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1. Introduction

The attention of the biotechnology community has been attracted by
the emerging availability of new biocatalysts for the synthesis of
complex molecules (Turner and Truppo, 2013a). The idea of coupling
one or more enzymes to promote biotransformation in a cascade of
reactions is a strategy of choice when searching for environmentally
benign and sustainable chemical processes (Oroz-Guinea and Garcia-
Junceda, 2013). The synergistic action of several enzymes can currently
be achieved by applying protein engineering and the logical enzymatic
combinations present in genome sequences (Davids et al., 2013). How-
ever, the complexity of life and chemical processes makes the enzymatic
cascades a large challenge for the multigram-scale production of highly
valuable chiral compounds. To overcome these issues, nature's
efficiency proved unbeatable and has been used to inspire pathways
to synthesize terpenes, alkaloids, fatty acids, sugars and other secondary
metabolites (Conrado et al., 2008).

Herein, we illustrate multi- and chemoenzymatic approaches to
build the core moieties of polyethers, polypeptide alkaloids, piperidines
and pyrrolidines promoted by the joint action of oxidoreductases,
hydrolases, cyclases, transaminases and imine reductases.

We will first focus on the piperidine and pyrrolidine alkaloids, which
are secondary metabolites and ubiquitous to a wide diversity of plants
and insects. These compounds are well described in the literature, main-
ly due to their biological activities and enantiopure alkaloids are highly
valued. Moreover, information generated during the past decade make
it possible to apply genome-encoded sequences to build molecules of
higher complexity such as the polyethers and polypeptide alkaloids,
which are discussed in the last section of this review.

2. Piperidine and pyrrolidine alkaloids

Alkaloids are a large group of secondary metabolites found in micro-
organisms, plants and animals. Their diverse biological activities are
related to survival and communication (Cushnie et al., 2014).

Despite their structural diversity, alkaloids share many physical and
chemical properties. They are derived from amino acids, possess at least
one basic heterocyclic amine which makes them readily accessible for
hydrogen bonds within proteins, enzymes and receptors.

The discovery of alkaloids in the 19th century led to a great surge of
interest in natural product chemistry, and, to date, more than 18,000 al-
kaloids have been discovered. Some of the most important alkaloids,
such as piperidine, pyrrolidine, indolizidine, quinolizidine and pyrrolizi-
dine, have piperidine or pyrrolidine core moieties. These rings are
present in many structurally complex alkaloids, although simple
substituted piperidines and pyrrolidines are often biologically active
compounds (Aniszewski, 2007).

Examples of such compounds include the following: piperine, which
is responsible for the spicy flavors of peppers; nicotine and anabasine,

sagges

Piperine

1

L

H
Coniine

“)

which are found in tobacco; coniine, the highly toxic alkaloid that is
present in Conium maculatum and is responsible for the poisoning
and death of the famous philosopher Socrates; and ant venom
pseudoalkaloids from the Solenopsis genus (popularly known as fire
ants) (Fig. 1).

2.1. Biosynthetic pathways

True alkaloids, by definition, have amino acids as their natural
precursors, thus piperidine and pyrrolidine are derived from L-lysine
and L-ornithine respectively (Cordell, 2013), while pseudo piperidine
alkaloids acquire their nitrogen atoms via transamination (Aniszewski,
2007). The general biosynthetic pathways of these alkaloids will be
further discussed in the next sections.

2.1.1. Piperidine alkaloids

Piperidine alkaloids derived from lysine are denominated “true
alkaloids” because their nitrogen atoms come from an amino acid. Only
a few amino acids act as precursors in alkaloid biosynthesis, and L-lysine
is one of the most significant. During biosynthetic processes, L-lysine is en-
gaged in the biosynthesis of at least three alkaloidal core moieties: piper-
idine (CsN), indolizine (CsNC3) and quinolizidine (CsNC,4) (Aniszewski,
2007; Gupta et al.,, 1969; Szoke et al., 2013).

In the piperidine biosynthetic pathway, L-lysine (6) is first
decarboxylated to cadaverine (7) in the presence of pyridoxal phos-
phate (PLP). Cadaverine (7) thus undergoes an oxidative deamination
catalyzed by diamine oxidase, producing the corresponding amino
aldehyde (8). The amino aldehyde 8 undergoes cyclization, resulting in
the cyclic imine A!-piperideine (9), which is the key intermediate in pi-
peridine alkaloid biosynthesis (Scheme 1). Alternatively, A'-piperideine
can also be obtained by cyclization of the cadaverine-PLP decarboxylated
complex (Szoke et al., 2013).

Al-piperideine may undergo a series of sequential reactions to
produce a myriad of piperidine alkaloids. For example, the reduction
of Al-piperideine and coupling with piperic acid (piperic acid-CoA
ester, 10) produces piperine (1), an N-substituted piperidine alkaloid
(Scheme 2) (Geisler and Gross, 1990). Al-piperideine may also undergo
nucleophilic addition to provide 2-substituted piperidine alkaloids,
such as anabasine (3) and pelletierine (11) (Scheme 3). An intramolec-
ular Mannich reaction of N-methyl pelletierine (12) produces
pseudopelletierine (13), the main alkaloid found in the root-bark of
the pomegranate tree (Punica granatum). Moreover, the intermolecular
Mannich reaction of N-methyl pelletierine with another molecule of
A'-piperideine produces anaferine (14) (Szoke et al.,, 2013).

2.1.2. Pyrrolidine alkaloids
L-Ornithine (15) is the intermediate precursor to pyrrolidine (C4N),
pyrrolizidine (C4NC3) and tropane (C4N +) alkaloids in plants. This

A Q A (Nj
| \ | J H
o
N
Nicotine

N
Anabasine
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©)

Fig. 1. Examples of piperidine and pyrrolidine alkaloids.
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Scheme 1. Concise biosynthetic pathway to A'-piperideine (9), the key intermediate in piperidine alkaloid biosynthesis. PLP: pyridoxal phosphate; DAO: diamine oxidase; SBF: Schiff base

formation.
O ] O D/V\)‘\ SCoA D/V\)J\ O

Piperoyl-CoA (10) Piperine (1
(piperic acid- CoA ester)

Scheme 2. Biosynthetic pathway to piperine (1): A'-piperideine (9) and piperic acid coupling (10).

acetoacetyl-CoA
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N
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N (0]
|
N-methylpelletierine (12) Pseudopelletierine (13)

Scheme 3. Concise biosynthetic pathways to anabasine (3), pelletierine (11), pseudopelletierine (13) and anaferine (14): nucleophilic addition to A!-piperideine and Mannich reactions.
SAM: S-adenosyl methionine; MR: Mannich reaction.

