stereoselective transformations was first reported in 1997"°
and has since been applied to essentially all enzyme types.'®
Initially, efficiency was not of particular interest, since proof-of-
principle was the primary goal.’® Different gene mutagenesis
methods such as error-prone polymerase chain reaction
(epPCR), saturation mutagenesis at the binding pocket, DNA
shuffling or even mutator strains were applied.”® Some degree
of selectivity improvement was generally observed irrespective
of the mutagenesis technique, but soon it became clear that for
real (industrial) applications, efficiency, speed and reliability
are required. Consequently, the focus shifted to methodology
development in directed evolution.”®?*

In this ongoing endeavor, various strategies and techniques
need be tested using one and the same enzyme and model
reaction so that sound comparisons can be made, but unfortu-
nately such comparative studies are rare.”” These and other
studies'® indicate that saturation mutagenesis at sites lining
the binding pocket of an enzyme is particularly effective.”?
Based on precedence involving a saturation mutagenesis library
generated by randomizing a 4-residue site lining the binding
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Scheme 5 Systematization of saturation mutagenesis at sites lining the
binding pocket of an enzyme (CASTing), a given site A, B, C, D, etc.
comprising 1, 2, 3 or more residues.>*%°

pocket of a lipase in kinetic resolution,* systematization of this
concept led to the technique of Combinatorial Active-Site
Saturation Test (CAST) (Scheme 5).>° Thus, CAST is a convenient
acronym for a process published earlier, readily distinguishing
it from focused saturation mutagenesis at remote sites for other
purposes. Since earlier protein engineering studies utilizing
rationally designed mutations lining the binding pocket had
resulted in changes in catalytic profiles (see discussion below),
systematization by the CAST strategy appeared logical.

Statistical analysis based on the Patrick/Firth algorithm*®
predicted that when using traditional NNK codon degeneracy
encoding all 20 canonical amino acids as building blocks in the
focused randomization process, the degree of oversampling for
ensuring 95% library coverage increases astronomically as the
size of a randomization site increases;*® for example, when
randomizing a 5-residue CAST site, 10® transformants need to
be screened, far beyond the capability of modern ee-screens.””
Therefore, reduced amino acid alphabets were introduced, and
large randomization sites of 10 or more residues were split into
smaller ones comprising two to four residues.>® Even when this
was done, stereoselectivity sometimes remained at an insuffi-
cient level. Consequently, iterative saturation mutagenesis (ISM)
was introduced.>**® Accordingly, the best hit in one library is
used as a template to perform saturation mutagenesis at another
site, and the process is continued until the desired degree of
stereoselectivity has been reached.

Rational criteria for choosing an appropriate set of amino
acids as building blocks as part of the reduced amino acid
alphabet were developed and guidelines for grouping residues
into randomization sites were issued. These include guidance
by X-ray structures, bioinformatics consensus data, computa-
tional techniques and exploratory NNK-based saturation
mutagenesis at single positions requiring the screening of only
100 transformants.”® Thus, these strategies imply a rational
process, away from “blind” directed evolution. When projecting
such an approach to the directed evolution of site-selectivity
(Scheme 6), it becomes clear that this catalytic parameter can be
treated just like stereoselectivity. Indeed, saturation mutagenesis
at sites lining the binding pocket (CASTing) can be expected to be a
particularly viable approach to engineer both properties.

In the sections that follow, representative studies primarily
utilizing focused library generation by saturation mutagenesis
are analyzed, but selected cases of rational design, epPCR and
DNA shuffling are also included for comparison. The three
most intensively studied enzymes in terms of directed evolution

This journal is © The Royal Society of Chemistry 2017
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Scheme 6 Directed evolution of site-selectivity featuring the case of two
possible regioisomeric products P1 (green) and P2 (red).

of site-selectivity are featured, namely cytochrome P450 mono-
oxygenases (CYPs), halogenases and Baeyer-Villiger monooxy-
genases (BVMOs). Rather than being comprehensive, the
purpose of this article is to present selected studies for illus-
trative purposes. Literature citations referring to comprehen-
sive accounts of these three enzyme types are included for the
interested reader.

Engineering site-selectivity of
cytochrome P450 monooxygenases

As delineated in the Introduction, CYPs have been used indust-
rially for a long time in the oxidative hydroxylation of organic
compounds at specific sites.”'® CYPs have large binding pockets,
which leads to two basic problems: Small molecules such as
C3-C5 alkanes are generally not accepted, while larger ones are
often randomly attacked at different positions with formation of
undesired mixtures of regio- and stereoisomers.'® Rational design
utilizing site-specific mutagenesis continues to provide progress
in this challenging research area, but ongoing studies relying on
directed evolution indicate that this approach constitutes the
more general and reliable strategy.’®*® The fusion of the two
approaches is underway, driven by the continuous accumulation
of data revealing the effects of point mutations on regio- and
stereoselectivity.

