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Preface

Natural products are one of the major sources of today’s drugs. In addition, they
provide intriguing insights into the taxonomy, evolution, biochemistry and social
behavior of organisms, and their remarkable structural and biogenetic diversity and
pharmacological properties are a rich inspiration for synthetic chemists. Tradition-
ally, natural products were prepared in the laboratory by organic synthetic strategies
using small molecules as reagents. This situation has changed today, since enzymes
are incorporated into many synthetic routes at the research and industrial scale.
Enzymes possess several advantages over most classical reagents: they are nontox-
ic, can be used at mild conditions and often exhibit exquisite stereo- and regios-
electivity. These properties make them ideally suited to aid the construction of
complex molecular scaffolds of natural products and their analogues. To fully
exploit their potential, research at the interface of biochemistry, molecular genetics
and organic synthesis is necessary. Biosynthetic studies uncover enzymatic cata-
lysts with remarkable properties, such as fluorination “reagents”, Diels-Alderases
and multimodular enzymes, where a single protein can catalyze dozens of individ-
ual reactions. Molecular biologists develop novel methods by which enzymes can
be improved in terms of substrate range, stability and turnover. In the field of
synthesis, the concept of “total biosynthesis” has emerged, in which natural pro-
ducts are generated in vitro using exclusively enzymes. Insights gained into enzy-
matic structure and mechanism also heavily inspire scientists in organic catalysis and
supramolecular chemistry to develop increasingly complex and efficient enzyme-like
synthetic tools.

This volume entitled “Natural Products via Enzymatic Reactions” presents the
current status of selected areas of this broad discipline. Contributors who are
leaders in their fields review enzymatic methodology and the range of applications
for natural product synthesis. Individual natural product classes, such as alkaloids,
polyketides or carbohydrates, will be individually discussed to provide deeper
insights into biosynthetic pathways and their potential to generate known and
novel compounds. Finally, synthetic strategies of chemists and nature are com-
pared, and recent breakthroughs in total biosynthesis will be highlighted. The
chapters reflect that these are exciting times for chemistry, when researchers from

ix
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diverse methodological backgrounds merge their expertise to create new ways of
effective and sustainable synthesis.

Bonn, September 2010 Jorn Piel
University of Bonn
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Key Building Blocks via Enzyme-Mediated
Synthesis

Thomas Fischer and Jorg Pietruszka

Abstract Biocatalytic approaches to valuable building blocks in organic synthesis
have emerged as an important tool in the last few years. While first applications
were mainly based on hydrolases, other enzyme classes such as oxidoreductases or
lyases moved into the focus of research. Nowadays, a vast number of biotransfor-
mations can be found in the chemical and pharmaceutical industries delivering fine
chemicals or drugs. The mild reaction conditions, high stereo-, regio-, and chemo-
selectivities, and the often shortened reaction pathways lead to economical and
ecological advantages of enzymatic conversions. Due to the enormous number of
enzyme-mediated syntheses, the present chapter is not meant to be a complete
review, but to deliver comprehensive insights into well established enzymatic
systems and recent advances in the application of enzymes in natural product
synthesis. Furthermore, it is focused on the most frequently used enzymes or
enzyme classes not covered elsewhere in the present volume.

Keywords Asymmetric catalysis, Biocatalysis, Chiral building blocks, Enzymes,
Natural products
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Abbreviations

2,5-/3,6-DKCMO  2,5-/3,6-Diketocamphane 1,2-monooxygenase

Ac Acetyl

ADH Alcohol dehydrogenase

BAL Benzaldehyde lyase

BVMO Baeyer—Villiger monooxygenase
CAL-B Candida antarctica lipase B

CHD Cyclohexadienediol

CHMO Cyclohexanone monooxygenase
CPMO Cyclopentanone monooxygenase
CYP450 Cytochrome P450 monooxygenase
DBU 1,8-Diazabicyclo[5.4.0]Jundec-7-ene
DERA 2-Deoxy-p-ribose 5-phosphate aldolase
DHAP Dihydroxyacetone phosphate

DKR Dynamic kinetic resolution

DMAP 4-N,N-Dimethylaminopyridin

EDC N-(3-Dimethylaminopropyl)-N'-ethylcarbodiimide
ee Enantiomeric excess

Et Ethyl

FDH Formate dehydrogenase

GDH Glucose dehydrogenase

GluDH Glutamate dehydrogenase

HHDH Halohydrin dehydrogenase

HNL Hydroxynitrile lyase

KRED Ketoreductase

Me Methyl

NCR NAD(P)H-dependent 2-cyclohexen-1-one reductase
n-Pe n-Pentyl

OYE Old yellow enzyme

PAL Pseudomonas aeruginosa lipase

PCC Pyridinium chlorochromate

PDC Pyruvate decarboxylase
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Ph Phenyl

PheDH Phenylalanine dehydrogenase
PMB p-Methoxybenzyl

PMP p-Methoxyphenyl

PPL Porcine pancreatic lipase

Pr Propyl

rac Racemic

TBS tert-Butyldimethylsilyl

1 Introduction

Nowadays, an increasing number of new pharmaceuticals have a natural lead
structure or are directly derived from nature [1—4]. Their often remarkable physio-
logical activities are frequently linked to structures bearing a number of stereogenic
centers. Consequently, asymmetric synthesis is becoming even more important
both in industry and in academic research [5, 6].

For providing chiral intermediates, different possibilities of asymmetric catalysis
have been established. Various examples of transition metal-catalyzed or organo-
catalytic reactions can be found in the literature [7-9]. Biocatalysis — the application
of isolated enzymes or whole cells in biotransformations — has a long historical
background, being already known in ancient Egypt and the Far East for the prepara-
tion of food and alcoholic beverages [8, 10]. Plants, fruit, and extracts thereof were
used for these purposes in the past, but they still find applications in recent research
[11-13]. For example, coconut water was investigated as a new biocatalytical
system for organic synthesis with some very promising results (Fig. 1) [14].

Major advances in the knowledge of biochemical pathways and the establish-
ment of computer-based predictions of three-dimensional structures of proteins led
to the development of new microbiological methods, such as rational protein design
or directed evolution, giving scientists the possibility to provide tailor-made bio-
catalysts [15—19]. These methodological works on the disclosure of new efficient
biocatalysts are not explicitly mentioned in this review unless they were applied in
natural product synthesis. Biotransformations do not always compete with known
chemical syntheses, but rather complement the portfolio of catalytic methods in
organic chemistry.

Enzymatic processes are basically considered to be environmentally benign due
to the mild reaction conditions needed and the high enantio-, regio-, and chemo-
selectivity of the enzymes. The ecological effect of using water as a solvent is quite
often counterbalanced by low solubility of the substrates, making organic solvent
resistant enzymes necessary [20], or by problems in downstream-processing, in
most cases extracting the product with huge amounts of organic solvents [21].
Nevertheless, a biotransformation can sometimes substitute heavy metal catalysts
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coconut juice
0 (Cocos nucifera L.)

o)
10008 nuciiera L) 66% yield
OEt /\)J\OH

¢

coconut juice

NHAc . NH
fera L. 2
(Cocos nucifera L.) /@/ 06°% yield
HO

HO :
coconut juice
o O (Cocos nucifera L.) /Oi)oj\ 78% yield
)J\/U\OEt T o~ “om  99%ee
O - OH
coconut juice
(Cocos nucifera L.) © 98% yield
99% ee
OMe OMe
e} coconut juice (6]
(Cocos nucifera L.) )
NHy, ———————————~ OH  34%yield

Fig. 1 Enzymatic reactions catalyzed by coconut juice (Cocos nucifera)

or raise immensely the efficiency of a process and thus deliver both ecological and
economical advantages.

In general there are two principle possibilities using a biocatalyst in organic
synthesis, namely as whole cells or as isolated enzymes — free or immobilized. The
advantages and disadvantages of each can be intensively discussed, but the outcome
of this consideration always depends on the whole system and the kind of applica-
tion. There are numerous examples of both and thus there is no partitioning between
whole cell biotransformation and isolated enzymes in this review.

Biocatalytic approaches to key building blocks in the synthesis of natural
products and pharmaceuticals have been reviewed and summarized in various
books in the last few years [22—48]. The variety of enzymes that were used is rising
day by day, so this chapter is only meant to be instructive, not complete. The
compilation is also restricted to the most frequently used enzyme classes, trying
to give brief insights by selected examples of some older, but mainly recent,
applications.

2 Lipases and Esterases in Organic Synthesis

Hydrolases are widely used enzymes in organic synthesis, with most applications
concentrating on lipases and esterases. This chapter discloses the possibilities of
asymmetric accesses to chiral building blocks for the synthesis of natural products
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using lipases and esterases. Other hydrolases, such as amidases or peptidases, are
not dealt with explicitly.

Asymmetric synthesis with lipases and esterases can basically be performed by
two different approaches — the desymmetrization of prochiral or meso compounds
and the enzymatic kinetic resolution of racemic mixtures. The main bottleneck of
kinetic resolutions, product yields of maximum 50%, can be overcome if an in situ
racemization of the starting material is possible. In this case all starting material can
theoretically be converted to the desired product [34].

2.1 Lipase-Catalyzed Desymmetrizations

Desymmetrization of prochiral or meso compounds is a powerful tool in organic
synthesis, yielding key building blocks with high enantiopurity [49]. Therefore,
chiral reagents or catalysts can be used to achieve the differentiation between
enantiotopic groups. Some of the enantioselective enzymatic desymmetrizations
using lipases that have been described in the literature represent interesting oppor-
tunities in natural product synthesis.

Enantiomerically pure cyclopropanes are a frequent motif in the structure of
natural products. Their synthesis is often demanding and many approaches have
been made [50, 51]. Porcine pancreatic lipase (PPL) was used for the stereoselec-
tive desymmetrization of a cyclopropane dibutanoate (Fig. 2). The asymmetric
hydrolysis of the meso compound yielded the corresponding enantiopure alcohol
almost quantitatively. The intermediate obtained was successfully applied in the
total synthesis of dictyopterenes A and C, sexual pheromones of brown algae [52],
and constanolactones (see below) [53].

Due to its structural complexity and interesting physiological activities as an
antifungal agent and especially as an immunosuppressive drug, the macrolide
rapamycin has been a target of many total syntheses [54-58]. In their approach,
Ley and co-workers used a lipase-catalyzed desymmetrization of a meso diol (Fig. 3).
In early studies, the selective acetylation of meso-2,4-dimethylpentane-1,5-diol
was achieved by a PPL immobilized on celite with moderate yields and 92%

P O
it L S §
Pr O/\Vﬁo O pHes g% O @/ OH
>99% ee
= v ()
dictyopterene A dictyopterene C

Fig. 2 Chemoenzymatic synthesis of dictyopterenes A and C
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Lipase PS-30
Z0A
HO\)\)VOH Ok ACOMOH
DME, 23°C 83% yield
HO.,, 99% ee

precursor of the C22—-C32
MeO i framework of rapamycin

rapamycin

Fig. 3 Enantioselective acylation catalyzed by porcine pancreatic lipase (PPL)

enantiomeric excess (ee) [59]. Later, advances in the enzymatic desymmetrization
led to the substitution of the catalyst with the also commercially available and
inexpensive Lipase PS-30, providing the monoacetate in 83% yield and 99% ee
[60, 61].

2.2 Kinetic Resolutions with Lipases and Esterases

Kinetic resolutions in general are regularly applied in organic synthesis. Since
enzymes are highly attractive for asymmetric synthesis, various types of biocata-
lysts have been used in enzymatic (dynamic) kinetic resolutions, but the focus will
remain on lipase- and esterase-mediated resolutions as the most common tools in
early steps of natural product syntheses.

The enantiomeric excess of substrate and product shifts during the course of a
kinetic resolution, making the determination of the efficiency of the reaction
dependent on the reaction time. Hence, two kinetic resolutions can only be com-
pared at the same extent of conversion [45, 62]. For a better comparison of two
reactions, equations for the calculation of the enantioselectivity were established
[63, 64]. In most cases, the enantiomeric excess of both substrate and product is
determined for greater accuracy, but the determination of one and the conversion
can also be used for the calculation of the E value (enantioselectivity):

Wl —c(ltee)] (-0 -ee) o)
In[l—c(1+ee,)| _ In[(1 —c)(A —eey)] _ ees/eep
E= In[1 —c(1—ee,)]’ E In[(1—c)(1+ees)]’ E n 1+ ee; M

1+ (eey/eep)



Key Building Blocks via Enzyme-Mediated Synthesis 7

E values above 100 are very inaccurate due to the logarithmic function, so that
usually such high enantioselectivities are stated as £ > 100. In these calculations
the E value increases with increasing enantioselectivity. For the enzymatic kinetic
resolutions, only E values greater than 20 indicate a potentially useful application in
organic synthesis.

However, this theoretical approach does not cover all side effects of applied
biocatalysis. The calculation of E values for enzyme mixtures or in systems with
inherent inhibitory effects must be handled with care. Nevertheless, calculating
E from (1) usually provides a very useful tool for estimating the efficiency of a
resolution system.

An example for the application of enzymatic kinetic resolutions with high
E values in natural product synthesis is the chemoenzymatic synthesis of the
northern half of epothilones (also see Sect. 4.1). Various lipases and esterases
could be found with outstanding enantioselectivity (up to >100); among these
were lipase B from Candida antarctica, a lipase from Burkholderia cepacia, a
lipase from Pseudomonas sp., and a lipase from Streptomyces diastochromogenes,
all affording the desired (S)-configurated alcohol with >99% enantiomeric excess
(Fig. 4) [65].

Allenes are versatile intermediates in organic synthesis and a variety of useful
applications has been established [66]. A very interesting feature of allenes is their
axial chirality along the cumulated diene system, so that optically active allenes
were frequently used in asymmetric synthesis, in most cases being prepared from
enantiomerically enriched precursors.

Since allenic systems are rather rare in nature, enzymatic approaches were hardly
investigated due to a lack of known organisms metabolizing these structures.
Recently, a mutant of a lipase from Pseudomonas aeruginosa (PAL) was generated
by directed evolution, which was applied in the kinetic resolution of an allenic
p-nitrophenolester [67]. Further investigations on the possibility of lipase-catalyzed
kinetic resolutions of allenes with different lipases led to the application of PPL in the
total synthesis of (—)-striatisporolide A, a fungal metabolite isolated from an

lipase / esterase
_PaSE I ERRIASE

OAc

50% conversion

O OH O >99% ee

epothilone C (R = H)
epothilone D (R = Me)

Fig. 4 Enzymatic kinetic resolution of epothilone precursors
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Australian Penicillium striatisporum strain (Fig. 5) [68]. Before, neither a synthetic
approach, nor the absolute configuration of this butenolide had been reported. Com-
bining the enzymatic kinetic resolution with a palladium(Il)-mediated racemization
[69] could lead to a highly efficient dynamic kinetic resolution (DKR) of allenes.

The complex tetramic acid lactam cylindramide was isolated from the marine
sponge Halichondria cylindrata and is known to possess a significant cytotoxic
activity against human B16 melanoma cells [70]. A chemoenzymatic access to the
characteristical substituted bicyclo[3.3.0]octane moiety was recently established,
using lipase PS (Amano) for an enzymatic kinetic resolution (Fig. 6) [71]. The
racemic diol was generated by a transannular Pd-catalyzed ring-closure of
cycloocta-1,5-diene and removal of the acetyl groups. The resolution step provided
the (1S,3aR,4S,6aR)-configured diol in 44% yield with 98% ee. Side products, the
monoacetate (8%) and the (1R,3aS.4R,6aS)-configured diacetate (38%), could
easily be separated by chromatography.

Psymberin (irciniastatin A), a cytotoxin of the pederin family, has been isolated
from the marine sponges Psammocinia sp. and Ircinia ramosa. Its highly cytostatic

O
PPL, vinyl butyrate
n—Pe OH ‘ n-Pe OH + n—Pe O)kPr
iPro0, rt 9

7% ee

|
N\I;Lo

(—)-striatisporolide A

Fig. 5 Enzymatic kinetic resolution of primary allenic alcohols

1) 5% Pd(OAc)z, Pb(OAc), HQ H 7 0Ac HO
© ACOH, 2 d, RT, 75% d:> lipase Amano PS (
2) Dowex 1x8, MeOH MTBE, 15 d /s
RT, 18 h, 99% H oH H oH
rac 44% yield
98% ee

cylindramide

Fig. 6 Enzymatic kinetic resolution in the total synthesis of cyclindramide
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rac 47% yield
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OH = N A, OH O
O OH

OH
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Fig. 7 Chemoenzymatic synthesis of PMB-protected psymberic acid

activity against various human cancer cell lines made it an attractive target for total
syntheses [72—74]. Lately, a chemoenzymatic approach by an esterase-catalyzed
kinetic resolution towards psymberic acid, one of the main structural elements of
psymberin, was disclosed [75]. A number of lipases and esterases was screened
affording esterase BS3 from Bacillus subtilis and commercially available esterase
001 (Codexis) as suitable biocatalysts for enantioselective hydrolysis. Especially
esterase 001 showed superior performance, yielding the protected psymberic acid
with 98% ee (Fig. 7).

The importance of enantiomerically pure cyclopropane derivatives has already
been pointed out (see Sect. 2.1) and many examples of lipase- or esterase-catalyzed
kinetic resolutions of cyclopropanes can be found in the literature, but, unfortu-
nately, high E values are scarce [76—84]. For instance, several lipases were screened
for their ability to perform a kinetic resolution of cyclopropylmethanols [85].

Among the enzymes tested, Candida antarctica lipase B (CAL-B) (commer-
cially available as Novozyme 435 or Chirazyme L-2) was the most efficient. For the
kinetic resolution of the corresponding acetate in tetrahydrofuran at 60°C, a com-
parably high E value was achieved (E = 44). Hence, this enzyme was applied in the
total synthesis of constanolactones A and B, marine oxylipins isolated from the red
algae Constantinea simplex [86]. An enantiomerically enriched cyclopropylmethanol
was submitted to enzymatic kinetic resolution after acetylation, giving the enantio-
pure (>98% ee) in good yield (76%) over the two steps (Fig. 8). Application of
enzymatic kinetic resolution to other cyclopropylmethanol derivatives delivered
the series with opposite cyclopropane configuration, yielding building blocks for
the total synthesis of solandelactones [87], halicholactone, and neohalicholactone
[88].

The kinetic resolution of 5-hydroxymethyl-2-cyclohexenone towards the total
synthesis of penienone, a fungal metabolite of Penicillium sp. no. 13 [89], has
been performed by using Lipase PS from B. cepacia for the acetylation of the
(S)-enantiomer, leaving the desired (R)-alcohol. As a main problem inherent with
enzymatic kinetic resolutions, the reaction yielded both products in a 1:1 mixture
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Fig. 8 Enzymatic kinetic resolution of cyclopropylmethanols
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Fig. 9 Enzymatic kinetic resolution in the chemoenzymatic synthesis of (—)-penienone

almost quantitatively. For prohibiting the loss of half of the starting material, the
acetate was racemized by hydrolysis with another lipase (PPL), followed by an
oxidation—reduction sequence yielding the racemic starting material for the kinetic
resolution (Fig. 9).

2.3 Dynamic Kinetic Resolutions with Lipases and Esterases

The enzymatic kinetic resolutions presented in Sect. 2.2 all clearly revealed the
bottleneck of kinetic resolutions, a maximum yield of 50% for the desired enan-
tiomer. In the total synthesis of penienone this problem was solved by choosing
a rather inconvenient multistep racemization of the isolated remaining starting
material.
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In modern biotransformations, the insufficient yield is optimized by establishing
an in situ racemization of the starting material, turning the system into a DKR
[90-92]. Due to the high enantioselectivity of some enzymes, the number of appli-
cations of DKR is increasing; especially the utilization of the readily available
lipases and esterases is most common. The racemization process can either be
realized by biocatalysts or by chemocatalytic approaches. In some cases, the addi-
tion of base or acidification can shift an existing equilibrium towards racemization
sufficiently. For catalyzed racemization, especially some ruthenium-complexes
were proven to show high compatibility with enzymatic systems [93]. Other
transition metals were also applied; for the DKR of allyl alcohols, an oxovanadium
(V) catalyst was used in combination with a lipase to give high yields with excellent
enantiomeric excesses [94].

The principle of kinetic resolutions (Fig. 10) can be explained by the different
rates of conversion for the different enantiomers. In the special case of a DKR, the
rate for the conversion of one enantiomer is many times higher (kg > ks). Without
the possibility of racemization of the starting material (k.. = 0), a kinetic resolution
with a maximum yield of 50% is observed. As soon as k;,. exceeds the rate for the
conversion of the unfavored enantiomer (k.. > ks), a DKR becomes efficient.

Bornscheuer and co-workers studied the lipase-catalyzed dynamic resolution of
acyloins, using miscellaneous amine bases and ion-exchangers for racemization
(Fig. 11) [95]. Unfortunately, acidic resins, e.g., Amberlyst 15, furnishing the
best results for racemization, also deactivated the enzyme. As a solution, a two-
compartment setup was established, separating ion exchanger and enzyme, the two
vessels being connected by a pump loop. The enzymatic resolution of the acyloin
and the racemization were thus carried out simultaneously furnishing a nice DKR
with good yields and enantioselectivities. The enantiomerically enriched acyloins
produced are important building blocks for natural products, e.g., epothilones [96].

(R)-substrate (R)-product

‘ Krac kg >> ks >“<

Fig. 10 Principle of dynamic ks
kinetic resolutions (S)-substrate —— > (S)-product

\/o\ﬂ/\/ o
o o )}\‘/\
)VPh ° A Pph P

Candida antarctica lipase B o
OH P OH 7
' (0]
ot > 90% yield
racemization >91% ee

Amberlyst 15

Fig. 11 Two-compartment enzymatic dynamic kinetic resolution of acyloins
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Fig. 12 Chemoenzymatic domino DKR and Diels—Alder reaction

Enzymatic DKRs have also been applied in domino one-pot processes [97]. The
combination of a lipase-catalyzed resolution with an intramolecular Diels—Alder
reaction led to interesting building blocks for the synthesis of natural products such
as compactin [98, 99] or forskolin [100-102]. A ruthenium catalyst is employed for
the racemization of the slow reacting enantiomer of the starting material. The DKR
with lipase B from C. antarctica delivered high enantiomeric excesses which could
mainly be contained through the Diels—Alder reaction (Fig. 12).

3 Enzymatic Reductions and Oxidations

In current research, oxidoreductases are second in the number of applications of
enzymes in organic synthesis. The number of commercially available biocatalysts
of this class has increased tremendously during the last few years and various
screening kits for oxidation and reduction are sold. Many oxidoreductases are
rather easy to handle, though, in contrast to hydrolases, they are dependent on
cofactors [22].

3.1 Chiral Alcohols Through Enantioselective Reduction

The chemoenzymatic synthesis of chiral alcohols is a field of major interest within
biocatalytic asymmetric conversions. A convenient access to secondary highly enan-
tiomerically enriched alcohols is the usage of alcohol dehydrogenases (ADHs)
(ketoreductases) for the stereoselective reduction of prochiral ketones. Here, as in
many other cases in asymmetric catalysis, enzymes are not always only an alternative
to chemical possibilities, but are rather complementary. Albeit biocatalysts might
sometimes seem to be more environmentally friendly, asymmetric ketone reduction
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with Noyori’s ruthenium catalysts [8, 103] or by chiral oxazaborolidins (Corey-
Bakshi-Shibata) [104] are known to be very efficient for many applications and do
not leave much room for improvement for these. Yet there are also examples in which
chemical asymmetric reduction fails or shows low selectivity [105].

Ketoreductases (KREDs) are dependent on nicotinamide cofactors NADH or
NADPH. Due to the reaction mechanism, these rather costly cofactors are needed in
stoichiometric amounts, disclosing an economic problem that has to be dealt with
when using these enzymes. Many different possibilities for cofactor recycling have
been established with three major approaches finding application in research and
industry (Fig. 13). Further regeneration systems, such as electrochemical methods,
are not discussed within this review [22-24, 37, 106—-108].

One possibility is the addition of a second substrate that itself is also a possible
substrate for the KRED being used. Most isolated enzymes are quite robust to
2-propanol as a substrate, so that in some systems 2-propanol concentrations of
more than 40% can be used, also bearing an improved solubility of the ketones
for conversion. However, on a larger scale the acetone formed can show inhibi-
tory effects. Removal of this by-product shifts the equilibrium of the reaction
towards the desired products and prohibits a competitive inhibition [109, 110].

A further opportunity for cofactor regeneration is the addition of a second
enzyme with a corresponding substrate to the reaction mixture. Often glucose
dehydrogenase (GDH) is used for this purpose, converting glucose to gluconate by
reducing the nicotinamide cofactor. Formate dehydrogenases (FDHs) also have a
broad spectrum of applications, bringing the advantage of catalyzing the oxidation

Recycling system A: coupled substrate

OH (0]

KRED )K

2-propanol acetone
NAD(P)*  NAD(P)H + H*

1) OH Recycling system B: coupled enzyme

KRED
R1J\R2 ; ~ R iRz
GDH / FDH
NAD(P)H + H* NAD(P)* glucose / formate gluconate / CO,

. NAD(P)* NAD(P)H + H*
cofactor recycling

Recycling system C: whole cells

multiple enzymes
carbon source CO,

NAD(P)*  NAD(P)H + H*

Fig. 13 Recycling of nicotinamide cofactors
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of formate to carbon dioxide, which by leaving the reaction mixture draws the
equilibrium to the desired side.

There is quite a lively discussion going on about the advantages and disadvan-
tages of the usage of whole cells for biocatalysis vs isolated enzymes [23, 24, 43].
Intact cells contain all enzymes and the cofactors needed for the biotransformation,
so that the addition of a carbon source should be sufficient. But whole cell
biotransformations also cause some problems. One aspect is the transport of the
substrate through the cell membrane, which might be a great hindrance. Partial lysis
of the cells by adding organic solvents to the reaction medium sometimes allows
transport of the substrate into the cell, but also provides a possibility of loss of the
cofactor from the inner cell. Conclusively it is hardly possible to tell whether whole
cell biotransformation or isolated enzymes are the method of choice, leading to both
methods being almost equally applied [23, 24].

Chiral secondary alcohols are main targets of biotransformations since they are
very common intermediates in various natural product syntheses. Often, kinetic or
DKRs using lipases are used to obtain these key building blocks. The asymmetric
reduction of prochiral ketones is more than an alternative to this approach. A huge
number of applications, in which KREDs are used for reduction, can be found in the
literature [22-24, 37]. For example, (R)-2-bromo-(4-nitrophenyl)ethanol, a precur-
sor to the f-blocker (R)-nifenalol, which was obtained by kinetic resolution in the
past, was conveniently synthesized in a direct approach from the corresponding
ketone using whole cells of Rhodotorula sp. AS2.2241 (Fig. 14). This ketone and a
number of derivatives thereof were converted with good yields and excellent
enantioselectivities [111].

Whole cells were also used as biocatalysts in the biocatalytical synthesis of
(R)-o-chloromandelates, highly valuable building blocks for biologically active
substances, such as clopidogrel (Fig. 15) [112]. In this straightforward approach a
versatile carbonyl reductase (SCR) was expressed in Escherichia coli and the
cells fed with glucose for enabling the cofactor regeneration during the biotrans-
formation. Methyl (R)-o-chloromandelate was isolated in enantiomerically pure
form (>99% ee) in very high yield (89%).

O OH

Br Rhodotorula sp. AS2.2241 Br
whole cells
O2N O2N

51% yield (100% conversion)
97% ee

OH |,
i-PrNH, Nj/

40°C,40h O,N

(R)-nifenalol

Fig. 14 Chemoenzymatic asymmetric synthesis of (R)-nifenalol with whole cells
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Fig. 15 Whole cell biocatalytic synthesis of methyl (R)-o-chloromandelate
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Fig. 16 (a) Enzymatic synthesis of building blocks for arachidonic acid metabolites. (b) Che-
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5-Hydroxyhept-6-enoates have been key intermediates in the synthesis of a variety
of natural products, especially of the arachidonic acid metabolic pathway, including
prostaglandins, leukotrienes, and isoprostanes [105, 113—118]. The usage of two
enantiocomplementary enzymes allowed convenient access to both enantiomers via
an ADH-catalyzed reduction of 5-oxo-hept-6-enoate. Alcohol dehydrogenase from
Lactobacillus brevis (ADH-LB) furnished the (S)-enantiomer, Thermoanaerobacter
sp. ADH (ADH-T) the (R)-enantiomer in excellent enantiomeric access respectively
[119]. A cross-metathesis reaction followed by cyclopropanation led to the formal

synthesis of constanolactones C and D (Fig. 16) [86, 120, 121].
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Fig. 17 Ketoreductase-catalyzed chemoenzymatic synthesis of statin side chains

Not only has the remarkable enantioselectivity of ADHs made them a very
powerful tool in organic synthesis: Besides the excellent enantioselectivity of
ADH from L. brevis already shown, the same enzyme’s regioselectivity has been
exploited in the chemoenzymatic synthesis of statin side chains [122]. A series of
3,5-dioxocarboxylates (f5,0-diketo esters) were successfully reduced selectively in
the S-position using ADH-LB as biocatalyst. The enantiomeric purity of the
5-hydroxy compound obtained was excellent [123—125]. The second ketone was
then either reduced by Prasad’s borohydride method [126] delivering the syn-
dihydroxy building block, or according to Evans furnishing the anti-configured
compound, respectively (Fig. 17) [127]. Furthermore, chiral building blocks for the
synthesis of some d-lactone containing natural products, such as goniothalamin,
argentilactone, or callistatin A, could be accessed by this chemoenzymatic
approach [125].

Similar building blocks have also been obtained by a variety of other enzymatic
transformations. 4-Chloro-3-oxobutanoate esters have been reduced with outstand-
ing enantioselectivity by ADHs from Candida magnoliae in combination with
cofactor regeneration by a GDH (from Bacillus megaterium) or by enzymatic
reduction using whole cells of Geotrichum candidum [128, 129]. This process
was improved to a large scale application. The combination with a halohydrin
dehydrogenase step led to versatile compounds for organic synthesis. Statistical
analysis of protein sequence activity relationships (ProSAR) and recombination-
based directed evolution led to an optimized enzyme catalyzing the epoxide
formation in a first step and the addition of a nucleophile in a second step, accepting
alternative nucleophiles, such as CN~ or N5~ (Fig. 18) [130-132].



Key Building Blocks via Enzyme-Mediated Synthesis 17

0O O KRED OH O

o AN o A e

OEt NADPH, GDH, glucose

OH O HHDH o o HHDH OH O
—_— +HCl ——— NC
Clv'\)J\OEt pH 7.3 MOEt ag. NaCN Moa

Fig. 18 Enzymatic synthesis of ethyl (R)-4-cyano-3-hydroxybutyrate
3.2 Reduction of C=C Bonds

The generation of stereogenic centers by asymmetric reduction of carbon—carbon
double-bonds is a current topic in chemoenzymatic synthesis. Though enzymes of
the old yellow enzyme (OYE) family were identified to perform alkene reduction
and were characterized some years ago [133—-135], applications of enoate reduc-
tases in natural product syntheses are still rare. Thus, potential applications are also
shown in this chapter. With an increasing number of new enoate reductases, such as
YqjM reductase from B. subtilis, more and more possible targets for biotransforma-
tions can be found.

Enzymes from the OYE family were reported to mediate efficiently the reduc-
tion of ketoisophorone. A subsequent regio- and stereoselective reduction of the
thus produced levodione leads to actinol, both compounds being important build-
ing blocks for carotenoids. While early approaches used baker’s yeast in the
fermentative production of levodione [136], more recent approaches used enzymes
from different organisms. Besides OYE analogs from Candida macedoniensis,
Saccharomyces carlsbergensis, and Saccharomyces cerevisiae, a newly discovered
enoate reductase from Zymomonas mobilis was applied successfully [137, 138].
Wada et al. combined the OYE-mediated step with an enzymatic formation of
actinol catalyzed by a levodione reductase from Corynebacterium aquaticum
(Fig. 19) [139].

Some reductases isolated from tobacco (Nicotiana tabacum) were found to
exhibit excellent enantioselectivities on the reduction of a number of o, f-unsaturated
compounds [140, 141]. For example, reductase p44 catalyzed the asymmetric reduc-
tion of N-phenyl-2-methylmaleimide, yielding the enantiopure (R)-succinimide.
Reductase p90 mediated the enantioselective hydrogenation of a number of methyl
or ethyl substituted cyclopentenones and cyclohexanones (Fig. 20).

3.3 Reductive Amination Towards Amino Acids

Unnatural amino acids in general, but especially a-amino acids being important
intermediates for various biologically active compounds, have enjoyed great popu-
larity as a growing field of interest during recent years [142]. Many enzymatic
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Fig. 19 Enzymatic synthesis of carotenoid building blocks
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Fig. 20 Enantioselective reductions catalyzed by reductases from N. tabacum

approaches to these important building blocks, including resolutions with L-amino
acid acylase or p-amino acid oxidase, the application of transaminases, and reduc-
tive amination by amino acid dehydrogenases, were studied [143]. For the produc-
tion of enantiopure o-amino acids, reductive amination was most successfully
applied.

The significance of chiral unnatural amino acids to drug and natural product
synthesis is shown in the example of the antihypertensive drug omapatrilat (Vanlev™),
which is composed of no less than three amino acid derived intermediates
[144-147]. Diverse biocatalytical approaches to L-6-oxonorleucine were made
(Fig. 21). Two different enzymes were applied in reductive amination reactions
to produce derivatives of the desired intermediate.

With a protected aldehyde function, allysine ethylene acetal was synthesized via
reductive amination catalyzed by phenylalanine dehydrogenase (PheDH). For
regeneration of the nicotinamide cofactor, FDH was used as described before (see
Sect. 3.1). Another similar approach was taken in the synthesis of L-6-hydroxynor-
leucine. In this case, reductive amination was catalyzed by glutamate dehydroge-
nase (GluDH) delivering the desired (S)-configured amino acid. The synthesis of
the same compound has also been achieved by an interesting resolution process.
Racemic 6-hydroxynorleucine was submitted to kinetic resolution using a b-amino
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acid oxidase, generating an enantiomeric excess of >99% for the remaining
enantiomer. The mixture was then converted completely to enantiopure L-hydro-
xynorleucine by reductive amination of 2-oxo-6-hydroxyhexanoic acid with
GluDH. For the oxidation step, whole cells of Trigonopsis variabilis, bearing the
oxidase and the catalase for the degradation of hydrogen peroxide to oxygen, were
successfully used.
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3.4 Cytochrome P450 Monooxygenases

Cytochrome P450 (CYP450) monooxygenases are very common oxidoreductases,
frequently used in synthetic applications in research and industry. The versatility
and potential as powerful industrial biocatalysts has been strengthened by important
advances that have been made regarding mechanistic insights and optimization of
the activity and high stereo- and regioselectivities of these hemoproteins recently
[148-151].