non-protein amino acid is derived from L-glutamic acid and initiates the decarboxylated complex (Aniszewski, 2007; Philipov and Doncheva,

biosynthesis through a PLP-mediated decarboxylation, producing pu- 2013).

trescine (16). Thus, putrescine is methylated by S-adenosyl methionine The N-methyl-1-pyrrolinium cation (19) is then readily converted to
(SAM) to give N-methylputrescine (17), which is oxidized to the hygrine (20) by acetylation. Hygrine is the first alkaloid in this biosyn-
amino aldehyde 18 by diamine oxidase and cyclizes to the N-methyl- thetic route, and many tropane alkaloids are synthesized from hygrine

1-pyrrolinium cation (19). The N-methyl-1-pyrrolinium cation (19) by way of acetyl CoA, hydrolysis and intramolecular Mannich reactions.
is the key intermediate in pyrrolidine alkaloid biosynthesis These alkaloids include cuscohygrine (21), tropinone (21) and cocaine
(Scheme 4). Alternatively, this key intermediate may also be obtained (23), which present outstanding biological activities, particularly as
through methylation, followed by cyclization, of the putrescine-PLP neurotransmitters (Hoye et al., 2000; Philipov and Doncheva, 2013).

4_\\ SAM
NH, NHz NH  NH2
PLE putrescine ! | SBF
-CO, (16) N-methylputrescine (18)

COOH () / @/\

NH, NHa N

‘ |

L-ornithine N-methylpyrrolinium

(15) (19)

Scheme 4. General biosynthetic pathway to N-methyl-1-pyrrolinium cation (19), the key intermediate in pyrrolidine alkaloid biosynthesis. PLP: pyridoxal phosphate; SAM: S-adenosy!
methionine; DAO: diamine oxidase; SBF: Schiff base formation.
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SCoA 1) 2 acetyl-SCoA nicotinic acid
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3) intra-MR
0 . 0
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Scheme 5. Concise biosynthetic pathways to hygrine (20), cuscohygrine (21), tropinone (22), cocaine (23) and nicotine (2). MR: Mannich reaction; SAM: S-adenosyl methionine.

Additionally, other monosubstituted pyrrolidine alkaloids, such as nico-
tine (2), are obtained by nucleophilic addition to 19 (Scheme 5) (Bush
et al,, 1999).

2.1.3. Piperidine pseudoalkaloids

Some piperidine-containing alkaloids are not derived from amino
acids and are thus classified as pseudoalkaloids. They commonly have
a biosynthetic origin from acetate, and the nitrogen atom is inserted
via transamination. The best-known examples are pinidine (24),
coniine (4) and solenopsin alkaloids (5).

The proposed biosynthetic pathway for these alkaloids (Binev, 2013;
Leclercq et al., 1996; Leete and Juneau, 1969) involves the cyclization of
diketones or ketoaldehydes derived from the linear combination of
acetate units. The introduction of an amino group with a subsequent
intramolecular cyclization and imine reduction yields the piperidine
alkaloids (Scheme 6).

Therefore, it is clear that cyclization plays an important role in the
biosynthesis of piperidine and pyrrolidine true alkaloids, which leads
to the key intermediates Al-piperideine (9) and N-methyl-1-
pyrrolinium cation (19). Moreover, the piperidine pseudoalkaloid bio-
synthetic pathway shows that aminoaldehydes or aminoketones, the
common precursors of 9 and 19, respectively, can also have an acetate
origin instead of an amino acid origin.

Furthermore, the biosynthetic pathways presented here should in-
spire several chemo- and multi-enzymatic processes for the in lab pro-
duction of piperidine and pyrrolidine alkaloids, which are discussed
further in the next sections.

2.2. Biocatalytic approach to the synthesis of piperidine and pyrrolidine
alkaloids

The asymmetric syntheses of piperidine and pyrrolidine alkaloids
have been performed using chiral chemical catalysts, leading to
enantiomerically pure products in appreciable yields (Abrunhosa-
Thomas et al., 2013; Amat et al.,, 2003; Bhat and Tilve, 2013; Buffat,
2004; Mix and Blechert, 2007; Vu et al., 2013). However, enzymatic pro-
cesses have gained popularity due to the requirements of mild reaction
conditions and high stereoselectivity, which follow the 12 Principles of
Green Chemistry.

The key step in piperidine and pyrrolidine alkaloid biosynthetic
pathways involves the spontaneous cyclization of aminoketones or
aminoaldehydes. Biotechnologically, these compounds can be readily
obtained by enzymatic transamination of the respective diketones or
ketoaldehydes using m-transaminases. Moreover, the transamination
of keto or aldehyde esters provides piperidones and pyrrolidones,
which can be further converted into their respective piperidines and
pyrrolidines (Kohls et al., 2014; Simon et al., 2014).

Sl (= O
OH “ 0NF “ N WISNTT AN
00 N

NH,

Pinidine (24)

i J/j\/\ATA J/1\/\ = (j\/\ e O
4 ;
)J\OH o” o HN" O N N7

Coniine (4)

om 1 —*Wﬂ’ W—WF O\MM’ %
00 O o N
OH n NH, n v N n ' H n

Solenopsins (5)

Scheme 6. Concise biosynthetic pathways to pinidine (24), coniine (4) and solenopsin alkaloids (5). ATA: transaminase; SBF: Schiff base formation; IRed: imine reductase.
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D-alanine pyruvate
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~

CO,Et

rac-25

2 NH
\--L/COzEt (R)y-o-ATA \‘,E):o
N O

(R)-26

NH,

O\\..L/Coza

3-phenylGABA
(27)

Scheme 7. Synthesis of enantiomerically enriched (R)-4-phenylpyrrolidin-2-one (26).

The dynamic kinetic resolution of 4-0xo-3-phenylbutyric acid ethyl
ester (25), applying a o-transaminase, was the first reported biocatalyt-
ic synthesis based on the principles above (Koszelewski et al., 2009).
The enzymatic transamination, followed by spontaneous cyclization of
25, produces the enantiomerically enriched (R)-4-phenylpyrrolidin-2-
one (26). The hydrolysis of 26 provides the corresponding acyclic
y-aminobutyric acid (GABA) analog (27) (Scheme 7).

Truppo et al. (2010) applied a similar approach aimed at solving
the irreversibility and product inhibition of reactions involving
o-transaminases. Ethyl 4-acetylbutyrate (28) was chosen as a model
substrate. Upon transamination, the aminoester product (29) spontane-
ously cyclizes to 6-methyl-2-piperidone (30), driving the reaction to
completion (Scheme 8).