Before discussing selected examples of the directed evolution
approach, some comments regarding rational design are in order.*"
Application of this form of protein engineering of CYPs dates back
to the 1990s, the focus of interest in most cases being on mechan-
istic questions, metabolism of therapeutic drugs and natural
products and sometimes activity enhancement.'®*' Mutations at
residues lining the binding pocket were generally designed, guided
by the size and electronic nature of the residue sidechains, but the
control of regioselectivity for synthetic purposes was not the main
purpose of most of these studies. An interesting early example
concerns the oxidative hydroxylation of ethylbenzene with regio-
selective formation of (R)-2-phenylethanol (46% ee), catalyzed by
P450-cam,; triple mutant T101M/T185F/V247M increases coupling
of reducing equivalents to product formation and also enhances
(R)-selectivity (74% ee), while maintaining full regioselectivity.*

This journal is © The Royal Society of Chemistry 2017
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In another revealing study, P450-cam was subjected to
rational re-design in order to manipulate site-selectivity in the
oxidative hydroxylation of (+)}-o-pinene,* guided by the enzyme’s
crystal structure harboring camphor.** WT P450-cam leads to a
mixture of oxidation products comprising (+)-a-pinene epoxide
(4%), (+)-cis-verbenol (31%), (+)-myrtenol (4%), (+)-verbenone
(10%) and 51% of unidentified compounds. Reasonable choices
for point mutations were made, including F87A, F87W, Y96F and
V247L. Combinations thereof were also considered, variant F87W/
Y96F/L247A proving to be the best catalyst for the formation of
(+)-cis-verbenol with 86% regioselectivity.>> In other studies, both
rational design and random mutagenesis were applied with varying
degrees of success.'**!

Several early directed evolution studies employing P450-BM3
from Bacillus megaterium,'® a self-sufficient fusion protein
composed of a P450 monooxygenase and an NADPH diflavin
reductase, focused primarily on the use of sequential cycles of
epPCR in order to increase activity of n-alkane hydroxylation,
but shuffling techniques were also applied.*” Enhanced activity
was evolved by epPCR-based random mutagenesis, leading to the
introduction of point mutations mostly remote from the active
site, but reasonable control of regioselectivity was not achieved
until subsequent studies.*® For example, an industrially important
goal was site-selectivity at terminal positions of n-alkanes.
Accordingly, it was stated that®®* “Changing substrate specificity
and regioselectivity often requires multiple mutations within the active
sites, not likely to be found by random mutagenesis of the full protein.”

This switch in mutagenesis strategy followed the experience
at the time regarding directed evolution of enzyme stereo-
selectivity.>** Consequently, saturation mutagenesis at 11 residues
around the binding pocket of P450-BM3 was performed, the
mutations of some of the most active hits then being combined
combinatorially by overlap extension PCR.*** This procedure is
different from ISM."***® In this way a small library of mutants was
generated, one of the best variants leading to 52% terminal
hydroxylation of n-octane. Other mutants favored the 2- and
3-positions of n-alkanes, but enantioselectivity, when measured,
proved to be poor to moderate.**® Interestingly, by screening
previous P450-BM3 mutants generated for other substrates, phenyl
acetic acid esters were hydroxylated solely at the benzylic position
with up to 93% ee (S).*” In other P450-BM3 work, a triple mutant
but not the WT, was found to metabolize testosterone and several
drug-like compounds such as amodiaquine with formation of
product mixtures.**?

In another directed evolution study of P450-BM3, the combi-
nation of epPCR and DNA shuffling was applied once more.>®
The most active variants were shown to be A330P, KT2 (A191T/
N239H/1259V/A276T/L3531), KSK19 (F87A/H171L/Q307H/N319Y)
and KT5 (F87A/A330P/E377A/D425N), which were tested in the
oxidation of naphthalene and n-propylbenzene. Scheme 7 shows
that WT P450-BM3 leads to exclusive hydroxylation at the most
reactive benzylic position. In contrast, variant KT5 changes site-
selectivity toward the neighboring less reactive C-atom.>® Activity
increased substantially in all cases and in reactions of other
aliphatic and aromatic substrates as well. Enantioselectivity was
not reported.

Chem. Commun., 2017, 53, 3916-3928 | 3919
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Scheme 7 The effect of P450-BM3 mutations on the site-selectivity of
the oxidative hydroxylation of n-propylbenzene.*®

Subsequently the first case of directed evolution of high
inverted stereoselectivity with maintained site-selectivity appeared
in which P450-pyr was used as the catalyst in the oxidative
hydroxylation of N-benzylpyrrolidine (12) (Scheme 8).*° WT
P450-pyr shows complete regioselectivity favoring the 3-position,
but enantioselectivity with preference for (S)-13 is poor (43% ee).
Guided by the crystal structure of WT P450-pyr, 17 amino acid
positions within 5 A of the docked substrate were individually
subjected to saturation mutagenesis. An improved (S)-selective
variant was identified (65% ee), while inversion of enantio-
selectivity with maintained regioselectivity was also achieved,
single mutant N100S showing 42% ee in favor of (R)-13.
Iterative saturation mutagenesis (ISM) was then applied by
using this mutant as a template for saturation mutagenesis at
the other single CAST positions, leading to the final mutant
N100S/T1861 with 83% ee (R). In a later study, (S)-selectivity
were boosted to 98% ee by applying several rounds of structure-
guided ISM, an impressive achievement.*’