Pravastatin, a 3-hydroxy-3-methyl glutaryl CoA reductase inhibitor applied as a
therapeutic agent for hypercholesterolemia, can be synthesized by stereo- and
regioselective hydroxylation of compactin by the soil microorganism Streptomyces
sp. Y-110 (Fig. 22) [152]. The fermentative production of pravastatin has already
been applied on an industrial scale by Sankyo Co. using different Streptomyces
bacteria strains [153, 154].

Besides the stereo- and regioselective hydroxylations, CYP450 are also capable
of performing regioselective oxidations to aldehydes or carboxylic acids. The
sesquiterpene lactone artemisinin is highly effective against multidrug resistant
Plasmodium falciparum, agent of malaria tropica. First, genes from the mevalonate
pathway in S. cerevisiae were upregulated by means of metabolic engineering,
increasing the production of farnesyl pyrophosphate, and the natural further meta-
bolism to sterols was downregulated. Introduction of an amorphadiene synthase
(ADS) from Artemisia annua led to the formation of amorpha-4,11-diene which
could then be converted to artemisic acid, a precursor of artemisinin, via a three-
step oxidation sequence catalyzed by a novel P450 from A. annua in S. cerevisiae
(Fig. 23) [155].

3.5 Baeyer-Villiger Oxidations

Among the most popular oxidative biotransformations, Baeyer—Villiger monooxy-
genases (BVMOs) belong to the main fields of research. Nowadays, manifold
enzymes catalyzing the Baeyer—Villiger oxidation are expressed in common recom-
binant organisms, such as E. coli or S. cerevisiae. The mechanism of the enzymatic

LOH

CYP105A3

Streptomyces sp. Y-110

compactin pravastatin

Fig. 22 Biocatalytic conversion of compactin to pravastatin
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Fig. 24 Mechanism of flavin-dependent Baeyer—Villiger monooxygenases

21

Baeyer—Villiger oxidation involves NADPH and flavin (FAD) as cofactors and was
originally proposed by Walsh et al. based on data obtained from cyclohexanone

monooxygenase (CHMO) from Acinetobacter calcoaceticus (Fig. 24) [156]. In a
first step, enzyme-bound flavin is reduced, followed by the addition of oxygen

yielding a hydroperoxide anion. Reaction with the ketone substrate gives a Criegee
intermediate, which is then converted into the product under dissociation of water.

The cofactor FAD is recovered via oxidation with NADP".
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Fig. 25 BVMO-catalyzed synthesis of a precursor to calyculin A and tirandamycin

Enzymatic Baeyer—Villiger oxidations have been studied for a long time; some
very useful applications in natural product synthesis date back more than two
decades. For example, prochiral (3R,55)-4-hydroxy-3,5-dimethylcyclohexanone
was successfully oxidized using a CHMO from Acinetobacter sp. NCIMB 9871.
In this case the seven-membered ring formed rearranges spontaneously into the
thermodynamically more stable y-lactone. The rearranged lactone has been used in
the synthesis of natural products such as tirandamycin or calyculin A (Fig. 25)
[157-159].

As most enzymes, BVMOs feature excellent enantio- and regioselectivities,
making them very versatile tools for asymmetric synthesis. Bicyclic ketones such
as functionalized norboranones have been resolved to the corresponding lactones
with good regioselectivities and enantiomeric excesses of more than 95% [160].
Whole cells of Pseudomonas putida or isolated 2,5-/3,6-diketocamphane 1,2-
monooxygenase (2,5-/3,6-DKCMO) were used for the biotransformation. Conver-
sion into an acetal yielded a potential advanced intermediate to azadirachtin, a
potent antifeedant and growth regulator (Fig. 26) [161-163].

The biocatalytical formation of y-butyrolactones through Baeyer—Villiger oxi-
dation is catalyzed by a number of different monooxygenases, yielding precursors
to various natural products [29, 38]. Best enantioselectivities were obtained for the
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Fig. 27 Cyclohexanone monooxygenase-mediated synthesis of lignan building blocks

synthesis of precursors for lignans, which are known for their antileukemic, anti-
viral, antifungal, and antineoplastic activities [164—166]. For instance, building
blocks for (+)-hinokinin and (+)-schizandrin have been generated with excellent
enantioselectivities using CHMOs from Xanthobacter sp. ZLS5 and Brachymonas
petroleovorans respectively (Fig. 27).

More recently, the formal total syntheses of some bioactive natural products
bearing a tetrahydrofurane moiety were achieved by enzymatic Baeyer—Villiger
oxidation using cyclopentanone monooxygenases (CPMOs) from Comamonas sp.
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Fig. 28 Enzymatic Baeyer—Villiger oxidation in the synthesis of bioactive compounds

NCIMB 9872, overexpressed in E. coli, as a whole cell biotransformation [167]. The
substrate, an oxabicycloketone, was successfully converted to the corresponding
heterobicyclic lactone (Fig. 28) in 70% yield with an enantiomeric excess of 95%.
This access to the chiral intermediate for several naturally occurring compounds,
including (+)-trans-kumausyne and (+)-showdomycin, represents the first applica-
tion of a whole cell biotransformation using recombinant E. coli with CPMO in
natural product synthesis.

3.6 Cyclohexadienediols by Fermentation

There are only a few reactions known in which aromatic compounds suffer a
permanent loss of aromaticity and at the same time the new stereogenic centers
are formed selectively. The enzymatic oxidation is one of the few examples leading
to exceptionally results: the reaction in eukaryotic systems is mainly catalyzed by
cyctochrome-type monooxygenases, leading to epoxides. Furthermore, in prokary-
otic systems, the processing of arenes by dioxygenases is well known [168], and
especially cis-cyclohexadienediols (cis-CHDs) are generated by fermentation with
recombinant E. coli strains. They have found broad application in several natural
product and drug syntheses [28, 169—174].

For example, the fermentation of (2-bromoethyl)-benzene with recombinant
E. coli furnished excellent yields of the corresponding cis-diol, enantiopure
3-(2-bromoethyl)-benzene-1,2-diol. The latter was used as a building block in
the total synthesis of (+)-codeine (Fig. 29). Besides a Mitsunobu inversion of
one of the stereogenic centers, two successive Heck cyclizations led to the
enantiomer of the natural product [173]. Slight modifications of the reaction
sequence, generating an epoxide intermediate, also furnished access to the
naturally occurring enantiomer (—)-codeine [28].

Versatile epoxyquinol intermediates were conveniently accessed via metabolites
derived from the enzymatic dihydroxylation of bromobenzene [172]. The chemoen-
zymatic approach led to shortened total syntheses of several epoxyquinols derived
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Fig. 30 Chemoenzymatic access to epoxyquinols

from bromoxone, such as (+)-hexacyclinol, a possible lead target for new antima-
larial agents of fungal origin (Fig. 30). )

Various approaches to the antiviral agent oseltamivir (Tamiflu™), which is one
of the most effective drugs against avian influenza (H5SN1) and the new influenza A
(HIN1), have recently been published starting from biotechnologically provided
cis-CHDs [175-177]. Hudlicky et al. started from ethyl benzoate, performing the
oxidative biotransformation with a recombinant E. coli strain (Fig. 31).

The oxidation of benzenes to trans-cyclohexadienediols (trans-CHDs) has not
been reported yet. Nevertheless, the fermentative production of trans-CHDs with
recombinant E. coli strains has also been established and the value as a building
block for natural product synthesis was demonstrated [178—180]. Starting from
chorismate, trans-CHDs are metabolites derived from the shikimate—chorismate
pathway in bacteria, plants, and fungi towards the biosynthesis of the iron chelator
enterobactin (Fig. 32). Isochorismate synthase (EntC) and isochorismatase (EntB)
catalyze the degradation to 2,3-trans-CHD or 3,4-trans-CHD respectively (Fig. 30).
Using methods of metabolic pathway engineering, E. coli isochorismate synthase
and isochorismatase were overexpressed in E. coli strains with a deficiency of entA,
encoding 2,3-dihydroxybenzoate synthase (EntA).
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Microbially produced (2S,3S)-trans-dihydroxy-2,3-dihydrobenzoic acid was
used in the synthesis of ent-streptol, ent-senepoxide, and iso-crotepoxide (Fig. 33).
The short and efficient synthesis of these biologically active compounds included the
esterification of the carboxylic acid and protection of the diol moiety, delivering
control of the regio- and stereoselectivity of the following epoxidation or dihydrox-
ylation steps [178, 180].

Recently, (2S,35)-dihydroxy-2,3-dihydrobenzoic acid was isolated from the
fermentation broth of a recombinant E. coli strain and the methyl ester was used
in an interesting cyclopropanation sequence [181] yielding dicyclopropane building
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Oligocyclopropane-containing natural products

blocks that are potentially useful for the synthesis of oligocyclopropane natural
products [51] such as the antifungal agent FR-900848 and the cholesteryl ester
transfer protein inhibitor U-106305 (Fig. 34). For the formation of the second
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cyclopropane moiety, treatment with diazomethane led to a 1,3-dipolar cycloaddi-
tion to a five-membered heterocycle which furnished the desired second cyclopro-
pane by photo induced nitrogen elimination.

4 C-C-Bond Formations

Enzymatic reactions forming new carbon—carbon bonds are a further important
field of biotransformations in natural product synthesis. The construction of new,
often complex carbon frameworks or their decomposition is performed by nature
under catalysis of a set of enzymes. For organic chemists some of these enzymes,
belonging to the enzyme class of lyases, such as aldolases, decarboxylases, hydro-
xynitrile lyases (HNLs), or benzaldehyde lyases (BALs), have been proven to
represent versatile amendments to their synthetic toolbox.

4.1 Enzymatic Aldol Reactions

Aldol reactions enjoy great recognition as a useful tool for the synthesis of building
blocks in natural product and drug synthesis [42, 182]. The stereochemistry of the
stereogenic centers formed can be controlled by various means. Besides chiral
auxiliaries, catalytic methods with chiral Lewis acids, organocatalysts, or catalytic
antibodies were established for stereochemical control [183-187].

In nature, most aldolases are rooted in the sugar metabolic cycle and accept
highly functionalized substrates for the aldol reaction. Nevertheless, the scope
of enzymatic aldol reactions is limited, since aldolases strictly distinguish
between the acceptor and the donor, yielding almost exclusively one product,
and is furthermore restricted to only a few different possible natural donors.
According to the donor molecules, aldolases are grouped in dihydroxyacetone
phosphate-, phosphoenolpyruvate- or pyruvate-, acetaldehyde-, and glycine-
dependent aldolases [41].

Fructose 1,6-biphosphate aldolase from rabbit muscle in nature reversibly cata-
lyzes the addition of dihydroxyacetone phosphate (DHAP) to p-glyceraldehyde
3-phosphate. The tolerance of this DHAP-dependent enzyme towards various alde-
hyde acceptors made it a versatile tool in the synthesis of monosaccharides and sugar
analogs [188], but also of alkaloids [189] and other natural products. For example,
the enzyme-mediated aldol reaction of DHAP and an aldehyde is a key step in the
total synthesis of the microbial elicitor (—)-syringolide 2 (Fig. 35a) [190].

A convenient chemoenzymatic access to sialic acid mimetics as important
inhibitors of influenza sialidases has been established by Nelson et al. (Fig. 35b)
[191, 192]. Application of a pyruvate-dependent sialic acid aldolase improved by
directed evolution disclosed a new route to the core structure of important pharma-
ceuticals, such as zanamivir (Relenza®™).
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Glycine-dependent threonine aldolases have been used to synthesize a number of
y-halogenated and long-chain f-hydroxy-a-amino acids. For p-threonine aldolase
syn-selectivity was observed exclusively. Further chemical conversion yielded the
2-amino-1,3-diols, potential precursors for the synthesis of short-chain sphingo-
sine-derivatives (Fig. 35¢) [193].

To date, 2-deoxy-D-ribose S5-phosphate aldolase (DERA) is the only acetalde-
hyde-dependent aldolase being applied in organic synthesis. Thus the stereoselec-
tivity of DERA is significant, all known enzymes from different organisms showing
the same preferences, limiting the field of application to syntheses in which
specifically the DERA-catalyzed enantiomer is needed.

In comparison to other aldolases, DERA has a rather broad substrate range.
DERA-catalyzed aldol reactions were used to get an access to key intermediates for
epothilones (Fig. 36) [194]. According to retrosynthetic analysis, both fragments of
the molecule could be obtained from aldol building blocks, and two out of seven
stereocenters were established enzymatically. For the southern part of epothilone A,
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(8)-3-hydroxy-2-methoxypropanal was successfully converted with acetaldehyde,
with the primary open chain aldol product forming the lactol. The aldehyde needed
as starting material for the northern part was generated in situ from the acetal: a
DERA-catalyzed kinetic resolution led to conversion of the (R)-enantiomer in the
aldol reaction, only.

Since the product of the aldol reaction still contains an aldehyde function, it is
readily available for further reactions. Wong and co-workers very elegantly used a
DERA mutant (Ser238Asp) for a sequential one-pot aldol condensation towards the
synthesis of atorvastatin (Fig. 37) [195], a process also being applied by DSM
[196]. When using wild-type DERA, the choice of residues in the acceptor aldehyde
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was limited to rather smaller negatively charged groups. The chosen mutation in the
hydrophilic binding pocket preserved its nature, but went along with a 2.5-fold
improvement in enzyme activity. Furthermore, the mutant presented a highly
improved tolerance towards unnatural substrates. The performance in sequential
aldol additions was also increased compared to the wild-type enzyme.

4.2 Cyanohydrins by Hydroxynitrile Lyases

Native HNLs from bitter almonds (Prunus amygdalus), cassava (Manihot escu-
lenta), millet (Sorghum bicolor), and flax (Linum usitatissimum) were repeatedly
used in the synthesis of chiral cyanohydrins [39, 41, 197]. Cyanohydrins are
versatile building blocks in natural product synthesis, giving organic chemists the
possibility of introducing all kinds of functional groups (Fig. 38) [198].

Effenberger and co-workers reported the biotransformation of pivaldehyde-deri-
vatives to the corresponding cyanohydrins using wild-type PaHNL [199]. In this
context, a precursor to (R)-pantolactone could be obtained with a yield of 84% and
89% ee. Since (R)-pantolactone is the most important building block in the synthesis
of vitamin Bs, further efforts were made for optimization. Recently, an acid stable
almond HNL isoenzyme was generated by semirational design and applied in the
synthesis described earlier, showing full conversion of hydroxypivalaldehyde to the
corresponding cyanohydrin with an enantiomeric excess of 97% (Fig. 39) [200].

A large number of the most important modern insecticides are derived from
cyanohydrins. Especially some esters formed from enantiopure cyanohydrins and
chrysanthemum acid derivatives are known to be very potent [201]. Nowadays, the
formation of 3-phenoxybenzaldehyde cyanohydrin is performed in a biocatalytic
industrial process using MeHNL or HPHNL isolated from rubber trees (Hevea

OH
OH )
Fz/'\CONH2 ° i
\ / R” “CN
OH OH Ns
R/'\COZH - F{/'\CN T RN

OH
R)\/ NH,

Fig. 38 Cyanohydrins as building blocks for organic synthesis
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brasiliensis) yielding precursors for cypermethrin or deltamethrin, two pyrethroids
(Fig. 40) [21, 39, 41, 202].

Another application of HNLs can be found in the chemoenzymatic synthesis of
the broadband antibiotic thiamphenicol and its fluorinated derivative florfenicol
[203]. The conversion of 4-methylsulfanyl-benzaldehyde to the mandelonitrile was
catalyzed by a novel enzyme from a Chinese almond (Prunus communis L. var.
dulcis Borkh). A concentrated powder from the kernels was prepared and a mixture
of the crude meal, aldehyde, and HCN was stirred in isopropyl ether at room
temperature for 12 h, yielding the cyanohydrin with 99% ee after recrystallization.
The building block formed was then successfully applied in the total synthesis of
thiamphenicol and florfenicol (Fig. 41).

4.3 Biocatalytic Formation of Acyloins

Enantiopure, bifunctional acyloins (a-hydroxy ketones) are versatile intermediates
in natural product synthesis (also see Sect. 2.3, Fig. 11). In nature, the formation of
a-hydroxy ketones is efficiently catalyzed by thiamine diphosphate-dependent
enzymes: transketolases, decarboxylases, and other lyases, such as BALs. A great
portfolio of biotransformations, especially with benzaldehyde derivatives as start-
ing materials, were realized [204].

A very short and efficient chemoenzymatic synthesis of (—)-ephedrine can be
achieved by a decarboxylase-mediated reaction of benzaldehyde with pyruvate
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[205-207]. The formation of the acyloin intermediate is catalyzed by pyruvate
decarboxylase (PDC) with excellent enantioselectivity (Fig. 42).
2,3-Dioxygenated aryl propanones are very frequently used chiral building blocks
for the synthesis of different biologically active compounds. They were synthons in the
synthetic approach to 1,4-benzodioxane lignans, such as 5'-methoxyhydno-carpin or
cytoxazone, or for the production of aryl isoserines, which are precursors to the side-
chain of paclitaxel (Taxol™). A new access to these compounds was established by an
enzymatic approach using BAL as the acyloin forming biocatalyst (Fig. 43) [208].

5 Conclusion

Nature with its complexity has provided a cornucopia of tools for improvements in
twenty-first century natural science research. With new insights into metabolic
pathways, chemists can adopt an increasing amount of evolutionary innovation
and apply this knowledge to drug and natural product synthesis.

The usage of microorganisms or isolated enzymes thereof is gaining more and
more in popularity, leading to an enormous variety of new enzymes being found
and optimized for commercialization. Especially in asymmetric synthesis, enzymes
can substitute or complement existing methods, often providing ecological advan-
tages due to greater efficiency or less toxicity of the catalyst (enzyme vs transition
metal). Thus, the number of applications of enzyme-mediated synthesis has risen
enormously during the last few years and the trend does not seem to slow down.
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Biocatalysis is a main part of white biotechnology and in combination with the
usage of renewable primary products should lead to a more sustainable chemical
and pharmaceutical industry.
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Engineered Biosynthesis of Plant Polyketides:
Structure-Based and Precursor-Directed
Approach

Ikuro Abe

Abstract Pentaketide chromone synthase (PCS) and octaketide synthase (OKS)
are novel plant-specific type III polyketide synthases (PKSs) obtained from Aloe
arborescens. Recombinant PCS expressed in Escherichia coli catalyzes itera-
tive condensations of five molecules of malonyl-CoA to produce a pentaketide
5,7-dihydroxy-2-methylchromone, while recombinant OKS carries out sequential
condensations of eight molecules of malonyl-CoA to yield octaketides SEK4 and
SEK4b, the longest polyketides produced by the structurally simple type III PKS.
The amino acid sequences of PCS and OKS are 91% identical, sharing 50-60%
identity with those of other chalcone synthase (CHS) superfamily type III PKSs of
plant origin. One of the most characteristic features is that the conserved active-site
Thr197 of CHS (numbering in Medicago sativa CHS) is uniquely replaced with
Met207 in PCS and with Gly207 in OKS, respectively. Site-directed mutagenesis
and X-ray crystallographic analyses demonstrated that the chemically inert single
residue lining the active-site cavity controls the polyketide chain length and the
product specificity depending on the steric bulk of the side chain. On the basis of
the crystal structures, an F80A/Y82A/M207G triple mutant of the pentaketide-
producing PCS was constructed and shown to catalyze condensations of nine
molecules of malonyl-CoA to produce an unnatural novel nonaketide naphthopyrone,
whereas an N222G mutant of the octaketides-producing OKS yielded a decaketide
benzophenone SEK15 from ten molecules of malonyl-CoA. On the other hand, the
type III PKSs exhibited broad substrate specificities and catalytic potential. OKS
accepted p-coumaroyl-CoA as a starter substrate to produce an unnatural novel Cg
hexaketide stilbene and a C,; heptaketide chalcone. Remarkably, the C,; chalcone-
forming activity was dramatically increased in the structure-guided OKS N222G
mutant. In addition, OKS N222G mutant also yielded unnatural novel polyketides
from phenylacetyl-CoA and benzoyl-CoA as a starter substrate. These results
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suggested that the engineered biosynthesis of plant polyketides by combination of
the structure-based and the precursor-directed approach would lead to further
production of chemically and structurally divergent unnatural novel polyketides.

Keywords Chalcone synthase superfamily enzyme, Engineered biosynthesis,
Precursor-directed biosynthesis, Structure-based engineering, Type III polyketide
synthase
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Abbreviations

2PS 2-Pyrone synthase

ALS Aloesone synthase
BAS Benzalacetone synthase
CHS Chalcone synthase
CUS Curcumin synthase
OKS Octaketide synthase
PCS Pentaketide synthase
PKS Polyketide synthase
STS Stilbene synthase

TAL Triaceticacid lactone
THNS  Tetrahydroxynaphthalene synthase

1 Introduction

The chalcone synthase (CHS) (EC 2.3.1.74) superfamily of type III Polyketide
synthases (PKSs) are pivotal enzymes in the biosynthesis of plant polyphenols.
They are structurally and mechanistically different from the modular type I and the
dissociated type II PKSs of bacterial origin; the simple homodimer of 40—45 kDa
proteins performs a complete series of decarboxylation, condensation, cyclization,
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and aromatization reactions with a single active-site by utilizing CoA-linked
substrates without involvement of the acyl carrier proteins [1-3]. For example,
CHS is the ubiquitous plant-specific type III PKS that selects p-coumaroyl-CoA as
a starter molecule and carries out three iterative decarboxylative condensations
with the malonyl-CoA to produce a tetraketide naringenin chalcone, the biosyn-
thetic precursor of flavonoids (Fig. 1) [4]. On the other hand, 2-pyrone synthase
(2PS) selects acetyl-CoA as a starter, and catalyzes only two condensations with
malonyl-CoA to produce a triketide triacetic acid lactone (TAL) (Fig. 1) [5, 6].
In addition, a growing number of functionally divergent plant type III PKSs have
been cloned and characterized, including stilbene synthase (STS) [7, 8], acridone
synthase (ACS) [9-11], benzalacetone synthase (BAS) [12-15], aloesone synthase
(ALS) [16, 17], and curcumin synthase (CUS) [18-20] (Fig. 1). Moreover, several
bacterial type III PKSs such as 1,3,6,8-tetrahydroxynaphthalene synthase (THNS or
RppA) have been also reported [21, 22].

Recent crystallographic and site-directed mutagenesis studies have revealed
that type III PKSs share a common three-dimensional overall fold with a con-
served Cys-His-Asn catalytic triad [4, 6, 7, 23-29]. The polyketide assembly
reaction is thus initiated by a starter molecule loading at the active-site Cys,
which is followed by iterative decarboxylative Claisen-type condensations of
malonyl-CoA and final cyclization and aromatization of the enzyme-bound reac-
tive B-polyketo intermediate (Fig. 2). Most importantly, the enzyme utilizes a
single SH group of a catalytic Cys, and each chain elongation involves cleavage
of the once formed C-S thioester bond and the subsequent formation of a new
C-C bond by insertion of an additional C, unit to generate a CoA-linked
intermediate. As a result, the CHS-superfamily of type III PKSs produce a variety
of polyphenol scaffolds including chalcone, stilbene, phloroglucinol, resorcinol,
benzophenone, biphenyl, naphthalene, chromone, isocoumarin, acridone, quinoli-
none, pyrone, and curcumin, etc. The remarkable functional diversity of the type
IIT PKSs derives from the differences in the selection of the starter molecules, the
number of the malonyl-CoA condensations, and the mechanisms of cyclization
reactions [1-3].

2 Aloe Polyketide Synthases

Aloe (Aloe arborescens) is a medicinal plant rich in aromatic polyketides such as
pharmaceutically important aloenin (a hexaketide pyrone), aloesin (a heptaketide
chromone), and barbaloin (an octaketide anthrone) (Fig. 4a). Pentaketide chromone
synthase (PCS) and octaketide synthase (OKS) are novel plant-specific type III
PKSs, which were obtained from the aloe plant by RT-PCR cloning using degener-
ate oligonucleotide primers based on the conserved sequences of known CHS
enzymes [30-33]. The deduced amino acid sequences of PCS and OKS are 91%
identical (368/403), and show 50-60% identity to those of other CHS superfamily
type III PKSs of plant origin; OKS shares 60% identity (240/403) with CHS from
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alfalfa (Medicago sativa) [4], and 54% identity (216/403) with a heptaketide-
producing ALS from rhubarb (Rheum palmatum) [16, 17] (Fig. 3). In contrast,
PCS and OKS show only low sequence similarity with type III PKSs of bacterial
origin; OKS shows only 23% identity (93/403) with THNS from Streptomyces
griseus [21, 22].

Recombinant PCS expressed in Escherichia coli does not produce naringenin
chalcone from p-coumaroyl-CoA, but instead efficiently accepts malonyl-CoA as a
sole substrate to carry out iterative condensations of five molecules of malonyl-
CoA, producing a pentaketide 5,7-dihydroxy-2-methylchromone (Fig. 4b) [30].
The aromatic pentaketide is a biosynthetic precursor of the anti-asthmatic furo-
chromones, kehellin and visnagin [30]. On the other hand, recombinant OKS
catalyzes sequential condensations of eight molecules of malonyl-CoA to yield a
1:4 mixture of aromatic octaketides, SEK4 and SEK4b (Fig. 4c) [31]. The octake-
tides are known to be shunt products of the minimal type II PKS for actinorhodin
(act from Streptomyces coelicolor, a heterodimeric complex of ketosynthase and
chain length factor) [34, 35]. Since the aloe plant does not produce SEK4/SEK4b
and their metabolites, but produces significant amount of anthrones and anthraqui-
nones (octaketides), it is tempting to speculate that OKS is involved in the biosyn-
thesis of anthrones/anthraquinones in the medicinal plant (Fig. 4c). However,
maybe because of the absence of interactions with tailoring enzymes such as yet
unidentified ketoreductase, OKS would have afforded the oktaketides as shunt
products as in the case of the minimal type II PKS. The physiological function of
OKS in the medicinal plant remains to be elucidated. The steady-state kinetics
analysis revealed that the recombinant PCS showed a Ky, value of 71.0 uM and k.,
value of 445 x 107> min~' for malonyl-CoA, with a broad pH optimum within a
range of 6.0-8.0, while OKS showed a Ky value of 95.0 uM and k., value of
94.0 x 1072 min~' with a pH optimum at 7.5. Interestingly, both PCS and OKS
also accept acetyl-CoA, resulting from decarboxylation of malonyl-CoA, as a
starter substrate for the enzyme reaction [30, 31].

Recently, three additional novel type III PKSs (PKS3, PKS4, and PKS5) were
cloned and sequenced from the aloe plant [36]. These enzymes share 85-96%
amino acid sequence identity with PCS and OKS. Recombinant PKS4 and PKS5
expressed in E. coli were functionally identical to OKS, catalyzing sequential
condensations of eight molecules of malonyl-CoA to produce octaketides SEK4/
SEK4b. As in the case of OKS, PKS4 and PKSS5 are possibly involved in the
biosynthesis of the octaketide barbaloin. On the other hand, PKS3 is a multifunc-
tional enzyme that produces a heptaketide aloesone as a major product from seven
molecules of malonyl-CoA. In addition, PKS3 also afforded a hexaketide 6-(2,4-
dihydroxy-6-methylphenyl)-4-hydroxy-2-pyrone, heptaketide pyrones TW93a and
6-(2-(2,4-dihydroxy-6-methylphenyl)-2-oxoethyl)-4-hydroxy-2-pyrone, and octa-
ketides SEK4/SEK4b (Fig. 4d). Notably, the heptaketide aloesone and the hexake-
tide pyrone are biosynthetic precursors of the anti-inflammatory C-glucoside
aloesin and the anti-histamic O-glucoside aloenin, respectively. This is the first
demonstration that a wild-type type III PKS obtained from A. arborescens
catalyzed enzymatic formations of the precursors of aloesin and aloenin, the
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is also included



Engineered Biosynthesis of Plant Polyketides 53

active principles of the medicinal plant. Recently, another octaketides SEK4/
SEK4b-producing type III PKS has been reported from Hypericum perforatum
[37], whereas novel type III PKSs from Drosophyllum lusitanicum [38] and Plum-
bago indica [39] catalyzed sequential condensations of six molecules of malonyl-
CoA to produce the hexaketide pyrone, the precursor of aloenin.

3 Sequence Analysis and Site-Directed Mutagenesis

Sequence analysis revealed that the catalytic triad (Cys164, His303, and Asn336)
and most of the CHS active-site residues (Met137, Gly211, Gly216, Pro375, and the
CHS “gatekeepers” Phe215 and Phe265) (numbering in M. sativa CHS) [4] are
conserved in A. arborescens PCS and OKS (Fig. 3). One of the most characteristic
features is that the conserved residues, Thr197, Gly256, and Ser338, are uniquely
replaced with T197M/G256L/S338V in PCS and T197G/G256L/S338V in OKS,
respectively [30, 31]. The three residues lining the active-site cavity are sterically
altered in a number of functionally different type III PKSs; T197L/G256L/S338I in
the triketide TAL-producing Gerbera hybrida 2PS [6] and T197A/G256L/S338T in
the heptaketide-producing R. palmatum ALS [17]. On the basis of the crystal
structures of M. sativa CHS and G. hybrida 2PS, Noel and coworkers have
proposed that the three residues play a crucial role for controlling starter substrate
selectivity and the numbers of malonyl-CoA condensations by steric modulation of
the active-site cavity [6]. Thus, a T197L/G256L/S338I triple mutant of M. sativa
CHS was shown to be functionally identical to 2PS, producing TAL from acetyl-
CoA starter and two molecules of malonyl-CoA [6]. Another interesting feature is
that both A. arborescens PCS and OKS retain a characteristic three-amino acid
“PPE” insertion at 10 residues upstream from the catalytic His303 (Fig. 3). A
similar six-amino acid “SIDSII” insertion at the same position has also been
reported for coumaroyltriacetic acid synthase [40] (or stilebenecarboxylate
synthase [41]) from Hydrangea macrophylla.

To investigate the structure-function relationship between the pentaketide-
producing PCS and the octaketide-producing OKS, sharing the 91% amino acid
sequence identity, we carried out site-directed mutagenesis on the active-site
residue 207 (corresponding to Thr197 in M. sativa CHS) which is uniquely replaced
with Met207 in PCS and with Gly207 in OKS, respectively (Fig. 3). We first
constructed a PCS mutant in which Met207 was replaced with small Gly as in the
case of OKS. To our surprise, there was a dramatic change in the enzyme activity;
PCS M207G mutant no longer produced the pentaketide chromone from five
molecules of malonyl-CoA, but instead efficiently catalyzed condensations of
eight molecules of malonyl-CoA to produce a 1:4 mixture of SEK4/SEK4b, just
as in the case of OKS (Fig. 5) [30]. The pentaketide-producing PCS was thus
functionally converted to OKS by the single amino acid substitution. On the other
hand, when Gly207 in OKS was substituted with bulky Met as in PCS, OKS
G207M mutant produced a pentaketide 2,7-dihydroxy-5-methylchromone instead
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Fig. 5 Proposed mechanism of the formation of unnatural polyketides by site-directed mutants of
A. arborescens PCS and OKS

of SEK4/SEK4b (Fig. 5) [31]. Thus, OKS was functionally converted to a PCS by
the small-to-large amino acid substitution. Here it should be noted that the pentake-
tide product is a regioisomer of the PCS’s pentaketide chromone. In the OKS
mutant, a C-4/C-9 aldol-type cyclization yielded 2,7-dihydroxy-5-methylchro-
mone, while in PCS a C-1/C-6 Claisen-type cyclization produces 5,7-dihydroxy-
2-methylchromone. This suggests subtle structural differences of the active-site
architecture between the two enzymes.

To test further a hypothesis that the single residue 207 lining the active-site
cavity controls the polyketide chain length and the product specificity, we con-
structed a set of A. arborescens OKS mutants (G207A, G207T, G207L, G207F, and
G207W) and investigated the mechanistic consequences of the point mutations
(Fig. 5) [31]. As a result, OKS G207A mutant, in which Gly207 was replaced with
Ala as in the case of the heptaketide-producing A. arborescens PKS3 [36] and
R. palmatum ALS [16], indeed produced the heptaketide aloesone, the biosynthetic
precursor of the anti-inflammatory aloesin, in addition to SEK4/SEK4b. On the
other hand, when Gly207 was substituted with Thr as in CHS, the G207T mutation
abolished the octaketide-forming activity and yielded the hexaketide pyrone,
the precursor of the anti-histamic aloenin, from six molecules of malonyl-CoA.
Furthermore, other bulky substitutions G207L and G207F yielded the pentaketide
2,7-dihydroxy-5-methylchromone, whereas the most bulky G207W only afforded a
tetraketide and a triketide pyrone TAL, without formation of an aromatic ring
system.

The small-to-large substitutions of the residue 207 (corresponding to Thr197 in
M. sativa CHS) thus resulted in loss of the octaketide-producing activity and the
concomitant formation of shorter chain length products, ranging from triketide to
heptaketide, including the precursors of aloenin and aloesin. These results clearly
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established that the steric bulk of the chemically inert single residue lining the
active-site cavity controls the numbers of malonyl-CoA condensations and the
polyketide chain length [31]. Presumably, the single-amino acid replacement
causes steric contraction of the active-site pocket that accommodates the growing
polyketide intermediates, leading to the shortening of the product chain length. It is
remarkable that such a simple steric modulation of the active-site cavity causes a
dramatic change in the catalytic activity. Mechanistically, the enzymes are thought
to catalyze the chain elongation and the initial aldol-type aromatic ring formation at
the methyl end of the B-polyketo intermediates within the active-site cavity. After
the C-S thioester bond cleavage from the catalytic Cys, the partially cyclized
intermediates would then be released from the active-site and undergo spontaneous
a-pyrone ring formations, thereby completing the construction of the fused-ring
systems [31].