Applying the same approach, a ®-transaminase (ATA-117) was used
to produce piperidone 33 by the reductive amination of ketodiester 31
and the spontaneous cyclization of aminodiester 32 (Scheme 9). The
piperidone 33 is a key intermediate in the production of an orexin
receptor antagonist (34), which is a promising candidate for sleep
regulation preclinical tests (Girardin et al., 2013).

A similar methodology was also applied as the key step in the syn-
thesis of niraparib (35), an orally active poly(ADP-ribose)polymerase

inhibitor with potential anticancer activity (Chung et al., 2013). In this
case, transamination was obtained with aldehyde 36 and ATA-301,
resulting in the lactam 37 in 82% yield and >99% ee. However, aldehyde
36 is quite unstable, and this methodology was adapted to the use of a
bisulfite adduct (38), which releases the parent aldehyde in situ under
the basic reaction conditions (Scheme 10).

However, the first example of diketone monoamination followed
by spontaneous cyclization, leading to a Al-piperideine intermediate,
was described by Simon et al. (2012). In their work, the regio- and
stereoselective monoamination of several 1,5-diketones (39a-e,
Scheme 11) were evaluated using six enantioselective whole-cell trans-
aminases. The authors reported that the transamination occurs prefer-
entially in the less hindered carbonyl moiety (methyl ketone)
producing piperideines 42a-e (Scheme 11). Moreover, the reactions
were, in most cases, perfectly enantioselective (>99% ee) and the
product stereochemistry can be easily controlled by using transami-
nases of different enantioselectivities.

Furthermore, the enantiopure piperideines (42a-e) obtained were
readily hydrogenated (H,, Pd/C), yielding cis-piperidines with high
diastereoselectivity (>99% de). The preparative synthetic potential of
this method was demonstrated in the synthesis of the natural alkaloid

Q Q o-ATA NH, O /(l
Moa )\/\)J\OE'[ N e
28 NH, O 29
8 fO @9 (R)-30 (ATA-117)

(S)-30 (ATA-113)
(>90% yield, >99% ee)

Scheme 8. Transamination of ethyl 4-acetylbutyrate (28) followed by spontaneous cyclization to 6-methyl-2-piperidone (30), using isopropylamine as the amine donor.

OMe ,
ATA-117 '
\H/\J?( \/\I(OMQ' H%OMe
alanlne pyruvate O O
(31) (32) (33)
F
(34)

Scheme 9. Enzymatic synthesis of piperidine 33 by transamination and spontaneous cyclization of ketodiester 31.
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Scheme 10. Biocatalytic approach for the enantioselective synthesis of niraparib (35). Reaction conditions: (a) ATA-301 (50 wt.%), PLP, i-PrNH,, pH 10.5 buffer, DMSO, 45 °C, 42 h. (b) Same
conditions as in (a); however, using ATA-302 (35 wt.%).

R R.
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)J\/\/U\ GATA el 2 +
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Scheme 11. Regioselective monoamination of 1,5-diketones (39a-e) catalyzed by w-transaminases (®»-ATA).

254 (+)-dihydropinidine ((2S,6R)-44a), a potential antifeedant against the Ant venom alkaloids, such as solenopsins and isosolenopsins, are an 258
255  pine weevil Hylobius abietis, and its enantiomer (2R,65)-44a, which important group of natural products with outstanding biological activi- 259
256 were obtained in 94% and 85% yield, respectively, over two steps ties (Fox et al., 2012; Pianaro et al., 2012). In this context, the above 260
257 (Scheme 12, reaction condition c). chemoenzymatic methodology was also applied to isosolenopsin (47) 261

(2S)-42a (2R)-42a

d [ () | (€ |

| l
Fo BN o U s B o W

N
H H H
(25,6S)-44a (2S,6R)-44a (2R,6S)-44a (2R,6R)-44a

Scheme 12. Chemoenzymatic synthesis of all four stereoisomers of the alkaloids dihydropinidine and epi-dihydropinidine 44a. Reagents and conditions: a) diketone 39a, ®-TA from
C. violaceum, PLP, NAD™, 1-alanine, ammonium formate, FDH, AlaDH; 26 h, 30 °C, 120 rpm; b) conducted as for (a), but with (R)-o-TA from Arthrobacter sp. and p-alanine; ¢) Pd/C, Ha,
4 h, 22 °C; d) EtsAl, LiAlH,4, THF, 78 °C, 2 h.
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. B (c)
0 o) (@) Ny N Y7
)K/\)LM/\ (25)-46 (2S,6R)-47
7
45 (b)
(45) ©) O
= Ny = S5
(2R)-46 (2R,65)-47

Scheme 13. Chemoenzymatic synthesis of both enantiomers of isosolenopsins (25,6R)-47 and (2R,6S)-47. Reagents and conditions: (a) diketone 45 dissolved in DMF (20 vol.-%), o-TA
from Arthrobacter citreus, PLP, NAD ™, 1-alanine, ammonium formate, FDH, AlaDH, 48 h, 40 °C, 700 rpm; (b) same as for (a), but with the »-TA from (R)-Arthrobacter sp. at 30 °C with

p-alanine and 20 vol.-% N-heptane, 5 vol.-% DMF; (c) Pd/C, H, (1 atm.), 4 h, 22 °C.

production from pentadecane-2,6-dione (45) (Simon et al., 2013a). The
initial low conversions were overcome by optimizing the biocatalytic
reaction conditions through medium engineering (temperature, pH
and co-solvent). This strategy afforded isosolenopsin (47) in optically
pure form, with an overall yield of 64-65% (Scheme 13).

Moreover, a new chemoenzymatic process for obtaining the trans
enantiomers of 2,6-dialkylpiperidines ((2S,6S)-44a and (2R,6R)-42a)
has been published (Simon et al., 2013b). The key step of this method-
ology involves the piperideine conformational change during the reduc-
tion step mediated by a Lewis acid (Scheme 12, reaction condition d).

So far, none of the methodologies addressed here, with the excep-
tion of those that remove the keto product derived from the amino
donor, apply cascade reactions that involve two or more enzymes.

In this context, O' Reilly et al. (2014) developed a multi-enzymatic
cascade process, involving transaminases and monoamine oxidases
(MAO-N), to obtain 2,5-disubstituted pyrrolidines (50) from the corre-
sponding 1,4-diketones (48) (Scheme 14). The use of a highly selective
o-transaminase, coupled with a diastereoselective MAO-N/NH5 - BH;
chemoenzymatic cascade, enables reactions to proceed with excellent
enantio- and diastereoselectivities (>94% ee; >98% de).

The success of this methodology relies on the complementary regio-
and stereoselectivity displayed by both enzymes: ®-TA is highly
selective for the less sterically demanding ketone (methyl or ethyl),
whereas MAO-N prefers the bulkier portion of the corresponding
pyrrolidine (phenyl moiety). Moreover, the compatibility of the two en-
zymes allows a one-pot reaction design.