The first reported example of enhancing site-selectivity of a
CYP while evolving both (R)- and (S)-selectivity on an optional
basis concerns oxidative hydroxylation of compound 14 catalyzed
by P450-BM3 (Scheme 9).*' WT is only 84% regioselective with
moderate preference for allylic position C3, while enantio-
selectivity is poor in slight favor of (R)-15 (34% ee). By applying
CAST/ISM at 23 residues surrounding the binding pocket and
using reduced amino acid alphabets, regioselectivity was boosted
to >95%, while enantioselectivity was evolved to 95% ee (R) or to
96% ee (S).** Following acylation at the hydroxy function of (R)-15
and applying Pd-catalyzed y-regioselective Tsuji-Trost allylic

HO, HO,
[ > P450pyr [ > Z >
N 7% N i N
NADH  NAD* K@ K@

12 (R)-13 (S)-13

Scheme 8 Directed evolution of enantioselectivity with maintained site-
selectivity of P450-pyr as catalyst in the hydroxylation of N-
benzylpyrrolidine (12) leading preferentially either to (R)-13 (83% ee)* or
(5)-13 (98% ee).*°
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Scheme 9 Directed evolution of P450-BM3 as catalyst in the regio- and
enantioselective oxidative hydroxylation of ester 14.**

amination with retention of configuration, GABA-analog (R)-16
was obtained. In a different stereoselective follow-up reaction,
epoxidation using m-chloro per-benzoic acid provided an epoxide
with three stereogenic centers as a single stereoisomer.*!

Late-stage CYP-catalyzed CH-activating oxidative hydroxylation
of natural products or of other complex compounds with
complete control of site-selectivity and stereoselectivity, enabled
by directed evolution, is of considerable interest in organic
chemistry as an alternative to synthetic reagents or catalysts.
This is especially true when traditional methods fail. A number
of further impressive examples of protein engineering of CYPs
have been reported.'”*>™*® An early example is the oxidative
hydroxylation of testosterone (17) with regioselective formation
of either 23- or 15p-hydroxytestosterone (18 and 19, respectively)
(Scheme 10).*** WT P450-BM3 does not accept this compound,
but it was discovered that the known mutant F87A'® catalyzes
hydroxylation with formation of a 50: 50 mixture of 18 and 19 in
addition to trace amounts of other oxidation products. Phenyl-
alanine at position 87 was known to partially shield the active
site, therefore alanine was introduced in previous studies.'®
Consequently, this mutant was used as the starting point in
the steroid study, the goal being the evolution of a 2f- and a
15p-selective mutant.**® This was achieved by applying structure-
guided ISM. The best 2f-selective variant ensured 97% site-
selectivity with complete B-diastereoselectivity, and the best
15f-mutant allowed for 96% site-selectivity also with full
B-diastereoselectivity.**

CYP-catalyzed hydroxylation is initiated by a radical mechanism
in which the so-called Cpd I, a reactive high-spin heme-Fe=0O
intermediate, abstracts a hydrogen atom in the rate determining

OH OH OH
» HO +
OH
o o o
17 18 19

WT P450-BM3 : not accepted

F87A-mutant :~1:1

A330W/F87A : 97:3

RA47Y/T49F/NT8LIAB2M/F8TA: 3 : 97
Scheme 10 Regio- and stereoselective oxidative hydroxylation of tes-
tosterone (17) with formation of either 18 or 19 on an optional basis,

catalyzed by mutants of P450-BM3.4%2

This journal is © The Royal Society of Chemistry 2017
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step with formation of a short-lived alkyl radical, followed by rapid
alcohol formation by means of C-O bond formation.'® The optimal
angle (C-H-O) in this abstraction step was calculated by QM to
be about 130°.*® Hence, regio- and stereoselectivity depend on
how the enzyme binds and places the substrate above the
catalytically active Fe=0 species. In order to explain the origin
of regio- and diastereoselectivity of the two best mutants in
steroid hydroxylation, extensive MD computations were carried
out. Two very different substrate conformations in the binding
pocket (poses) were predicted (Fig. 1), which are in line with the
observed site-selectivity and diastereoselectivity.***

The best mutants were then tested as catalysts in the hydroxy-
lation of other steroids, likewise leading to synthetically inter-
esting results.**® It should be mentioned that such a mutant
library of about 300-400 members active in steroid hydroxylation
provides many synthetically important opportunities. The “steroid
library”*** as well as other small mutant collections with which
different substrates were tested are (commercially) available.*”**>
Moreover, structure(sequence)/selectivity trends have emerge
which taken together with extensive experience in the P450 area
based on rational design of mutants by site-specific mutagenesis,*'
constitutes the merging of the two protein engineering techniques.
Nevertheless, it is currently still not possible to engineer specific
mutants for targeting any CH-entity of steroids or of other natural
products (or synthetic precursors) that a chemist might imagine.