4 Crystallographic Analysis and Structure-Based Engineering

Crystallization and X-ray analysis of A. arborescens PCS, both the pentaketide-
producing wild-type enzyme and the octaketide-producing M207G mutant, were
carried out at 1.6 A resolution (Fig. 6) [42, 43]. The overall folding structures
of PCS are nearly identical to those of previously reported M. sativa CHS [4] and
G. hybrida 2PS [6]. The Cys-His-Asn catalytic triad is buried deep inside, and sits at
an intersection of the CoA binding tunnel and a large internal cavity, in a location
and orientation very similar to those of the other plant type III PKSs. The CoA-
binding tunnel connects to the protein surface, which enables the substrates to get
into the catalytic center. Further, surprisingly, most of the active-site residues of
A. arborescens PCS and M. sativa CHS are superimposable in nearly identical
positions. The only exceptions are Cys143, Thr204, Met207, Leu266, and Val351
of A. arborescens PCS (corresponding to Ser133, Thr194, Thr197, Gly256, and
Ser338 of M. sativa CHS, respectively), which causes steric contraction of the
active-site cavity and loss of the coumaroyl-binding pocket. The three residues,
Met207, Leu266, and Val351, sterically altered in a number of functionally diver-
gent type III PKSs, are thought to be crucial in controlling the substrate and product
specificities of the enzyme reactions (Fig. 6). Finally, a comparison of the structures
with M. sativa CHS and G. hybrida 2PS revealed a significant backbone change in
residues 296-309 of PCS (corresponding to residues 286296 of M. sativa CHS and
291-301 of G. hybrida 2PS, respectively), which is due to the characteristic
insertion of the “PPE” residues 304-306, and the addition of ten residues at the
N-terminus [42].

On the other hand, the X-ray crystal structure of the PCS M207G mutant clearly
demonstrated that location and orientation of the residues lining the active-site
cavity in the mutant are almost perfectly conserved as in the wild-type enzyme.
However, the cavity volume is dramatically increased because of newly formed
additional novel pockets that extend into the floor of the active-site of the wild-type
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PCS (Fig. 6) [42]. As a result, the total cavity volume of the point mutant is 649 A3,
which is 2.6-fold larger than that of the wild-type enzyme (247 A%), and almost as
large as that of M. sativa CHS (754 A%). Thus, in the wild-type PCS, the bulky
Met207 blocks the entrance of the pockets, whereas in the M207G mutant, the
large-to-small amino acid substitution opens a gate to the buried pockets, thereby
increasing the polyketide chain elongation up to eight condensations instead of five
condensations of malonyl-CoA. The octaketide-producing activity of the M207G
mutant is totally dependent upon the presence of the novel buried pockets and the
growing linear polyketide chains are likely to extend into these pockets [42].

In addition to the “downward expanding” M207G substitution, the active-site
architecture of PCS features a “horizontally restricting” Leu266 substitution
(Fig. 6). The residue 266 lining the initiation and elongation cavity (corresponding
to Gly256 in M. sativa CHS [4]) occupies a crucial position for the loading of the
starter substrate, and is uniquely replaced with bulky Leu266 in both PCS and OKS,
as in the case of G. hybrida 2PS [6]. As a result, both PCS and OKS no longer
accept p-coumaroyl-CoA as a starter substrate to produce chalcone, but instead
efficiently accept the smaller malonyl-CoA starter to initiate the iterative decarbox-
ylative condensation reactions. In fact, OKS L266G mutant was shown to accept
p-coumaroyl-CoA as a starter to produce a tetraketide pyrone, 4-coumaroyltriacetic
acid lactone, after three condensations with malonyl-CoA [17]. It was thus con-
firmed that the 2PS-like G256L substitution indeed controls the starter substrate
selectivity in A. arborescens PCS and OKS.

On the other hand, the active-site residue 351 (corresponding to Ser338 in
M. sativa CHS), located in the neighborhood of the catalytic Cys at the “ceiling”
of the active-site cavity (Fig. 6), also plays a crucial role in the polyketide chain
elongation reactions [17, 44]. On the basis of recent structural analyses of Pinus
sylvestris STS, Noel and Schroder proposed that a hydrogen bond network involv-
ing Ser338-H,0O-Thr132-Glu192 (numbering in M. sativa CHS) plays a critical role
in balancing the competing cyclization specificities in CHS (Claisen-type) and STS
(aldol-type) from a common tetraketide intermediate [7]. In A. arborescens PCS
and OKS, however, the conserved Ser338 is uniquely substituted with hydrophobic
Val351, and such hydrogen bond network and the nucleophilic water molecule are
not observed in the crystal structures [42, 45]. In PCS and OKS, the hydrophobic
Val351 is likely to guide the course of the chain extension so that the linear
B-polyketo intermediate extends into the “downward expanding” pocket, thereby
leading to the formation of the pentaketide and the octaketides, respectively.

Very interestingly, it has been recently demonstrated that a point mutant of
Scuterallia baicalensis CHS in which Ser338 was replaced with Val as in the case
of PCS and OKS produced a trace amount of the octaketides SEK4/SEK4b in
addition to the triketide TAL [44]. Moreover, the octaketides-producing activity
was dramatically increased in an OKS-like T197G/G256L/S338V triple mutant of
S. baicalensis CHS [44]. Close examination of the crystal structure of M. sativa
CHS [4] revealed that the presence of a similar buried pocket that extends into the
“floor” of the conventional active-site cavity. It is likely that, just as in the case
of PCS M207G mutant, the S338V mutation would have lead the polyketide
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intermediate chain to extend into this hidden pocket. Most of the chain elongations
were however terminated at the triketide stage to yield TAL as a dominant product.
It is remarkable that CHS, the ubiquitous plant type III PKS, can be easily
engineered to produce the octaketides SEK4/SEK4b by such a simple steric modu-
lation of the active-site cavity [44].

To manipulate further the pentaketide-producing PCS enzyme reaction, we
constructed an F80A/Y82A/M207G triple mutant in which the active-site cavity
of the octaketide-producing PCS M207G mutant was expanded by simultaneously
substituting the two aromatic residues, Phe80 and Tyr82, forming the bottom face
of the novel buried pocket, with small Ala (Fig. 6) [46]. A homology model
predicted that the total cavity volume of the triple mutant (1030 A3 ) is increased
four times larger than that of the wild-type enzyme (247 A%). The triple mutant was
functionally expressed in E. coli at levels comparable with wild-type enzyme, and
shown to produce an unnatural novel nonaketide naphthopyrone (0.2% yield,
tenfold less efficient than that of the pentaketide formation by the wild-type
enzyme) in addition to octaketides SEK4/SEK4b (Fig. 5) [46]. Interestingly, the
structure of the nonaketide naphthopyrone showed close similarity to those of
heptaketides aloesone and 6-hydroxymusizin from R. palmatum [47], and an
octaketide eleutherinol isolated from another medicinal plant Eleutherine bulbosa
[48], which suggested that these aromatic polyketides are also produced by closely
related CHS-superfamily type III PKSs.

Here the mechanism of the formation of the nonaketide naphthopyrone involves
iterative condensation of nine molecules of malonyl-CoA and a sequential C—C
bond formation by intramolecular aldol-type condensations [46]. The enzyme is
likely to catalyze the chain elongation and the first aromatic ring formation reaction
from a linear nonaketide intermediate. After the thioester bond cleavage from the
catalytic Cys, the partially cyclized aromatic intermediates would be released from
the active-site and undergo subsequent cyclization, thereby producing the angular
naphthopyrone skeleton with a fused tricyclic ring system. Most of the reactions
were, however, terminated at the octaketide stage to afford SEK4/SEK4b as major
products. Notably, Harris and coworkers have reported that B-polyketones having
the two terminal carbonyl groups protected as ketals are efficiently and directly
cyclized into aromatic polyketides including 6-hydroxymusizin and eleutherinol
[49, 50]. On the other hand, despite the structural similarity to eleutherinol, forma-
tion of the “octaketide” naphthopyrone was not detected with either PCS M207G
mutant or the triple mutant, suggesting that the naphthalene ring-forming activity
was only attained by the FS0OA/Y82A/M207G triple mutation.

Crystallization and X-ray analysis of the octaketide-producing A. arborescens
OKS has also been achieved [45]. The crystal structure at 2.6 A resolution revealed
that OKS shares almost identical active-site architecture with PCS M207G mutant
catalyzing condensations of eight molecules of malonyl-CoA to produce the octa-
ketides SEK4/SEK4b (Fig. 6). Thus, both OKS and PCS M207G mutant utilize the
“downward expanding” pockets for the formation of SEK4/SEK4b. To manipulate
the OKS enzyme reaction, a structure-based OKS N222G mutant, in which the
active-site cavity was expanded by a large-to-small substitution of Asn222 located
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at the bottom of the “downward expanding” pocket (Fig. 6). As a result, OKS
N222G mutant efficiently produced a C,, decaketide benzophenone SEK15 as a
single product by sequential condensations of ten molecules of malonyl-CoA
(Fig. 5) [51]. The mutant showed a Ky, value of 55.0 uM and k., value of
2.7 x 107> min~" for malonyl-CoA with a pH optimum at 7.0. The decaketide
benzophenone has been previously reported as a product of genetically engineered
type II PKSs [52], and is the longest polyketide produced by the structurally simple
type III PKS. Very recently, the X-ray crystal structure of OKS N222G mutant
was obtained, which clearly demonstrated that the active-site cavity was indeed
expanded by the single amino acid substitution; the total cavity volume of the point
mutant was increased to 693 A> from 651 A3,

5 Substrate Specificity and Precursor Directed Biosynthesis

The CHS-superfamily type III PKSs exhibit unusually broad, promiscuous sub-
strate specificities; the structurally simple homodimeric enzymes accept a variety of
non-physiological substrates, including aromatic and aliphatic CoA thioesters, to
produce an array of chemically and structurally divergent unnatural polyketides
[53-62]. We have previously reported that S. baicalensis CHS, normally producing
chalcone by sequential condensation of the Cs—C3 unit of p-coumaroyl-CoA with
three molecules of malonyl-CoA, shows remarkably broad substrate specificity
(Fig. 7a) [53, 54]. For example, 4-fluorocinnamoyl-CoA was converted to a fluo-
rochalcone along with a triketide and a tetraketide o-pyrone by-product, while other
4-substituted analogs (X=ClI, Br, and OCH3) afforded only triketide and tetraketide
pyrones. Further, it is remarkable that analogs in which the coumaroyl aromatic ring
is replaced by furan or thiophene were efficiently converted into unnatural novel
polyketides with the heteroaromatic ring system. The steric and/or electronic
perturbations by the substituents alter the stability of the enzyme-bound intermedi-
ate or the optimally folded conformation in the cyclization pocket of the active-site
cavity. In addition, CHS also accepts benzoyl-CoA and phenylacetyl-CoA to afford
phlorobenzophenone and phlorobenzylketone, respectively [54]. Moreover, CHS
accepts aliphatic CoA starters (isovaleryl, isobutyryl, n-hexanoyl, n-octanoyl,
n-decanoyl, and n-dodecanoyl) to produce tetraketide phloroglucinols as well as
triketide and tetraketide pyrones [58]. When incubated with methylmalonyl-CoA
and p-coumaroyl-CoA, CHS afforded an unnatural C4—Cs aromatic polyketide,
1-(4-hydroxyphenyl)pent-1-en-3-one, formed by one-step decarboxylative conden-
sation of the two substrates (Fig. 7b) [56]. On the other hand, CHS does not accept
the shorter and the bulkier N-methylanthraniloyl-CoA as a starter. However, ben-
zalacetone synthase (BAS) from R. palmatum, a type III PKS normally producing a
diketide benzalacetone by one-step condensation with malonyl-CoA, efficiently
catalyzes condensation of N-methylanthraniloyl-CoA (or anthraniloyl-CoA) and
one molecule of malonyl-CoA (or methylmalonyl-CoA) to produce 4-hydroxy-2
(1H)-quinolones (Fig. 7c) [60]. The anthranilates are key intermediates in the
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biosynthesis of acridone alkaloids; acridone synthase is a plant-specific type III
PKS that selects N-methylanthraniloyl-CoA as a starter to produce 1,3-dihydroxy-
N-methylacridone after three condensations with malonyl-CoA (Fig. 1).

Like other type III PKSs, the octaketide-producing A. arborescens OKS exhibits
significantly broad substrate specificities. The enzyme accepts disparate starter
molecules, both aromatic and aliphatic CoA thioesters with different chain lengths,
and efficiently performs sequential condensation and cyclization reactions to pro-
duce a series of unnatural polyketides [31]. For example, when OKS was incubated
with p-coumaroyl-CoA and malonyl-CoA as substrates, most of the enzyme reac-
tions were initiated by malonyl-CoA and the octaketides SEK4/SEK4b were
obtained as major products. However, careful examination of the reaction products
led to isolation of two less polar minor products; octaketide-producing OKS also
catalyzed condensations of p-coumaroyl-CoA and five or six molecules of malonyl-
CoA to produce an unnatural C,; heptaketide chalcone and a C;y hexaketide



Engineered Biosynthesis of Plant Polyketides 61

stilbene, novel polyketide scaffolds generated by the structurally simple type III
PKS (Fig. 8a) [51]. Remarkably, the C,; chalcone-forming activity is dramatically
increased in the structure-guided OKS N222G mutant that produces a C,o decake-
tide SEK15 from ten molecules of malonyl-CoA (Fig. 5) [51].

As described, in the CHS enzyme reaction, the C4—C; coumaroyl starter is
loaded onto the coumaroyl binding pocket; however, in OKS and PCS, the
G256L and S338V substitutions causes the loss of the pocket from the active-site.
As aresult, OKS and PCS no longer accept p-coumaroyl-CoA as a starter substrate
to produce the tetraketide chalcone, but instead, OKS utilize the novel buried
pockets that extend into the traditional active-site cavity for the production of
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SEK4/SEK4b (Fig. 6) [42]. Therefore, the production of the coumaroyl-derived
heptaketide/hexaketide is thought also to be dependent upon the presence of the
novel buried pockets. Indeed, the structure-based OKS N222G mutant, in which the
buried pockets is expanded by the large-to-small substitution of Asn222, efficiently
produces the C,; heptaketide chalcone as a major product from the coumaroyl
starter. Presumably, after the chain elongation, the enzyme catalyzes the first
aromatic ring formation at the middle of the polyketide intermediate as in the
case of the production of SEK4/SEK4b and SEK15. The C,; chalcone is thus
generated by a C-7/C-12 aldol-type cyclization of a heptaketide intermediate,
whereas a C-6/C-11 aldol-type cyclization of a hexaketide intermediate produces
the Cyo stilbene (Fig. 8a). The formation of the terminal a-pyrone ring could be an
important process for the release of the polyketide products from the thioester-
linked active-site Cys residue [51]. On the other hand, the structure-guided OKS
N222G mutant produced novel polyketides including C,, aromatic octaketides
from phenylacetyl-CoA (Fig. 8b), and a novel C;9 heptaketide benzophenone
from benzoyl-CoA (Fig. 8c) [63]. Notably, the C¢—C, phenylacetyl starter better
fits into the active-site of the enzyme and more efficiently initiates the sequential
condensation reactions than the C¢—C; benzoyl-CoA. The combination of the
structure-based engineering and the precursor-directed biosynthesis can be a pow-
erful approach for further production of chemically and structurally divergent
unnatural novel polyketides.

6 Conclusion and Perspectives

The site-directed mutagenesis and X-ray crystallographic studies on the pentaketide-
producing PCS and the octaketide-producing OKS clearly demonstrated that the
chemically inert single residue lining the active-site cavity determines the polyketide
chain length and the product specificity. It is remarkable that the functional diversity
of the type III PKSs evolved from such a simple steric modulation of the active-site
architecture. Further, the structure-based rationally designed mutant enzymes, PCS
F80A/Y82A/M207G and OKS N222G mutant, dramatically extended the product
chain length to produce an unnatural novel nonaketide and a decaketide, respectively,
which are the longest polyketides generated by the structurally simple type III PKS
so far. On the other hand, the CHS-superfamily type III PKSs exhibit unusually
broad, promiscuous substrate specificities, accepting a variety of non-physiological
substrates to produce an array of chemically and structurally divergent unnatural
novel polyketides. These findings revolutionized our concept of the catalytic potential
of the structurally simple type III PKSs and suggested possible involvement in the
biosynthesis of structurally diverse plant polyketides such as anthrones and anthra-
quinones. Further analyses of the catalytic potential and plasticity of the functionally
divergent type III PKSs promise to reveal intimate structural details of the enzyme-
catalyzed processes.
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Our results suggested that the engineered biosynthesis of plant polyketides
would lead to further production of chemically and structurally divergent unnatural
novel polyketides. Since we can now manage to control the starter substrate
specificity and the number of the malonyl-CoA condensations, the next goal
would be how to manipulate the mechanism of the cyclization reactions to generate
polyketides with desired ring systems. On the other hand, the B-polyketo inter-
mediates are highly reactive and readily react with amines to yield Schiff bases,
which make it possible to introduce additional C—C or C-N bond forming chemistry
such as the Mannich-type cyclization to generate more complex enzyme reaction
products. Combination of the structure-based protein engineering and the precur-
sor-directed biosynthesis with rationally designed nitrogen-containing synthetic
analogs is expected to generate unnatural novel polyketide-alkaloid scaffolds
with promising biological activities, which is now in progress in our laboratories.
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1 Introduction

Once organic chemistry has succeeded in a more complicated research field, the proteins,
then the chemical riddle of life can be solved.

(E. Fischer, in his speech after he received his Nobel Price Award)

The use of enzymes in organic chemistry dates back over 100 years, when the
hydrolysis of racemic mandelic acid by liver esterase was investigated [1, 2]. The
application of enzymes to the synthesis of natural products reached breakthrough
for some groups of secondary metabolites, such as alkaloids, in the last two
decades. With a few exceptions, most of the literature relating to enzymatic
synthesis or alkaloid transformation has been published in the last decade. An
increase in the number of papers in very recent years indicates a strong growing
interest in the field of chemo-enzymatic alkaloid syntheses. However, it is impor-
tant to distinguish between the two topics (1) biosynthesis of alkaloids at the
enzyme level, which allows enzyme-catalysed synthesis of alkaloids and their
derivatives, and (2) chemo-enzymatic approaches using a combination of enzy-
matic and chemical reactions for alkaloid synthesis.

This review does not focus on the former topic, though detection of the individ-
ual enzymes involved in each pathway through biosynthesis related research
provides the prerequisites for understanding the basic biochemistry of biosynthetic
routes, ultimately delivering the tools for genetic and synthetic application of these

Dedicated to Professor Handong Sun on the occasion of his 70th birthday.
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catalysts. Rather, major examples are then selected to illustrate the latter topic and
are described in order to provide an overview of how to generate various alkaloid
structures by combination of classical and modern enzymatic reactions.

Within the natural products field, the investigation of complete biosynthetic
pathways at the enzyme level has been especially successful for plant alkaloids of
the monoterpenoid indole alkaloid family generated from the monoterpene gluco-
side secologanin and decarboxylation product of tryptophan, tryptamine [3-5]. The
most comprehensive enzymatic data are now available for the alkaloids ajmalicine
(raubasine) from Catharanthus roseus, and for ajmaline from Indian Rauvolfia
serpentina [6]; the latter alkaloid with a six-membered ring system bearing nine
chiral carbon atoms. Entymatic data exsist also for vindoline, the vincaleucoblastin
(VLB) precursor for which some studies on enzymatic coupling of vindoline and
catharanthine exist in order to get the so-called dimeric Catharanthus indole-
alkaloids VLB or vincristine [7-9] with pronounced anti-cancer activity [10, 11].

For most of this work, optimised in vitro plant cell suspension cultures were
used, especially from R. serpentina and C. roseus, and in the latter case, differ-
entiated tissue (seedling) was also successfully used for investigation of various
aspects of vindoline biosynthesis [12, 13].

Biosynthetic research relating to the isoquinoline family was extremely success-
ful, with such important members as morphine [3, 14], codeine [3, 15] or berberine
[3, 14, 16—18]. Extensive efforts have provided details pertaining to multiple sets of
enzymes participating in the biosynthesis of the alkaloids above, in many cases with
the help of plant cell suspension culture techniques. Since 1988, when the break-
through in cloning of cDNA from alkaloid biosynthesis occurred [19, 20], a
significant number of enzymes known from the indoles’ and isoquinolines’ biosyn-
thesis have been isolated, their biochemical properties described and the majority of
their corresponding cDNAs cloned and functionally over-expressed in non-plant
hosts such as Escherichia coli, yeast or insect cells.

Moreover, significant knowledge has accumulated relating to the pathway lead-
ing to the diterpenoid alkaloid taxol, particularly in the isolation and characterisa-
tion of a whole set of technically challenging cytochrome P450 enzymes in addition
to the enzymatic cyclisation of the diterpene unit, several acyltransferases and for
cDNA cloning [21, 22]. Significant progress has also been made in unravelling the
key reactions in the biosynthesis of tropine and pseudotropine alkaloids [23, 24].
The chapter will not place particular focus on these alkaloid groups.

2 Enzymatic Formation of Monoterpenoid Indole Alkaloids

2.1 Heteroyohimbine/Sarpagine/Ajmaline Type Alkaloids

Ajmalicine (=raubasine) is a heteroyohimbine alkaloid with positive effects on
postischemic hypoxia and cerebral protection [25-27] and has anti-hypertensive,
sedative and oxygen supplying activities in brain tissue. It can be enzymatically
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obtained along with its isomers (structures not shown) 19-epi-ajmalicine and
tetrahydroalstonine. Plant cell suspension cultures producing a broad range of
different classes of monoterpene indole alkaloids, but optimised for the produc-
tion of ajmalicine, were the key source for the individual enzymes required for
heteroyohimbine biosynthesis [28, 29]. This was one of the earliest alkaloid
pathways to be characterised at the enzymatic level (summarised in Fig. 1) and
also allowed the first enzymatic synthesis of the heteroyohimbines, including
most of the intermediates [30, 31]. The first reaction is catalysed by strictosidine
synthase (STR), the first known enzyme to catalyse a Pictet—-Spengler reaction
[32, 33], the central reaction required for the formation of the entire alkaloid
family, which consists of about 2,000 naturally occurring members. The second
enzyme in the pathway is strictosidine glucosidase, which delivers the highly

H
Tryptamine
+ MeO,C
CHO & Strictosidine Strictosidine-
N | oGl aglycone
HY
O
MeO,C
Secologanin

Strictosidine- 4, 21-Dehydrocory- 4, 21-Dehydro-
aglycone nantheinealdehyde geissoschizine

Iminium cathenamine Cathenamine Ajmalicine

Fig. 1 First example of a complete biosynthetic pathway to an alkaloid (ajmalicine = raubasine)
based on enzymatic reactions elucidated by isolation of the single enzymes from Catharanthus
roseus cell suspension cultures
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reactive aglycone that, through intermediate dehydrocorynantheine aldehyde,
forms the tetracyclic dehydrogeissoschizine [31]. Enzyme assisted and pH-depen-
dent spontaneous ring closure by intra-molecular Michael addition then leads to
the five-ring heteroyohimbine system (cathenamine), which is finally reduced
enzymatically in the presence of NADPH as a cofactor, a reaction step which
finalises the enzymatic formation of, e.g. ajmalicine [31, 34]. It is this pathway
which offers the enzymes and some of the appropriate key genes (cDNAs)
required to develop advanced methods for future biological alkaloid synthesis
(see Genetic Approaches 2.3 and 3.2).

Synthesis of the anti-arrhythmic drug ajmaline from Rauvolfia plants, an effi-
cient source of several alkaloid types used in therapy, represents an even more
advanced study of the total enzymatic synthesis of terpenoid indole alkaloids.
Ajmaline is a class I anti-arrhythmic alkaloid because of its activity as heart muscle
sodium channels antagonist [35].

Ajmaline and some of its derivatives are used for pharmaceutical intervention in
Europe [36]. Its enzymatic synthesis is depicted in Fig. 2 and starts, as described for
the Catharanthus alkaloid ajmalicine, with the enzymatic Pictet—Spengler reaction
performed by STR1 [19, 20, 47], followed by deglucosylation of the glucoalkaloid
strictosidine by strictosidine glucosidase (SG) [48-50]. Both enzymes are not
identical to the Catharanthus enzymes. Although they catalyse the same reactions,
they differ in their amino acid sequences, resulting in slight changes in their
biochemical properties.

Through the dehydrogeissoschizine stage, known from the enzymatic forma-
tion of ajmalicine (see Fig. 1), the sarpagan bridge enzyme (SBE) yields the
first sarpagan-type alkaloid, polyneuridine aldehyde, formed on the way to the
ajmalan-type [51]. A highly substrate specific esterase, polyneuridine aldehyde
esterase (PNAE) [52, 53], leads, by ester hydrolysis and decarboxylation, to
16-epi-vellosimine which is transformed in turn by vinorine synthase (VS) in
the presence of acetyl-CoA as a cofactor to the six-ring system, the alkaloid
vinorine [54, 55]. On the way to ajmaline, all the reactions which follow occur
at the periphery of the alkaloid structure by cytochrome P450 hydroxylation
(vomilenine formation) [56], followed by four enzyme-catalysed reactions
involving two NADPH-dependent reductases, an acetylesterase and an N-methyl-
transferase [57—60]. In summary, tryptamine and secologanin provide the skele-
tons for a pathway involving ten enzymes belonging to the synthase, glucosidase,
esterase, hydroxylase, reductase and methyltransferase enzyme families, ulti-
mately giving rise to the complex structure of ajmaline. All these enzymes have
been characterised in detail, and half of them can now be produced heterologously
and very efficiently in E. coli.

The multiple side-reactions of this pathway result in a complex metabolic
network of Rauvolfia alkaloids [5]. In Fig. 2 only two of the enzymatic side steps
are mentioned: the deglucosylation of the gluco-alkaloid raucaffricine and the
NADPH-dependent reduction of perakine into raucaffrinoline. In recent years
(2005-2009), six of the enzymes mentioned have been crystallised following
synthesis in E. coli (summarised in [61, 62]), opening novel and significant



72 J. Stockigt et al.

|
N NH,
H [

o
Toyptamine % 2
yptamine @ 'r;\'
<%

+
STR1
—_— —_—
¢HO /H MeO,C
W\ €0z
N \OGle o o Polyneuridine aldehyde
H Strictosidine Strictosidine-
MeO,C X0 aglycone
Secologanin PNAEl gﬁﬁ
-CO, i
Ohc OAc iy OHC
-~ g 16
S O | H
. N3 N eH ' N
s VH VS H H
B ek N ——— N e —— X
& _3{ RV CPR
Vomilenine Vinorine 16-epi-Vellosimine
OAc \
\ f 8
NN AN < 06l OAc X0 Ohc
H\‘ \ ¢ ii’g;&“
NN e s e CHs
OH H —_—
Raucaffricine "/GHO "/GH.OH
7
N N WOH Perakine Raucaffrinoline
| H
CH,

Ajmaline

Fig. 2 Part of the biosynthetic network of indole alkaloids in the Indian medical plant Rauvolfia
serpentina; elucidated by isolation and characterisation of individual enzymes, cloning of
corresponding cDNAs by reverse genetics and crystallisation and 3D-X-ray analysis of the
major catalysts. (STR/ strictosidine synthase; SG strictosidine glucosidase; SBE sarpagan bridge
enzyme; PNAE polyneuridine acetyl esterase; RG Raucaffricine glucosidase; PR perakine reduc-
tase).STR1 is the enzyme from R. serpentina, STR is the C. roseus enzyme. 3D structures were
obtained during recent years for: STR1 [37-39]; SG [40, 41]; PNAE [42]; VS [43, 44]; RG [45];
PR [46]

opportunities for exploiting these enzymes in the development of new strategies to
generate new alkaloids by rational enzyme engineering (see Sect. 2.4).

2.2 Indole Alkaloid Precursors: Tryptophan and Strictosidine

A significant number of tryptophan and tryptamine chemical syntheses are known:
this section describes their biological synthesis in vivo (whole cells), the in vitro
enzymatically catalysed synthesis and synthesis through chemo-enzymatic
approaches.
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Selected tryptophan “syntheses” will first be described because tryptophan is
easily converted into its decarboxylation product tryptamine. Major emphasis will
be placed on tryptophan analogues with a variety of substitution patterns at the
aromatic ring system. These derivatives could be of significance for producing new
tryptophan derived alkaloids.

Two recently published procedures should be highlighted. Development of
simple and scalable one-step biotransformation of 4.5.6.7-halogenated (F, Cl, Br)
and methylated indoles into the appropriate tryptophan analogues (Fig. 3) is based
on 3-days incubation of a bacterial lysate together with L-serine at 37°C [63].

The lysate was obtained from E. coli cells which were pre-transformed with
a plasmid (pSTB7) expressing tryptophan synthase from Salmonella enterica. This
E. coli strain is commercially available (ATCC 37845). Reported yields on trypto-
phans ranged from 3% to 63%, but, in several cases, could be significantly
enhanced up to 100% using the E. coli lysate, separated from the reactant by a
dialysis tube.

The enzyme-mediated tryptophan synthase dependent approach is in theory well
established but has the disadvantage of requiring the prior purification of trypto-
phan synthase [64, 65] and was therefore not widely employed until recent devel-
opment of the ATCC 37845 E. coli line.

Since tryptophan synthase does not (or poorly) tolerate the substitution of
indoles by large groups (iodo- and nitro-groups), such cases have lead to the
development of a facial chemical synthesis of racemic N-a-acetyltryptophan deri-
vatives from 5- and 6-monosubstituted indoles and L-serine, followed by an enzy-
matic resolution step using acylase “Amano” resulting in substituted L-tryptophans
in high yields and enantiomeric purity of 91-100% ee [66] (Fig. 4).

Fig. 3 Enzymatic synthesis recombin.a nt

of L-tryptophans from TN A\ i E. coll

¢ yptopha X—r + L-Serine ———3 |-Tryptophans
indoles, L-serine and lysates = 37°C, 3 days

of recombinant E. coli E
overexpressing tryptophan

synthase (X = F, CI, Br at

carbon 4,5,6,7)

CO.H COzH

NH, NH,

4
N L-Ser N Acylase N
X—r Ny — X—r N e XL N
~N  Ac,0/ N\ ~N
7R h '

AcOH

T

X =F, Cl, Br, J, OMe, NO, at C-5 or C-6 L-Tryptophans

Fig. 4 Chemical synthesis of substituted tryptophanes followed by enzymatic resolution of the
racemates
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With reference to this, a recent summary describing biological halogenation,
in particular that catalysed by FADH,-dependent halogenases, should be
mentioned [67]. These enzymes exhibit the conserved “flavin binding site”
(GlyxGlyxxGly) and represent a family possessing 4, 5, 6 and 7 tryptophan-
halogenase activity. These enzymes provide the possibility to generate trypto-
phan-derivatives starting with indole, L-serine and tryptophan synthase followed
by halogenation with different tryptophan halogenases as the last reaction step,
resulting in a selection of halogenated tryptophans which can be employed for
further synthetic use.

Recently, an entire series of novel dimethylallyltryptophan synthases was
detected, although the first described enzyme of this enzyme type dates back to
1971, when dimethylallyltryptophan synthase (DMATS; E.C.2.5.1.34) was
detected [68]. DMATS prenylates L-tryptophan at position 4. Analysis of genome
sequences from species of the Claviceps, Aspergillus and Neosartorya genera lead
to the identification of a significant number of putative indole prenyltransferase
genes. From a single organism alone, C. purpurea, up to ten prenyltransferase genes
were detected [69, 70]. The gene products exhibit 24—-62% amino acid sequence
similarity to DMATS isolated from different fungi.

In total, ten prenyltransferase genes have been cloned and overexpressed in
E. coli and yeast and the corresponding prenyltransfer reactions onto various
substrates (tryptophan derivatives, indoles and tryptophan-containing cyclic
dipeptides) investigated [71]. Depending on the presence of DMAPP as a prenyl
donor, these prenyltransferases are soluble, metal ion-independent enzymes.
Having been overproduced as Hisg-tagged enzymes, and purified to near homo-
geneity, these can now be easily used as tools for the production of prenylated
indoles. The major advantage of these enzymes is that they possess a relatively
broad substrate acceptance, and can thus be generally applied to the chemo-
enzymatic synthesis of a whole range of prenylindole derivatives [72, 73] leading
to remarkably high yields, especially when “long-term” (overnight) incubations
are carried out.

However, there are also examples of prenyltransferase in which substrates are
only poorly accepted with low rate constants (K ,/K,,), especially when their
structures differ significantly from the natural substrates of the enzymes. There
are two ways to avoid such drawbacks in future: (1) enzyme optimisation by site-
directed mutation and (2) significantly increased catalyst overexpression, so that the
amount of enzyme is not the limiting factor.

In conclusion, current achievements in the field of chemo-enzymatic application
of these fungal prenyltransferases is remarkable, and future work must show
whether preparative application for higher gram scales will be possible. Future
identification and characterisation of novel prenyltransferases will allow expansion
of their application with regards to substrate spectrum and position of prenylation.
This is chiefly due to the fact that there are in excess of 100 fungal genome
sequences now available (www.ncbi.nlm.nih.gov) consisting of approximately
100 homologues of dimethylallyltryptophan synthase. For most of these genes the
functions are still waiting to be discovered [71]. Figure 5 represents selected
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Fig. 5 Regio-selective prenylation of substituted indoles by novel, heterologously expressed
Hisg-tagged prenyltransferases [71]

Iz

examples for prenylation and overviews, present regio-selective enzymatic preny-
lations by various DMAPP-transferring proteins.

The successful application of enzymes to the preparation of structurally more
advanced intermediates of alkaloids belonging to the monoterpenoid indole alka-
loid family was convincingly demonstrated by the pioneering work of Zenk’s
research group at Munich University, approximately 25 years ago [74, 75]. They
used pre-purified strictosidine synthase (EC 4.3.3.2) isolated from cell suspension
cultures of the plant C. roseus. The enzyme was coupled to CNBr-activated
Sepharose. At the immobilised stage the thermo-stability of the synthase was
significantly enhanced (about 300 times compared to the enzyme in solution).
Under these conditions, the biocatalyst was used for the gram-wise production of
stereochemically pure 3(a)S-strictosidine, simply by passing the substrate trypt-
amine and secologanin (ratio 1:1) through a column containing the immobilised
enzyme followed by freeze drying of the effluent. The half-life of the enzyme
at 37°C was also enhanced up to 68 days compared with the soluble enzyme of T,
~ 5 h, so that the strictosidine preparation column could be used for more than half
a year without serious loss of production capacity. This enzymatic synthesis will be
of future significance if strictosidine analogues are needed for the generation of
novel alkaloid libraries (see Sect. 2.4).
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2.3 Genetic Approaches Towards Monoterpenoid Indoles

2.3.1 Engineered C. roseus “Hairy Roots”

The biochemical characterisation of strictosidine synthase has been made possible
by cDNA isolation and heterologous expression [19, 20, 47] followed by elucida-
tion of its three-dimensional structure and its binding pocket [37-39], paving the
way for the creation of rationally designed STR mutants [76, 77]. These mutants
(e.g. Val214Met) show a broader substrate acceptance compared to the wild-type
enzyme. Genetically engineered plants expressing this mutant (which preferentially
accepts S-substituted tryptamines and forms new, unnatural strictosidines (e.g.
5-halo-strictosidines)) were achieved through genomic transformation of C. roseus
“hairy roots” by the pPCMABIA plasmid [78]. Feeding of the transgenic root lines
with 5-subsituted tryptamines (CI, Me, Br) for 1 week, followed by phytochemical
analysis of the root material, allowed the detection of a range of novel, unnatural
alkaloids such as 5-substituted heteroyohimbine alkaloids (ajmalicine, serpentine),
aspidosperma-type (tabersonine) and iboga-type alkaloids such as catharanthine.
This strategy of re-programming alkaloid biosynthesis in vivo may generate whole
sets of novel alkaloid analogues as formation of about 15 intermediates can be
expected from strictosidine to tabersonine or catharanthine. The fact that the
technique of cultivating plant organs such as the “hairy roots” described here has
been established and optimised for some time and been developed for large scale
production suggests that there is potential for further biosynthetic engineering in
related systems such as cell suspension cultures, a promising tool for the future
alkaloid diversification (Fig. 6).