Despite the one-pot multi-enzymatic approach, the step involving
MAO requires a prior non-selective chemical reduction of the pyrroline
intermediate for the subsequent enzymatic oxidation in a classical
chemoenzymatic dynamic kinetic resolution process (Scheme 14).

Therefore, a “pure” multi-enzymatic process can only be achieved
using reductases, such as imine reductases (IRED), which are responsi-
ble for imine reduction and depend on NAD(P)H as a cofactor. These

O

S)-o-TA
R, —(SroTA |
RS)W Re /Q\ RL

4s) ©

enzymes would be perfectly suited to piperidine and pyrrolidine alka-
loid syntheses because they prefer to catalyze piperideine and pyrroline
reductions.

Several studies have pointed to the successful reduction of cyclic
imines using imine reductases (Scheme 15) (Gand et al.,, 2014; Huber
et al., 2014; Leipold et al., 2013; Mitsukura et al., 2010, 2011, 2013;
Rodriguez-Mata et al., 2013; Scheller et al., 2014). However, multi-
enzymatic processes involving transaminase and imine reductase cas-
cades have not yet been reported.

Therefore, the biocatalytic processes inspired by the piperidine and
pyrrolidine alkaloid biosynthetic pathways involve transaminases as
the most important enzymes and spontaneous cyclization as the key
step to produce piperideine and pyrroline intermediates. Moreover,
monoamine oxidases and imine reductases can also be applied to mod-
ify the piperideine and pyrroline intermediates to their respective pi-
peridine and pyrrolidine alkaloids in a chemo- or multi-enzymatic
approach. The general catalytic properties of these three enzymes are
discussed further in the next sections.

2.3. Enzymes related to the proposed alkaloid biocatalytic synthesis

2.3.1. Transaminases

Transaminases belong to the family of pyridoxal phosphate-
dependent enzymes (PLP) and are ubiquitous to all organisms, primar-
ily participating in amino acid metabolism, but not exclusively. This en-
zyme class can be divided into four subgroups: I, II, IIl and IV. The
subgroups I, IIl, and IV encompass enzymes that transfer, exclusively,
the amino group from the ai-carbon of an amino acid and are named
a-transaminases. However, subgroup Il transaminases are capable of
transferring the amino group from a non-a-carboxylic carbon and are
conventionally named ®-transaminases (®-ATA) (Turner and Truppo,
2013b).

Final product

H
(25,5S)-50

Scheme 14. Chemoenzymatic process for the synthesis of 2,5-disubstituted pyrrolidines (50), using an (S)-selective ®-transaminase ((S)-w-ATA) and (S)-selective monoamine oxidases

((S)-MAO-N). Rs = methyl or ethyl, Ry = phenyl derivatives.
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P

(51 a-d)

(@) R=Me
(b) R=Ph
(a

(52 a-d) (83)

) R = p-methoxyphenyl
) R = p-fluorophenyl

MeO

MeO

(S)-IRed
ZN
(59) (60)

(SyIRed_ (j\ )-IRed O )-IRed
) (e Q o
H

(54) (85) (56)

(SHRed_ ©i;
(62)

(61)

Scheme 15. Examples of cyclic imine reductions catalyzed by an (S)-selective imino reductase from Streptomyces sp. GF3546.

Leipold et al., 2013.

The transaminase catalytic mechanism consists of two half-reactions
in a ping-pong format (Scheme 16). Initially, the internal aldimine
formed between a lysine residue of the protein and the aldehyde
group of PLP is replaced by an external aldimine formed between an
amino donor and PLP. A sequence of rearrangements culminates in
the formation and hydrolysis of the pyridoxamine intermediate
(PMP). The subsequent reaction of the PMP with an amino acceptor
starts the second half of the reverse reaction, regenerating PLP bound
to the enzyme and releasing the amino product (Turner and Truppo,
2013b; Willies, 2012).

Biotechnologically, the ®-ATA enzymes are more versatile than the
a-ATA enzymes and are applied to the resolution of racemic amines
and the asymmetric synthesis of amines from prochiral ketones
(Scheme 17). The latter application has received special attention and
is currently the preferred path leading to the production of chiral
amines on preparative scale. Industrially, transaminases have been
mainly used for the production of amino acids from ketoacids. However,
the main goal of recent research in this area has been the application of
these enzymes to produce chiral amines from the respective prochiral
ketones, exploring structural diversity at its full extent (Malik et al.,
2012; Mathew and Yun, 2012).

A notable recent example of a biotechnological process involving
transaminases was developed by Merck and Codexis and applies a ge-
netically improved transaminase for industrial production of the antidi-
abetic drug sitagliptin (64) (Savile et al., 2010). A variant of (R)-ATA117
(from Arthrobacter sp.) with 27 accumulated mutations was capable of

amino donor e}

0]
L \Hk fe}
ey o A

H\fN NH, H_-N
PLP PLP
NH,
Ri™ "Ry

-

converting the ketone precursor prositagliptin (63, 200 g L™1) to

sitagliptin, with an enantiomeric excess greater than 99.9% and in a :

92%yield in 50% DMSO (Scheme 18). Compared to the chemical process,
this biocatalytic process increased the overall yield by 10-13% and the

productivity by 53%. This process reduced the total waste generated :

by 19% and avoided the use of metallic catalysts.

2.3.2. Imine reductases

Imine reductases (IRed) catalyze the reduction of imines to their
respective amines, using NAD(P)H as a cofactor (Scheme 19a). The cat-
alytic mechanism of these enzymes is not fully elucidated because there
are only a few structural studies focused on them. However, Rodriguez-
Mata et al. (2013) proposed a simple mechanism for Streptomyces
kanamyceticus IRed based on proton transfer from an aspartic acid resi-
due to an N-imine, which activates the substrate for NAD(P)H hydride
transfer (Scheme 19b).

The enzymatic reduction of imines receives little attention due to the
lack of known enzymes with this specific activity. However, recent
studies involving asymmetric reduction of imines by Streptomyces,
Streptosporangium, Paenibacillus and Pseudomonas whole cells or re-
combinant enzymes, as well as their structural characterization, have
been published (Gand et al., 2014; Huber et al., 2014; Leipold et al.,
2013; Mitsukura et al., 2010, 2011, 2013; Rodriguez-Mata et al., 2013;
Scheller et al., 2014).