As already pointed out, controlling P450-catalyzed regio- and
stereoselectivity in the oxidative hydroxylation of non-
functionalized alkanes is a daunting challenge.”® Using P450-pyr
and n-octane as the substrate and CAST/ISM as the structure-
guided mutagenesis technique, this was recently accomplished
for the first time.*** Using n-octane (20) as the model substrate,
mutant A77Q/I83F/N100S/F4031/T1861/L302V was found to ensure
complete site-selectivity at position C2 and excellent enantio-
selectivity in favor of (S)-21 (98% ee) (Scheme 11).**¢

Other compounds such as n-propylbenzene likewise reacted
with high selectivity. It would be interesting to extend this
“dream reaction” by inverting the sense of enantioselectivity
in favor of (R)-2-octanol and to target positions C3 and C4 in
n-octane as well.

In another study, late-stage site-selective hydroxylation of
the anti-malaria agent artemisinin (22) catalyzed by P450-BM3
mutants was accomplished, a compound that is not accepted
by the WT enzyme (Scheme 12).**” Rather than adhering to
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Fig. 1 Calculated poses of testosterone (17) in P450-BM3 mutant R471/
T491/F87A explaining 2B-selectivity (left) and in mutant R47Y/T49F/V78L/
A82M/F87A shedding light on the origin of 15p-selectivity (right).*3
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Scheme 11 Complete regio- and enantioselective oxidative hydroxyla-
tion of n-octane (20) catalyzed by mutants of P450-pyr evolved by CAST/
|SM.44a

the structure-guided approach employed earlier in the case of
testosterone by starting with the known mutant F87A, a different
strategy was chosen. First, a fingerprint technique was developed
using and analyzing a collection of P450-BM3 mutants, which
led to the identification of variant FL62 having 16 point
mutations.*”” This mutant catalyzes the formation of three
main products 23, 24 and 25 in a ratio of 73:17:7
(Scheme 12). Then a number of saturation mutagenesis experi-
ments were performed at defined CAST-type randomization
sites 78/87, 78/81/87, 78/87/181, 78/87/184, 78/81/82/87, 81/82/
87/184, 78/81/82/87/181/184, and 74/81/82/87/181/184. In earlier
studies, some of these residues had been defined as ‘“hot
spots”.1%3637:42745 1y 3 further step, 12500 transformants were
assayed for activity using five semisynthetic chromogenic probes
for easy detection, leading to 1950 active variants (criterion:
>10% activity), and 522 functionally unique variants (criterion:
>20% variation on at least one of the 5 fingerprint components
relative to parent). This was followed by HPLC screening of
several hundred variants using the real substrate 22. The reader
is referred to details in the original publication.**? Suffice it to
say that three variants were identified that are site-specific for
positions C7(S), C7(R) and C6 (Scheme 12).

Here as in many other late-stage CYP-catalyzed oxidations,
the particular “target positions” found following mutagenesis
was not specified as a defined goal at the outset of the project.
An exception is a study reporting bioorthogonal P450-BM3
catalyzed activation of caged compounds in living cells.**”
A biologically active (anti-cancer) compound was first protected
at a phenolic function in the form of a propargyl ether, this
pro-drug compound then being deprotected with release of the

H

— IV-H4
C7(S): 100%

H

"'/H FL#62
cr(sy83% T IH10 7 Ty
CT(RY 10% CT(R): 100%

Céa : 7%

— II-E2
Céa: 48%

—> X-E12

C6a: 94%
o 25

Scheme 12 Late-stage oxidative hydroxylation of artemisinin (22) catalyzed
by evolved mutants of P450-BM3 440
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biologically active substance by site-selective hydroxylation solely
at the propargylic methylene-moiety. Nevertheless, the general
problem of targeting any hydroxylation position in a given
compound is one of the remaining challenges in this research
area, especially if the technique should become an integral part
of modern synthetic (natural products) chemistry. A logical
strategy would be to subject a given compound to CYP-catalyzed
oxidative hydroxylation using an appropriate library of mutants, to
identify a mutant that produces at least a small amount of the
desired hydroxylation product, and then to apply structure-driven
directed evolution to increase the respective regio- and stereo-
selectivity. Aside from this issue, numerous other studies
reporting CYP-catalyzed regio- and stereoselective hydroxyla-
tion have appeared recently, most of them exploiting structure-
guided directed evolution by focusing saturation mutagenesis
on sites lining the binding pocket.**™**

Decades ago, a P450 monooxygenase was shown to be a
catalyst in nitrene mediated regioselective C-H insertion using
azides with formation of amines analogous to hydroxylation
leading to alcohols.”’* More recently this has been exploited in
the manipulation of site-selectivity and stereoselectivity, the
controlling element being directed evolution (usually saturation
mutagenesis).”’””"? More work is necessary in this intriguing area
so that CYP-catalyzed amine synthesis becomes a truly useful tool
in organic chemistry.