2.3.2 Engineered E. coli and Yeast Cells

A dual vector containing the cDNA of STR1 and cDNA of strictosidine glucosidase
(SG, EC 3.2.1.105) from the Indian medicinal plant R. serpentina was designed
and, following transformation of an E. coli M15 line, functionally expressed [79].
Enzyme extracts of the bacteria could be used to convert tryptamine and secologa-
nin through strictosidine into cathenamine. Chemical reduction by NaBH, then
resulted in the synthesis of the naturally occurring tetrahydroalstonine and finished
this short chemo-enzymatic route (Fig. 7). This new vector should allow insertion
of cDNA libraries designed and produced from mutated STR1 and SG for genera-
tion of both diverse unnatural tetrahydroalstonines, as well as insertion of multiple
additional available cDNAs, so that the vector may in future become an important
tool for multi-step in vivo or in vitro enzymatic or chemo-enzymatic production
strategies for structurally diverse and pharmacologically promising monoterpenoid
indole alkaloids [79].

There is significant debate as to whether E. coli or yeast constitutes the better
host. The significantly faster replication rate of the former is clearly superior to the
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Fig. 6 In vivo reprogramming of alkaloid biosynthesis in “hairy roots” of C. roseus by introduc-
tion of a mutant cDNA of the key enzyme strictosidine synthase (STR) with broader, unnatural
substrate specificity leading to diversification of alkaloid content in roots following long-term
feeding with 5-substituted tryptamines (X = Cl, Br, Me) [78]

Tryptamine  recombinant E. coli
(enzyme extract)
+ —_—
STR1 + SG
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Cathenamine Tetrahydroalstonine

Fig. 7 Chemo-enzymatic formation of tetrahydroalstonine from tryptamine and secologanin by
an enzyme extract from engineered E. coli harbouring a dual vector expressing both, STR1 and
SG cDNAs from R. serpentina cell suspension cultures followed by chemical reduction. Due
to simultaneous expression of STR1 and SG cDNAs, the intermediate strictosidine does not
accumulate



78 J. Stockigt et al.

second though posttranslational enzyme modifications can only be achieved in
yeast. The choice as to which host is more useful for the genetic approaches
described here must therefore be decided on a “case by case” basis.

In a similar approach to the one just described, two plasmids, each harbouring
the cDNA of STR and SG from C. roseus, were used for transformation of
Saccharomyes cerevisiae strain YPH500. After 2 days of growth of the recombinant
yeast strain in the presence of 2 mM tryptamine and secologanin, strictosidine
accumulated in the surrounding medium in yields as high as 2 g/L.. The degluco-
sylation product cathenamine was, however, detected inside the yeast cells and,
after permeabilisation of the cells, major extracellular strictosidine was hydrolysed
to cathenamine by this short two-step method [80]; this methodology should allow
the production of preparative amounts of both alkaloid intermediates.

2.4 Non-Natural Alkaloid Libraries by Re-Designed Enzymes

The power of engineered enzymes in the synthesis of novel alkaloids, to generate
structural diversity and establish new alkaloid libraries, is best represented by the
enzyme strictosidine synthase (STR1).

The crystal structure of STR1 together with its complexes of substrates (trypt-
amine and secologanin), enzyme product (strictosidine) and an inhibitor, not only
provided a first deep insight into the enzyme mechanism [37-39, 81] of this central
catalyst involved in the biosynthesis of ~2,000 alkaloids, but also provided a view
into the binding pocket. Three-dimensional analysis also provides significant
opportunities for the rational re-design and expansion of STR’s substrate specific-
ity. The aromatic moiety of the substrate tryptamine is very versatile, in particular
when targeting development of combinatorial biomimetic approaches.

Observations made in the past demonstrated that in presence of an excess of
nucleophiles (e.g. primary amines), the “normal” enzymatic biosynthesis of the
heteroyohimbine system is interrupted by formation of E-ring analogues, resulting
in a range of novel N-heteroyohimbines after chemical reduction. With the re-
designed STRs [76, 77] this biomimetic approach might now be extended by use of
rationally designed STR mutants such as Val2008Ala and Val214Met, which can
now be used to generate A- and E-ring substituted heteroyohimbine libraries by
combination with the above “nucleophiles” approach (Figs. 8 and 9).

2.5 Chemo-Enzymatic Synthesis of Monoterpenoid Indole
Alkaloids

Chemo-enzymatic approaches to monoterpenoid indole alkaloids have attracted
much interest since the beginning of the 1990s. At that time, synthetically “early”
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Fig. 8 (a) Complex of STR1 with the product strictosidine (ribbon diagram, strictosidine in ball
and stick presentation). (b) 2D-representation of the complex, pointing to Val208 residue and
hydrogen bond network (<4.1 A); figures were taken from [76]

Substituted Strictosidines
(9, 10 substitution)

OCH, / \

OCH,

Fig. 9 Heteroyohimbine analogues that can be obtained by a combinatorial approach. Strictosi-
dine is the precursor of the compounds displayed (X = H). Based on engineered mutants of STR1,
the approach can now be extended to various substituted strictosidines
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and simple building blocks such as pure enantiomers were used in order to develop
strategies to generate, e.g. two tetracyclic indole alkaloids (—)-antirhine [82], (—)-
akagerine [83], the pentacyclic (—)-allo-yohimbane [84] and (+)-meroquinene [85].
The latter is a degradation product of Cinchona alkaloids such as cinchonine. Key
intermediates of the first three alkaloids are the enzymatically prepared (1S,2R)-
cyclohex-4-ene-dimethanol monoacetate.

It became apparent early on that compounds of the 1,2-disubstituted cyclohex-
enes allow exploitation of a wide range of synthetic opportunities, leading to their
frequent use in natural product synthesis; the application of chemo-synthetic routes
for selected monoterpenoid indole alkaloid alone are summarised here [86].

Chiral cis-1,2-disubstituted cyclohex-4-ene precursors could in principle mimic
the carbon framework of the monoterpenoid secologanin, leading to powerful chiral
synthons, from readily available meso-forms. Moderate results were obtained with
lipases such as porcine liver esterase (PLE), delivering the (15,2R)-mono-acetate at
a yield of 78% with 96% ee (Fig. 10), though preparation of the enzyme seemed to
be crucial for the appropriate result. In contrast, pig pancreatic lipase (PPL) was
significantly more efficient in forming the (—)-(1R,2S) enantiomer at a yield of 96%
and 98% ee [86, 87].

An optimised approach to (1S,2R)-monoacetate, consisting of the addition of
PPL to a solution of the diol in dry EtOAc, resulted in excellent >99% ee acetyla-
tion, but with only 88% conversion [83].

A retrosynthetic synthesis of (—)antirhine (Fig. 11) was performed through
the monoacetate (1) and lactone (2) which was condensed with tryptamine.
Product 3 was then finally converted, through a number of intermediates, to the
tetracyclic (—)-antirhine, resulting in a remarkable overall yield of 13% (starting
from the monoacetate 1), together with the 3-epimer (+)-antirhine at a yield
of 6%. This strategy allowed the chemo-enzymatic synthesis of both (—) — and
(+)-antirhines [82].

OAc

H

OH
(1R,2S)-Monoacetate

PPL /

OAc OH
PLE H PPL OH
—_—— 2 -
96% ee AcOEt CE
|:| >99% ee OH
OAc OAc
meso-Diacetate (1S,2R)-Monoacetate meso-Diol

Fig. 10 Enzyme-catalysed formation of chiral monoacetate synthons from meso-diacetate or
meso-diol for chemo-enzymatic synthesis of monoterpenoid indole alkaloids
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Fig. 11 Complete synthesis of the major alkaloid (—)-antirhine known from the plant Antirhea
putaminosa (except for formation of 1, all other reaction steps were not enzyme-catalysed)

In a previously described approach, a largely similar strategy was employed
in order to generate enantio-selectively (—)-allo-yohimbane [84]. Yohimbane
alkaloids such as reserpine and yohimbine were of long-standing interest from
pharmacological and synthetic points of view, and the first enantio-selective
(—)-alloyohimban synthesis was reported some time ago by Isobe et al. [88].

As summarised here for the chemo-enzymatic approach of (—)-allo-yohimbane,
synthon was once again the key lactone 1 (derived enzymatically from the above-
mentioned meso-diacetate). Through condensation with tryptamine, a lactam was
obtained which was then sequentially converted into (—)-allo-yohimban, indicating
the high potential of this chemo-enzymatic approach for production of optically
pure alkaloids of the terpenoid indoles.

Preparation of (—)-akagerine should be mentioned as the third example using
this strategy of enantio-selective chemo-enzymatic indole alkaloid synthesis [83].
The alkaloid is a typical member of tetracyclic Strychnos alkaloids and exhibits
convulsive activity [89]. Moreover, akagerine displays an unusual tetracyclic
structure: a perhydroazepine ring is coupled to the tetrahydro-f-carboline moiety.
Its first enantio-selective total synthesis summarised here was based on the lac-
tone 3, generated from the 1S,2R-monoacetate 2 (Fig. 12). In a 17-step synthesis
with an overall yield of 19.3%, pure (—)-akagerine was obtained, showing once
again the remarkable power of this approach [83].

Extension of the approach described resulted in a short synthesis of (+)-mero-
quinene (Fig. 13). Formation of this alkaloid also synthetically connects the indole
with the quinoline alkaloids, a link which has been suggested from the biosynthetic
point of view for multiple decades: quinine alkaloids are expected to be enzymati-
cally formed from the indole framework. Meroquinene is a simple piperidine
derivative which can be obtained by degradation of cinchonine and other Cinchona
alkaloids under acidic conditions. It also plays a key role in the chemical synthesis



82 J. Stockigt et al.

1T
11T

3
¢
;
Ga)
|
;

Ty
N Ty

(-)-Akagerine

Fig. 12 First enantio-selective, chemo-enzymatic synthesis of the monoterpenoid indole alkaloid
(—)-akagerine, member of the family of Strychnos alkaloids
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Fig. 13 Chemo-enzymatic synthesis of (+)-meroquinene

of several Chinchona alkaloids [90]. The monoacetate (1) was converted to its
nitrile (2), its cis-octahydroquinoline (3) and followed by several chemical steps,
followed by a highly efficient enzymatic reaction catalysed by PLE, which deliv-
ered by regio-selective hydrolysis intermediate 5 in surprisingly high yield of 93%
and resulted finally in formation of (+)-meroquinene [85].

As a final example in this series of alkaloids, the enantio-selective synthesis of
(+)-tacamonine is illustrated, which is also based on enzymatic generation of a
chiral lactone related to the approaches described above.

The key lactone became available first by diol (1) efficiently converted to 2R-2-
(3-butenyl)-1.3-propanediol acetate (2) by Amano PS Lipase as catalyst with 98%
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yield (>99% ee) and second by enzymatic transesterification of diol 1 by PPL,
leading to 2(R)-diol monoacetate 2, which was transformed to the lactone by
ozonolysis at a yield of 97%. The lactone served as the key precursor for the (+)-
tacamonine synthesis. The chemo-enzymatic strategy is outlined in Fig. 14.

The enzymatic conversion of a 9-methoxycamptothecin derivative to 9-meth-
oxy-20-(S)-mappicine should be mentioned as it is a short, simple and unusual
process which uses microwave irradiation and baker’s yeast as catalyst [91].

The Indian tree Nothapodytes foetida (syn. Mappia foetida) is an important
source of camptothecin, the DNA topoisomerase I inhibitor possessing anti-cancer
and anti-HIV activity of significant therapeutic importance. One of the minor
components of the plant has been identified as 9-methoxy-20-(S)-mappicine, a
tetracyclic derivative of the pentacyclic camptothecin. When the latter compound
was treated for a short-time (7 min) with microwave irradiation, it was converted
into 9-methoxymappicine ketone with an exceptionally high yield of 95%. This
ketone was then easily transformed by baker’s yeast into the target compound
9-methoxy-20-(S)-mappicine as illustrated in Fig. 15 [91].
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O  72%,85% ee OH
9-Methoxy-mappicine 9-Methoxy-20-(S)-
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Fig. 15 The two-step formation of 9-methoxy-20-(S)-mappicine from 9-methoxycamptothecin by
microwave irradiation and Saccharomyces cerevisiae
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3 Enzymatic Formation of Isoquinoline Alkaloids

3.1 Enzymes of Morphine and Berberine Synthesis

Morphine is probably the most exciting alkaloid for a number of reasons, including
its very early detection as a plant natural product, its excellent therapeutic value as
an extremely strong pain killer, its complex chemical structure (and resulting
complexity of synthesis), its occurrence not only in plants but also in human beings
but primarily due to the challenge of understanding the complexity of its natural
enzymatic synthesis. Following approximately two decades of work, Zenk’s labora-
tories in Munich and Halle provided the single enzymes from poppy plants,
catalysing the multi-step synthesis with 16 reaction steps starting from two pre-
cursors, dopamine and p-hydroxyphenylacetaldehyde (Fig. 16) [3].

The demethylation reactions which take place at the end of the pathway are the
only remaining steps for which the corresponding enzymes have not yet been
described [92]. The remaining enzymes are well known and many have been
purified to homogeneity meaning that the prerequisites for complete synthesis of
morphine at the enzyme level is imminent. Moreover, more than a half of these
enzymes can now be generated by cloning of their cDNAs followed by their
heterologous expression in E. coli, yeast or insect cells ([92] and cited literature).

Morphine as a typical plant natural product has also been identified many times
in animals and humans, initially leading to the belief that its occurrence is of a
dietary origin or of de novo synthesis [93]. However, surprisingly, feeding experi-
ments with labelled precursors to neuroblastome cells have recently provided clear
evidence of the presence of endogenous morphine formation in human cells [94].
Moreover, the finding that some of the morphine biosynthesis-specific enzymes are
present in some of these cells provides the first, surprising, clear-cut evidence for its
enzyme catalysed formation in non-plant cells [95, 96].

The alkaloidal intermediates (S)- and (R)-reticuline occupy a crucial position in
the enzyme-catalysed formation of various isoquinoline alkaloids. On one hand, as
shown in Fig. 16, they are precursors of codeine and morphine; on the other hand,
12-step biosynthesis from (S)-reticuline leads to the benzophenanthridines sangui-
narine, chelirubine and macarpine, enzymatic pathways which have been exten-
sively investigated [97] but that are not illustrated here. In addition, as depicted in
Fig. 17, the (S)-precursor also leads to a short and comprehensively elucidated,
vesicle-harboured [98] pathway to berberine, through intermediates (S)-scoulerine,
(8)-tetrahydrocolumbanine and columbamine. Although there is extensive knowl-
edge relating to a multitude of novel enzymes catalysing all of the single steps
for several isoquinoline alkaloids of pharmacological importance, there has been
no direct synthetic application or use of these proteins in synthetic chemistry so
far. This situation is, however, in sharp contrast to the biological use of the
corresponding cDNAs (genes) which, in general, led to the development of the
research field “synthetic biology”, also applicable to alkaloids [99]. Such cDNAs
allow, e.g. the production of isoquinoline alkaloids in microbial systems.
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Fig. 17 Sequential enzymatic formation of berberine from (S)-reticuline (BBE berberine bridge
enzyme; SOMT scoulerine O-methyltransferase; THCOX tetrahydrocolumbamine oxidase; COX
columbamine oxidase)

Last but not least, the wide range of pharmacological effects and activities coupled
to systematic research on plant cell suspension cultures of the genus Berberis and
Coptis boosted successful investigation of the enzymes involved in the biosynthesis
of the isoquinoline alkaloid berberine. The alkaloid displays anti-inflammatory
activity, which might be based in part on its inhibition of DNA-synthesis as shown
in activated lymphocytes [100, 101]. The alkaloid also has immunotherapeutic
activity because of its induction of interleukin-12 production in mouse macrophages
[102]. In combination with Panax ginseng saponins, berberine has an effect on
hemodynamics, on the concentration of plasma brain natriuretic peptide and on
calcium-ion concentration in experimental rats with congestive heart failure [103].
Unsurprisingly, the alkaloid also shows anti-cancer activity [104], it acts as a potent
telomerase inhibitor and is known to have anti-oxidant activity [105].

Elucidation of the enzymatic synthesis of berberine has thus been a long-
standing goal (Fig. 17) [3, 106].

The first step in the berberine pathway is the conversion of the branch-point
intermediate (S)-reticuline, which also leads as indicated above to sanguinarine/
macarpine and codeine/morphine biosynthesis. The appropriate enzyme for berber-
ine formation is called berberine bridge enzyme (BBE), and it catalyses a unique
reaction [107]. The N-methyl group of (S)-reticuline is oxidised by BBE and by
oxygen under H,O, formation followed by ring closure delivering C-8 of (S)-
scoulerine. The BBE product is then methylated by a specific SAM-dependent
methyltransferase, leading to (S)-tetrahydrocolumbamine, which in turn is oxidised
by (S)-stylopine oxidase. The columbamine formed is transformed by a methylen-
dioxy-bridge forming enzyme into the target alkaloid berberine.

As observed in a different cell system (Coptis japonica cell suspension cultures),
an alternative step in berberine synthesis is the formation of the methylendioxy
group at the stage of tetrahydrocolumbamine [108]. The cytochrome P450 enzyme
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CYP719A1 (canadine synthase) [109] is responsible for (S)-tetrahydroberberine
production, which is then enzymatically oxidised to berberine.

3.2 Genetic Approaches Towards Isoquinoline

3.2.1 Plant Metabolic Engineering

The isolation of the cDNAs encoding the enzymes involved in diverse isoquinoline
alkaloid formation in plants and microorganisms allowed the first metabolic engi-
neering routes to be developed and paved the way for new ways of future produc-
tion of isoquinoline alkaloids. For instance, transgenic opium poppy plants were
created in which codeinone reductase was suppressed by RNAI, resulting in the
substitution of morphine synthesis with the non-narcotic precursor reticuline [110].
In a similar approach, RNAi suppression or overexpression of salutaridinol 7-O-
acetyltransferase in opium poppy led to accumulation of salutaridine or increase of
morphine, codeine and thebaine content [111], suppression of the BBE led to
accumulation of berberine in California poppy cells [112].

In contrast, when an “early gene” (CYP80B) of morphine biosynthesis or a late
gene (the cDNA coding for codeinone reductase) were overexpressed in poppy
plants, the yield of morphine significantly increased (4.5-fold and 20% increase,
respectively) [113, 114]. These results are testament to the power of metabolic
engineering of medicinal plants in the field of isoquinoline alkaloids, through
characterisation of genes (cDNAs) and their protein product function. However,
the extremely slow growth and regeneration time of the plant system compared to
microorganisms remains a major drawback. It appears therefore that for future
alkaloid production, more significant emphasis is placed on the appropriate engi-
neering of bacteria and yeast systems.

However, one should keep in mind that by classical mutagenesis of seeds, poppy
plants were obtained which produced 3% thebaine instead of morphine and
codeine, providing a simple supply of thebaine [115].

3.2.2 Microbial Formation of Plant Isoquinolines

Microbial formation of plant isoquinolines became an attractive issue over recent
years [116]. Magnoflorine was of particular interest thanks to its pharmacological
activities. On one hand, it was found that this aporphine alkaloid protects human
high density lipoprotein (HDL) against lipid peroxidation but it also exhibits anti-
HIV activity [117-119]. New production strategies for this alkaloid will be vital in
the future.

In a remarkable approach involving both microbial and plant genes, reticuline
was produced by transgenic E. coli (Fig. 18) [120]. This resulting strain, expressing
the cDNAs of the five enzymes monoamine oxidase (MAO) from Micrococcus
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Fig. 18 Reconstructed isoquinoline alkaloid biosynthetic pathway in microbes (E. coli and
S. cerevisiae) [120]. Accession numbers of the genes can be taken from Gene Bank.
(3,4-DHPA-A 3.4-dihydroxyphenylacetaldehyde; NCS norcoclaurine synthase; 60MT 6-O-
methyltransferase; CNMT coclaurine-N-methyltransferase; 4'OMT 4'-O-methyltransferase; BBE
berberine bridge enzyme; NMT N-methyltransferase)

luteus, and all others from the plant cell of Coptis japonica, such as norcoclaurine
synthase (NCS), norcoclaurine 6-O-methyltransferase, coclaurine-N-methyltrans-
ferase and 3’-hydroxy-N-methyl-coclaurine-4’-O-methyltransferase, produced up
to 11 mg of racemic reticuline in 1 L culture (yield 2.9%). When crude enzymes
of the engineered E. coli cells were used for reticuline production, 22 mg/L (14.4%
yield) (S)-reticuline was obtained, which increased up to 55 mg/L in the presence of
optimal levels of dopamine [120].

Using a combination of transgenic E. coli and S. cerevisiae engineered with
the appropriate expression vectors, the benzylisoquinoline alkaloid reticuline, the
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protoberberine type alkaloid scoulerine, and the aporphine alkaloid magnoflorine
were synthesised in vivo (Fig. 18) [120].

In a different but closely related process, recombinant yeast strains were used for
the production of a range of known benzylisoquinolines. Yeast represents an ideal
organism for the study of metabolic engineering. A remarkable example of this
approach was published in the steroid field a few years ago, by way of a yeast strain
harbouring nine foreign cDNAs and deletion of four host genes. The resulting strain
produced hydrocortisone through generation of its own substrate, a process that
could be the future basis for technical production of hydrocortisone by a one-step
fermentation [121, 122].

Yeast-based production of benzylisoquinolines represents a consistent and chal-
lenging continuation in the development of transgenic Saccharomyces for genera-
tion of complex plant-derived alkaloids [123]. In an ambitious approach, several
yeast strains have been successfully designed containing for instance:

1. The three cDNAs of norcoclaurine-6-O-methyltransferase, coclaurine-N-
methyltransferase and 3’-hydroxy-N-methylcoclaurine 4’-O-methyltransferase
converting (R, S)-norlaudanosoline into (R, S)-reticuline with a 5-10% yield

2. When strain 1 was transformed with cDNA of BBE, 80% of produced (S)-
reticuline was converted to (S)-scoulerine

3. About 20 mg salutaridine was formed from 4 mM norlaudanosoline in strain 1
which additionally expressed a human cytochrome P450 reductase

Moreover, transgenic yeast cells formed (S)-tetrahydroberberine (~30 mg/L)
amounting to a ~1-2% total conversion of norlaudanosoline in the seven-step
pathway, and demonstrating the efficiency of the system, which most probably
can be further optimised in future [123].

3.3 Chemo-Enzymatic Approach to Isoquinoline Alkaloids

3.3.1 Simple Isoquinolines

The 1.2.3.4-tetrahydroisoquinoline skeleton represents the framework found in
many isoquinoline alkaloid derivatives and not only from plants. Some derivatives
attracted much interest because of their anti-cancer activity [124], which has
prompted many groups to invest in their chemical synthesis. The Pictet—Spengler
reaction has become an important method in the preparation of this alkaloid
type, and has often been described with phenylalanine derivatives and pyruvates
as starting materials. Synthesis of appropriate tetrahydroisoquinoline-3 and
the corresponding tetrahydroisoquinoline-1-carboxylic acid has been the key
target [125].

Efficient and rapid synthesis of chiral (§)-6-hydroxy-tetrahydroisoquinoline-3-
carboxylic acid with a yield of 30% has been reported [126]. The route starts
with separation of (S)-m-tyrosine from the (R,S)-racemate by resolution with
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immobilised p-amino acid oxidase from Trisonopsis variabilis (EC 1.4.3.3). Cata-
lase from bovine liver is added for destruction of the H,O, formed during transfor-
mation of (R)-m-tyrosine to m-hydroxyphenylpyruvate. The mixture is incubated at
30°C (180 rpm) for 60 h. The formed crude m-hydroxyphenylpyruvate is easily
separated (86% yield) from the (S)-m-tyrosine formed (88% yield) and the latter is
transformed into the target carboxylic acid at a notable yield of 30% (see Fig. 19).

3.3.2 Morphinan Skeleton

A total of more than 20 total syntheses have been described which aim to generate
the most important members of the morphinan-type alkaloids, morphine and
codeine. These long-standing efforts in alkaloid synthesis have been primarily
due to the exceptional pharmacological importance of both compounds, as the
most efficacious therapies for pain and cough, respectively.

A comprehensive and elegant strategy for application of chemo-enzymatic
methods to the synthesis of such alkaloids has been elucidated by the group of
Hudlicky for many years, with the aim of providing efficient and practical ways of
syntheses by including biocatalysis into traditional synthetic protocols. In this
respect, the earlier investigations of Gibson [127] on the metabolism of arenes as
a carbon source for soil bacteria constituted ground-breaking explorations because
they opened the way to whole cell and enzymatic transformation of simple aro-
matics for synthetically valuable intermediates as the examples summarised here
show; for a review see [128].

In particular, dihydroarene diols were extremely useful for the design of synth-
eses of natural products, such as the examples of isoquinolines summarised here.
The homochiral diol in (Fig. 20) was available from B-bromo-ethylbenzene by
enzymatic oxidation [129]. The whole-cell enzymatic oxidation of -bromoethyl-
benzene with E. coli strain JM109 (carried a plasmid expressing a dioxygenase)

(0] O
HO o@ D-Amino acid HO 06
@NH oxidase @NHS
3 E—
(R,S)-m-Tyrosine from T. variabilis (S)-m-Tyrosine

HO 34C. O
Pictet-Spengler ® 0
—_— NH,

HCHO
(S)-6-Hydroxy-1,2,3,4-tetrahydro-
isoquinoline-3-carboxy acid

Fig. 19 Chemo-enzymatic formation of chiral 6-hydroxy-1,2,3,4-tetrahydroisoquinoline-3-car-
boxylic acid [126]
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complete Morphinan
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Fig. 20 Fourteen-step synthesis of the complete morphinan skeleton of morphine and codeine,
starting with the enzymatically formed diol providing ring C of the carbon frame work of these
alkaloids [129, 130]

resulted in excellent yields of 10-15 g/L/h production of the homochiral diol and
was applied in an only 13-step synthesis of (+)-codeine by sequential Heck cyclisa-
tions and 14-step synthesis of the complete morphinan skeleton [129, 130].

4 Chemo-Enzymatic Synthesis of Other Alkaloids: Selected
Examples

4.1 Enzyme Assisted Synthesis of (+)-Pilocarpine

(+)-Pilocarpine can be regarded as an “old” alkaloid but is becoming increasingly
interesting because of its pharmacological importance not only in the well-known
treatment of glaucoma, but also in the therapy of xerostomia and Sjoegren’s
syndrome. Many syntheses have been previously developed for that alkaloid but
have usually yielded the racemic pilocarpine mixture and have necessitated long
multi-step routes. In the 1930s, the first syntheses of (+)-pilocarpine were published
and many others followed where the resolution of appropriate racemates at the stage
of (£)-pilopic acid or (%)-iso-pilopic acid were ultimately frequently necessary.
Chiral approaches gave (+)-pilocarpine and (+)-isopilocarpine mixtures and even
the patented industrial synthesis [131, 132] delivered racemic pilocarpine in addi-
tion to two formal chemical total syntheses [133].
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LipasePS
CO,H COshexyl pH7 COshexyl
— — —_—
Rat:2
0 (o) ~99% o o) 0 (0)
rac-cis (+)-Hexylester
Hexylester CH,4
|
PLE N
pH 7 CO,H CHO \ W
96% 0 > 5 60% o
o 80% O O

(+)-Pilocarpine

Fig. 21 Short chemo-enzymatic approach to enantiomerically pure (+)-pilocarpine from an easy
available precursor using two lipase-catalysed reactions (PS (from AmanoEnzyme Inc.); PLE
porcine liver esterase)

A short chemo-enzymatic approach to the enantiomerically pure alkaloid, pub-
lished in 2008 is notable, because it avoids long sequences with low overall yields,
mixtures of isomers and at the end racemic alkaloid which is outlined in Fig. 21
([134], also includes citations for earlier syntheses).

4.2 Methanomorphanthridine Alkaloids by Chemo-Enzymatic
Processes

4.2.1 Synthesis of Natural and Unnatural Montanine Alkaloids

Montanine alkaloids are members of the alkaloids of the plant family of Amarylli-
daceae. They represent a relatively small class of compounds with the typical
methanomorphanthridine skeleton exhibiting some anxiolytic, anti-depressive and
anti-convulsive activities [135, 136]. The total syntheses of the natural (—)-mon-
tanine enantiomers are only mentioned, not described, here (for these (—)-enantio-
mers see, e.g. literature cited in [137]).

The total chemo-enzymatic synthesis of three of the (+)-montanine alkaloids,
namely (+)-brunsvigine [138], (+)-nangustine [139] and (+)-montabuphine [140],
has been reported in the last 3 years. These non-natural enantiomers have been
prepared from monochiral 3-halo-cis-1,2-dihydrocatechols precursors. A total of
over 17-20 reaction steps are needed for their syntheses (Fig. 22).

Important to note is that the precursors can be generated very efficiently on the
multi-gram scale by whole-cell biotransformation of the corresponding haloben-
zene with genetically engineered microorganism over-expressing toluene dioxy-
genase. For a recent review on generating cis-1,2-dihydrocatechol and their
extensive synthetic application as synthons (see [128]).
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Fig. 22 Chemo-enzymatic, enantio-selective total synthesis of three non-natural montanine type
alkaloids, (+)-brunsvigine, (+)-nangustine and (+)-montabuphine (7D toluene dioxygenase)

The synthetic route to the three alkaloids is summarised in Fig. 22, in which
generation of the catechol is the crucial step based on enzyme-mediated
transformation.

4.3 Chemo-Enzymatic Formation of Lycoricidines

A different structural type in the Amaryllidaceae alkaloid family belongs to the
lycorine-skeleton. There are three alkaloid examples (+)-lycoricidine, (+)-narcicla-
sine and (+)-pancratistatin, which have been known for many years following their
isolation from Amaryllidaceae plants such as daffodils and narcissi. Potent phar-
macological effects such as anti-viral and anti-cancer activity of these alkaloids
[141] has resulted in recent developments in practical synthetic approaches. For
instance, (+)-pancratistatin exhibits promising properties against various cancer
cell lines. Here, the synthesis of the non-natural enantiomer (—)-ent-lycoricidine,
of the natural (+)-lycoricidine is summarised together with the 3-epi-ent-lycorici-
dine and its 4-deoxy derivative [142]. These routes once again take advantage of the
well known readily available chiral synthon, cis-1.2-dihydrocatechol, which has
been so successfully introduced to chemo-enzymatic alkaloid syntheses by
Hudlicky’s group nearly a decade ago [143, 144]. These authors have also made
available the natural (+)-enantiomers mentioned above in elegant synthetic routes.

As Fig. 23 illustrates, the enzymatically produced brominated key compound
was the starting compound for the chemo-enzymatic formation of the three (+)-
enantiomers [142].
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lycoricidine

Fig. 23 Enzyme-assisted synthesis of lycoricidines

4.4 Pyrrolizidines and Indolizidine Examples

4.4.1 Pyrrolizidines

Alkaloids of the pyrrolizidine type possessing the common bicyclo skeleton, 1-
azabicyclo-[3.3.0]octane, are well known from, e.g. plants of the genera Castanos-
permum and Alexa. Despite their extensive and diverse hydroxylation pattern, they
are divided into three groups, dependent on a further hydroxymethyl group at C-1
(necines), at C-3 (alexines) or at C-3 and C-5 (hyacinthacines). The inhibitory
effects of the latter group of alkaloids towards enzymes of the glycosidase- and
glycosyltransferase-type have long been known, in addition to their anti-cancer and
anti-viral activities [145-148].

By an enzyme-assisted short synthesis, several tetrahydroxylated pyrrolizidines
(3-epi-australine, australine, 7-epi-alexine) have been directly obtained by applying
an enzyme-catalysed aldo-reaction, bypassing the necessity for tedious efforts in
the protecting OH-groups as demonstrated by Romero and Wong [149] (Fig. 24).

A few years ago, hyacinthacines A; and A,, which are also hydroxylated
pyrrolizidine alkaloids, were isolated from bulbs of Muscaria armeniacum (Hya-
cinthaceae) [146]. They were found to be good inhibitors of rat intestinal lactase, o-
L-fucosidase and amyloglucosidase. With the intention of optimising their
biological activities and their selectivity, the generation of configurational diversity
at stereogenic centres soon became an important synthetic aim.

More effort was therefore invested in the application of synthetic methodologies
for these alkaloids and some straightforward chemo-enzymatic approaches were
recently developed [150]. An enzyme-catalysed aldol reaction was again a crucial
step in that synthetic route and is strongly reminiscent of Wong’s research strategy
relating to the chemo-enzymatic synthesis of pyrrolizidines mentioned earlier.
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Fig. 24 (a, b) Chemo-enzymatic process for synthesis of tetrahydroxylated pyrrolizidines 7-epi-
alexine, australine and 3-epi-australine utilising dihydroxyacetone phosphate (DHAP), stereospe-
cific aldol reaction catalysed by fructose-1.6-diphosphate aldolase (FDPA) and acid phosphatase
(Pase) [149]

The unnatural enantiomers (—)-hyacinthacine A, (natural enantiomer is (+)-
hyacinthacine A,), 7-deoxy-2-epi-alexine (enantiomer of 3-epi-hyacinthacine
A2), ent-7-deoxyalexine (enantiomer of 7-deoxy-alexine) and 2-epi-hyacinthacine
A, were synthesised [150]. Interestingly, (—)-hyacinthacine A, exhibited an o-D-
glucosidase inhibitory effect which was not observed for the naturally occurring (+)
enantiomer. This fact clearly indicates the urgent need for additional syntheses of
non-natural enantiomers in the natural products field.