In addition to the scarce occurrence of imine reductases, the main
challenges to applying IREDs in biocatalysis include their low activity

0]

“oon

(PMP)

N HT\/NHz

/ot

R1Y , amino aceptor
|

HYN

PLP

Scheme 16. General catalytic mechanism of transaminases.
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Kinetic resolution

NH, (S)-0-ATA . I
-- . +
RL/E\RS / \' R Rs RL)LRS
» Y amline Ketone
rac-amine Amino  Co-product ( <) 50%
aceptor

Asymmetric synthesis
NH,

0 (S)-»-ATA
RL)L Re / ~ RL/'\

Ketone Amino  Co-product
donor <100%

Rg

(S)-amine

Scheme 17. Enzymatic systems applying (S)-o-transaminases. In a kinetic resolution process, (S)-w-ATA converts, preferentially, the (S)-amine to the corresponding ketone, as the
(R)-amine remains in solution. However, the process results in the enantiopure amine with a maximum yield of 50%. In the asymmetric synthesis, (S)-®-ATA may convert the prochiral
ketone to an enantiomerically pure amine with a yield up to 100%, depending on the equilibrium conditions.

NH, o 7

,~" destilation
F PN

N N
N%@ L ATA-117 variant N >\/ WNA

F;C

Prositagliptin F;C Sitagliptin
(63) (64)

Scheme 18. Asymmetric synthesis of sitagliptin (64) from the prochiral ketone 63 using a (R)-ATA117 variant.

(a)
P (R)-IRed
(P~ (o~
(65) i
NAD(P)H NAD(P)+  (R)-66

(b)

(0]
J d+

Asp OH"??\ (R)-IRed Asp” "0 HN )
HH O 0

NH XX

+.2

R N

NAD(P)H NAD(P)+

Scheme 19. Imine reductases. (a) Overall reaction for 2-methyl-1-pyrroline (65) reduction catalyzed by an (R)-selective imine reductase. (b) Catalytic mechanism proposed for the
Streptomyces kanamyceticus (R)-IRed.

Please cite this article as: Sigrist R, et al, Nature-inspired enzymatic cascades to build valuable compounds, Biotechnol Adv (2015), http://
dx.doi.org/10.1016/j.biotechadv.2015.03.010



http://dx.doi.org/10.1016/j.biotechadv.2015.03.010
http://dx.doi.org/10.1016/j.biotechadv.2015.03.010

376
377
378
379
380
381
382

10 R. Sigrist et al. / Biotechnology Advances xxx (2015) XXX-Xxx

Ra~ N’ R4 S-selective Rs\%» R4 2.3.3. Monoamine oxidases
/L MAO-N J\ Monoamine oxidases (MAO, EC 1.4.3.4) are flavin-dependent
R R / \ R R enzymes that catalyze the oxidation of C-N to C=N. The catalytic
! (S) = FAD FADH, 1 = mechanism involves the flavin-oxidized form (FAD), which mediates

the electron-transfer process via its reduced form (FADH,). The
oxidized cofactor is regenerated by molecular oxygen at the expense
of releasing hydrogen peroxide (Scheme 20) (Turner, 2012).

H,0, 0, Monoamine oxidase N from Aspergillus niger (MAO-N) is the most
studied MAO for biotechnological purposes. This enzyme was first
identified in 1995 by Schilling and Lerch (1995a, 1995b); however, the
wild-type enzyme only catalyzes the oxidation of simple amines, such
as butylamine, amylamine and benzylamine. Therefore, aiming to im-

Scheme 20. General catalytic reaction of monoamine oxidases.

and narrow substrate specificity. These features were primarily attribut- prove its substrate tolerance, MAO-N has been subjected to several
ed to a structure divergence between the evaluated imines and the ‘true’ rounds of directed evolution and screening to identify variants that
natural substrate, which has not yet been identified, or to the fact that possess the desirable activities.

imine reduction might occur in a promiscuous manner. Additionally, cy- Biotechnologically, MAO-N variants are applied to the deracemization
clic imine reduction is the main biotechnological application of IREDs, of both acyclic and cyclic amines in a chemoenzymatic approach (Turner,
and only a few studies have reported the reduction of acyclic imines 2011). The coupling of an enantioselective MAO-N with a nonselective
(Gand et al., 2014; Huber et al., 2014). chemical reducing agent enables the production of several chiral amines

(a) Chemo-enzymatic deracemization of amines via cyclic oxidation/reduction cascade

S-selective

MAO-N
\ &
Ra~ N’ R4

BH3-NH3 |

Accumulates

Examples of enantiopure alkaloids obtained by MAO-N/BH3-NH3 deracemization

OR-/\ __MAO-ND5 _ O\/\ (Ghislieri et al., 2013)
" BHyNH; N
H

- . (R)-Coniine
67 (}-Conline (85% yield, 90% e.e)

__MAO-ND9 (Ghislieri et al., 2013)
RQ—Q’“H BHy-NH, Q—Q
N
H

68 (+)-Eleaginine (R = H) (R)—Eleagin.ine (R=H)
69 (2)-Leptaflorin (R = OMe) (R)-Leptaflorin (R = OMe)
:@;;j Maonso j@;a] (Rowles et al., 2012)
+)-Crispine A R)-Crispine A
MeO
(Schrittwieser et al., 2014)
HO
OMe
71 (+)-Reticuline (S)-Reticuline

Scheme 21. Monoamine oxidases. a) Chemoenzymatic deracemization of amines using an S-selective MAO-N and BH3-NH3 as a nonselective chemical reducing agent. b) Deracemization
of alkaloids by the MAO-N/BH35-NHj cyclic cascade.
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Microcin B17 (76)

Fig. 2. Examples of nitrogen heterocycles with diverse pharmacological activities.

(Scheme 21a), including many alkaloids (Bechi et al., 2014; Foulkes et al.,
2011; Ghislieri et al., 2013; Kohler et al., 2012; Rowles et al., 2012;
Schrittwieser et al., 2014a, 2014b). Some examples are coniine (67),
eleaginine (68), leptaflorin (69), crispine A (70) and reticuline (71)
(Scheme 21b).

3. Azole-containing peptides

Azole rings are highly spread throughout natural products that
contain peptide scaffolds (Cragg and Newman, 2013; Fisch, 2013;
Nolan and Walsh, 2009). They are produced ubiquitously and comprise
the heterocyclic peptide family, which possesses thiazole, oxazole and
methylthiazole (and their precursor reduced partners thiazoline,
oxazoline and methylthiazoline) moieties.

Oxazole and thiazole alkaloids are widely known for their potential
pharmacological activity, including antitumor agents, such as
epothilone A (73) and bleomycin (Fischbach and Walsh, 2006; Gerth
et al., 1996; Schneider et al., 2003); antibiotics, such as patellamide A
(72), thiostrepton (74) and the microcins (76) (Fischbach and Walsh,
2006; Fu et al., 1998; Nolan and Walsh, 2009); competitive inhibitors,
such as myxothiazol (76) (Silakowski et al., 1999); and antifungals,
such as micafungin (Kathiravan et al., 2012), among others (Fig. 2).