Engineering site-selectivity of
halogenases

Halogenation of aliphatic and aromatic compounds constitutes
a fundamentally important transformation in synthetic organic
and pharmaceutical chemistry. Of particular importance are
those transformations that involve the CH-activating substitution
of an H-atom by halogen in aliphatic or aromatic compounds.
In addition to the standard synthetic methods, which do not
routinely ensure high site-selectivity, biocatalysts of the type
halogenases offer a fascinating alternative for controlling this
catalytic parameter.*® Different types of halogenases have been
identified which function by different mechanisms, including
heme- and vanadium-dependent haloperoxidases as well as
Fe**/a-ketoglutarate-dependent and flavin-mediated halogenases
(FDHs). During the last few decades the mechanism of these
enzymes has been largely elucidated, although some uncertainties
persist. Haloperoxidases oxidize halides such as CI™ or Br~ with
formation of hypohalites HOX which diffuse freely out of the
enzyme. These reactive species then induce halogenation of
electron-rich aromatic compounds,*® which means that protein
engineering aimed at manipulating regioselectivity is difficult if
not impossible. FDHs also utilize halide salts such as NaCl or
NaBr. In these halogenases, flavin in the oxidized state is first
reduced by NAD(P)H followed by reaction with oxygen and
formation of the intermediate FAD-OOH. This peroxide then
oxidizes halides to the electrophilic halogenating agent HOX
which remains within the enzyme.*®* At this point some mecha-
nistic uncertainty remains. Some researchers contend that it is
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not HOX which halogenates the aromatic substrate. Rather, it was
postulated that a lysine is first halogenated at the amino group
leading to a reactive intermediate which then functions as the
actual halogenation species.*® Recently novel halogenases have
been shown to follow a nucleophilic mechanism.*® Fluorinases
were discovered some time ago,’® but have not (yet) been applied
in synthetic organic chemistry. In this review we focus only
on FDHs.

The finding that FDHs from different species show different
site-selectivity in the reaction of a given natural or non-natural
compound is of significant synthetic value. An impressive
example is illustrated in Scheme 13, showing site-selective
transformations of tryptophan (26) that would be difficult
if not impossible using modern synthetic chlorination
techniques.” Other examples have been described,*® including
the non-heme halogenase Amb05 which catalyzes the regio-
and stereoselective halogenation of an amazingly wide range of
alkaloids and other compounds at aliphatic CH-positions.>>
Nevertheless, screening many enzymes of a given type does not
routinely lead to the regioselectivity that the researcher may
need, which means that alternative approaches are required.

Protein engineering of an FDH by rational site-specific
mutagenesis was first reported in 2011 in which mutant
F103A of the halogenase PrnA was found to change the strict
7-selectivity of WT to a 2:1 mixture of the 7- and 5-chlorinated
products.® In other early work, rational design on the basis of
structure-guided mutagenesis was applied to other FDHs with
notable changes in site-selectivity in reactions of structurally
different substrates, although a 100% shift in selectivity
remains to be achieved.’**

Directed evolution of halogenases offers a more general and
reliable solution to the problem of controlling the regioselec-
tivity of halogenation. In one study the well-known tryptophan

¢}
OH
PyrH (FDH)
cl NH,
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OH OH
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N\ A\
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H 28 M
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—_— A\
N
H
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Scheme 13 Regioselective chlorination of (R)- or (S)-tryptophan (26) at
three different sites catalyzed by different halogenases.>*
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7-halogenase RebH was first subjected to directed evolution in
order to enhance its thermostability.”® Two rounds of epPCR
and combining some of the point mutations led to several
improved variants, the best one showing an 18 °C increase in
Tope relative to WT RebH with only a small tradeoff in activity.
This required the screening of only 1600 transformants.’® In a
subsequent study aimed at increasing activity and expanding
substrate range, one of the stabilized mutants was used as a
template for further mutagenesis, several cycles epPCR again
being applied.’>” Following the screening of about 2200 trans-
formants, two prominent variants were identified: 3-SS which is
ideal for site-selective chlorination of tricyclic tryptoline deri-
vatives, and 4-V which shows broad substrate range of indole
and carbazole derivatives, likewise with high site-selectivity
(Table 1).>” All transformations are synthetically interesting,
the meta-products such as 31 and 33 deserving special attention.

Although recursive epPCR proved to be successful in this
study, it can be anticipated that saturation mutagenesis at
active site residues and possibly ISM are likely to be more
efficient, probably providing a high diversity of mutants show-
ing different site-selectivity. Indeed, this was demonstrated in a
subsequent study in which tryptamine (40) was used as the
model substrate (Scheme 14).>® At the outset of the project, the
goal was defined as the search for three different RebH mutants
leading to the ortho-, meta- and para-products 41, 42 and 43,
respectively. In the case of chlorination product 41, epPCR
sufficed, but in order to evolve meta- and para-selectivity, it
was more productive to apply saturation mutagenesis and
iterative saturation mutagenesis at rationally chosen sites lining
the binding pocket (CAST/ISM).*®

Directed evolution of flavin-dependent regioselective halo-
genases is a relatively new research area from which more
advances can be expected. It is likely that structure-guided
saturation mutagenesis will play the dominant role in future
studies. In view of the fact that many therapeutic drugs contain
halogens on aromatic residues, this research will continue to
play an important role. Hopefully, certain non-flavin-dependent

Table 1 Site-selective chlorination of tryptoline, indole and carbazole
derivatives catalyzed by RebH mutants generated by directed evolution®’
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R=H, 30,1% 3-SS, 78% (93%) 31 2% 3- SS 80% (98) 32, 5% 3-SS, 79% (76%)