For the described approach, it is important to note that aldolases of different
origin were tested and that, in contrast to L-rhamnulose-1-phosphate aldolase
(RhuA), the p-fructose-1,6-biphosphate aldolase from rabbit muscle and L-fucu-
lose-1-phosphate aldolase from E. coli were not active for DHAP/(R)-N- and (S)-
N-Cbz-prolinal condensation. Since RhuA accepts both, (§)-N- and (R)-N-Cbz
prolinals, the chemo-enzymatic synthesis of both, hyacinthacines A; and A, iso-
mers could be achieved. In conclusion, the origin and the particular enzyme itself
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are of high importance for consideration of the best enzyme for the particular
reaction step. Moreover, it is also necessary to keep in mind that the described
aldol-condensation reactions were more efficient at 4°C (very unusual for enzyme
reactions) instead of 25°C, although reaction times at low temperature are signifi-
cantly longer. For synthetic details we refer to Calveras et al. [150].

4.4.2 Indolizidines

A recent example in the alkaloid group of indolizidines is the chemo-enzymatic
enantio-selective route which delivers the alkaloid (—)-gephyrotoxin-223 [151].
This toxin is a 3,5-disubstituted indolizidine which was detected in amphibian skin,
and is suggested to originate from ants, dietaries of the amphibians. (—)-Gephyr-
otoxin-223 was first found in the dendrobatid frog Dendrobates histrionicus. About
15 alkaloids from amphibian skin belong to these 3.5-disubstituted indolizidines
and, immediately after detection, their synthesis and their structural determination
was a great challenge for synthetic chemists. The chemo-enzymatic synthesis of
gephyrotoxin approaches are based on two enantiomeric monoacetates with (+)-
(2R,6S5)- and (—)-(2S,6R)- configuration. These chiral intermediates occupied a
crucial role in the synthesis of several enantiomeric pairs of indolizidiines, of
which the gephyrotoxin synthesis was performed as shown in Fig. 25.

The meso-diol was enzymatically acetylated, which afforded the mono-acetate
with 25,6R- configuration. Hydrolysis by lipase reaction (PLE) gave an intermedi-
ate through which four reaction steps resulted in the N-protected (Cbz-group) ethyl
ester, which could be finally transformed to the (—)-enantiomer of the target alkaloid
(—)-gephyrotoxin.

CAL 3h
{(j\ 5 2 - >
HOH,C CH,OH HOHZC ll\l CH,0Ac N I}l CH,0Ac
80% vyield; Cbz Cbz
meso-Diol 95% ee mono-Acetate
4 steps
J\l\/(lCHZOH l}l

(-)-Gephyrotoxin-223

Fig. 25 (—)-Gephyrotoxin-223 enzyme-assisted syntheses (CAL Candida antarctica lipase; PLE
pig liver esterase; vinyl acetate was used as solvent and as the acyl-donor, respectively, in the
enzymatic acetylation of the meso-diol)
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5 Complex Alkaloids Formed by Spontaneous Assembling?

Are structurally complex natural products also assembled spontaneously without
the help of enzymes?

It has been generally accepted that natural products are nearly exclusively
formed by enzyme catalysed reactions because of usually complete stereoselectiv-
ity and complete or high stereo- and regio-specificity of the enzymes. They can be
regarded as “high-speed” transformations, compared to “low-speed” biomimetic
reactions. There are, however, sporadic discussions in the literature as to whether
this accounts for all natural products. In a recent microreview by Gravel and
Poupon [152] a selection of examples is described including various classes and
structural types of secondary metabolites which are assumed to be generated
spontaneously without enzyme assistance. Mechanisms of intra-molecular cyclisa-
tions of reactive linear molecules, of photo-induced reactions, spontaneous dimer-
isations and so-called multi-component reactions are summarised and discussed as
being formed through non-enzymatic means [152]. The following two remarkable
examples from the alkaloid field are illustrated by a light-induced conversion
(Fig. 26) and by a spontaneous dimerisation (Fig. 27) leading to indole alkaloids.

Brevianamide A, an indole alkaloid from Penicillium, was isolated first and later
its derivatives C and D were detected. In a simple experiment it could be demon-
strated that C and D were formed when the fungus was grown in the light but were
not found under light-exclusion conditions. This observation clearly indicates a

AN light
H culture broth
N —_—
[\l (0] O
H
(0] (0]
Brevianamide A Brevianamide C Brevianamide D

Fig. 26 Brevianamide A conversion into its isomers brevianamide C and D by exposure to light

0}
NH -
it Q Q o self-construction?
_»
Q/NA \@ —_—
0 N
\
8
Avrainvillamide Stephacidine B

Fig. 27 Suggested stephacidine B formation by artificial not enzyme-dependent dimerisation of
avrainvillamide
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photo-induced rearrangement of compound A into C. In this context one should
remember that one of the basic biochemical reactions in plants, the recognition of
red and blue light, is based on light-dependent isomerisation of phytochromes 660
and 730, which suggests that such a process may occur more frequently than might
be expected.

More complicated alkaloid structures like stephacidine B exhibiting the impre-
ssive number of 15 rings and 9 stereogenic centres may have originated by
spontaneous, not enzyme-catalysed dimerisation of avrainvillamide. The efficient
bio-mimetic conversion of the precursor molecule avrainvillamide into its dimer
stephacidine B under diverse experimental conditions by two Michael additions and
additionally the retro-dimerisation of the dimer would support a self-assembly
mechanism for formation of the dimer B [153-155].

6 Conclusions and Perspectives

During the last two decades, the use of enzyme-catalysed reactions in the total
chemical synthesis and in the biological formation of alkaloids has been rapidly
developed and a large number of enzymes and genes (cDNAs) involved in the
biosynthesis of alkaloids have become available.

Based on these achievements, various modern concepts of alkaloid “synthesis”
have been developed. The chemo-enzymatic approaches to alkaloids applied by
synthetic chemists are in general all very similar, as shown by the examples
discussed; organic chemists create chiral synthons by applying enzymes in vitro
and in vivo. These synthons are used as starting materials for divergent synthetic
routes. They must be available in high gram-scales (10-50 g), otherwise such an
approach is unlikely to be of interest to synthetic chemists. The use of whole cells
(recombinant microorganisms) is becoming more important and there is likely to be
an increasingly significant demand for using such commercially available systems
in organic chemistry. In contrast, enzymes from biosynthetic pathways have been
largely neglected by alkaloid chemistry so far, and is unlikely that there will be
significant progress as long as there are no efficient and simple techniques available
for use. Why should a chemist try to apply, e.g. a special reductase he needs in a
synthetic sequence if it cannot be selected from a catalogue or its cDNA cannot be
overexpressed over the weekend with a commercially available kit and the reaction
be performed on Monday?

Such developments are still likely to require at least a decade. Production of
natural products by enzymatic means alone by biological chemists will presently
meet similar problems and might become successful only in special cases. The most
promising strategy in future alkaloid production might be the so-called “synthetic
biology”. An increasing number of genome analyses for pharmaceutically interest-
ing microorganisms and useful medicinal plants is expected to be performed in the
near future and will deliver an excess of novel genes (cDNAs) involved in natural
product biosynthesis.
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The achievements in using recombinant E. coli and yeast strains for production
of natural metabolites have been impressive in the last decade. The biological
hydrocortisone synthesis by multiple-engineered yeast [121, 122] exemplifies a
recently established new platform for the development of alkaloid production
strategies for future demands and represents an attractive case of “synthetic bio-
logy”. There is the need however for these platforms to be optimised and rendered
more efficient. As an example, from the point of view of productivity, berberine
type alkaloids so far generated at milligram-level/litre of recombinant E. coli or
yeast, must in future compete with about 400 times higher production observed in
plant cell cultures (3.5 g/L) more than two decades ago [156]. From a commercial
point of view these amounts were still not high enough. Where generation of
alkaloid diversity is concerned, the combination of synthetic biology with the
search and application of novel genes and rationally designed and engineered
enzymes, should provide a bright future not only in the field of alkaloids but also
in natural product research in general. The importance of modern search and
creation of enzymes applicable in organic chemistry has recently been outlined in
detail [157].
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Chemoenzymatic and Bioenzymatic Synthesis
of Carbohydrate Containing Natural Products

Bohdan Ostash, Xiaohui Yan, Victor Fedorenko, and Andreas Bechthold

Abstract The domain of bioactive natural products contains many oligosaccharides
and aglycones decorated with various sugars. Glycan moieties influence essential
aspects of biology of small molecules, such as mode of action, target recognition,
pharmacokinetics, stability, and others. Methods of generation of novel glycosy-
lated natural products are therefore of great value, as they, for example, may help
fight human diseases more efficiently or provide healthier diet. This review covers
the existing literature published mainly over the last decade that deals with biology-
based approaches to novel glycoforms. Both genetic manipulations of biosynthesis
of glycoconjugates and chemoenzymatic synthesis of novel “sweet” molecules are
reviewed here. Wherever available, relationships between carbohydrate portions of
the natural products and their biological activities are highlighted.

Keywords Natural products - Carbohydrate - Glycosyltransferase - Chemoenzy-
matic synthesis - Biosynthesis
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1 Introduction

The essentiality of carbohydrates for life is indisputable. These macromolecules are
found across a wide range of pivotal biochemical processes, like storage of energy/
information and cell signaling. Unlike nucleic acids and proteins, sugars can form
branching structures. This, in combination with various sugar-tailoring reactions
(e.g., deoxygenation, methylation, amination, epimerization, etc.), accounts for the
unmatched structural diversity of carbohydrates and their rich biological capacities.

Carbohydrates are often found in natural products (NPs) — small molecules
(usually less than 2 kDa) synthesized mainly by bacteria, fungi, and lower and
flowering plants. NPs are thought to be “nonessential,” or “secondary” metabolites.
Consider, for example, gentamicin A; 1, an aminoglycoside antibiotic produced by
several actinomycetes belonging to genus Micromonospora [1], and Lipid II 2, a
ubiquitous primary metabolite involved in bacterial cell wall biosynthesis. While
aminoglycoside-nonproducing mutants can be readily isolated, mutations in genes
for Lipid II biosynthesis are lethal [2]. The reasons why genes for production of
NPs persist through evolution remain debatable [3-5]. Nevertheless, it is likely
that, under certain (natural) conditions, at least some NPs provide(d) sele-
ctive advantages to the producer. NPs exert valuable biological activities
(e.g., anticancer, antibacterial, antifungal, cholesterol-lowering, insecticidal,
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immunosuppressive, etc.), making them a focus of several industries, most notably
those involved with pharmaceuticals.

Structural diversity of glycan moieties of carbohydrate-containing NPs is astoni-
shing and greatly surpasses that found in primary metabolism, reflecting myriads of
bioactivities/targets of glyco-NPs. In some cases sugars are directly responsible for
interaction of NP with a target. For instance, hydroxyl and amino groups of
deoxysugars of gentamicin 1 contact 16S rRNA and thus inhibit ribosome, trigger-
ing aminoglycoside-associated bacterial cell death [6]. Taking vancomycin 3 and
aranciamycin 4 as an example, glycosylation influences activity and solubility [7].
Judicious alteration of glycan moieties of NPs may improve their activity or other
pharmacological properties. Therefore, development of methods of manipulation of
carbohydrate structures is of keen interest. Such methods have for a long time been
the domain of organic chemists. Recently, progress in understanding the biosyn-
thetic pathways of glyco-NPs has opened the door for biology-driven approaches
towards manipulation of NPs and glycan moieties in particular. These approaches
hinge on identification and exploitation of carbohydrate biosynthetic genes for
enzymes showing substrate ambiguity (performing the same chemical transforma-
tion on different substrates) and/or catalytic promiscuity (catalyze different trans-
formations on similar substrates). Broad or “relaxed” enzymatic properties were
recently shown to be a rather common trait of the biology of prokaryotes that
creates the basis for metabolic innovation [8]. In the case of secondary metabolism,
isolation of such genes is facilitated by the fact that genetic determinants of
biosynthesis of glyco-NPs are usually clustered. Two convergent but methodologi-
cally distinct ways can be followed to generate novel glycoforms. In one approach,
genetic manipulations are used to create novel biosynthetic pathways for in vivo
production of novel molecules. This approach we refer to as “bioenzymatic,”
underscoring the use of the cells as biological factories to make an NP. In the
second approach, known as “chemoenzymatic,” purified enzymes are used in vitro
to produce a desired compound in the presence of appropriate substrates and
cofactors. The inherent advantages of bioenzymatic approach are: (1) use of
cellular machinery to produce complex aglycon and glycan portions of NP; (2)
good potential to increase the production of novel compound of interest on indus-
trial scale; (3) simplicity (in most cases) of genetic manipulations of NP-producing
bacteria as compared to in vitro reconstitution of enzymatic reaction. At the same
time, the bioenzymatic approach is, essentially, a metabolic “black box,” that
usually gives a complex mixture of compounds requiring tedious purification and
thorough chemical analysis. In vitro systems are more flexible than in vivo ones in
terms of supply of substrates and control of reaction environment. For example, it is
possible to carry out in vitro reaction in nonaqueous media [9], which is impossible
in vivo. In real life, both approaches evolve and intertwine, blurring the boundary
between them. They are believed to offer ultimately economically sound, faster,
and greener solutions for generation of novel glycoconjugates.

To date, great numbers of gene clusters for glyco-NPs have been identified and
characterized. In this review we summarize major achievements in the field of
diversification of carbohydrate moieties of NPs over the last decade. We start with a
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Fig. 1 Structures of gentamicin, lipid II, vancomycin, and aranciamycin

description of in vivo and in vitro strategies towards NDP-hexoses, an activated
form of sugars which are necessary cosubstrates during biosynthesis of glyco-NPs.
Then we describe different approaches for generation of novel glycoforms within
structurally and biogenetically different classes of NPs. Whenever such information
exists, we shall also mention how changes in the carbohydrate portion of given
classes of NPs influence their biological activities. Finally, a general outline of
main issues in the field of glycodiversification as well as future research directions
will conclude the review (Fig. 1).

2 NDP-Sugars as Donor Substrates in Glycosylation
Reactions: Strategies Toward Their Generation

Glycosylation requires nucleotide diphosphate activated sugars (NDP-sugars). The
phosphonucleotidyl moiety serves as both a recognition element for enzymes
involved in the biosynthetic pathway and a leaving group for glycosyltransfer
reaction [10]. Several GTs have been shown to be very promiscuous with respect
to their NDP-sugar donors [11]. Thus, a limiting factor in employing this promis-
cuity to produce new NPs is the lack of the NDP-sugars [12]. Although synthetic
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routes to these complex NDP-sugars are feasible [13—15], they are often plagued by
laborious processes.

In contrast, enzymatic routes to NDP-sugars could be conducted in a relatively
short time by stereo- and regioselective reactions. For this reason, currently NDP-
sugars are mainly produced in vitro by chemoenzymatic strategies or in vivo by
bioenzymatic strategies [16]. Chemoenzymatic strategies generally utilize two
purified enzymes, an anomeric sugar kinase, and a nucleotidylyltransferase (Ntf)
to generate NDP-sugars; bioenzymatic strategies require expression of sugar bio-
synthetic genes in a suitable host. Once these NDP-sugars are formed, combinations
of different reactions, such as deoxygenation, epimerization, oxidation/reduction,
transamination, alkylation, and decarboxylation, diversify them into a large array of
usual and unusual NDP-deoxysugars [17].

A remarkable advantage in chemoenzymatic methods is that they allow for the
activation of sugars with “reactive handles” (e.g., azide, thiols, ketones, aminooxy
substituents) which can be further modified to enhance the diversity of the final
glycol-NPs [18]. However, the general application of chemoenzymatic approaches
is limited by expensive reagents in the reactions and by the difficulty in establishing
conditions for multienzyme reactions [19]. Bioenzymatic routes are advantageous
in that they are scalable and can use cheap substrates [20]. But their application is
hampered by the background activities from the host organism and by the difficulty
in controlling the reaction conditions (Fig. 2).

2.1 Generation of NDP-Sugars by In Vitro Glycorandomization

In vitro glycorandomization (IVG) is a chemoenzymatic method that uses sub-
strate-flexible anomeric sugar kinases and Ntfs to convert diverse sugars into their
NDP-activated forms [21]. The ability to enhance the promiscuity of these two

Chemoenzymatic strategies

E.coli for proteins expression pur|f|ed enzymes

cultlvahon enzymes sugars, NDP,
———— NDP-sugars
punflcatlon \ r cofactors
v}
Bioenzymatic strategies
Streptomyces harboring media with glucose
‘sugar cassettes’ w
cultivation extraction
O e —— - NDP-sugars

Fig. 2 Chemo- and bioenzymatic strategies toward NDP-sugars
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Fig. 3 Schematic for NDP-sugars generation by in vitro glycorandomization

enzyme families is critical for this approach. Although application of evolutionary
methods together with a screen for enzymes with desired properties is feasible [22,
23], the efficiency of such an approach is still low. Thorson and coworkers applied
the structure-based engineering method to enhance the promiscuity of the anomeric
sugar kinase GalK and nucleotidylyltransferase E,,, and generated numerous NDP-
sugars with the engineered enzymes (Fig. 3).

2.1.1 Production of Sugar-1-Phosphates by Engineered Anomeric Sugar
Kinase GalK

Sugar-1-phosphates are the starting materials in the sugar activation processes.
Thus, the ability to form sugar-1-phosphate directly influences the synthesis of
NDP-sugar. Many synthetic routes to sugar phosphates already exist; these methods
are often tedious due to multistep synthetic reactions [12, 16, 24]. Phosphorylation
of sugars by kinase would be a better choice, as it is a one-step process. Formation
of a-p-galactose-1-phosphate (Gal-1-P) 5, for example, could be catalyzed by the
galactokinase (GalK) from galactose 6 and ATP. However, all the naturally occur-
ring kinases were shown to have limited substrate scopes [25-28]. Therefore, in
order to apply these kinases to generate sugar-1-phosphates, their substrate flex-
ibilities toward monosaccharides must first be enhanced.

Utilizing the well characterized E. coli GalK [29] as a model system, Thorson
and coworkers combined a directed evolution approach with a high-throughput
multisugar colorimetric assay [28] to enhance the catalytic capabilities of this
enzyme [30]. A mutant (Y371H) exhibited kinase activity toward p-galacturonic
acid 7, p-talose 8, L-altrose 9, L-glucose 10, and 6-amino-p-galactose 11, all of
which cannot be recognized by the wild-type GalK [30]. Afterward, based on a
homology model with the crystal structure of L. lactis GalK [31], Thorson and
coworkers developed a structure—activity model [32] and generated another E. coli
GalK mutant (M173L) with enhanced promiscuity [33]. The double mutant enzyme
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(M173L-Y371H) displayed kinase activity toward at least 22 sugars, which cannot
be utilized by the wild-type GalK [32].

2.1.2  Production of NDP-Sugars by Engineered Nucleotidylyltransferases E,

Nifs catalyze the condensation of sugar-1-phosphates with nucleotide triphosphates
(NTPs), yielding NDP-sugars and pyrophosphate. However, Ntfs involved in sec-
ondary metabolism are often substrate stringent [34, 35]. Out of the numerous Nitfs,
Thorson and coworkers started their structures-based engineering work with the
uniquely promiscuous rmiA-encoded o-D-glucopyranosyl phosphate thymidylyl-
transferase (Ep) from Salmonella enterica LT2 [36]. E, catalyzes the conversion
of o-p-glucopyranosyl phosphate (Glc-1-P) and dTTP to dTDP-a-p-glucose and
pyrophosphate [37]. Unique among Ntfs is that this enzyme displays unusual
flexibility toward both sugar phosphates and NTPs [38]. Specifically, E, converts
a broad spectrum of o-D-hexopyranosyl- and a-D-pentopyranosyl phosphates to
their dTDP- and UDP-sugars [39]. The structure of £, [40], as well as its homologs
in Pseudomonas aeruginosa (RmlA) [37] and E. coli (G1p-TT) [41], revealed the
molecular details of substrate recognition and substrate specificity of Ej,.

Using a structure-based engineering approach, Nikolov and coworkers created
several E, variants capable of using sugar phosphates that were not accepted by the
wild-type enzyme [42]. The W224H mutant accommodated bulkier substitutions at
C-6 [40], and the T201A mutation allowed larger functional groups at C-2 and C-3.
Notably, the L89T mutant displayed enhanced activity toward sugar phosphate
substrates with unique C(2), C(3), and C(4) substitutions. Application of such E,
variants has led to formation of about 40 NDP-sugars [39].

2.1.3 Chemoenzymatic Synthesis of NDP-Sugars by Sucrose Synthase

Sucrose synthase (UDPG: p-fructose-2-glucosyltransferase, Susy) is a unique plant
GT catalyzing the reversible cleavage of sucrose with NDP to generate activated
glucose and p-fructose. It was reported that Susy from rice grains [43] and recom-
binant Susyl from potato [44—46] were able to synthesize at least five different
NDP-glucoses (UDP-, dUDP-, dTDP-, ADP-, and CDP) [46]. Different from the
IVG method, Elling and coworkers followed an alternative route using Susy to
synthesize NDP-sugars from sucrose and NDPs. Production of dTDP-glucose from
sucrose and dTDP was first conducted in a continuous mode in an enzyme mem-
brane reactor (EMR) [47]. In this EMR, 90% conversion after 2 h with a space—
time-yield of 98 g L™' d™' was achieved. Furthermore, they set up a Susy module
in which recombinant NMP kinase [48] from yeast, pyruvate kinase and recombi-
nant Susyl from potato were combined. This module enables production of NDP-
glucose from the economic substrates sucrose and NMP. As the presence of 300—
500 mM sucrose prolongs the stability of these enzymes, this module can be used in
a repetitive batch mode [49].
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Addition of dTDP-Glc-4,6-dehydratase (RmIB) to this module opens the door
toward the diverse dTDP-deoxysugars. This enzyme catalyzes the formation of
NDP-4-keto-6-deoxysugars, the common intermediate in almost all deoxyhexose
biosynthetic pathways [50-52] (Fig. 4).

2.1.4 Generation of NDP-Sugars by Archaeal Nucleotidylyltransferases

Archaea contain many extremophiles and therefore can be a source of heat-stable
enzymes for industrial applications [53]. A few archaeal Ntfs have recently
been shown to be highly flexible toward their substrates. For instance, ST0452 of
the Sulfolobus tokodaii accepts dTTP, dATP, dCTP, dGTP, and UDP in the pre-
sence of glucose-1-phosphate (Glc-1-P) 12. It also accepts N-acetylglucosamine-1-
phosphate (GIcNAc1P) 13 in the presence of UTP and dTTP [54]. A uridyltransfer-
ase (Tca U,) from the Thermus thermophilus activates GIcNAc1P, GallP, Man1P
14, and GIc1P in the presence of UTP, and utilizes ATP, GTP, CTP, and TTP in the
presence of Glc1P [55].

Pohl and coworkers identified a bifunctional mannose-6-phosphate isomerase/
GDP-mannose pyrophosphorylase (ManC) from the thermophile Pyrococcus fur-
iosus DSM 3638 [56]. This enzyme could catalyze the formation of GDP-mannose
from mannose-1-phosphate and GTP. GDP-mannose is an essential metabolic
intermediate for the biosynthesis of other GDP-sugars, such as GDP-fucose 15
[57], GDP-colitose 16 [58], GDP-talose 17 [59], GDP-perosamine 18 [60], and
GDP-p-rhamnose 19 [61]. Purified ManC showed surprising thermo- and pH
stability. Substrate promiscuity tests showed that ManC accepted all five major
NTPs (GTP, ATP, CTP, UTP, and dTTP) in the presence of mannose-1-phosphate.
It also showed a relatively high degree of acceptance to various sugar-1-phosphates,
such as, Man1P, Glc1P, GIcN1P, and GlcNAc1P. Overall, this enzyme was used for
the synthesis of 17 different nucleotide sugars from the commercially available
sugar-1-phosphates and NTPs [58]. Pohl and coworkers also studied the substrate
tolerance of the UDP-o-p-glucose pyrophosphorylase (UDPG-PPase) from P. fur-
iosus. This enzyme showed maximum activity at 99°C, and had little loss of activity
at 110°C in phosphate buffer with glycerol. Unlike the ManC, this enzyme accepted
Glc1P, Manl1P, GallP, FuclP, GIcN1P, GalN1P, and GIcNAc1P with UTP and
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dTTP [62]. A conversion rate of 92% for Man1P with UTP was found when the
reaction was incubated for 60 min with only 0.01 units of this enzyme (Fig. 5).

2.2 In Vivo Production of NDP-Deoxysugars by
“Sugar Cassettes”

Other than the chemoenzymatic strategies, NDP-activated deoxysugars can be
produced in vivo by expressing the plasmids containing sugar biosynthetic genes
in suitable hosts [63, 64]. Based on the knowledge of sugar biosynthesis genes,
Salas and coworkers designed a plasmid-based sugar-synthesizing system (“cas-
sette plasmids” or “sugar cassettes”) that was used to synthesize various NDP-
deoxysugars in different streptomycetes. These plasmids replicate in both E. coli
(origin of replication of pUC19) and Streptomyces (ori plJ101), and contain one or
two copies of the strong constitutive promoter ermE to control the expression of
deoxysugar biosynthetic genes. These genes were amplified by PCR and flanked by
unique restriction sites. In this way, each “cassette gene” can be easily moved
among the plasmids, thereby creating pathways for biosynthesis of different NDP-
deoxysugars [17, 65, 66].

The first of these “sugar cassette” plasmids, pLN2 [67], contains seven genes
(oleVWUYLSE) from the oleandomycin pathway of S. antibioticus involved in the
biosynthesis of NDP-L-oleandrose 20. In order to facilitate the expression and
exchange of genes on the “cassette” plasmid, another plasmid, pFL942, which
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contains two divergent ermEp promoters to control the genes for NDP-L-mycarose
26 biosynthesis, was also constructed. Using pLN2 and pFL942 as starting plas-
mids, a series of “cassette plasmids” to direct the biosynthesis of activated dideoxy-
sugars were constructed [68, 69] (Table 1).

Table 1 The sugar cassette plasmids derived from pLN2 and pFL942

Plasmid Gene cassettes Deoxysugar Structure
pLN2 oleVWUYoleLSE NDP-L-olivose 21 HsC
ho L7~07 ~ONDP
OH
LN2b leUYoleLSE NDP-L-rh 22
p oleUYole L-rhamnose HsC O-7~ONDP
HO
OH
OH
pLNR oleVWurdRoleYoleLSE NDP-p-olivose 23 H5C o
HO
H(S%
ONDP
pLNBIV  oleVWeryBIVoleYloeLSE NDP-L-digitoxose 24 HeC OH
3
Ho 220 7 onpe
pLNRHO  oleVWurdZ3oleYoleLSEurdQ NDP-L-rhodinose 25 H3C 7~
ONDP
OH
pFL942 mtmDEoleVeryBlleryBIVBIIIBVII  NDP-L-mycarose 26 OH
Hsgg\\of
HO ONDP
Hs;C
pFL844 oleVWeryBIVoleYoleLSEurdQ NDP-L-amicetose 27 HsC
HO ONDP
pFL845 oleVWurdRoleYoleLSEurdQ NDP-p-amicetose 28 H3C 0
HO
ONDP
pFL947 mtmDEoleVWeryBIVmtmCeryBVII NDP-L-chromose B 29 H.C CHjs
3
HOH5 7 onpp
pMP1*UIl  mtmDEoleVWcmmUIoleY NDP-p-oliose 30 OH
H3;C
O
HO
ONDP
pMP3*BIl  mtmDEoleVeryBllurdRoleY NDP-p-digitoxose 31 HsC
HO °
OH  ONDP
pMP1*BIl  mtmDEoleVeryBlloleUoleY NDP-p-boivinose 32 OH
H,C
o
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3 Altering Carbohydrate Moieties of NPs Via Bioenzymatic
Approaches

Historically, genetic engineering of NP metabolism in bacteria was the first
approach towards novel glycosylated compounds. Two basic techniques are avail-
able to change a carbohydrate biosynthetic route. A gene for carbohydrate biosyn-
thesis or glycosylation can be disrupted, thus leading to the production of a
potentially new molecule lacking certain functionality of the sugar or the sugar
itself. Alternatively, gene overexpression in native or heterologous host may cause
the accumulation of novel compounds. Both gene disruption and expression can be
combined to produce great structural diversity. An aglycone may be produced
endogenously or added exogenously to a strain (so-called “biotransformation”),
expressing necessary genes for production and attachment of an activated sugar,
and its subsequent modification. We use the term “bioenzymatic approach” to cover
a variety of methods, where cells are manipulated genetically to produce metabolic
pathways for in vivo production of novel NPs. Both carbohydrate biosynthetic and
GT genes can be manipulated to generate novel glycoforms.

Production of bioactive glycosylated NPs by microorganisms remains a main
arena of bioenzymatic manipulations. Because genes for the biosynthesis of carbo-
hydrate moieties of NPs of bacterial origin are usually clustered, it greatly facili-
tates their exploitation for production of novel NPs. First reports on the biosynthesis
of novel glyco-NPs in plants have recently been published [3], and this research
area is likely to grow taking into account the vast repertoire and importance of NPs
produced by plants.

To date, the biosynthesis of many glycosylated NPs has been analyzed. The
opportunity to modulate biological activities of NPs via glycan modification has
spurred the interest in applying the bioenzymatic strategies to various families of
NPs. Taking into account the biogenetic principle in classification of NPs, below we
describe the scope of novel molecules available through in vivo manipulations of
glycan moiety of parent compounds.

3.1 Aromatic Polyketides

Aromatic polyketides are structurally diverse, often polycyclic molecules that are
derived from unreduced polyketone chains. This group of compounds is produced
with the help of type II polyketide synthase (PKS), a complex of enzymes that
catalyzes the iterative decarboxylative condensation of malonyl-CoA extender
units with an acyl starter unit [70]. The carbon framework of aromatic polyketides
is further decorated with different functionalities, and carbohydrates are often one
of them. Their presence has profound effects on physico-chemical and biological
properties of aromatic polyketides. For example, anthracycline aglycones are stable
and unpolar, while polyglycosylated anthracyclines are quite polar and often
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soluble even in water [7]. Sugars are crucial for the ability of many antitumor
aromatic polyketides to recognize and bind DNA and, therefore, their modification
may lead to better drugs and valuable insights into cancer biology.

3.1.1 Anthracyclines and Tetracenomycins

Anthracyclines are typical aromatic polyketides, probably the most important ones
in terms of their clinical utility. They display potent anticancer activities mediated
through a variety of mechanisms, with DNA intercalation and DNA topoisomerase
I or II inhibition being the most notable ones [71]. Many anthracyclines are
glycosylated, for example medically useful doxorubicin 33, aclacinomycin 34,
and nogalamycin 35 contain different glycan moieties. Manipulation of the carbo-
hydrate portion of naturally occurring anthracyclines may improve their biological
properties, as was elegantly demonstrated for 33 [72]. Particularly, TDP-L-dauno-
samine 36 biosynthetic pathway was changed in the 33 producer S. peucetius to
give stereoisomer TDP-L-4-epidaunosamine 37. This was achieved through disrup-
tion of native ketoreductase gene dnmV in S. peucetius and expression of ketor-
eductase gene avrE (from avermectin biosynthetic gene cluster of S. avermitilis) in
the dnmV mutant. Altered activated sugar was attached to aglycon (e-rhodomyci-
none 38), leading to 4-epidoxorubicin 39. The latter is more effective against
certain leukemias than 33. Compound 39 is not novel in a strict sense, since it
was known before as a result of chemical synthesis. Nevertheless, its combinatorial
biosynthesis provides clear benefits for industrial production and signals about
utility of genetics-driven methods for anthracycline modification.

Several hybrid glycosylated anthracyclines were produced via mixing the genes
for 33-35 biosyntheses. Expression of genes involved in glycosylating 34 in
S. peucetius mutant caused the accumulation of L-rhamnosyl-e-rhodomycinone
40a [73]. Aclacinomycin-deficient S. galilaeus mutants were used as hosts for
expression of S. nogalater genes for the biosynthesis of 35. The 4'-ketoreductase
gene snogC led to production of aklavinone-4’-epi-2-deoxyfucose 40b by glycosyl-
ation-deficient S. galilaeus HO39, while introduction of PKS genes involved in the
biosynthesis of 35 into the aclacinomycin-minus strain H028 prompted the accu-
mulation of novel glycosylated anthracyclines [74]. Chemical mutagenesis of
S. galileaus also led to a set of glycosylation-deficient mutants that accumulated
aclacinomycins with either shorter or altered glycosidic chains. For instance,
the production of aklavinone containing a tri-2-deoxyfucosyl chain was observed
in strain HO75 blocked in the early steps of formation of dTDP-L-rhodinose,
a precursor of terminal sugar in 34 triglycoside chain [75]. In the wild type strain,
2-deoxyfucose is added by GT AknK as a second sugar during 34 assembly [76].
Apparently, when imbalance in deoxysugar biosynthesis occurs, AknK (or other
GTs encoded outside of 34 gene cluster) is able to catalyze the formation of novel
glyco-NPs. As will be shown below, this kind of promiscuous enzymatic activity is
rather common for certain GTs involved in assembly of polyglycosylated NPs. It
points to the possibility that kinetic properties of GTs and protein—protein
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interactions may play an important role in the order of sugar attachment. Overall,
these results demonstrate flexibility of the aforementioned genes and strains in
directing the biosynthesis of novel glyco-NPs; more extensive genetic “mix and
match” experiments may yield greater structural diversity centered on the medi-
cally important scaffold of 33.