@\f\ QL

"X el Y %

‘):[H/ Cyclization (JO /g\\<
T Yy
(,:B

X =0, Ser (Y =H)
X=8,Cys (Y= H) Thr (Y = Me)

—

N s

3.1. General biosynthetic pathway

Oxazole and thiazole alkaloids are nitrogen heterocycles classified as
azoles. Azoles can contain additional elements, such as sulfur and oxygen.
The natural products containing peptide alkaloids are biosynthesized by
multi-modular non-ribosomal peptide synthetases (NRPS) and hybrid
PKS-NRPS (Nolan and Walsh, 2009). In addition to the nonribosomal
peptides, ribosomally synthesized and posttranslationally modified pep-
tides (RiPPs) are a powerful source of thiopeptides and linear azole-
containing peptides (LAPs), which include cyanobactins and microcins
(Banala et al., 2013; Nolan and Walsh, 2009).

The primary structure of a nonribosomal peptide is dictated by the
organization of the modular NRPS (Schwarzer and Marahiel, 2001).
Optional domains lead to modification of the anchored amino acids, and
the heterocyclization promoted by cyclization (Cy) domains generate
structural variation in the peptide backbone. Conversely, the RiP peptides
are products of the maturation of ribosomal protein precursors.

The NRPs and RiPPs containing cysteine (Cys), serine (Ser) and threo-
nine (Thr) residues are ideal substrates for enzymatic heterocyclization,
with Cys-heterocyclization occurring faster than Ser- and Thr-
heterocyclization due to the nucleophilicity of sulfur (Belshaw et al.,
1998; Nolan and Walsh, 2009). The cyclization is instantly followed by
dehydration of the hydroxyl-containing intermediate, resulting in an

Oxazoline

Dehydration X=0,
X=8, Th|azo||ne
Y=H M

e

H,0 R

Reduction Dehydrogenation
FMNH,

W\«

o

X =0, Oxazolidine -
X = 8, Thiazolidine (0] )>§ = (S) f“)l(lgig::
Y =H, Me Y =H,

Scheme 22. Proposed mechanism for the enzymatic cyclodehydration of serine and cysteine/threonine residues to oxazolines or thiazolines. FMN-dependent dehydrogenation results in
oxazole/thiazole five-membered rings, whereas reduction results in oxazolidines/thiazolidines.

dx.doi.org/10.1016/j.biotechadv.2015.03.010

Please cite this article as: Sigrist R, et al, Nature-inspired enzymatic cascades to build valuable compounds, Biotechnol Adv (2015), http://

422

423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443


http://dx.doi.org/10.1016/j.biotechadv.2015.03.010
http://dx.doi.org/10.1016/j.biotechadv.2015.03.010

447

463

464
465
466
467
468
469
470
471

473
474
475
476
477
478
479
480

12 R. Sigrist et al. / Biotechnology Advances xxx (2015) XXX-Xxx

oxazoline (Ser/Thr) or thiazoline (Cys) ring. Subsequently, azoline
oxidation to the azole is carried out by an FMN-containing oxidase. Alter-
natively, a reductase can promote azol(idin)e formation (Scheme 22).

Microcin B17 (76) was the first azole-containing peptide surveyed to
provide insight into the heterocyclization biosynthetic pathway (Li et al.,,
1996; Melby et al., 2011; Nolan and Walsh, 2009). Other studies related to
thiazole/oxazole heterocyclization (Crosa and Walsh, 2002; Kelly et al.,
2009; Liao et al., 2009) and other azole structures (Braunshausen and
Seebeck, 2011; Seebeck, 2010) helped elucidate the reaction mechanism,
identify the genes responsible for the enzyme machinery and obtain new
biologically active compounds (Baltz, 2006; Kwon et al., 2012; Patel and
Walsh, 2001; Roy et al,, 1999; Walsh et al,, 2001, 2012).

Because naturally the individual catalytic domains involved in
heterocyclizaton have autonomy to promote amide bond formation
and cyclization of the newly formed amide, they are excellent candi-
dates to be employed in the synthesis of valuable and complex building
blocks through enzymatic cascades (Burkart and Tao, 2008; Chotani
et al., 2000; Lopez-Gallego and Schmidt-Dannert, 2010). Some success-
ful designs will be discussed in the next section.

3.2. In vitro cascade processes leading to peptide alkaloids

Studies to elucidate the assembly line for piochelin (77) led to the
identification of four genes (PchD, E, F and G) that encode the enzymes
required for the complete synthesis of the peptide in a modular NRPS of
Pseudomonas aeruginosa (Reimmann et al., 1997, 1998, 2001). The
in vitro reconstruction of piochelin from salicylate and two molecules
of L-cysteine was successfully promoted in a one-pot reaction by Patel
and Walsh (2001). In this cascade, 11 catalytic domains participate in
at least 13 chemical steps involving a multi-enzymatic approach.

The biosynthetic pathway involves the formation of two thiazoline
rings via Cys-cyclodehydration catalyzed by Cy domains in PchE and
PchF modules. The subsequent reduction of one five-membered ring,
mediated by a NADPH-dependent thiazoline reductase (PchG), led to
a thiazole-thiazolidine compound. For the final steps, a methyltransfer-
ase (MT) domain from PchF promotes N-methylation and cooperates
with a TE domain to release piochelin (Scheme 23).

A hybrid modular system containing cyclization (Cy) and oxidation
(0Ox) domains was designed by Duerfahrt et al. (2004) to evaluate the

&,

PchE-S

1st Cyclodehydratlon

PchE - Cy domain
HPT-S-PchE

OH S

OH S/HS
MT

Be® / S-PehF saAH sam

;B
HH

OH s o
CS -PchE PCP domain \/>\/(
N HN
zNwz/ o
PChF-S

S

cascade reaction and the activity of individual modules in thiazol(in)e/
oxazol(in)e heterocycle formation.

To evaluate the bimodular system (I), modules 1 (Ile-PCP) and 2
(Cy-Cys-PCP) from the bactracin biosystem were fused with a TE do-
main from tyrocidine C synthetase (BacA1-2-Te). The bimodular NRPS
was incubated with ATP, isoleucine and cysteine, and the expected
dipeptide IleCysThiazoline (78) was successfully obtained. Moreover,
two hybrid bimodular fusions (Il and III), one containing BacAl
(Ile-PCP) and the cyclization (Cy-Thr-PCP) module from mycobactin
and the other one containing BacA1 (Ile-PCP) and the cyclization-
oxidation (Cy-Cys-Ox-PCP) module from myxothiazol, were designed
to exploit the potential to combine Cy domain-containing modules
(Scheme 24). Both hybrid synthetases were capable of promoting prod-
uct accumulation, paving the way for the rational engineering of hybrid
synthetases to produce unprecedented peptide alkaloids.