Me, 39, 1% 3-SS, 83% (89%
N h @Qb
H
N H N

MeOOC

33, 5% 4- V, 68% (72%)

P

\
&

36, 1% 4-V, 93% (97%)

34, 5% 4-V, 54% (56%)[b] 35, 5% 4-V, 36%c]

)\NH \o/©
HO\{ NN
H
o o
O O

u

Cl

37, 1% 4-V, 79% (91%) 38, 2% 4-V, 69% (98%)

This journal is © The Royal Society of Chemistry 2017

View Article Online

ChemComm
Conv. yield sel.
100% 98% >99%

NH,
A\ 8F NH,
N A\ 4% 73% 90%
42
N
H

A\ 83% 78% 95%

Scheme 14 Site-selective chlorination of tryptamine (40) catalyzed by
RebH mutants OS, 8F and 10S evolved by epPCR, saturation mutagenesis
and iterative saturation mutagenesis (ISM), respectively.>®

halogenases can also be engineered for site-selectivity. The
site-selective introduction of halogen in aromatic compounds
provides pivotal intermediates for subsequent elaboration by
Pd-catalyzed C-C, C-O, or C-N bond formation with the emer-
gence of a wide range of new pharmaceutically interesting
derivatives.”> In a recently reported technique, this concept
was nicely implemented by developing membrane compart-
mentalization in a two-step cascade sequence requiring no
intermediate workup.®** Directed evolution of fluorinases®®
for manipulating site-selectivity remains to be studied.

Engineering site-selectivity
of Baeyer-Villiger monooxygenases

The Baeyer-Villiger reaction of an unsymmetrical ketone 44
with a peroxy reagent of the type ROOH or RCO;H can produce
two different constitutionally isomeric esters 46 and/or 48, site-
selective o-bond migration being determined by the relative
migratory tendency of the groups R' and R* at the stage of
the Criegee-intermediates 45/47 (Scheme 15).>° For maximal
activity the well-known stereoelectronic effect requiring an anti-
periplanar arrangement must be ensured, as underscored by
several QM studies.®® Those groups that stabilize partial positive
charge best in the fragmentation of the Criegee intermediate
define the o-bond that has the highest migratory tendency,

e.g., a benzyl group is favored over a methyl group.’>*°
COR
. . o
site-selective ( @ " . )L
o R'-migration R' ke R'0” 'R?
) EPTEE a6
R1 R2 — _i
44 . . o
site-selective
— X
R2-migration Lo l<) R" “oR2
48
L J

Scheme 15 Regioselective 6-bond migration in the Baeyer-Villiger reac-
tion of ketones 44.
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In synthetic organic chemistry many reagents and catalysts
have been developed for Baeyer-Villiger reactions,> including
chiral catalysts that lead to enantiomerically pure or enriched
products in the desymmetrization of prochiral ketones such as
3-substituted cyclobutanones or 4-substituted cyclohexanones.®! In
such processes a special case of site-selectivity is involved. The two
migratory groups, although identical in the isolated ketone, are
different in the chiral environment of the catalyst at the stage of
the Criegee-intermediate. Oxidative kinetic resolution of racemic
ketones is also possible. Currently, the Feng-system using man-
made catalysts appears to be the most efficient approach in both
types of stereoselective transformations.®%"

While this research is ongoing, Baeyer-Villiger monooxy-
genases (BVMOs) constitute an attractive enzymatic alternative.®>
Indeed, they have a notably broader substrate range than
synthetic catalysts. BVMOs are flavin-dependent, dioxygen in
air reacting to form the actual oxidant FAD-OOH in close
vicinity to the binding pocket of the enzyme. Directed evolution
has been exploited a number of times in order to enhance
or invert enantioselectivity of BVM0s.%>"** In the first reported
case, desymmetrization of 4-hydroxycyclohexanone by WT cyclo-
hexanone monooxygenase (CHMO) from Acinetobacter sp. NCIMB
9871 was found to proceed with poor enantioselectivity amounting
to only 9% (R), while epPCR provided a mutant F432S which
reversed stereoselectivity to 79% ee (S).*** Notice once more that
the two possible migrating groups are sterically and electronically
identical, but this changes in the chiral environment of the
enzyme’s binding pocket so that site-selective o-bond migration
becomes possible (Scheme 16). At the time, this was a formal
conjecture, which was later studied in detail by theoretical ana-
lyses. Accordingly, QM/MM studies of 4-methyl- and 4-hydroxy-
cyclohexanone provided mechanistic details of BVMOs, showing
that deprotonated flavin hydroperoxide (FAD-OO ) and the anionic
form of Criegee intermediates are involved.®® Importantly, mutant
F432S proved to be effective in the desymmetrization of a number
of structurally different ketones without the need to perform
additional mutagenesis experiments (Table 2).°® In the kinetic
resolution of a racemic ketone reported in an earlier study,
epPCR was also applied,*®” although subsequently researchers
turned away from “blind” directed evolution and opted for

(L) (8

Scheme 16 Schematic representation of site-selective migration of two
enantiotopic alkyl groups in 4-hydroxycyclohexanone in the binding
pocket of CHMO leading to enantiomeric products.®*® Blue arrow correlates
with the (R)-enantiomer, red arrow with the (S)-antipode.
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Table 2 Oxidative desymmetrization of prochiral ketones using the
CHMO mutant F432S in whole-cell reactions®®