Recently, carbohydrate moieties of several other anthracyclines were diversified
through bioenzymatic approaches. The O-methyltransferase gene oleY was over-
expressed in a L-rhamnose-containing steffimycin 41a producer Streptomyces stef-
fisburgensis and shown to convert steffimycin into 3’-O-methylsteffimycin 41b
[77]. In Streptomyces albus, coexpression of a major portion of the steffimycin
(stf) gene cluster with various plasmids directing the biosyntheses of different
2,6-deoxysugars has led to generation of 12 new derivatives. Of all the new steffi-
mycins, D-boivinosyl-8-demethoxysteffimycin 42 and p-digitoxosyl-8-demethoxy-
10-deoxysteffimycin 43 showed improved growth inhibition properties against
several human tumor cell lines [77]. New glycosylated derivatives of aranciamycin
4, another related to steffimycin anthracycline, were obtained after expression of
genes for aranciamycin aglycone and its glycosylation (AraGT) in Streptomyces
fradiae AO and S. diastatochromogenes, capable of making several dTDP-deoxysu-
gars (D-amicetose, L-axenose 44, L-thodinose, p-olivose) [78]. Except for L-olivose,
all other deoxysugars were successfully attached with AraGT to the aglycone
precursor. Aranciamycins B 45a and D 45b carrying trideoxysugars L-rhodinose
and p-amicetose, respectively, showed significant tumor inhibition activities. Curi-
ously, it was revealed that nonglycosylated aranciamycin derivative possesses the
highest activity so far described for the aranciamycin family compounds [79].
Cosmomycins (e.g., cosmomycin D 46) are another interesting group of anthracy-
clines with two glycoside tails attached at C7 and C10 position. The latter is not
frequently glycosylated, and studies on GTs able to transfer sugars to C10 may lead
to novel molecules. To this end, disruption of two GT genes within cosmomycin
gene cluster of Streptomyces olindensis yielded five new cosmomycins carrying
shorter glycoside chains. It turned out that GTs CosG and CosK are able to transfer
deoxysugars to both carbon positions of the aglycone, and that CosK may accept
either 2-deoxy-L-fucose or L-rthodinose [80].

Approaches used to diversify steffimycin and aranciamycin have been success-
fully applied to elloramycin 47, an anthracycline-like rhamnose-containing com-
pound that falls into tetracenomycin group of antibiotics [70, 81-83] (Fig. 6).

3.1.2 Aureolic Acids

Members of this group feature tricyclic carbon framework decorated with two
oligosaccharide chains. Mithramycin 48 and chromomycin A3 49 are two aureolic
acids that have found their use in cancer chemotherapy. These compounds, inter-
acting with Mg?*, bind GC-rich DNA in a nonintercalative way, and sugar chains
are indispensable in stabilizing metal-antibiotic complexes. Carbohydrates are
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important for antitumor activity of 48 and 49, since their nonglycosylated deriva-
tives are inactive [84].

Disruption of GT genes was one of the sources of new glycosylated mithra-
mycins and chromomycins carrying truncated glycoside chains. Also, demethyl-
and deacetyl derivatives of chromomycins were generated through gene deletions.
S. argillaceus strains deficient in one or all GT genes were used as hosts for
expression of the C-GT gene urdGT2. UrdGT?2 transfers p-olivose moiety dur-
ing urdamycin A biosynthesis in S. fradiae Tu2717 (see following section).
In S. argillaceus mutants producing nonglycosylated mithramycin precursor,
UrdGT2 (alone or in combination with O-GT LanGT1) elicited the production
of novel C-glycosylated compounds that contain olivose or mycarose residues
[84]. UrdGT2 appears to be a very flexible enzyme, capable of transferring
unnatural sugar (mycarose) to the position of mithramycin aglycon that is not
glycosylated by mithramycin GTs in wild type S. argillaceus cells. Finally,
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expression of “sugar” plasmids in S. argillaceus resulted in hybrid mithramycins
that carry new deoxysugars in glycan chains (D-digitoxose, D-boivinose, D-ami-
cetose, and others). Several of these compounds displayed better anticancer
properties [85] (Fig. 7).

3.1.3 Angucyclines and Related Compounds

A uniquely shaped tetracyclic framework, where one ring is angularly condensed to
three others, is the most salient feature of angucyclines [70]. Many angucyclines are
glycosylated and at least for several angucycline families sugars are important for
antibacterial and antitumor activity [86]. The knockouts of genes for biosynthesis of
glycan part of angucyclines led to novel compounds, for example several jadomy-
cin B 50 intermediates were obtained in this way [87, 88]. Bioenzymatic synthesis
of new compounds based on landomycin A 51, gilvocarvin V 52a, and urdamycin A
53a scaffolds will be detailed here due to extensive knowledge on these families
and their notable bioactivities.

GT gene replacements in producer of landomycin A 51 S. cyanogenus S136 have
yielded novel underglycosylated landomycins, some of which also lacked certain
hydroxyl groups on polyketide scaffold [89]. Overexpression of the GT gene
lanGT3 in its native strain, S. cyanogenus, represents another striking example of
how manipulation of the expression level of a GT may lead to novel compounds.
Under typical conditions, lanGT3 controls the attachment of fourth sugar
(p-olivose) during the assembly of hexasaccharide chain of 51 [90]. Tetrasacchar-
ide intermediate to 51 was never detected in culture broths of S. cyanogenus,
probably because of a very rapid conversion of this intermediate to 51. Introduction
of lanGT3 under transcriptional control of the strong promoter ermEp into
S. cyanogenus caused accumulation of considerable amounts of tetrasaccharide
landomycins [91]. Similarly, expression of rhodinosyltransferase gene lanGT4 in
S. cyanogenus led to accumulation of two novel landomycins carrying L-rthodinose
residues in “unnatural” positions [92]. Landomycins having the same aglycon and
saccharide chains of all possible lengths (including aglycon) were subjected to
analysis of their activity against several tumor cell lines. Although 51 (the longest
sugar chain) was generally the most active compound, the antitumor activities of
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landomycins do not increase linearly with the increase in sugar chain length.
Particularly, tri- and hexasaccharides are equally potent inhibitors of lung cancer
cells [91].

Gilvocarvin V 52a falls into the aryl C-glycoside group of NPs, which is clearly
different from angucyclines. However, biosynthesis of 52a proceeds through an
angucyclic intermediate [70], and therefore this compound is reviewed here. The
five-membered furanose ring is a unique feature of gilvocarvins, which is believed
to contribute to their strong antitumor activity. Disruption of putative ketoreductase
gene gilU within 52a gene cluster and subsequent expression of the gi/U-minus
cluster in S. lividans TK24 has led to isolation of several new compounds carrying
4'-OH fucofuranose residue instead of fucofuranose. One of these compounds, 4'-
hydroxy gilvocarvin V 52b, was shown to display improved anticancer properties
[93]. Disruption of GT genes involved in 53 biosynthesis yielded many new
compounds with shortened glycan chains [94, 95].

Production of several novel angucyclines referred to as urdamycins (Fig. 8) has
been achieved through combinatorial expression of landomycin GT genes lanGT!
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Fig. 8 Structures of selected angucyclines
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or lanGT] plus lanGT4 in S. fradiae mutant A-x making urdamycinone B 54a [96].
Overexpression of lanGT4 in wild type 53 producer resulted in production two
new urdamycins U 53b and V 54b [97] that carry linear tetracyclic chains with
L-rhodinose as the terminal sugar. Manipulations of 53a pathway provided elegant
evidence that shuffling of GT genes may result in a catalyst with activity unknown
for parent genes. Particularly, identification and PCR-based mutagenesis of a short
stretches of urdGT1b and urdGTIc GT genes allowed the preparation of a chimeric
gene that, upon overexpression in appropriate S. fradiae strain, led to production of
urdamycin P 55 having branched glycoside moiety [98]. This work showed the
possibility of altering and combining both donor- and acceptor substrate specifi-
cities of different GTs being shuffled, adding new dimension to combinatorial
biosynthesis of glyco-NPs. Besides the manipulation of 53a GTs, disruption of
sugar biosynthetic genes was another source of novel urdamycins. For example,
knockout of NDP-4-keto-2,6-dideoxyglucose ketoreductase gene urdR yielded
urdamycins M 56a and R 56b carrying p- and L-configured NDP-bound rhodinoses.
Impaired production of NDP-p-olivose and promiscuity of UrdGT2 in urdR-defi-
cient S. fradiae strain account for the production of these unusual urdamycin-like
compounds [99]. There is little information on biological activities of novel urda-
mycins described herein. However, it’s been shown that urdamycin J displays
increased antitumor activity as compared to 53a [95], implying that underglycosy-
lated urdamycins resulted from GT gene disruptions may be an interesting subject
for bioassays.

3.2 Macrolides

Macrolides are reduced polyketides that feature macrocyclic lactone ring. They
are produced by type I (modular) PKSs. Many macrolides exhibit strong anti-
bacterial activity and are successfully used in clinic and in animal nutrition. Also,
examples of insecticidal, antitumor, and antiviral activities of macrolides are
known. S. venezuelae producing pikromycin 57 and methymycin 58 (Fig. 9)
will serve here as a model system to show all the variety of bioenzymatic
approaches towards novel glycosylated macrolides. 57/58 are chosen because
(1) desosamine, the only sugar that they contain, is crucial for their antibacterial
activity, (2) genes for desosamine biosynthesis and attachment in S. venezuelae
are well studied and shown to encode promiscuous enzymes, and (3) there was
decade-long attention of both industry and academia to development of improved
macrolides on their basis via biocombinatorial manipulations. Examples of novel
“sweetened” macrolides derived from parent molecules other than 57/58 will also
be given.

The gene cluster of S. venezuelae involved in the biosynthesis of 57 is notable
for its inherent ability to produce two sets of related macrolides. Compounds
57/58 are representatives of these two sets that derive from 12- and 14-membered
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macrolactones, respectively. All of these antibiotics contain the single aminosu-
gar desosamine 59, which also exists in few other macrolides. Disruption of genes
for desosamine biosynthesis within S. venezuelae chromosome led to several
57 analogs carrying desosamine intermediates attached to the macrolactone.
For instance, inactivation of the dehydratase gene desl caused accumulation of
D-quinovose-containing macrolides 59a/59b/59¢ [100] (Fig. 9). Expression of
the 3,5-epimerase gene strL from the streptomycin biosynthetic cluster in a
desl-deficient strain has led to accumulation of novel macrolides carrying o-L-
rhamnose [101]. Likewise, the ketoisomerase genes tyl/a (from the tylosin 61
gene cluster) and fdftA (from the S-layer polysaccharide biosynthetic pathway
of Aneurinibacillus thermoaerophilus) endowed the desl mutant with the ability
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to produce macrolides bearing mycaminose or 4-epi-D-mycaminose, respectively
[102, 103]. Deletion of the entire gene cluster for desosamine biosynthesis
and attachment yielded S. vemnezuelae strain YJOO3 that produces 12- and
14-membered aglycones. Plasmids carrying all the genes necessary for biosyn-
thesis of noviose and olivose and their attachment to aglycones were expressed in
YJOO03 resulting in novel olivosyl- and noviosyl-containing derivatives [104,
105]. In the same way, a set of new macrolide derivatives was obtained that
featured 4-amino-4,6-dideoxy-L-glucose 62 [106]. Another host, referred to as
YJ069, lacking all genes for the biosynthesis of aglycones and accumulating the
early desosamine precursor (TDP-4-keto-6-deoxy-D-glucose), was used to pro-
duce novel macrolides. For that purpose, a replicative plasmid containing genes
for the biosynthesis and attachment of certain TDP-hexose was introduced into
YJ069 and various aglycones were fed to the resulting strain. Utilizing this
approach, researchers were able to produce quinovose- and olivose-decorated
tylactones 63 [107]. It should be noted that in this and several other cases
mentioned above the glycosylation efficiency was rather low (less than 10% of
aglycone was converted into glycoform), despite the use of GT genes from either
the pikromycin or the tylosin pathways.

The presented data show that GT gene from the desosamine cluster of
S. venezuelae, as well as desosamine biosynthetic genes themselves, possess
broad substrate specificity, which might be exploited to diversify various macrolides
further. Besides the manipulations of these genes in the native host, they proved to
be useful in several heterologous expression experiments. Particularly, genes for
desosamine formation from S. narbonensis were used to redirect partly the tylosin
biosynthesis towards the accumulation of substantial amounts of desosamine-con-
taining tylactone (tylosin was also coproduced) [108]. In another experiment, genes
of S. venezuelae involved in TDP-p-desosamine biosynthesis and attachment were
integrated into genome of S. lividans strain K4-114, a host optimized for heterolo-
gous antibiotic production [109]. The resulting strain K39-22 was used in two ways.
First, different natural and unnatural aglycones were fed to K39-22 and shown to be
converted to the expected glycosylated compounds. Second, plasmids encoding
macrolide type I PKS were expressed in K39-22 and also led to accumulation of
novel desosamine-containing macrolides. In both aforementioned approaches the
conversion rate did not exceed 20%, and a limiting production of the TDP-p-
desosamine is thought to be the reason for that. The majority of 14 novel compounds
exhibited antibacterial activity [110].

Erythromycin A 64 and spinosyns A and D 65a/65b are important macrolides
produced by Saccharopolyspora erythraea and Sacch. spinosa, respectively.
Compound 65a contains per-O-methylated L-rhamnose and p-forosamine attached
O-glycosidically to the aglycone. Gene knockouts in respective strains as well as
expression of various “sugar cassettes” (along with appropriate GT gene(s)) in
Sacch. erythraea mutants led to production of many derivatives of 64 and 65a and
tylosin [111-114].
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3.3 Polyene Macrolides

The presence of three to eight conjugated double bonds distinguishes polyenes from
other classes of reduced polyketides. Polyenes interact with the sterol molecules in
fungal cell membrane (usually ergosterol) and therefore are widely used as antifun-
gal agents. Also, they are active against enveloped viruses, parasites, and prions
[115]. Carbohydrates are often found as components of polyene macrolides. The
deoxyaminosugar mycosamine decorates most of known polyenes. Recently,
unusual derivatives of nystatin A; 66 that carry deoxysugars mycarose or digitox-
ose in addition to mycosamine were isolated from the Streptomyces noursei ATCC
11455. Interestingly, the mycarose containing derivative shows increased antifun-
gal activity compared to 66 [116]. Genes responsible for the attachment of these
deoxysugars to polyenes are not yet identified.

While all classes of glyco-NPs discussed above contain sugars derived
from TDP-glucose, mycosamine is likely to stem from GDP-mannose. Mycosa-
mine is essential for structural stability and antifungal activity of polyenes [117].
Chemical modification of mycosamine (especially its aminogroup) is a validated
approach towards improved polyenes [118], and bioenzymatic approaches might
be successful as well. The majority of polyene-producing streptomycetes are
rather challenging subject of genetic engineering due to unstudied peculiarities
of homologous recombination and lack of efficient “vehicles” for foreign DNA
introduction [119]. Nevertheless, disruption of GDP-ketosugar aminotransferase
gene from the FROOS biosynthetic cluster was achieved and caused the accumu-
lation of different aglycones and small amounts of ketosugar-containing FR00S
analog [120]. Since this derivative shows good activity, it will be interesting
to apply heterologous expression approaches (which work so well for macro-
lides) to polyene producers, so that larger number of novel derivatives could be
generated and tested. Given the fact that polyene GTs use GDP-sugars and that
they form a phylogenetically separate branch of NP GTs [90], it is not clear at
the moment what it will take to produce polyenes containing rationally designed
sugar moieties.

3.4 Aminocoumarins

The 3-amino-4,7-dihydroxy-coumarin moiety is a core unit of this family of
compounds. The amino group of coumarin scaffold is further decorated
with derivatives of pyrrole or benzoic acid moieties. Also, branched deoxysugar
5-C-methyl-L-thamnose (noviose) is installed onto one of the hydroxyls of the
coumarin. Clorobiocin 67 and novobiocin 68 can be considered prototypical ami-
nocoumarins. These molecules are potent inhibitors of bacterial gyrase and topo-
isomerase IV and 68 is used to treat human infections. Several works also showed
that analogs of 68, in combination with other drugs, can improve the chemotherapy
of certain tumors [121].
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Deletion of carbohydrate biosynthetic genes within cosmids directing the
biosynthesis of 67 and 68 and their subsequent expression in S. coelicolor was a
fruitful way to generate novel aminocoumarins [122—124]. These and other
genetically engineered aminocoumarins were subjected to biological assays
(both in vitro and in vivo) and 67 was shown to be the most active compound
[125] (Fig. 10).

3.5 Glycopeptides

According to the general definition, these molecules are oligopeptides decorated
with carbohydrates. The term glycopeptides is usually associated with vancomycin
3 family antibiotics; however, other families of NPs exist that are, in fact, glyco-
peptides due to chemical and biosynthetic features. Those are bleomycins (bleo-
mycin B2, 69), ramoplanin 70, mannopeptimycins 71, and salmochelin 72 [126].
Glycopeptides are produced by nonribosomal peptide synthetases (NRPSs) or,
in case of bleomycins, by mixed NRPS-PKS complexes. Because of this, glyco-
peptides may contain proteinogenic as well as nonproteinogenic aminoacids
which are further modified via acylation, hydroxylation, cyclization, etc. [127].
Glycopeptides are considered “last resort” antibiotics and used to treat human
infections [128]. Bleomycin is a component of several anticancer chemotherapies
[129]. Carbohydrates contribute to biological activity of glycopeptides and, there-
fore, their manipulations may lead to new insights into biology of these fascinating
molecules.
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Fig. 10 Structures of nystatin A, clorobiocin, and novobiocin
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In early work, cloning of GT genes from the 3 producer Amycolatopsis orientalis
subsp. permitted the identification of putative glucosyltransferase genes g#fB and
gtfE. Their heterologous expression in producers of teicoplanin-like heptapeptides
A41030 and A47934 resulted in accumulation of respective glucosylated deriva-
tives [126]. This result showed that bioenzymatic manipulation of glycopeptides is
feasible and could lead to novel molecules. GT gene disruption was also success-
fully employed in Nonomuraea sp. to produce novel underglycosylated glycopep-
tide derivative [130].

Interesting derivatives of the bleomycin family were generated through manipu-
lation of genes involved in the biosynthesis of carbohydrate portions of tallysomy-
cins (tallysomycin B 73) and bleomycin. Disruption of the carbamoyltransferase
gene blmD resulted in the production of a derivative lacking the carbamoyl group
at the sugar. DNA cleavage activity of this derivative was decreased 10 times as
compared to bleomycin [131]. Inactivation of the GT gene #/mK from the gene
cluster of tallysomycin has led to accumulation of five new compounds lacking
4-amino-4,6-dideoxy-L-talose [132] (Fig. 11).

3.6 Indolocarbazoles

A typical member of this family contains an indolo[2,3-o]pyrrolo[3,4-c]carba-
zole framework decorated with sugars. Indolocarbazoles are potent antitumor
agents, whose activity is mediated via various mechanisms (inhibition of topoi-
somerases and protein kinases, DNA intercalation). Glycosylated indolocarba-
zoles are more active than the corresponding aglycones [133]. Rebeccamycin 74
and staurosporine 75, the best studied members of the family, will be reviewed
here to show how novel indolocarbazoles with altered sugar portions can be
generated in vivo. Compound 74 and related compounds contain sugar attached
to one of the indole nitrogens, while in 75 sugar is linked to both nitrogens.
This rare doubly attached carbohydrate moiety arises from the activity of a GT
that controls the first glycosidic bond formation, while a P450 oxygenase is
responsible for the second C—N bond [133]. An efficient S. a/bus-based hetero-
logous expression system was established for indolocarbazole production which
allowed isolation of many novel derivatives [134-136]. All novel compounds
generated to date exhibited antitumor activity similar to that of parent com-
pounds; however, some of them are more selective inhibitors of certain protein
kinases [136].

3.7 Orthosomycins

Members of this group consist of a long saccharide chain linked to dichloroisoe-
verninic acid. Orthosomycins display strong antibacterial activities. Poor solubility
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Fig. 11 Structure of selected glycopeptides

in water is one of their drawbacks, and modification of their carbohydrate portion
may be one of the ways to overcome this problem. For example, disruption of one
or several sugar methyltransferase genes involved in avilamycin A 76 biosynthesis
led to isolation of novel derivatives lacking corresponding methyl groups, all of
which showed improved polarity [137]. It has to be noted that undermethylated
analogs of 76 were less stable than the parent compound; this was especially true for
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a derivative lacking three methyl groups. Similarly, “truncated” derivatives of 76,
lacking acetyl group on the terminal eurekanate residue or eurekanate itself, were
generated through deletion of genes aviBI—aviO2 or the GT gene aviGT4, respec-
tively [138, 139]. The importance of carbohydrate structure for 76 activity was once
again highlighted during manipulations of the gene aviX/2 encoding an unusual
SAM radical epimerization enzyme. Here, the aviX/2-deficient S. viridochromo-
genes mutant produced avilamycin N1 that contains glucose in glycoside tail
instead of mannose in 76. Antibacterial activity of this derivative was severely
impaired as compared to 76 [140].

3.8 Phosphoglycolipids

This family is exemplified by moenomycin A 77, a major representative of moeno-
mycin complex produced by S. ghanaensis (ATCC14672). Compound 77 is one of
the most potent antibiotics known to date; it is active against many vancomycin-
and methicillin-resistant pathogens [141]. Moenomycin A suffers from poor phar-
macokinetics, prompting the search for improved analogs that are suitable for
treating human diseases.

Several derivatives of 77 were recently generated using GT gene disruption and
heterologous expression techniques [142—144]. Of notable interest is the compound
neryl-moenomycin A (n-MmA) 78, which is simpler than the long-thought minimal
pharmacophore and yet displays antibiotic activity [143, 144].

3.9 Plant Glycosylated Terpenoids

Terpenoids constitute the most diverse class of secondary metabolites of plants both
in terms of structure and function. They are engaged in plant communication,
resistance to disease, pollination, and pest control. In industry, they are used as
fragrances, medicines, and food additives. All of them are produced through
condensation of basic isoprene units, isopentenyl diphosphate, and its isomer
dimethyl allyl diphosphate. Cyclization of nascent carbon chains is followed by
their modification via oxidation, reduction, and transfer of various groups, includ-
ing sugars. An interesting example of terpenoid glycosylation was observed
when strawberry nerolidol synthase gene FaNESI was expressed in plastids of
Arabidopsis and potato. The transgenic plants produced not only expected meta-
bolite E-8-hydroxylinalool 79, but also its glucosylated derivatives. Plastids of
these plants appear to contain as-yet-unidentified flexible GT [145, 146] (Fig. 12).
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Fig. 12 Structures of selected natural products

4 Chemoenzymatic Synthesis of Novel “Glyco”’-Natural
Products

4.1 Chemoenzymatic Glycodiversification

Successful application of chemoenzymatic methods requires obtaining purified
GTs or other carbohydrate-active enzymes, in soluble and active form, as well as
suitable aglycone scaffolds and NDP-sugars [20, 147]. With the availability of
NDP-sugars generated by the enzymatic strategies, numerous novel carbohydrate-
containing natural products were generated chemoenzymatically.

4.2 Glycosylation of Natural Products In Vitro

4.2.1 Aromatic Polyketides

Anthracyclines were also intensively altered chemoenzymatically [148, 149]. The
trisaccharide chain of aclacinomycin A 34 [150] consists of three deoxysugars,
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L-thodosamine, 2-deoxy-L-fucose, and L-cinerulose. This glycoside chain is assem-
bled by two GTs, AknS and AknK. The first transfers TDP-L-rhodosamine to the
aglycone to obtain rhodosaminyl-aklavinone. Then the second enzyme, AknK,
attaches TDP-2-deoxy-L-fucose followed by TDP-L-rhodinose which is then oxi-
dized to yield 34. AknK can also transfer 2-deoxysugar to the axial 4’-OH of
anthracycline monosaccharides, such as daunomycin 80, adriamycin 81, and idaru-
bicin 82, to generate anthracycline disaccharides [151]. Another protein, AknT,
which was proposed to be a saturable activator for the AknS catalytic subunit,
increases the activity of AknS by 40-fold in the 2-component AknS/AknT complex
[152]. With this complex, Lu and colleagues produced in vitro novel anthracycline
monosaccharides [147] (Fig. 13).

4.2.2 Macrolides

As mentioned above, macrolides are composed of a macrocyclic polyketide scaf-
fold and appended deoxysugars which alter their activity, specificity, and resistance
mechanisms [153—156]. Davis and coworkers tested the substrate tolerance of three
family 1 macrolide GTs, namely MGT from S. lividans [157], OleD and Olel from
the oleandomycin-producing bacterium S. antibioticus [158, 159]. Surprisingly, all
of these GTs can utilize hydrophobic aglycones, including oleandomycin, flavo-
nols, coumarins, and 3,4-dichloroaniline, as acceptors. In vitro combination of these
GTs with polyketide aglycones and NDP-sugars generated novel polyketide anti-
biotics [160].

Sorangicins, other macrolides, have the same active binding site on the bacterial
RNA polymerase as rifampicin, an important antitubercular antibiotic [161]. In
comparison to rifampicin, sorangicins were shown to have greater tolerance to
conformational changes in the RNA polymerase [162]. SorF is a GT in the sorangi-
cin gene cluster from Sorangium cellulosum So cel2 [163]. It catalyzes the gluco-
sylation of sorangicin A with UDP-a-p-glucose. In vitro substrate specificity test of
SorF showed striking flexibility toward UDP-a-p-glucose, UDP-a-p-galactose,
UDP-a-p-xylose, dTDP-a-p-glucose, dTDP-u-p-6-deoxy-4-keto-D-glucose and

Fig. 13 Structures of daunomycin, adriamycin, and idarubicin
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dTDP-B-L-rhamnose. Novel sorangicin derivatives 83 were produced in vitro from
sorangicin and these NDP-sugars using SorF [164].

Avermectins, 16-membered macrocyclic lactones produced by S. avermitilis, act
on the y-aminobutyric acid (GABA)-related chloride ion channels unique to nema-
todes, insects, and arachnids, with little or no toxicity to mammals [165]. A GT,
AveBl, is proposed to catalyze the attachment of both TDP-L-oleandroses in a
stepwise, tandem manner, to the avermectin aglycone [166]. Using five aglycones
produced by acid-mediated hydrolysis of avermectin Bla (84-1, 84-2, 84-3, 84-4,
84-5) and ivermectin as acceptors, and 22 NDP-sugars (generated chemically or
chemoenzymatically) as donors, Thorson and coworkers produced 50 different
glycosylated avermectins 84 via an AveBI-catalyzed glycolrandomization process
[167] (Fig. 14).

Fig. 14 Structures of sorangicins and avermectins
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4.2.3 Aminocoumarins

As mentioned above, aminocoumarin antibiotics, such as novobiocin 68, clorobio-
cin 67, and coumermycin A; 85, are very potent against Gram-positive bacteria,
including methicillin-resistant Staphylococcus strains [168]. NovM is the noviosyl
transferase responsible for attaching TDP-noviose to novobiocic acid [169]. How-
ever, although over 40 natural and “unnatural” nucleotide sugars were employed in
the IVG experiment with NovM, only three NDP-sugars were accepted as sub-
strates, revealing that NovM had stringent substrate specificity [170].

4.2.4 Glycopeptides

Reductive N-alkylation of one glycopeptide antibiotic, LY264826, on the disaccha-
ride amino function created a new compound, oritavancin 86, which is approxi-
mately 500 times more active than vancomycin 3 against vancomycin-resistant
enterococci [171]. Hence, modifications on the sugar substituents would be
a promising method to create novel active glycopeptides. Vancomycin has an
L-vancosaminyl-1,2-p-glucosyl disaccharide attached to the 4-hydroxyphenylgly-
cine residue. GTs GtfE and GtfD are responsible for the transfer of glucose and
vancosamine, respectively [172]. It has been shown that GtfE was highly flexible
toward both the aglycone and NDP-sugars [173, 174]. Using the chemically
synthesized UDP-glucose analogs and chemoenzymatically synthesized TDP-
deoxyglucose and TDP-aminoglucose as substrates, Losey and coworkers found
that GtfE catalyzed the formation of 2-, 3-, 4-, and 6-deoxy-glucosyl and 2-, 3-, 4-,
and 6-amino-glucosyl substituted vancomycin and teicoplanin 87 derivatives. Then
the heptapeptide scaffolds with 3-, 4-, and 6-deoxyglucose and 3-, 4-, and 6-amino-
glucose attached could be further elongated by GtfD with 4-epi-vancosamine and 4-
amino-6-deoxy-glucose, respectively [175]. Subsequent modification of these
amino groups by chemical acylation has been shown to be an efficient approach
to increase the activity against vancomycin-resistant enterococci, as exemplified by
oritavancin 85 [176].

4.2.5 Enedeyines

Among the four calicheamicin 88 GTs, three of them (CalG1, CalG3, CalG4) were
characterized to catalyze reversible reactions. Both CalGl and CalG3 showed
flexibility toward a number of TDP-sugars. Remarkably, CalG3 can use all the
five commercially available NDP-glucoses, as donor substrates. The reversible
reactions catalyzed by these GTs were exploited to generate novel glycosylated
calicheamicins. Using eight calicheamicin derivatives and ten TDP-sugars as sub-
strates, CalG1 catalyzed several sugar exchange reactions and yielded more than 70
compounds [177, 178]. In the presence of TDP, CalG4 transferred the aminopen-
tose moiety from four calicheamicin derivatives to an exogenous aglycone
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acceptor. Similarly, another ten unique calicheamicin variants were produced by
CalG3 which catalyzed sugar exchange reactions with 22 TDP-sugars and a cali-
cheamicin analog.

4.2.6 Flavonoids

Flavonoids are a class of plant secondary metabolites involved in the interactions of
plant cells with their environments [179, 180]. They have many clinical effects,
such as antitumor, antiinflammatory, and antimicrobial activities [181]. VVGT1 is a
UDP-glucose: flavonoid 3-O-GT isolated from the red grape (Vitis vinifera L., cv.
Shiraz). Glucosylation converts the unstable precursor, cyanidin, into a stable
anthocyanin, cyanidin 3-O-glucoside 89. It was shown that VVGT1 can utilize a
wide range of UDP-sugars: UDP-5S-Glc, UDP-Xyl, UDP-Man, UDP-Gal, and
UDP-GIcNAc, as well as GDP-Glc and dTDP-Xyl. Using UDP-Glc as donor,
VvGT1 was found to transfer it to a wide variety of flavonoids and other com-
pounds [182] (Fig. 15).
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4.2.7 Glycosylation of Natural Products Using Natural and Mutant
Forms of OleD

While chemoenzymatic methods have successfully created many novel “glyco”-
natural products, this route was still restricted by enzyme specificity and availabil-
ity of promiscuous GTs [183]. OleD is the oleadomycin GT from Streptomyces
antibioticus [184]. Using a high-throughput fluorescence-based GT screening sys-
tem, Thorson and coworkers discovered an enhanced triple mutant (A242V/S132F/
P67T, referred as ASP) of OleD that exhibited remarkable improvement in profi-
ciency and substrate promiscuity [185]. The acceptor spectrum of Asp includes a
diverse range of “drug-like” structures, such as anthraquinones, indolocarbozoles,
polyenes, cardenolides, steroids, macrolides, B-lactams, and enediynes. Notably,
using simple aromatic compounds like phenol, thiophenol, and aniline as acceptors,
ASP also catalyzed formation of O-, S-, and N-glucosides, as well as iteratively
glycosylated thiophenol. ASP is the first GT capable of catalyzing O-, S-, and
N-glycosidic bond formation. Moreover, glycosidic bond formation was also
detected from reactions of ASP with oximes, hydrazines, hydrazides, N-hydroxya-
mides, and O-substituted oxyamines [183].

4.2.8 Production of Glycosidase-Resistant Oligosaccharides
Using Thiosugars

As essential structures in glycoproteins and glycolipids, oligosaccharides play
many important roles in cellular regulation [186], protein folding [187], and
immune modulation [188]. It has become clear that glycosylation is essential to
many of the signaling pathways that turn a normal cell into a cancer one. Com-
pounds that inhibit specific glycosylation reactions may potentially block the
pathway in carcinogenesis. Carbohydrates have been recognized as novel cancer
prevention drugs [189]. However, a main disadvantage of natural carbohydrate
drugs, especially O-glycosidically-linked oligosaccharides, is their metabolic insta-
bility in biological systems [190].

5S-Glycosides, the ring sulfur analogs of native glycosides, are resistant to
glycosidases and are able to confer metabolic stability to oligosaccharide-based
drugs [191]. As they are difficult to synthesize by chemical strategies, enzymatic
synthesis of such products by GTs is more practical. It had been shown that UDP-5-
thiogalactose (UDP-5SGal) [192] and UDP-N-acetyl-5-thiogalactosamine (UDP-5-
SGalNAc) [193] are substrates for galactosyltransferases, giving 5SGalB(1,4)
GlcNAc and 5SGalNacPB(1,4)GIcNAc. Using the mannosyltransferase ManT and
the fucosyltransferase FucT, Tsuruta and coworkers attached the chemically
synthesized GDP-5-thio-p-mannose (5SMan) and GDP-5-thio-L-fucose (5SFuc)
to the glycosyl acceptors, generated a 5-thiomannose-containing disaccharide 90
and a 5-thiofucose-containing trisaccharide 91 (Fig. 16).
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Fig. 16 Structures of 5S-sugar containing oligosaccharides

4.3 Chemoenzymatic Modification of Carbohydrate Moieties
of Natural Products

Carbohydrate postglycosylation modifications, including methylations, acylations,
and attachment of complex chromophores, are also used for glycodiversification of
NPs in chemoenzymatic approaches.

4.3.1 Acylation

The critical difference between teicoplanin 87 and vancomycin 3, a representative
glycopeptide, is the presence of the acyl chain which has been implicated in its
mechanism of antimicrobial activity [194, 195]. An acyltransferase (tAtf) was
found to be responsible for transferring this acyl chain to the glucosamine moiety
to form the teicoplanin lipoglycopeptide scaffold. Sosio and colleagues character-
ized aAtf and tAtf, a protein involved in the biosynthesis of the glycopeptides
A-40,926 [196]. It was found that both enzymes have a preference for long-chain
acyl CoAs (C¢—Cy4). The best substrate for aAtf was the C;, acyl chain of lauroyl-
CoA, while tAtf preferred decanoyl-CoA [197]. With respect to their specificity
toward the acceptors, it was shown that the Atfs could use both vancomycin and
teicoplanin scaffolds, with glucosyl, 2-aminoglucosyl, and 6-aminoglucosyl accep-
tors. Using tAtf, GtfD, and decanoyl-CoA, Kruger and coworkers generated two
novel lipoglycopeptides chemoenzymatically. Further information on this interest-
ing topic can be found in [198-201].

4.3.2 Methylation

Sugar methylation is a key tailoring step in the biosynthesis of many natural
products [69]. Several sugar methyltransferases (MTase(s)) can act on a range of
different substrates using different cofactors. The RebM O-methyltransferase of
the rebeccamycin 74 cluster accepts an array of alternative substrates, displaying
promiscuity toward both a-and B-glycosidic analogs [202]. RebM was shown,
unlike other typical multimeric sugar O-methyltransferases (e.g., OleY [203],
TylE and TylF [204, 205], MycF [206], CouP [207], and NovP [208]), to function
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as monomer. In addition it has a broad pH range and cannot be enhanced by divalent
metals. Most importantly, RebM was the first secondary metabolite-associated
MTase which can tolerate not only a broad range of acceptor substrates but also
nonnatural cofactor analogs of AdoMet [209]. By combining in vivo N-glucosyla-
tion (RebG) and in vitro methylation (RebM) with a range of synthetic indolocar-
bazole surrogates, novel indolocarbazole were generated [202].