4. Cyclic ethers from complex polyketides

Cyclic ether moieties are structural features of many bioactive
natural products. Cyclic ethers containing 5 to 9 members are found
particularly in polycyclic ethers, which comprise the polyether
ionophores and the marine polyether ladders (Gallimore, 2009). Both
classes of compounds contain oxygen-rich cores with low flexibility.
The ionophores are capable of chelating cations, forming lipid soluble
complexes capable of crossing biological membranes (Russell and
Houlihan, 2003). The marine polyethers are highly toxic molecules
with distinct ladder structures. Maitotoxin is the largest and the most
toxic known nonpolymeric natural product, and it consists of four ex-
tended fused-ring ladder systems (Gallimore, 2009; Gallimore and
Spencer, 2006).

4.1. General biosynthetic pathway

The biosynthesis of polyethers reveals important aspects on how na-
ture builds ether rings. It is known that, biosynthetically, an intriguing
cascade involving an oxidative cyclization process occurs to generate
THP, THF and O-cyclic rings in polyether ionophores. A stereoselective
oxidation promoted by a free-standing flavin monooxygenase and
followed by an epoxide ring opening promoted by hydrolases- cyclases

PchF

e}

Cys-S-PchF PchF

Cy-domain 2nd Cyclodehydration

PchG - Reductase Or S\’HS
° TN NoONTgO
S-PchF NAPD NADPH S-PchF

PchF - TE domain

/
HsC
Piochelin (77)

OH S/HS
N
N Nj\fo

OH

Scheme 23. Multi-enzymatic cascade reaction for the biosynthesis of piochelin (77). MT: methyltranferase; TE: thioesterase; Cy: cyclization; SAM: S-adenoylmethionine; NADPH: 3-

nicotinamide adenine dinucleotide phosphate.
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Cy-Cys-PCP Cy-Thr-PCP Cy-Cys-Ox-PCP
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-

lleCysThiazoline (78)

X

lleThrThiazoline (79)
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Scheme 24. Hybrid bimodular systems obtained by fusing modules from different enzymes: (I) bimodular original system; (II) hybrid bimodule containing a Cy domain from the mycobactin
biosynthetic gene that catalyzes oxazoline formation; (III) hybrid bimodule containing a Cy from the myxothiazol biosynthetic gene and an Ox domain that catalyzes thiazole formation.

(epoxide hydrolases) modifies an unsaturated precursor to form the
characteristic ether rings. This set of enzymes was shown to exert strong
control over the stereochemical course of epoxide ring opening in vivo
(Smith et al., 2008; Tosin et al., 2011) and in vitro (Minami et al.,
2012; Shichijo et al., 2008).

Both terrestrial and marine polyethers originated from the classic
polyketide pathway that evolves from the fatty acid biosynthetic path-
way. Polyketides are assembled from monomeric acyl-CoA subunits by
multimodular megasynthases. In a later step, the linear intermediates
can be modified by oxidation, reduction, alkylation, halogenation, cycli-
zation and microcyclization, among other transformations (Burkart and
Tao, 2008).

4.1.1. Polyether ionophores

All polyether ionophores contain THF or THP saturated rings that are
connected as spiroketal systems or separated by at least one single
bond. The most extensively studied polyether ionophores are monensin
(81 and 82) (Bhatt et al., 2005; Leadlay et al., 2001; Oliynyk et al., 2003)
and lasalocid (83) (Westley et al., 1974a, 1974b) (Fig. 3). In monensin
biosynthesis, a linear triene intermediate is oxidized to a triepoxide,
which then participates in a cascade of epoxide opening and ring clo-
sure, leading to the polycyclic structure containing a [5,6]-spirosystem
that in turn contains two THF rings and one THP ring. MonC was
identified as the oxidase, and MonBI and MonBII are broad acceptance
hydrolase cyclases (Oliynyk et al., 2003). It was shown that both
subunits of MonB act synergistically (Sato et al., 2011). Lasalocid biosyn-
thesis involves a linear diene intermediate, which is oxidized by LasC,
and the hydrolysis-cyclization step is promoted by a didomain enzyme,
which corresponds to a heterodimer where analogous subunits of
MonBI and MonBII are connected by a link (Minami et al., 2012).
Other ionophore gene clusters were found to carry similar epoxidase

Monensin A (81): R = Me
Monensin B (82): R=H

Lasalocid A (83)

Fig. 3. Polyether ionophores monensin and lasalocid.

(FMO) and epoxide hydrolases genes that direct the oxidative
cyclization process.

4.1.2. Marine polyethers

Marine polyethers, however, are highly distinctive compared with
ionophore polyethers. They feature five- to nine-membered rings, and
they all have contiguous fused ring systems, which confer a ladder-
like appearance. Brevetoxin (84) (Lin et al., 1981; Shimizu and Chou,
1986), maitotoxin (85) (Murata et al., 1994), and gymnocins A (86)
and B (87) (Satake et al.,, 2002, 2005) are just a few representatives of
the known ladder polyethers (Fig. 4). A similar model involving a linear
precursor, oxidation and hydrolysis, analogous to the antibiotic
polyethers, is believed to be involved in the oxidative cyclization pro-
cess for marine ladder polyethers (Gallimore, 2009; Vilotijevic and
Jamison, 2010). The fused ether rings in all known ladder polyethers fol-
low a rule of stereochemical uniformity that assumes that, in a
polyepoxide precursor of a given ladder polyether, all epoxides must
have identical absolute stereochemistry. This attribute is directly
reflected in the trans-syn-trans arrangement observed in the ring fusion
(Gallimore, 2009; Gallimore and Spencer, 2006; Vilotijevic and Jamison,
2010).

4.1.3. Regioselectivity in polyether cyclyzation

An interesting aspect observed during the lasalocid biosynthesis is
the regioselective step involved in the opening of the polyepoxide,
affording the THF-THP cyclic ethers (Matsuura et al.,, 2010). The
empirical guidelines dictated by Baldwin's rules are used to predict
the outcome of the ring forming process (Baldwin, 1976). According to
Baldwin's rules, the epoxide opening reaction of hydroxyepoxides
should favor the formation of the 5-exo-tet product, which corresponds
to the smaller cyclic ethers. The 6-endo-tet cyclization results in an ener-
getically disfavored process. LasB and other B enzymes that lead to the
formation of THP over THF cyclic rings have the ability to promote the
stabilization of the disfavored transition state (Scheme 25) (Matsuura
etal,, 2010; Smith et al., 2008). Similarly, the pre-brevetoxin polyepoxide
undergoes nine disfavored endo-tet closures, suggesting that an enzyme
is involved during the ring closure process to direct the cyclization
process (Vilotijevic and Jamison, 2010).