Substrate
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structure-guided generation of focused saturation mutagenesis
libraries.**

In spite of the impressive performance of CHMO variant F432S
(Table 2), the system has limitations, including the insufficient
robustness of this BYMO. Moreover, a more rational approach to
directed evolution based on crystal structural data was necessary.
The first step in this direction was undertaken by a structure-
guided approach based on the use of CASTing in combination
with a reduced amino acid alphabet, the BVMO in this case being
cyclopentanone monooxgenase (CPMO).*” A homology model was
first generated using the X-ray data of phenyl acetone monooxy-
genase (PAMO), a thermostable BVMO.?® On this basis, four CAST
residues F156, G157, G449 and F450 in direct neighborhood to
the modeled Criegee intermediate in CPMO were identified as
putative hot spots. Two saturation mutagenesis libraries at
randomization sites F156/G157 (site A) and G449/F450 (site B)
were generated using NDT codon degeneracy, which encodes
12 amino acids as a structurally balanced set of combinatorial
building blocks (Phe, Leu, Ile, Val, Tyr, His, Asn, Asp, Cys, Arg,
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Ser, and Gly).®” This was the first case of using a reduced amino
acid alphabet in directed evolution of stereoselective enzymes.
At the time only mini-libraries were screened amounting to only
150 transformants, three substrates being considered, namely
4-methyl-, 4-acetoxy- and 4-tert-butylcyclohexanone. Active mutants
were found only for 4-methyl- and 4-acetoxycyclohexanone, the best
enantioselectivities amounting to 92% ee (R) and 90% ee (S) for
these two substrates, respectively. This compares well with the poor
performance of WT CPMO 46% ee (R) and 5% ee (S), respectively.®”

These early results suggested that structure-guided CASTing
constitutes the preferred mutagenesis strategy in the directed
evolution of site-selective BVMOs leading to high stereo-
selectivity, a conclusion that was supported by subsequent
studies using the thermostable PAMO.® In some cases CASTing
was supported by a bioinformatics technique by aligning the
DNA sequence of eight BVYMOs in a loop region near the active
site in order to identify amino acids to be used as building
blocks in focused saturation mutagenesis.®**” In a different
study, an alternative strategy was successfully tested, namely
structure-inspired subdomain exchanges,’ but this interesting
approach has not been generalized to date.

Site-selective 6-bond migration in Baeyer-Villiger reactions
can also lead to cis/trans-isomers in a new type of selective
olefin synthesis, an unusual phenomenon observed using
CHMO as the catalyst in the reaction of ketone 49 (Scheme 17).”°
This kind of selectivity had not been addressed previously in
Baeyer-Villiger reactions catalyzed by synthetic reagents or
catalysts. The trans- and cis-isomers of 51 can be expected to
be thermodynamically essentially identical, which underscores
the challenge in inverting site-selectivity.

The discovery that WT CHMO is 99% trans-selective in favor
of olefin trans-51 was somewhat surprising.”® Transition state
52 rather than 50 is involved. This result was exploited synthe-
tically by performing a Pd-catalyzed Suzuki reaction of trans-51
with exclusive formation of the respective phenyl derivative
trans-53 (Scheme 17). The difficult problem of inverting trans-
selectivity was solved by applying CAST/ISM.”® Three CAST
randomization sites A (F432/T433), B (L143) and C (F505) were
chosen for saturation mutagenesis guided by the crystal structure
of a homologous CHMO which had just become available at the
time.”* These constitute rough guesses where steric clashes may
occur, the limited number of chosen CAST sites minimizing the
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Br-

cis-51

49 ol PhBr
B £ Pd-cawlyst

52

SL)’
trans-53

trans-51

Scheme 17 Site-selective o-bond migration in the Baeyer-Villiger reaction
of ketone 49 leading to cis- and trans-configurated olefins Z-51 and E-51 via
transition states 50 and 52, respectively.”

This journal is © The Royal Society of Chemistry 2017

View Article Online

ChemComm

screening effort. In the case of 2-residue site A, NDT codon
degeneracy encoding 12 amino acids was chosen, while the
standard NNK (encoding 20 amino acids) was used for libraries
B and C. Pathway A - B — C provided the quadruple mutant
F4321/T433G/L143M/F505C showing the best reversed product
ratio trans-51:cis-51 = 18:82. In separate follow-up reactions,
both trans-51 and cis-51 were subjected to Pd-catalyzed carbony-
lation with selective formation of new trans- and cis-alkenes.”®

An even more challenging task is to evolve BYMO mutants
that invert the natural migratory tendency of o-bonds in
Baeyer-Villiger reactions with formation of so-called “abnormal”
products. Very few exceptions to the general rule have been noted
using synthetic reagents or catalysts, these examples generally
involving unusual structural features of the starting ketones.>*’
In the case of BVMOs, exceptions are also known, but here again
built-in bias due to the structural characteristics of the ketone
generally plays the dominant role, as in the case of some strained
bicyclic substrates®® or certain B-hydroxy- or B-aminoketones.”
Thus, it would be an outstanding achievement if the abnormal
product were to be formed when reacting such substrates as
phenyl acetone or 2-alkylcyclohexanones. To date this ambitious
goal has not been reached. However, by screening a collection
of different BVMOs, it was discovered that the reaction of
2-butanone provided mainly methyl propanoate as the abnormal
product,”* an encouraging sign that general reversal by means of
directed evolution could become reality in future studies.