4.3.3 Attachment of Complex Chromophores

In 68, the 3’-hydroxyl position of the 4-methoxy-L-noviosyl ring is carbamoylated,
whereas in 67 and coumermycin A, 85, it is acylated by a 5-methyl-2-pyrrolylcar-
bonyl moiety [210]. The acyltransferases Clo/CouN7 transfer this group from the
carrier proteins Clo/CouN1 to the 3’-hydroxyl of the L-noviosyl scaffold [211].
Using a set of either chemically or chemoenzymatically prepared substrates, Frid-
man and coworkers tested the promiscuity of the protein pairs CouN1/CouN7, and
produced 21 novel novobiocin analogs. This result shows that the biosynthetic pair
of enzymes CouN1/ CouN7 is promiscuous with respect to the pyrrolylcarbonyl
groups. One of the derivatives was chosen as a model compound and was produced
in milligram quantities. It was demonstrated that the addition of 5-methylthiophene
to the novobiocin scaffold restored antibacterial activity that was lost upon removal
of the carbamoyl group from the natural compound.

5 Concluding Remarks

Both chemo- and bioenzymatic methods have already yielded considerable carbo-
hydrate diversity around different skeleta. Glycosylation of novel positions and
alteration of sugar biosynthetic pathways were realized for different classes of NPs.
Several issues have to be solved to tap more fully into the potential of the described
glycodiversification techniques.

First, the yield of many novel glycoforms is very low, showing the limits of
substrate promiscuity of respective enzymes. Identification of a bottleneck step in
the biosynthetic route and replacement of the “suboptimal” catalyst with a better
one may ameliorate such problems, as was demonstrated in the case of aminocou-
marin glycodiversification. Screening of producers of similar glyco-NPs for suit-
able enzyme or protein engineering of existing ones may be a source of improved
catalyst. In some cases, there would be a need to narrow down the substrate
specificity of an enzyme, when the in vivo production of a desired compound is
accompanied by accumulation of side products. In this case, protein engineering
could also be helpful, as was nicely demonstrated for GT EImGT [212]. Besides
those issues, bioenzymatic approaches may suffer from genetic instability of
recombinant biosynthetic pathways, especially when they reside on autonomous
genetic elements. When the production of a given glyco-NP is to go beyond the
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laboratory bench, it is worth investing the construction of a producer carrying all the
necessary biosynthetic elements integrated into its genome. Also, bioenzymatic
techniques may underperform because of poor expression of genes cloned from
different organisms that differ in codon usage and details of transcription initiation.
Promoter and codon optimization through PCR-based mutagenesis or gene synthe-
sis are used to overcome such difficulties. Codon optimization is also a method of
choice when E. coli-based expression of heterologous proteins for chemoenzymatic
approach is not satisfactory.

Second, current glycodiversification efforts aim at “stitching” known building
blocks, and generation of genuinely new compounds is rare. Syntheses of thiosugar-
containing oligosaccharides [193, 213], glycosylated colchicines [214], and
1,2-dihydroxyanthraquinone [215] are among a few examples of use of unnatural
sugars or glycosylation of naturally nonglycosylated compounds. Therefore, crea-
tion of enzymes and pathways for entirely new glycoconjugates remains a grand
challenge for protein and metabolic engineering. Error-prone PCR or saturation
mutagenesis in conjunction with high-throughput directed-evolution approaches
should speed up the development of novel carbohydrate active enzymes. GTs,
central players in biosynthesis of glyco-NPs, are a focus of such approaches.
Several model studies on high-throughput screening of GTs are available. Several
screens of GTs were published that are based on changes in fluorescence of
resulting glycoconjugates upon glycosylation [185, 213, 216]. These approaches
have proven useful for generation of GTs with novel specificity or enhanced
promiscuity [217], but may yield catalysts biased towards recognition of a specific
(fluorescent) substrate, be it donor or acceptor. A potentially more useful screen has
been outlined that is based on detection of proton release during glycotransfer with
the help of pH indicator bromothymol blue [218]. This approach was validated on
blood group GTs GTA and GTB. Natural substrates can be used here, avoiding the
danger of “biased” enzymes. It remains to be studied whether this method is
applicable to NP GTs.

An interesting colony-based screen for glycosylated antibiotic biosynthesis in
E. coli has been developed. It takes advantage of the fact that glycosylation of
macrolide aglycone leads to antibiotically active erythromycin, and E. coli clones
competent in glycosylation can be detected after overlaying the plate with erythro-
mycin-sensitive Bacillus subtilis strain [219]. This approach has been used to
improve the 6-deoxyerythronolide B glycosylation efficiency; apparently, it can
be applied to those compounds with which biosynthesis and glycosylation can be
reconstituted and phenotypically assayed in E. coli. Notwithstanding these limita-
tions, this screen offers the simplicity of genetic manipulations of E. coli, the ability
to rely on cellular machinery for production of substrates and catalysts, and
the opportunity to apply evolutionary strategy on a pathway-wide level. Some of
the aforementioned approaches could, in principle, be used to screen more
than 10° cells/reactions within a reasonable timeframe. Even higher throughput
(107-10"%) can be attained with the use of phage display technologies successfully
employed to obtain improved nucleic acid polymerases [220]. GTs, bisubstrate
enzymes catalyzing immensely diverse chemistry, are a much more challenging
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target for phage display. It is not trivial to display big proteins, such as GTs, on a
phage surface and attachment of one of the GT substrates can be problematic.
Nevertheless, using MurG, an essential GT involved in Lipid II 2 formation, the
first solutions to the above problems have been described [221].

All the aforementioned techniques await wider implementation in order to assess
their advantages and shortcomings, as well as to define the fields for their optimal
use. The vast chemical diversity of glyco-NPs is made possible by just few basic GT
created folds, which begs for directed-evolution-based GT engineering strategies.
These, in combination with exploitation of carbohydrate-tailoring genes and
enzymes, traditional screening for novel NPs and chemoenzymatic synthesis of
unnatural sugars will enrich a toolkit for biology-led generation of glyco-NPs.
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Abstract The biosynthetic pathways to a number of natural products have been
reconstituted in vitro using purified enzymes. Many of these molecules have also
been synthesized by organic chemists. Here we compare the strategies used by
nature and by chemists to reveal the underlying logic and success of each total
synthetic approach for some exemplary molecules with diverse biosynthetic
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1 Introduction

Synthetic chemists have long undertaken the challenge of generating natural pro-
ducts de novo [1]. From a synthetic point of view, natural products are of particular
interest because of their complex molecular frameworks, which are often equipped
with numerous stereocenters and highly reactive functional groups. Their structures
raise interesting problems of regio- and stereoselectivity to be solved during their
chemical preparation. The field of total synthesis has thus been a driving force in the
development of novel synthetic reactions and strategies to solve these issues [1].
Synthetic routes to natural products are often characterized by their convergent
approaches: numerous intermediate scaffolds can be en route to a single product.
Examples of convergent approaches are syntheses of staurosporinone (1), which are
discussed in this review, where over ten different synthetic routes converge to a
single product [2—-14].

Biosynthetic mechanisms to one molecule rarely show such a diversity of
approaches; rather, multiple products can often be traced back to a core set of
precursors. The complexity in biosynthetic routes derives instead from the ability
of nature to develop divergent pathways from this core set of simple building blocks
to give distinct molecules. These building blocks include amino acids, sugars,
lipids, nucleotides, and other compounds, such as acetate, propionate, and malo-
nate, shunted from primary metabolism, which are converted to an astonishing
diversity of structures [15]. Clear examples are seen, for instance, in monoterpene
biosynthesis, where a single precursor molecule is converted to a huge variety of
known monoterpenes in different organisms, including (-)-(4S)-limonene, 3-carene,
a-thujene, (—)-endo-fenchol, (-)-B-pinene, and 1,8-cineole [16].

Recently, some research groups have embarked on the total biosynthesis of
secondary metabolites [17]. Like traditional total synthesis, where the goal is to
construct a desired target molecule from easily available precursors, total biosyn-
thesis endeavors to take simple, biologically relevant starting materials and convert
them into a natural product. The difference from a chemical synthetic approach is
that all reactions are carried out with purified enzymes, generally those derived
from a single, microbially-derived biosynthetic operon. Beyond demonstration of
a biologically based synthesis, such work is often carried out as part of studies
attempting to elucidate biosynthetic logic and enzyme mechanisms, to produce new
derivatives by testing enzyme substrate specificities, or to circumvent a challenging,
possibly low-yielding, organic synthesis.

This review will compare the strategies taken by synthetic chemists to produce
natural products with the strategies utilized by nature. What types of molecular
scaffolds are made in each case in the process of assembling a natural product?
Rarely will the paths be identical, but are there features that reveal a more universal
logic in the construction of these molecules? Or, by contrast, are there fundamental
distinctions between organic synthesis and biosynthesis? To answer these questions
we have chosen — from a biosynthetic point of view — a diverse selection of seco-
ndary metabolites, ranging from relatively simple terpenes and shikimate-derived
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compounds to structurally more complex polyketide synthase (PKS) and nonribo-
somal peptide synthetase (NRPS) products. While these molecules indeed represent
a diversity of chemical structures and biological roles, they also have much in
common: they are relatively small, they are derived from discrete biosynthetic
gene clusters, and they are accessible and of interest to synthetic chemists.
Our comparison between biosynthetic/chemo-enzymatic and classical synthetic
strategies in the preparation of these natural products will allow us to discuss the
utility and current limitations of an intersection between total synthesis and “total”
biosynthesis.

2 Sesquiterpenes: (+)-5-Epi-Aristolochene
and (-)-Premnaspirodiene

Both (+)-5-epi-aristolochene (2) and (—)-premnaspirodiene (3) (Fig. 1) are repre-
sentative of key intermediates in the biosynthesis of terpenes. Nature has used a
divergent strategy to make a complex array of terpenes, which serve diverse roles in
chemical biology, acting as volatiles, flavors, defense molecules, steroids, and
vitamins, and include pharmaceutically relevant compounds such as the antimalar-
ial drug artemisinin (4) (see Fig. 38) and the anticancer drug taxol [18]. All terpenes
are derived from the condensation of isopentenyl diphosphate (IPP) and dimethy-
lallyl diphosphate (DMAPP) to give a core set of precursors including geranyl
diphosphate (5), farnesyl diphosphate (6), and geranylgeranyl diphosphate (7)
(Fig. 2). These molecules are converted, respectively, to monoterpenes (C,g) such
as (-)-limonene (8) and (-)-camphene (9), sesquiterpenes (C;s) like 2 and 3, and
diterpenes (Cyp), €.g., taxadiene (10) and casbene (11), through transformations that
include electrophilic attacks, hydride, methyl, and methylene shifts, water quench-
ing of carbocations, and proton abstractions [16]. These resulting intermediates are
then further modified by enzymes such as cytochrome P450s, which catalyze
reactions including stereospecific hydroxylations. For instance, capsidiol (12), an
antifungal phytoalexin, derives from 2 [19] as a result of such additional modifica-
tions [20].

The formation of the sesquiterpene (+)-5-epi-aristolochene (2) represents, from
a biosynthetic point of view, the transformation requiring the fewest steps among
those discussed in this review. A single enzyme, tobacco S-epi-aristolochene
synthase (TEAS), converts the biosynthetic precursor, farnesyl diphosphate (6), to

Me
Fi Me
ig. 1 Molecular structures - 3
= Me Me

of (+)-5-epi-aristolochene (2) Me Me
and (-)-premnaspirodiene (3) 2 :
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Fig. 2 Biosynthetic route to terpenes. Geranyl diphosphate (5); farnesyl diphosphate (6); gera-
nylgeranyl diphosphate (7); (-)-limonene (8); (—)-camphene (9); taxadiene (10); casbene (11);
capsidiol (12). IPP = isopentenyl diphosphate, DMAPP = dimethylallyl diphosphate

2 with a k.,/Ky of 0.3 qu min ! [21, 22]. Nonetheless, this single transforma-
tion itself is complex: TEAS catalyzes two ring closures, a hydride and a methyl
migration, and a proton abstraction to form a double bond (Fig. 3). Interest in TEAS
was dramatically increased when it was discovered that a highly related enzyme,
henbane premnaspirodiene synthase (HPS), isolated from Hyoscyamus muticus,
with 75% identity at the amino acid level to TEAS, was able to catalyze a com-
pletely different outcome with the same precursor [23]. Both HPS and TEAS are
thought to have similar reaction mechanisms, through intermediate 13, where they
diverge. While TEAS initiates a 1,2-methyl shift in 13 to give finally 2, HPS instead
triggers a 1,2-shift of the cycloalkyl substituent to form 3. Overall, HPS catalyzes
two ring closures, a methylene shift, and abstraction of a distinct proton to give (—)-
premnaspirodiene (3), a spirovetivane with three stereocenters (Fig. 3).

How TEAS and HPS can give rise to such distinct terpene intermediates has
been probed by crystallographic, biochemical, and site-directed mutagenesis
approaches. The crystal structure of TEAS revealed the enzyme as a two-domain
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Fig. 3 Proposed mechanisms for the formation of (+)-5-epi-aristolochene (2) and (—)-premnaspir-
odiene (3) from farnesyl-diphosphate (6) by the action of TEAS and HPS, respectively

alpha-helical protein with a hydrophobic active site containing two Mg** ions for
the coordination of the farnesyl diphosphate substrate 6. A complex of the protein
with analogs of 6 enabled identification of amino acid side chains likely to modulate
key reaction steps [24]. The authors proposed a mechanism for (+)-5-epi-aristolo-
chene (2) formation [24] consistent with earlier studies [23]. This crystallographic
study was the groundwork for comparative analysis with HPS. Although the
structure of HPS itself has not been determined, molecular modeling of HPS,
followed by docking with energy-minimized putative substrates and contact
mapping, identified nine amino acids, among those that were distinct between the
two enzymes, likely to be responsible for determining the catalytic outcome. The
activity of HPS could be installed in TEAS by replacement of these nine amino
acids from HPS into the TEAS protein. Conversely, the activity of TEAS could be
introduced by substitution of the nine TEAS residues into the HPS background [25].
A systematic evaluation of 418 of the 512 possible mutant combinations in the
TEAS protein background led to a consideration of the catalytic landscape of the
terpene cyclase activity, and a realization that single amino acid mutations did not
necessarily cause predictable changes in enzyme activity [26].

Unlike the biosynthetic route to 2 and 3, the synthetic approaches to these
molecules are characterized, instead, by deconstruction of terpene natural products
further along the biosynthetic pathway. Preparation of (+)-5-epi-aristolochene
(2) has so far only been carried out using a semisynthetic strategy from the natural
product 12 [27], which is available from pepper (Capsicum annum) fruits in
high quantities [28]. The synthetic route started with O-acetylation of 12 to give
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1,3-di-O-acetylcapsidiol 14, followed by reduction to furnish 1-deoxycapsidiol (15)
in 27% yield (Fig. 4). Alcohol 15 was derivatized to deliver a thiocarbonylimida-
zole adduct, which was finally converted to 2 in 54% combined yield. The synthesis
is notable in that it occurs in a reverse order to that seen naturally; capsidiol (12) is
thought to be biosynthetically derived from (+)-5-epi-aristolochene (2) [19, 29],
and, semisynthetically, 2 is derived from 12 [27].

The semisynthesis of 3 utilized a ring contracting rearrangement reaction similar
to the respective biosynthetic transformation (Fig. 5). The starting material santonin
(16) [30], itself a natural product [31], was converted in a three step sequence
into ester 17, which in turn was equipped with a TMS group and reduced to give
alcohol 18 in 37% overall yield. Epoxidation of the remaining double bond using
oxone furnished 19, the precursor of the rearrangement reaction, in 91% yield.
In the following key synthetic step, the epoxide ring was opened using the Lewis
acid BF3, leading to the semistable carbocation 20, which, after a 1,2-shift of the
cycloalkyl residue to give 21, and elimination of the TMS group, furnished 64%
of the spirovetivane 22. The preparation of 3 was concluded by mesylation of the
primary alcohol, elimination of the mesylate leaving group to give 23, and final
removal of the secondary alcohol in 27% overall yield. (—)-Premnaspirodiene (3)

OH OAc 1. thiocarbonyl-
diimidazole
Ac 0, py Li/NHg 2. BugSnH
- (68%) W (40%) SN (54%) -
HO™ % e AOT % e HO™ % e : Me
Me Me Me Me Me Me Me Me
12 14 15 2

Fig. 4 Synthesis of (+)-5-epi-aristolochene (2) from the natural product capsidiol (12)
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Fig. 5 Synthetic route to (-)-premnaspirodiene (3)
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has also been synthesized as an intermediate en route to (—)-solavetivone from
dihydrocarvone [32].

Although there are a limited number of syntheses to (+)-5-epi-aristolochene (2)
and (—)-premnaspirodiene (3), it is clear that the biosynthetic approach, involving a
single enzyme whose specific amino acid side chains determine the catalytic
outcome, is more simple than the synthetic routes. Nonetheless, the synthesis to 3
is an elegant demonstration of the capacity of organic synthesis to generate the
spirovetivane structure in a biosynthetically inspired manner. While this chemical
route nicely utilized a biomimetic rearrangement reaction, it is far more complex
with 12 steps separating santonin (16) from 3 (Fig. 5).

3 Salicylate Containing Siderophores: Yersiniabactin
and Pyochelin

Iron is an essential requirement for life; however, in aerobic environments the
majority of it is present in its insoluble ferric (Fe**) form. In order to sequester this
metal from iron-limited habitats, some microorganisms synthesize siderophores,
which are small molecules that have a high affinity for iron and other transition
metals [33-35]. Siderophore production in Yersinia species was first proposed by
Wake and coworkers, who observed that an iron-limited Yersinia pestis culture was
able to promote the growth of another cocultured strain [36]. However, the side-
rophore yersiniabactin (24) was not isolated until almost two decades later by Haag
and colleagues, who detected a catechol functional group and reported the molecu-
lar mass of the iron chelator to be 482 Da [37]. Subsequently, the structure of 24
was elucidated and was shown to be comprised of two thiazoline rings, a thiazoli-
dine ring, a malonyl unit, and a phenol moiety derived from salicylate [38].
Crystallization studies of 24 with Fe* revealed that it forms a hexadentate ligand
with iron via the phenolate, the alcoholate on the malonate-derived moiety, the
terminal carboxylate, and the three cyclized cysteine nitrogens (see Fig. 7a) [39].
Various bacteria, predominantly pathogenic Enterobacteriaceae, have been
shown to biosynthesize 24, including Y. pestis, the causative agent for pneumonic
and bubonic plague [40], the enteric pathogens Yersinia pseudotuberculosis [41]
and Yersinia enterocolitica [42], as well as uropathogenic strains of Escherichia
coli [43, 44] and the plant pathogen Pseudomonas syringae [45]. Yersiniabactin
(24) is secreted by cells in low-iron environments. The siderophore’s high affinity
for Fe**, with a stability constant of 4 X 10°°M! [46], allows it to sequester iron
from lower affinity host heme-binding proteins, such as the transferrin glycopro-
teins which have stability constants of approximately 10°° M~ [39]. As a result,
24 is a virulence factor essential for the pathogenicity of producing species [47—49].
Siderophore biosynthesis is, therefore, becoming an increasingly appealing thera-
peutic target in the development of novel antibiotics against infectious diseases,
such as biosynthesis substrate mimics which inhibit compound production [50, 51].
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Biosynthesis of 24 occurs via a nonribosomal peptide synthetase/polyketide
synthase (NRPS/PKS) mechanism. The enzymatic machinery is encoded by the
ybt gene cluster [52—54] which is located on a virulence conferring high-pathoge-
nicity island (HPI), and which also includes the genes for regulation [55, 56],
transport [57], and uptake [49, 58] of the siderophore and the ferric-siderophore
complex. Although the HPI does not encode the necessary genes to be self-
transmissible [59], it is still highly mobilizable, possibly via phage-mediated
horizontal gene transfer [60] or by integration on a transmissible plasmid [61].

Assembly of 24 (Figs. 6 and 7a) proceeds in a linear, modular fashion across the
NRPS/PKS interface [62]. First, the salicylate synthase YbtS converts chorismic
acid (26) to salicylic acid (27) [63, 64], which is then activated as an adenylate by
the salicyl-AMP ligase, YbtE. Salicyl-AMP is tethered as a thioester to the aryl
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Fig. 6 Four enzymes (one salicylate-AMP ligase YbtE/PchD, two NRPS and/or NRPS/PKS
enzymes HMWP1/PchE and HMWP2/PchF, and one reductase YbtU/PchG) are required for the
in vitro biosynthesis of (a) yersiniabactin (24) and (b) pyochelin (25). (c) The initial stages of 24
and 25 biosynthesis proceed via a similar mechanism from chorismic acid 26 to the salicylate-
bisthiazole intermediate 33
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carrier protein (ArCP) of the NRPS module, HMWP2, to give 28. HMWP2
catalyzes the activation of L-cysteine (29) as a PCP-bound acyl adenylate 30,
which is subsequently epimerized [65], condensed with 28, and cyclized to a
thiazoline ring to yield 31. A second L-cysteine molecule (29) is then activated as
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32 and incorporated to the nascent peptide to yield the bisthiazoline intermediate
33. Transfer of intermediates across the NRPS and PKS interface is facilitated by
aryl-, peptidyl-, and acyl- carrier proteins (ArCP, PCP,, PCP,, ACP, and PCP;3) that
are first activated into their holo forms by the addition of a phosphopantetheinyl
arm, derived from coenzyme A (CoA), which is catalyzed by the phosphopantethei-
nyl transferase (PPTase) YbtD [66]. Following the incorporation of the two thiazo-
line rings, the substrate 33 is transferred from the terminal PCP, of HMWP?2 to the
PKS/NRPS hybrid enzyme, HMWP1, for elongation with an ACP-bound malonate
unit 34 to yield 35, which is subsequently double Ca-methylated and reduced to
furnish 36. The methyl groups are derived from S-adenosylmethionine (SAM) and
are attached by a methyltransferase domain within the HMWP1 PKS machinery.
HMWP1 also catalyzes the activation of the third L-cysteine (29) which is bound to
PCP; as thioester 37 and is then incorporated, cyclized, and methylated to give 38.
Conclusion of the pathway occurs by transfer of the substrate, from the final PCP;
domain to the terminal thioesterase (TE), for release of the mature yersiniabactin
(24). The second thiazoline ring is reduced to thiazolidine 39 by the reductase,
YbtU [62], presumably before release by the TE domain, although the timing of this
reaction within 24 biosynthesis remains unknown. In addition to the four yersinia-
bactin (24) synthetase enzymes necessary for in vitro biosynthesis (YbtE, YbtU,
HMWPI, and HMWP2), in vivo production also requires the type II thioesterase
YbtT which is proposed to remove misprimed structures from the NRPS/PKS
enzyme complex [67].

Siderophores produced via NRPS or NRPS/PKS mechanisms comprise the
majority of currently reported one-pot in vitro reconstitutions, likely due to their
elegantly simple and modular biosynthetic machinery, and also largely due to the
efforts of the Walsh laboratory. Total biosynthesis of yersiniabactin (24) was
carried out by this group with four substrates (salicylic acid (27), L-cysteine (29),
SAM, and malonyl-CoA), three cofactors (NADPH, coenzyme A, and ATP) and
five enzymes (YbtE, YbtU, HMWP2, HMWPI, and Sfp) [62]. The NRPS/PKS
enzymes were phosphopantetheinylated in a single reaction by the PPTase Sfp from
Bacillus subtilis. The 22 catalytic reactions resulting in the total biosynthesis of 24
proceeded with a relatively inefficient final turnover rate of 1.4 min~', which is
attributable to the poor transfer of the substrate from HMWP2 (33) to the PKS/
NRPS hybrid enzyme HMWP1 (35) [62], as well as to the large number of enzyme
reactions required for in vitro reconstitution.

Total in vitro biosynthesis of a structurally similar siderophore, pyochelin (25),
was also previously carried out by the same laboratory [68]. Pyochelin (25), which
is produced by the human lung pathogens Pseudomonas aeruginosa and Burkhol-
deria cepacia [69-T1], possesses a phenol moiety followed by a thiazoline and
thiazolidine ring [72], as in 24. However, 25 does not contain the dimethyl malonate
or the final thiazoline ring and, instead, possesses an N-methylation on the thiazo-
lidine ring that is not present in 24. Two molecules of 25 are required to bind Fe**
[73, 74]. One molecule of 25 binds Fe’* as a tetradentate ligand with the phenolate
hydroxyl, the two nitrogens, and the terminal carboxylate. The other molecule
can bind as a bidentate with either the hydroxyl and thiazoline nitrogen or the
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thiazolidine nitrogen and the carboxylate (Fig. 7b). Analogous to 24 reconstitution,
the enzymes required for in vitro reconstitution of 25 included a salicyl AMP-ligase
(PchD), two NRPS enzymes (PchE and PchF) for the incorporation and cyclization
of two L-cysteines (29) to give 31 and 33 [65], and a reductase domain for
conversion of the thiazoline ring to a thiazolidine ring (PchG) (Figs. 6 and 7b)
[68, 75]. Subsequent SAM-mediated N-methylation of the thiazolidine ring, deliv-
ering 40, and final release of 25 from the NRPS machinery is carried out by the
methyltransferase and thioesterase encoded within the NRPS enzyme PchF
(Fig. 7b). The overall rate of turnover in 25 in vitro biosynthesis was approximately
2 min~ !, which is consistent with the final efficiency of 24 reconstitution [62, 68].
However, the oxidized pyochelin-like intermediate in 24 biosynthesis (hydroxy-
phenyl-thiazolinyl-thiazolinyl-CO,H) was reportedly formed with the higher cata-
lytic efficiency of 6 min~', which indicates that the double module HMWP2 is
more efficient at incorporating and cyclizing two cysteines than the two-enzyme
counterpart (PchE and PchF) in the biosynthesis of 25. Further, it seems that the
incorporation of a dimethyl malonate and a third cyclized cysteine into 24 does not
significantly reduce the in vitro catalytic efficiency when compared to that of 25.

Only one strategy has been reported for the total chemical synthesis of 24 [76],
which may be indicative of the complexity of this synthesis, as well as the relatively
high fermentation yields (over 100 mg L™") and ease of purification of 24 from
Yersinia spp. culture [37, 38]. Ino and Murabayashi [76] adapted their synthesis
strategy from their previous total synthesis of the antimycoplasma antibiotic mica-
cocidin (41) (see Fig. 9) [77]. Structurally, 41 is identical to 24 except for the
absolute configuration at position C10, an additional pentyl chain at C3 of the
phenol group, and an N-methylation on the thiazolidine ring. Total synthesis of 24
proceeded via condensation of two molecular building blocks, the aldehyde 42
(Fig. 8) and intermediate 43 from 41 synthesis (Fig. 9). The aldehyde 42 was
synthesized by condensation of the Weinreb amide 44 with methoxy benzoyl
chloride 45 to yield ester 46 (Fig. 8). Subsequent N-deprotection and treatment
with NaHCOj; resulted in intramolecular attack of the free amine at the ester to give
the rearranged amide 47 in 100% yield from 44. Following O-demethylation of the
phenolic methoxy residue, 48 was constructed by converting the amide first into a
thioamide 49 and finally into a thiazoline in 48% yield using Burgess reagent. After
protection of the phenol group, reduction of the Weinreb amide 48 yielded aldehyde
42 (Fig. 8).

The remainder of 24 was synthesized as for micacocidin (41) [77] (Fig. 9). The
synthesis started with conversion of L-cysteine (29) to the thiazolidine carboxylate
50 using the strategy of Kemp and Carey [78]. Notably, L-cysteine (29) is also
utilized in the biosynthesis of 24 and 25 despite epimerization to the b-form during
thiazoline ring formation [65], which highlights a similarity between the synthetic
and biosynthetic logic. Following elongation to a B-keto-carboxylic acid 51 and
reduction of the keto group to give alcohol 52, 53 was formed by deprotonation of
the secondary alcohol using NaH, leading to intramolecular carbamate formation,
and subsequent hydrolysis of the methyl ester in 33% overall yield [77]. Condensa-
tion with 2-methyl-p-cysteine methyl ester delivered intermediate 54, which was
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transformed into 55 by cyclization of the thiazoline ring and removal of the
acetonide (55% overall yield). Protection of the thiol and amino groups and
cleavage of the oxazolidine ring afforded alcohol 56 in four steps and 28% yield.
The synthesis was concluded by consecutive removal of the PMB and Boc protect-
ing groups [76] to furnish 73% of 43 for subsequent condensation with 42 (Fig. 9).
These units were linked by nucleophilic attack of the thiol and the amino group in
43 to the aldehyde function in 42 under basic conditions. Subsequent O-deprotec-
tion delivered ester 57 in 43% yield, which was saponified to yield the final
compound, 24 (Fig. 10).

Interestingly, Ino and Murabayashi also synthesized the “truncated” yersinia-
bactin derivatives pyochelin I (25) and neopyochelin II (58) as a mixture during
their analysis of the stereochemical preferences at the C9 and C10 chiral centers of
24. For 25 synthesis (Fig. 11a), instead of condensation with the micacocidin
intermediate 43, aldehyde 42 was reacted with N-methyl-L-cysteine (59) and
deprotected to yield a diastereomeric mixture of 25 and 60, which was treated
with zinc chloride to afford 25 and 58 in a 5:1 mixture in 46% overall yield [76].
This shared synthetic route, although not entirely biomimetic, does highlight the
analogous pathway of 24 and 25 biosynthesis. A simpler three-step synthesis of 25
by Cox and colleagues did follow a completely biomimetic strategy, apart from the
N-methylation of cysteine prior to cyclization of the thiazolidine ring. Synthesis
occurred via condensation of salicylnitrile 61 with L-cysteine (29) to afford carbox-
ylic acid 62, followed by r-hexylborane reduction to give aldehyde 63 (Fig. 11b)
[79]. Condensation of the aldehyde in 63 with N-methyl-L-cysteine (59) yielded the
final compound 25 in 2% overall yield. Several groups have since optimized the
synthetic access to aldehyde 63 in order to increase the overall yield to 25 [80-82].

The number of reactions required for total biosynthesis and chemical synthesis
of yersiniabactin (24) is comparable, with 22 [62] and 30 [76, 77] reactions,
respectively. However, two very different strategies are used by nature and by
chemists in the production of this compound. The enzymatic pathway biosynthe-
sizes the siderophore in a linear manner, while the chemical route convergently
synthesizes two molecular halves and condenses them to the final product. The
number of steps required for thiazolidine formation in the chemical synthesis of
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Fig. 10 Synthesis of 24 via condensation of aldehyde 42 with the micacocidin (41) synthesis
intermediate 43
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24 by Ino and Murabayashi demonstrates the complexity of this approach over
the elegant simplicity of the biosynthetic mechanism.

4 Dihydroxybenzoate Containing Siderophores: Enterobactin
and Derivatives, Myxochelin A and Vibriobactin

The siderophore enterobactin (enterochelin) (64) is a cyclic lactone of three N-(2,3-
dihydroxybenzoyl)-L-serine moieties produced by E. coli under iron stress. Enter-
obactin (64) was first isolated from iron-limited cultures of Salmonella typhimur-
ium [83], E. coli [84], and Aerobacter aerogenes [84]. Structural analysis has
confirmed that 64 chelates iron as a hexadentate ligand via the two hydroxyl groups
on each catechol moiety (see Fig. 13) [85]. Of all the siderophores characterized to
date, 64 has been shown to have the highest affinity for ferric iron, with a stability
constant of 10> M! [86, 87], which is remarkable, considering the affinity of
EDTA for iron is 27 orders of magnitude lower. In mammals, serum albumin [88]
and siderocalin [89, 90] bind the hydrophobic 64 which impedes siderophore-
mediated transfer of iron to bacteria. Consequently, bacteria such as E. coli and
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Salmonella enterica have evolved various linear and cyclic C-glucosylated analogs
of 64, known as salmochelins 67-70 (see Fig. 14) [91, 92], which are resistant to
binding by these mammalian proteins [93-95]. A derivative of salmochelin, micro-
cin E492 (71), has been isolated from Klebsiella pneumonia [96], and has been
shown to be a pore-forming antibiotic that possesses an N-terminal, 84 amino acid
peptide, which is attached to a linear C-glucosylated 64 derivative (72) [97-100].
The structural similarities of microcin E492 (71) with enterobactin (64) and sal-
mochelins 67—-70 may allow the uptake of this antibiotic into the inner membrane of
other bacteria that possess siderophore-specific receptors, which could then effec-
tively kill these bacterial competitors [93].

The initial stages of enterobactin (64) biosynthesis are common to many other
2,3-dihydroxybenzoic acid (DHB) containing siderophores (Fig. 12), including
myxochelin (65) and vibriobactin (66). First, chorismic acid (26) is converted to
isochorismic acid (73) by the isochorismate synthase EntC [101-103], then to 2,3-
dihydro-2,3-dihydroxybenzoic acid (74) by the N-terminus of the isochorismate
lyase (ISL) EntB [104, 105], and finally to the substrate 75 by the dehydrogenase
EntA [106]. Further assembly occurs via an NRPS mechanism (Fig. 12) with the
stepwise condensation of DHB (75) and an amino acid 76a—c to form a DHB-amino
acid monomer bound as a thioester to the PCP domain (77a-c). Specifically for
enterobactin (64) biosynthesis (Figs. 12 and 13), three N-(2,3-dihydroxybenzoyl)
serine units are synthesized in three iterative rounds by the NRPS enzymes,
followed by cyclization of the three monomers into the final tricyclic lactone.
The adenylation domain of EntE activates 75 as an acyl-adenylate 78, which
is then loaded onto the C-terminus aryl carrier protein domain (ArCP) of EntB to
give 79 [104], while the adenylation domain of EntF activates L-serine (76a) as
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Fig. 12 The initial stages of 64, 65, and 66 biosynthesis proceed via the same mechanism, with the
condensation of DHB (75) (from chorismic acid 26) with a PCP-tethered amino acid 80 (serine (a),
lysine (b), or threonine (c), respectively)
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L-serine-AMP. The condensation domain of EntF then catalyzes amide bond
formation between each DHB-ArCP unit 79 and an L-serine-PCP molecule 80a to
form 77a [107]. Subsequently, the terminal thioesterase of EntF catalyzes the
stepwise ester bond formation between each of the three tethered N-(2,3-dihydrox-
ybenzoyl)-L-serine moieties (77a, 81, 82) as they are biosynthesized, as well as the
cyclization and release of the final 12-membered trilactone 64 [108] (Fig. 13).
Following this biosynthetic route to the core structure of 64, diverse tailoring
steps can lead to glycosylated derivatives. In salmochelin S4 (67) biosynthesis
(Fig. 14), 64 is glucosylated at the C5 position of two of the catechol groups by the
C-glycosyltransferase, IroB [109] to give first 83 and then 67. A variety of
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Fig. 14 Biosynthesis of microcin E492 (71), salmochelin S4 (67), and salmochelin SX (70) from
the enterobacin (64) precursor

salmochelin analogs then arise from linearization of 67 into the DHB-serine trimer
salmochelin S2 (68) by the esterases IroD or IroE; or cleavage into the respective
monoglucosylated dimer salmochelin S1 (69) or glucosylated monomer salmoche-
lin SX (70) via IroD, during iron release [110, 111]. For the biosynthesis of
microcin E492 (71), the IroB homolog, MceC, and the trilactone hydrolase,
MceD, function to glucosylate and cleave the precursor 64 to a linear monoglucosyl
derivative 72 [99, 100]. The enzymes Mcel and MceJ then form a heterodimer to
attach the glucose group of the linear trimer to the C-terminal serine of an 84-amino
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acid long, ribosomally synthesized, peptide chain (84), which is cleaved from a
precursor peptide encoded by the gene mceA, to give 71 (Fig. 14) [17, 99, 112].