4.2. In vitro stereoselective polyether ring formation

Matsuura et al. (2010) explored several lasalocid epoxide analogs in
the hydrolysis reaction mediated by LasB and observed that when the
hydrolysis reaction of the bisepoxide intermediate is performed in the
presence of LasB, a THF-THP lasalocid-type product is formed as a result
of the endo-tet mechanism, whereas the treatment of this intermediate
under acidic conditions led to the THF-THF exo-tet cyclic compound
(Scheme 26). LasB has been shown to be highly influenced by the
epoxide stereochemistry. When diastereomeric epoxides were tested
in the enzyme-promoted cyclization, they observed THF formation for
the 18R,19R- and 18S,19S-epoxide units. However, in the second
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Scheme 26. Remarkable selectivity exerted by LasB during the ring closure process.

cyclization, THP formation was observed for the 22R,23R-epoxide,
following the same course observed for the natural product, whereas
THF formation was observed for the 22S,23S-epoxide. These results
reveal a remarkable selectivity exerted by the enzyme in the recognition
of the precursor and in the promotion of regioselective ring closure. The
group also provided evidence that individual domains of LasB catalyze
the epoxide opening cascade independently (Oikawa et al., 2011).
Additionally, relaxed substrate specificity was observed for this enzyme.

More recently, a sequential enzymatic epoxidation-hydrolysis-
cyclization experiment (Minami et al., 2012) showed that the epoxidase
LasC promotes two half-epoxidation reactions in the polyene precursor.
In the next step, LasB or a non-enzyme-promoted reaction led to the
formation of a THF-THP or THF-THF bicyclic system, respectively. All
together, the results suggest that only a few epoxidases and epoxide hy-
drolases are required to install multiple chiral centers in the biosynthe-
sis of polyether natural products.

Another very interesting feature of both FMN and epoxide
hydrolases, and other cyclases from polyethers is the relaxed substrate
acceptance, which distinguishes them from counterpart enzymes that
present narrow substrate acceptance. This constitutes a limitation to
their broad application in organic synthesis and to the development of

OMe
;/\/\OMG

Pederin (89)

industrial processes using B and C enzymes from polyethers as new
tools for stereoselective synthesis.

5. Miscellaneous
5.1. Pyrane synthases

As an additional tool in the establishment of THP rings in polyether
and non-polyether polyketides, Poplau et al. (2013) reported a PKS
component, termed pyrane synthase (PS) domain, that is capable of
promoting ring closure via an oxa-conjugate cyclization. All PS domains
known to date share the same overall architecture, suggesting their
presence as a strategy used by PKS to install cyclic moieties. The PS
from the pederin (89) biosynthetic pathway was hypothesized to par-
ticipate in the generation of the THP ether moiety. The thioester (90)
was predicted as a possible substrate for biotransformation. Enzyme as-
says with the putative substrate led to the formation of the expected
cyclization product (91). Because thioester (91) was used as a racemate
in the assay, a mixture of the syn-(91) and anti-(91) diastereomers in
88.6% ee and 66.8% ee, respectively, was obtained (Scheme 27). The ab-
solute stereochemistry of C3 was determined to be S, consistent with

Me,, . O S_A\YSNAC

(o}
syn-(91)

OH — R 66.8% ee

Me\toj_,uYSNAC

(0]
anti-(91)
88.6% ee

O._SNAC

(90)

Scheme 27. Stereoselective ring closure via oxa-conjugate cyclization promoted by a pyrane synthase.
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ambroxan (92)

sclareoloxide (97)

(+/-)-ambraoxide (93)

(+/-)-ambreinolide (98)

(+/-)-9-epi-ambraoxide (94)

(+/-)-9-epi-ambreinolide (99)

Scheme 28. Stereospecific synthesis of bi- and triheterocyclic terpenes promoted by ZmoSHC1 and AacSHC squalene-hopene cyclases.

that observed in pederin. This result shows that PS has a relaxed speci-
ficity for the outgoing C7 configuration. Additionally, it appears that PS
domains are capable of converting complex precursors into 5- and
6-membered cyclic ethers. Because the PS domain does not require
other PKS counterparts to be active, it represents an attractive tool for
chemoenzymatic synthesis.

5.2. Terpene synthases

Terpenoids are originated from polyisoprene precursors, with the
polycyclization being promoted by carbocation formation. The flexible
substrate is stabilized by terpene synthases that trigger the stereo-
selective carbon-carbon formation (Hammer et al., 2013). Class I
terpene synthases participate in the assembly of the diterpenoid taxol
and the antimalarial agent artemisinin. These cyclases operate in
phosphorylated substrates, whereas class Il terpene synthases promote
catalysis by the protonation of the terminal isoprene unit with a
Bransted acid (Siedenburg and Jendrossek, 2011).

Squalene-hopene cyclases are class II terpene cyclases known to pos-
sess high substrate tolerance, from C15 to C35 non-natural polyprenoids.
However, the possibility of promoting mono- or polyheterocyclization is a
most interesting and challenging process. In this context, Seitz et al.
(2013) explored the SHC ZmoSHC1 from Zymomonas mobilis and SHC
AacSHC from Alicyclobacillus acidocaldarius to stereoespecifically produce
lactones and cyclic enol ethers.

The primary alcohols homofarnesol and bishomofarnesol and the
tertiary alcohol nerolidol were converted to ambroxan (92), (&)-
ambraoxide (93) and (+)-9-epi-ambraoxide (94), and (—)-
caparrapioxide (95) and (—)-8-epi-caparrapioxide (96), respectively.
Farnesylacetone produced sclareoloxide (97), and bishomofarnesoic
acid produced a mixture of (4)-ambreinolide (98) and (4)-9-epi-
ambreinolide (99) (Scheme 28).

The noteworthy stereoselectivity, combined with the promiscuity
and evolvability of these synthases, supports them as a group of en-
zymes to be applied in the formation of C-X building blocks.

6. Conclusions

The multi-enzymatic approach to building complex molecules of
interest is a long-standing dream shared by academia and industry,
which is now ripe for consideration as an efficient tool for the prepara-
tion of chiral building blocks.

The past knowledge of natural product chemistry and biosynthetic
pathways has inspired numerous biocatalytic processes. Currently, the
logical approach encountered in nature is merging with current
advances in protein engineering and moving the applied biocatalysis
field towards the rational production of complex chiral building blocks.

The application of biocatalytic cascade processes will soon be an ad-
ditional tool to introduce chirality in the total synthesis of molecules
with unprecedented complexities.
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