An unusual switch in site-selective o-bond migration was
recently achieved by applying protein engineering to the CHMO
from Arthrobacter sp. as catalyst in the Baeyer-Villiger oxidation
of (+)-trans-dihydrocarvone (54) (Scheme 18).”° Previously it had
been reported that WT CHMO-Arthro delivers not the expected
normal product 56, but exclusively the abnormal lactone 55,
while the enantiomeric substrate (—)-trans-dihydrocarvone
leads solely to the normal product.”® It should be noted that
reactions of both enantiomers catalyzed by a synthetic catalyst
comprising a Sn-zeolite lead solely to the normal product.”” The
goal of the recent biocatalysis study was to induce the BVMO to
catalyze formation of the normal product 56, which was accom-
plished by a combination of directed evolution and rational
design. X-ray structural data of open and closed CHMOs,”®
homology modeling of the closed and rotated enzyme confor-
mations, and consideration of the BVMO mechanism®*’° were
used as a guide in this endeavor.”” Then 16 residues most likely
to be responsible for placing the substrate in the binding
pocket for smooth reactions to occur were considered for alanine

0 CHMOAnhro d
/5\ 02+NADPH H,0+NADP+ A

54

Scheme 18 CHMO-Arthro catalyzed Baeyer-Villiger oxidation of
(+)-trans-dihydrocarvone (54) with formation of the formal “abnormal”
product 55 generated by the WT enzyme and normal product 56 provided
by an evolved mutant thereof.”®
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scanning. Formation and screening of 13 mutants led to the
identification of variant F299A, which was 59% selective for the
normal product 56 (Scheme 18). Instead of performing saturation
mutagenesis at this obvious hot spot, the authors preferred to
pursue the search for better mutants by rational design. One of
the best variants proved to be F299A/F330A/F485A, which is 99%
selective in favor of the normal product 56.”°

This study nicely demonstrates that the combination of
directed evolution and rational design, both guided by X-ray
structural data and mechanistic knowledge, can lead to a
complete switch in regioselectivity of a BYMO.”® Although in
this particular case the WT enzyme favors the abnormal product,
for reasons that are not well understood, and the engineered
variant delivers the normal lactone, important mechanistic
lessons were learned.

Conclusions

Enzymes are ideally suited for achieving high site-selectivity in
many types of transformations of interest to organic chemists,
but unfortunately a given wild-type (WT) often does not show the
catalytic profile that the researcher aims for. In these cases directed
evolution offers an optimal means to solve such problems. It has
been shown that essentially any mutagenesis technique can be
successful, including epPCR, DNA shuffling and saturation
mutagenesis.'® However, since the labor-intensive bottleneck
is the screening step, much effort has gone into methodology
development aimed at ensuring small and highest-quality
mutant libraries which require minimal screening.'®2%>"2%29
The last 10 years have shown that structure-guided saturation
mutagenesis at sites lining the binding pocket constitutes the
method of choice, often in an iterative manner (CAST/ISM).
However, epPCR-based random mutagenesis can also lead to
mutations near the binding pocket, but also at remote sites
which likewise influence activity as well as regio- and
stereoselectivity.'® For this reason a new technique was recently
developed in which ePCR and CASTing are performed simulta-
neously in a single one-step molecular biological process.®
Applying epPCR and saturation mutagenesis sequentially is
well known,'® but the simultaneous technique may prove to
be superior. It remains to be seen how beneficial this approach
is in evolving site-selectivity of enzymes in general.

Structure guided saturation mutagenesis is illustrated and
analyzed in the present review by featuring representative
examples encompassing cytochrome P450 monooxygenases,
halogenases and Baeyer-Villiger monooxygenases as catalysts
in regioselective (site-selective) transformations. Site-selectivity
has also been engineered using other types of enzymes;'® recent
publications reporting regioselectivity include glycoside hydrolase
in potential universal blood formation,®'*
cine production®”
formation,®'¢
formation,*¢ sugar invertase in the production of p-psicose from
sucrose,®'® sialyltransferase in the formation of o-2,3- and
o-2,6-sialyl human milk oligosaccharides,®" nitroreductase in

glycosidase in vac-
or in 2-O-p-glucopyranosyl-L-ascorbic acid
tetralose phosphorylase in B-galactose-1-phosphate

3926 | Chem. Commun., 2017, 53, 3916-3928

View Article Online

Feature Article

mono-reduction of dinitro compounds,®¥ P450-induced
nitration®” and desaturase for introducing olefinic functions
in fatty acids.®’ Researchers wanting to engineer biocatalytic
site-selectivity in future work, possibly involving simultaneous
stereoselectivity, can profit from computational techniques®?
and from the experience gained in the directed evolution of the
three types of enzymes discussed in the present review.
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