In the in vitro reconstitution of 64 biosynthesis, the enzymes EntB and EntF were
first activated to their holo forms via the cognate EntD PPTase before final purifica-
tion [107]. Total biosynthesis then proceeded via a one-pot reaction with the three
enzymes (EntE, holo-EntB, and holo-EntF), two substrates (DHB (75) and L-serine
(76a)), and ATP as a cofactor [107]. The final catalytic efficiency of 64 total
reconstitution was extremely high at 121 min ™', which reflects the elegant simplicity
of the biosynthetic strategy as well as the relatively small number of enzymes,
substrates, and cofactors required for in vitro biosynthesis [107]. Incubation of 64
with the C-glycosyltransferase, IroB, in vitro resulted in sequential C5 glucosylation
of the catechol groups, to form mono- (83), di- (67), and triglucosyl enterobactin
derivatives [109]. In this way, salmochelin S4 (67) was reconstituted by IroB in vitro
from the precursor 64 using the substrate UDP-glucose and the reducing agent TCEP.
Although the majority of the microcin E492 (71) biosynthetic enzymes have been
individually characterized, there are currently no reports on the total reconstitution of
71, most probably because this would require the integration of both ribosomal and
nonribosomal peptide syntheses in vitro.

There have been seven total syntheses of 64, compared to the single synthesis of
yersiniabactin (24). The greater focus on 64 synthesis may be due to its more potent
activity, simpler synthetic strategy, and the comparably low yields that can be isolated
from culture (0.6 mg L' fromS§S. typhimurium [83], 15 mg L' from E. coli [84], and
22 mg L™ from A. aerogenes [84]). Each of the syntheses of 64 follows one of two
different strategies. The first two synthetic routes utilize the condensation of three
serine derivatives followed by cyclization of the trilactone and subsequent addition of
the DHB groups (75) [113, 114], which is in the opposite order to the biosynthetic
mechanism. The synthesis described by Corey and Bhattacharyya (Fig. 15) [113]
started with the generation of the p-bromophenacyl ester 85 from N-benzyloxycarbo-
nyl-L-serine (86) in 98% yield. THP-protection of the alcohol function and removal of
the acid protective group with Zn paved the way for generation of an activated
thioester of 85, which was in situ condensed with one equivalent of 85 to give 87 in
69% overall yield. Renewed deprotection of the acid and coupling of an in situ
generated thioester with another equivalent of 85 delivered the cysteine trimer 88,
which upon deprotection of the alcohol and the acid function furnished compound 89
in 51% overall yield. Macrocyclization using the same thioester activation strategy as
above gave the cyclic tripeptide 90 (40% yield), which was further transformed into
the natural product 64 by hydrogenolytic cleavage of the Cbz groups and subsequent
attachment of the 2,3-dihydroxybenzoyl moieties no yield given. The later synthesis
by Rastetter [114] followed the same strategy but used different protection and
deprotection methods. Both syntheses, however, resulted in low overall yields of
approximately 1%. In a similar manner, Rogers utilized N,N'-dibenzyl-L-serine as the
precursor for cyclization to the protected trilactone, which increased the yield of this
step by five times over the previous two strategies [115].

The second synthesis approach, carried out by Shanzer and Libman, employed
L-serine B-lactones 91, derived from N-trityl L-serine (92) in 26% yield (Fig. 16a).
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Fig. 15 The first chemical synthesis of 64, which involves the condensation of three serine
derivatives (86) with subsequent cyclization and addition of DHB groups

Stannoxane mediated cyclotrimerization directly gave 93 in 23% yield. Subsequent
HCl-induced replacement of the trityl groups, and addition of the nitrophenyl esters
of 2,3-bis(benzyloxy)benzoic acid to the free amines thus obtained, delivered 94
(no yield given), which was transformed quantitatively into the natural product 64
by final hydrogenolytic cleavage of the benzyl protective groups [116]. Although
this route effectively reduced the number of steps required for the synthesis of 64,
the overall yield was only increased to approximately 6% [116]. In order to enhance
the total yield of this organotin strategy, the low efficiency steps, namely the
conversion of 92 to 91 and then to the tricyclic lactone, were targeted for optimiza-
tion. These processes were replaced by converting an N-Boc-L-serine precursor to
the corresponding B-lactone and subsequently to the trilactone [117]. This increased
the overall yield to approximately tenfold of the original Shanzer and Libman
strategy. A variation on the organotin template based strategy was used in order
to bypass the relatively low efficiency f-lactonization of the N-tritylserine substrate
(92), which increased the overall yield to approximately 50% [118]. Using L-serine
methyl ester as a starting material, an N-trityl-L-serine methyl ester (95) was
generated and used to produce the tritylated trilactone 93. In an optimized strategy
(Fig. 16b), 95 was reacted with 2,2-dibutyl-1,2,3-dioxastannolane as the template to
afford 93, which was then converted to the hexabenzylenterobactin derivative 94 by



168 A.A. Roberts et al.

1. HCI
2. 2,3-dibenzyloxy-

(0]
, TrHN,, WNHTr benzoicacid
J\) DMAP e} [BuySn(OC,H40)], o il\ p-nitropheny! ester
HO (0]

Y -, o o . .
gy, @%) O “NHTr (23%) él\) (no yield given)
o
92 91 Gt o8
OH
o
OBn OH
N,Mﬁl\ ~NH OBn N,ﬁa\o «NH OH
1 Hy, Pd/C o olo

(e}

(quant.) )\)
o]

94 64 HN
BnO HO
BnO HO

I
=z n-..

o 1. HCI
. 2. 2,3-dibenzyloxy-
o o ijz-dlbtutyl-1l,2,3- THN 4, NN NHTE T penzoyl chioride,
JI\/' IoXastannolane NEt3 HZY Pd/C
MeO~ - o o X0 —_—> 9 — 64
NHT )\) o
r o overall
95 EIHT 93 yield)
r
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deprotection and treatment with 2,3-dibenzyloxybenzoyl chloride [119]. Following
this, the benzyl protective groups were cleaved by Pd-C catalyzed hydrogenolysis,
which yielded 64 in a highly efficient overall yield of 64%. The synthetic
approaches to 64 have, thus far, not utilized the elegant, biomimetic route involving
the condensation of DHB (75) to L-serine (76a) and subsequent cyclization of three
monomers to form 64. In fact, attempts at stepwise condensation of DHB-serine
monomers have not been successful, due to undesired racemization of the mono-
mers [120]. These unsuccessful attempts highlight an advantage of natural biosyn-
thesis where the substrate specificity of enzymes can effectively dictate the
biosynthetic route and simultaneously protect sensitive parts of the molecule,
which suggests a fundamentally efficient logic to nature’s biosynthetic rationale.

Recently, a total synthesis of salmochelin SX (70) has been reported which used
cross-coupling of acetobromo-a-D-glucose 96 with arylzinc derivative 97 to furnish
98, followed by full deacylation and perbenzylation to give 99. Subsequent saponi-
fication of the methyl/benzyl ester, formation of the acid chloride, and addition of a
protected L-serine unit yielded 100. Final deprotection formed the glucosyl-DHB-
serine 70 in 28% overall yield (Fig. 17) [121]. This strategy involved the stepwise
addition of the aryl moiety and serine (76a) to the sugar portion, which is in the
opposite order to the biosynthetic rationale.
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Another DHB-containing siderophore that has been reconstituted in vitro is
myxochelin A (65). This siderophore, which is produced by Stigmatella aurantiaca
[122] and Nonomuraea pusilla [123], is comprised of two DHB residues (75)
attached to the amino groups of lysine (76b), and has also been shown to possess
antitumor activity [123]. The initial stages of 65 biosynthesis parallel those of 64,
with production of DHB (75) via the EntC, EntB, and EntA homologs, MxcD,
MxcF, and MxcC (Fig. 12) [122]. In the same way, 75 is activated as DHB-AMP
(78) by the EntE homolog MxcE and transferred to the ArCP domain of MxcF to
form 79. The NRPS module MxcG then activates lysine (76b) as an acyl adenylate
bound to the PCP as 80b and catalyzes the formation of amide bonds between this
residue and two molecules of ArCP-bound DHB (79) (Fig. 18). This dual bisacyla-
tion activity, which could possibly occur sequentially via intermediate 77b or
simultaneously to give 101 directly, has previously only been reported in vibrio-
bactin (66) biosynthesis [124]. Further, the unique mechanism of release of the final
compound 65 from the NRPS via the action of a terminal reductase domain, which
converts PCP-bound thioester 101 into aldehyde 102 or, possibly, directly into
myxochelin A (65) [122], is found in only a handful of known biosynthetic systems.
Reductive transamination, catalyzed by MxcL, can also further convert 102 to the
amine myxochelin B 103.

Total biosynthesis of 65 was performed using the enzymes MxcE, holo-MxcF,
and holo-MxcG with the substrates DHB (75) and lysine (76b), and the cofactors
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(b) Biosynthesis of 65 and 103 from two ArCP-bound DHB units (79) and one PCP-bound
lysine (80b)

ATP and NADPH [125]. The apo-ArCP and -PCP domains of MxcF and MxcG
were first activated by coexpression with the PPTase MtaA from myxothiazol
biosynthesis [126]. Myxochelin A (65) was synthesized at a linear rate for the
endurance of the assay (65 h), with over 800 nmol mL ™' of compound formed
during that time [125].

The cholera-causing pathogen Vibrio cholerae is able to produce the siderophore
vibriobactin (66) [127] via an NRPS mechanism [128, 129] similar to that in 64 and
65 biosynthesis. Once again, DHB (75) is biosynthesized using the pathway specific
enzymes VibC, VibB, and VibA (EntC/MxcD, EntB/MxcF, and EntA/MxcC
homologs) (Fig. 12). After acylation of DHB (75) by VibE (EntE/MxcE homolog),
the acyl adenylate (78) is loaded onto the ArCP of VibB (EntB/MxcF homolog) to
give 79 for condensation with the VibF-activated and -tethered aminoacyl-threo-
nine 80c. Following this, an amide bond is formed between these two building
blocks yielding 77¢, and the threonine portion is cyclized to the corresponding
oxazoline 104 by VibF (Fig. 19) [124]. A final DHB unit (75) is also loaded onto
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VibB as 79 for condensation with the primary amine of norspermidine 105 via the
amide synthase VibH, resulting in unbound, soluble DHB-norspermidine 106
[128]. Two DHB-oxazoline monomers, still tethered as thioesters on VibF as 104,
are then sequentially transferred to the primary and secondary amines of the DHB-
norspermidine molecule to yield 107 and 66, respectively [124].

Reconstitution of the biosynthesis of 66 was carried out in a similar manner to
the 64 and 65 total biosyntheses, using the enzymes VibB, VibH, VibE, VibF and
Sfp, the substrates DHB (75), L-threonine (76¢) and norspermidine (105), and the
cofactors ATP and CoA [124]. Vibriobactin (66) was formed in vitro at a linear rate
of 15 uM min " over 20 min with large scale total biosynthesis yielding 1.6 mg
[124]. Interestingly, during the directed evolution of the VibB ArCP, the Walsh
laboratory replaced EntB with mutant VibB enzymes in the in vitro biosynthesis of
64 in order to assay increased activity [130]. VibB and corresponding high activity
mutants were able to complement EntB activity, albeit at a lower efficiency than the
natural enzyme. However, this example demonstrates the effective strategy of
nature to utilize one pathway in the production of several divergent compounds.

The total biosynthetic route to both 65 and 66 involves the condensation of one
or two DHBs (75) with either lysine (76b), threonine (76¢), or norspermidine (105),
with further cyclization of the threonine residues to DHB-oxazolines and — in the
case of 66 — condensation of the latter to the central backbone. Similarly, the
synthetic strategy to 65 reflects this biosynthetic approach, with the reduction of a
t-Boc-protected lysine 108 to the corresponding alcohol, removal of the protecting
groups to give 109, and subsequent installation of benzylated 2,3-DHB 110
(Fig. 20) [123]. Following this, the benzyl groups were removed to afford the
final compound 65 in 23% overall yield. In contrast, 66 was first synthesized
using an entirely different strategy. Although Bergeron and colleagues [131]
began biomimetically, with the condensation of a norspermidine derivative 111
and 2,3-dimethoxybenzoyl chloride to yield a trisubstituted norspermidine 112
(Fig. 21), the synthesis diverges from the biosynthetic strategy from this point
onwards. Compound 112 was N-deprotected to the monoacylated norspermidine
113, which was then bisacylated with a thioester activated N-Boc-L-threonine

OBn

1. CICO,Et OH
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(60%)
108 109 110

1. BOP, HOBT
2HyPdC \©/“\ J\©/
(39%)

Fig. 20 Total synthesis of 65 from r-Boc protected lysine (108)
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derivative with subsequent removal of the Boc groups to give 114 (Fig. 21) [131].
After O-demethylation, the cyclization of the two L-threonine amides to oxazolines
was carried out in ethyl 2,3-dihydroxybenzimidate, which also accomplished the
addition of the two DHB moieties to give 66 in 31% overall yield. This strategy is in
direct contrast to the biosynthetic route where dehydration and cyclization of the
threonines is catalyzed after the condensation with DHB (75), but prior to the
attachment of these residues to the norspermidine core. Using a more biomimetic
rationale, Sakakura et al. reasoned that a higher yield to 66 could be achieved by an
early construction of the DHB-oxazoline group (Fig. 22a) [132]. Thus, N-(o,m-
dialkoxybenzoyl)-L-threonine (115), derived from DHB (75) in a five-step sequence
via 116 in 72% yield, was cyclized to 2-(o,m-dialkoxyphenyl)oxazoline (117) in
94% yield using molybdenum catalysis. This catalyst effectively mimicked the
activity of the cyclization domains (Cy) from 66 biosynthesis. The DHB-norsper-
midine derived molecule 118 was in turn synthesized from condensation of norsper-
midine (105) and 116 (Fig. 22b). Subsequently, the methyl ester 117 and the
corresponding acid 119 were sequentially condensed to the primary and the sec-
ondary amines of 118 and 120, respectively, exactly as occurs in biosynthesis.
Finally, the o-xylylene groups were removed by hydrogenolysis to yield 66 with an
overall yield of 64% from 105 [132].

A comparison of siderophores that have been both totally biosynthesized and
chemically synthesized reveals that the more structurally simple compounds (pyo-
chelin, myxochelin) can be synthesized following a biomimetic route, whereas
more complex molecules (yersiniabactin, enterobactin, vibriobactin) often tend to
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be synthesized via unique strategies. This trend highlights the specialized roles of
in vitro biosynthesis and chemical synthesis in the production of highly functiona-
lized natural products. However, the biomimetic approach to the structurally more
complex 66 [132] demonstrates that an effective synthetic rationale can sometimes
be ascertained from the biosynthetic mechanism.

5 Indole Alkaloids: Staurosporine Aglycone, K252¢

The potent protein kinase inhibitor staurosporine (121) was first isolated in 1977
from the actinomycete strain AM-2282 [133], which was later reclassified as
Lentzea albida [134]. Staurosporine (121) has received immense attention as a
potential chemotherapeutic, possessing nanomolar inhibitory activity against pro-
tein kinase C (PKC) [135]. Its inhibitory activity against multiple protein kinases
in cells has prompted an investigation of related molecules with less potent, but
more PKC-specific, activity [12, 136]. A related molecule, UCN-01 or 7-hydroxy-
staurosporine (122), differing from staurosporine (121) only in the presence of a
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hydroxyl at C7 (Fig. 23) [137], is in Phase II clinical trials against renal cell
carcinoma, melanoma, and lymphoma, as well as against small cell lung carcinoma,
as a dual agent with topotecan [138], suggesting that molecules related to 121 are
strong candidates for use as chemotherapeutics [139]. Staurosporine (121) has been
pursued as a synthetic target, with the total synthesis reported by both the
Danishefsky and Wood research groups [140—143].

An understanding of the biosynthetic pathway to 121 has also been hotly
pursued. With the elucidation of the putative biosynthetic gene cluster for staur-
osporine in 2002 [144], as well as those of closely related bisindoles [145-149],
numerous groups have sought to determine the biosynthetic logic of staurosporine
production, to understand mechanisms of intriguing biosynthetic enzymes, and to
generate modified natural products using combinatorial biosynthesis [144, 150—
159]. Most of the early steps in staurosporine biosynthesis are now well explored.
However, the enzymes StaG and StaN, involved in the unique glycosylation
chemistry — catalyzing the coupling of the staurosporine aglycone (1) at the two
indole nitrogens to an L-ristosamine sugar — while well-explored in vivo [160, 161],
have not yet been shown to be active in vitro, perhaps due to the poor quality of
expression of enzymes from recombinant systems.

In its own right, K252c (1), the staurosporine aglycone, also known as staur-
osporinone, is a molecule of high interest. Like staurosporine (121), it was first
isolated as a natural product, from a strain that produces a variety of related
molecules [162]. It also possesses strong activity against protein kinases. Although
no single, one-pot, total biosynthesis has been demonstrated for 1, each of the steps
necessary for its production have been separately reported. Our discussion will,
therefore, focus on K252c¢ (1), given its synthesis both chemically and in vitro,
using purified enzymes, and given its strong similarities to staurosporine (121),
including structural, biosynthetic, and pharmaceutical features.

The biosynthesis of 1 follows a pattern seen for all bisindoles that have been
biosynthetically investigated thus far [17, 163, 164]: two molecules of L-tryptophan
(123) are oxidized and then dimerized to give an initial bisindole skeleton (Fig. 24).
Historically, the biosynthesis of staurosporine (121) has been investigated in
parallel with that of rebeccamycin (124), a related bisindole. Both molecules are
thought to be biosynthesized through nearly identical routes to give the aglycone
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Fig. 23 Staurosporine (121) and related molecules
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Fig. 24 Proposed biosynthetic route to 1 from L-tryptophan (123)

portions of the molecules, and the corresponding biosynthetic enzymes in each
pathway are highly related. In the case of staurosporine (121), L-tryptophan (123) is
first converted to indole-3-pyruvic acid imine (125) by the action of the flavin-
dependent enzyme StaO. However, only RebO, the corresponding enzyme from the
rebeccamycin (124) biosynthetic pathway, has been investigated in vitro [151, 152].
While RebO has a preference for 7-chloro-L-tryptophan (the rebeccamycin precur-
sor) over L-tryptophan (123) (the staurosporine precursor) with a 57-fold greater
kea/K i for the chlorinated substrate [151], it is nonetheless capable of converting
123 and molecular oxygen to indole-3-pyruvic acid and hydrogen peroxide using
flavin adenine dinucleotide (FAD) as a cofactor with a ke, /Ky of 7.9 min ™' mM ™!
[151]. Improved conversion of 123 may be possible with the use of StaO itself,
related homologs such as InkO from the K252a (126) biosynthetic pathway [145],
active in a heterologous expression system [165], or alternate StaO homologs
identified from genomic sequencing of other staurosporine producers [166].

The next reaction in the biosynthetic pathway, the dimerization of two molecules
of 125, is thought to occur through radical bond formation to give rise to 127
(Fig. 24). This unusual reaction — dimerization of two unreactive carbon centers —
is catalyzed by an equally unusual enzyme, StaD, a heme-containing enzyme with
~1,100 amino acids [158], which has relatively few sequence relatives in sequence
databases. Each of the currently known StaD sequence relatives are thought to
play equivalent roles in related biosynthetic pathways [145-149, 155, 159], and
all characterized homologs contain heme iron. Work on the related enzyme RebD
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(54% identity) has shown that the preferred substrate is indole-3-pyruvic acid
imine (125) [152], a substrate preference that is likely to hold for StaD as well.
Spontaneous chemistry is then thought to result in production of chromopyrrolic
acid (128) [149, 152, 158].

The final set of biosynthetic reactions to 1 involves the four-electron oxidation
of chromopyrrolic acid (128). This transformation can be carried out with 128, the
cytochrome P450 enzyme StaP, flavodoxin NADP* reductase, ferredoxin, NAD(P)H,
and the putative flavin-dependent oxidoreductase StaC [153]. Crystal structures
are currently available for StaP itself [157] and for RebC, the homolog of StaC
from the rebeccamycin biosynthetic pathways [154]. These structural data cou-
pled with chemical investigations [167] and modeling studies [156] suggest that
StaP catalyzes the aryl-aryl coupling of 128 to give an intermediate that may be
129 or 130. StaC is then likely to stabilize one of the intermediates in its active
site — both suggested intermediates would decompose in solution [167], and the
homolog RebC in crystalline form “traps” a tautomer of 130 in its active site
[154] — and to react with the intermediate to generate the staurosporine aglycone
(1) (Fig. 24).

Synthetic routes to 1 are numerous and varied (Table 1). Of all synthetic routes,
none use the same pathway seen biosynthetically: L-tryptophan (123) converted to
indole-3-pyruvic acid imine (125), dimerized to chromopyrrolic acid (128), and
oxidized to give the staurosporine aglycone (1). However, some of the synthetic
routes are decidedly biomimetic. For instance, Pd-catalyzed coupling of arcyriar-
ubin A (131) was used to generate arcyriaflavin A (132), followed by two-step
reduction to give the staurosporine aglycone (1) via compound 135 (Fig. 25a) [7-9].
In Hill’s synthesis [7], treatment of dibromomaleimide (133) with indoylmagne-
sium bromide 134 directly delivered 29% of the coupling precursor 131. Compound
131 was cyclized using Pd(OAc), as the catalyst to give 132, which, upon two-step
reduction, furnished 1 in 47% combined yield. Alternate routes to the 131 precursor
have also been reported [8, 9]. While neither arcyriarubin A (131) nor arcyriaflavin
A (132) are biosynthetic precursors to staurosporine (121) [153], both molecules
share clear structural features with 128. Furthermore, the palladium-catalyzed aryl—
aryl bond formation is analogous to the reaction catalyzed by StaP on chromopyr-
rolic acid (128). However, this synthetic strategy also involves over-oxidizing a
precursor and then reducing the structure back to the staurosporine aglycone (1); by
contrast, the biosynthetic strategy is a sequential set of oxidations, without any
reductions, to give rise to 1.

Another example of a partially biomimetic strategy is shown in Fig. 25b. Here
the analogy is to the starting materials: two indole-containing molecules, 136 and
137, which were dimerized via formation of the same bond as seen in the reaction
carried out by StaD on two molecules of indole-3-pyruvic acid imine (125). This
bond — between the -carbons of the L-tryptophan precursor (123) — once formed
biosynthetically leads to 127, which spontaneously forms chromopyrrolic acid
(128) in oxygen (Fig. 24). In the biosynthetic route, this reaction is between two
unactivated carbons, which would seem to render it challenging, although low
levels of 128 formation are seen between indole-3-acetic acid, L-tryptophan, and
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Table 1 Synthetic routes to the staurosporine aglycone (1)

A.A. Roberts et al.

Citation(s)  Synthetic intermediate(s)

Key reaction(s)
to give K252¢

Yield from starting
materials (%)

[2]

[3]

[4]

[5]

[6]

[7]

[10]

Condensation/
photocyclization

Intermolecular
Michael addition

Reductive
cyclization

Cycloaromatization

Photocyclization

Biaryl coupling

Diels—Alder
reaction/nitrene-
mediated
cyclization

46

37

25

25

14

(continued)
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Table 1 (continued)

Citation(s)  Synthetic intermediate(s) Key reaction(s) Yield from starting

to give K252¢ materials (%)

[11] N-Deglycosylation/  80% to
Clemmensen rebeccamycin
reduction aglycone; to

stauroporinone

not reported

[12] H Zinc amalgam 13
mediated
cyclization

[13] H Deoxygenation of 12

nitro groups

O,

[14] Oxidation/ 10

H
N=0 photocyclization
N /
N N
H H

NH,*, without enzyme [158]. In the synthetic case, the reaction goes forward as a
Michael addition of 137 to 136 to give 138 in 10% yield. Because of the wrong
oxidation state of the nitrogen, direct cyclization of 138 — as seen in the spontaneous
cyclization of 127 in the respective biosynthetic step — is not possible. Instead,
reduction of the nitro function with Raney-Ni/H, produced the free amine, which
was cyclized using NaH to give 139. Final oxidative cyclization with DDQ gave the
product 1 in 52% yield from 138 (Fig. 25b) [3]. Again, this synthesis has features that
are biosynthetically reminiscent — first, the use of two indole containing precursors
that will each provide either the “left” or the “right” side of the final product, as seen
biosynthetically, and second, the closure of the upper (eventually pyrrole) ring prior to
aryl-aryl coupling to give the central ring of the structure.

Finally, a “reverse” biomimetic strategy can be seen from using rebeccamycin
(124), a natural product produced at approximately 700 mg L™" of culture [11], as a
starting material. As described above, the biosynthetic routes to both 124 and 121
are closely related, particularly between the aglycone portions of the molecules.
The synthesis of K252c¢ (1) from rebeccamycin (124) was accomplished by initial
cleavage of the sugar from the core structure to give the rebeccamycin aglycone,
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Fig. 25 A sample of synthetic routes (a—c) to the staurosporine aglycone (1) with biomimetic
“features”

dichloro arcyriaflavin A (140), in 80% yield. Pd/C-catalyzed dechlorination gave
rise to rebeccamycin aglycone (141), which after Clemmensen reduction yielded 1
(Fig. 25¢) [11].

Other synthetic strategies have nothing in common with the biosynthetic
route. A particularly creative synthesis was presented by the research group of
Moody, who aimed to use no protecting groups on the nitrogens [10]. All atoms
of the staurosporine aglycone scaffold were incorporated from the beginning by
condensation of 142, in turn derived from aldehyde 143 by formal reductive
amination (58% yield), with 144 and oxalyl chloride to give 145 in 76% yield.
Saponification of the ester 145 gave 146, which was transformed into 147 by
lactone formation. Intramolecular Diels—Alder reaction of the benzylic double
bond with the pyrone substructure in 147 accompanied by decarboxylation gave
148 in 26% yield from 145. Final cyclization to give the product 1 was achieved
by treatment of 148 with triethyl phosphite (54% yield) (Fig. 26a) [10]. The only
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Fig. 26 A selection of synthetic routes (a—c) to the staurosporine aglycone (1) lacking biomimetic
“features”

sense in which this strategy relates to a biosynthetic route is that all carbons
and nitrogens present in the final structure are derived from an early coupling
reaction.
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A synthetic route presented by Beccalli [4] builds up the indolo[2,3-a]carba-
zole portion of the molecule first. Formation of the left molecular half of 1
proceeded from indole 149 by N-protection to give 150, cleavage of the unde-
sired carbonate group to furnish 151, and final O-triflation yielding 61% of 152.
Pd-catalyzed coupling of 152 with tributyl stannate 153 delivered bisindole 154
in 89% yield. Ethoxide-mediated deprotection of both nitrogens to give 155
followed by photocyclization of the central ring led to 156, which was — in a
single step — transformed into the desired product 1 by reduction of the cyano
group using NaBH4/CoCl3 and in situ formation of the final pyrrolo ring system
(Fig. 26b) [4].

Finally, the most recent, and highest-yielding strategy, is derived from a
route literally perpendicular to the natural strategy: instead of dimerization using
L-tryptophans (123), the bisindole portion and the pyrrole portion were fused.
Specifically, 157 and 158 were coupled through a Lewis-acid catalyzed electro-
philic substitution reaction to give 159. Photocyclization then resulted in generation
of 1 in only two steps and 46% overall yield (Fig. 26¢c) [2].

The rich number of synthetic strategies to the staurosporine aglycone — which
is rare among other natural products — demonstrates the fallacy of concluding
strongly, for a given molecule, whether the best synthetic route is likely to be
biomimetic. For the staurosporine aglycone (1), while some synthetic routes
have features that are biochemically “reminiscent,” others have nothing to do
with the natural route. The probable impossibility of making a completely
biomimetic route in this case, though, suggests that biosynthesis and total syn-
thesis occupy two unique niches, which might intersect but are unlikely to
replace one another.

6 Phenazines: Pyocyanin

Pyocyanin (160) is a blue-colored phenazine (161) molecule produced by Pseudo-
monas aeruginosa (Fig. 27). The pigment was first observed as a blue pus in the
wounds of infected patients; by 1859, the pigment was isolated as a chloroform
extraction of a wound dressing, and the correct structure was identified in 1938
[168]. Although pyocyanin (160) has antibiotic properties [169], its main impor-
tance to human health is as a critical virulence factor excreted by P. aeruginosa
during lung infections [170] and, in particular, in lung disease in cystic fibrosis
patients. Pyocyanin (160) is thought to exhibit its effects through generation of
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reactive oxygen species, which target, among others, the vacuolar ATPase [171],
and lead to the induction of neutrophil apoptosis [172], inhibition of uptake of
apoptotic cells by macrophages [173], and other effects [174]. Interestingly, the
function of pyocyanin (160) in the producing bacterium is now under active
investigation, and the postulated roles include intracellular redox balance in the
absence of other electron acceptors [175], promoting mineral reduction [176],
functioning as a terminal signaling molecule in the quorum sensing network
[177], and controlling colony biofilm physiology [178].

The biosynthetic route to pyocyanin (160) has been studied for decades. As in
the case of K252¢ (1), described above, no single, one-pot, total biosynthesis has
been reported for 160; however, each of the biosynthetic enzymes required for its
production has been characterized in vitro. All known phenazine natural products
which share a core phenazine structure are thought to derive from a largely
conserved biosynthetic pathway, with the possible exception of the phenazine
from Methanosarcina mazei Gol [168, 179], whose genome lacks the “usual”
phenazine biosynthetic gene cluster. Early isotopic labeling studies established
that pyocyanin (160) is derived from the shikimic acid pathway [180], and more
recent work has resulted in the sequencing of the biosynthetic gene clusters for
phenazines in a variety of bacterial species [181-186].

Pyocyanin (160) is derived from the shikimate pathway, and one protein, PhzC,
is equivalent to enzymes that catalyze the first step in this pathway, converting
erythrose 4-phosphate (162) and phosphoenolpyruvic acid (163) to 3-deoxy-p-
arabinoheptulosonate 7-phosphate (164) (Fig. 28). The equivalent enzyme in the
shikimate pathway is thought to be feedback regulated, and PhzC is likely to shunt
intermediates toward the shikimate pathway in preparation for pyocyanin (160)
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Fig. 28 Overall biosynthetic route to pyocyanin (160)
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biosynthesis when the shikimate enzyme is inactive [181]. Subsequent enzymes in
the shikimate pathway, which construct chorismic acid (26), are thought to be
constitutively active [187], and there are no “replacement” enzymes for them in
the pyocyanin biosynthetic route.

Chorismic acid (26), thus, represents the first “divergence” point of pyocyanin
from other biosynthetic pathways. The first authentic pyocyanin biosynthetic
enzyme is PhzE, which has sequence similarity to anthranilate synthases, which
generate anthranilate from chorismate. PhzE is thought to catalyze the conversion
of chorismic acid (26) to amine 165. Compound 165 is in turn a substrate for PhzD,
an isochorismatase that catalyzes the hydrolysis of the vinyl ether to 166 and
pyruvate [188, 189].

Incubation of PhzF, PhzA, PhzB, and PhzG converts 166 to phenazine-1-carbox-
ylic acid (167). The specific roles of each enzyme are still not fully elucidated;
however, a series of impressive studies, which include crystal structures of each
enzyme, have begun to reveal the chemistry involved in the conversion [190-193].
While the highest rates of conversion are achieved with all four enzymes, interest-
ingly, PhzF alone is able to generate, at low levels, the desired product 167. The
mystery of why PhzF can generate 167 on its own was resolved when it was realized
that PhzF catalyzed the formation of the ketone 168, a molecule that can, in turn,
undergo spontaneous dimerization, decarboxylation, and oxidation to give low
levels of 167 [190, 192]. When PhzA/B are present, however, the reactions are
dramatically accelerated. PhzA/B, which are highly related enzymes (80% identity),
form a heterodimer and accelerate the head-to-tail dimerization of two molecules of
168, giving rise to a tricyclic intermediate thought to be dicarboxylic acid 169. This
molecule is also likely to be oxygen-sensitive, and can spontaneously decarboxylate
to give 170 [193]. Finally, PhzG, which has structural similarity to other known
flavin-dependent oxidases, is thought to catalyze the oxidation of a tricyclic inter-
mediate such as 170 to 167 through unknown mechanisms [191]. Regrettably,
however, its activity with any proposed intermediates still remains to be established,
and the possibility that some of the chemistry is spontaneous still remains.

The final conversions of 167 to 160 are catalyzed by PhzM and PhzS, two
enzymes that are likely to interact, at least transiently, during catalysis. PhzM is
related structurally to SAM-dependent methyltransferases, and it is thought to
catalyze N-methylation of 167 to give N-methyl-phenazine-1-carboxylic acid
(171) [194]. PhzS, a structural relative of flavin-dependent hydroxylases, is thought
to catalyze the decarboxylation and oxidation of 171 [195]. However, while activity
for the two-enzyme reaction has been verified in vitro, experimental proof for either
single reaction is not yet available. PhzM is inactive by itself with 167 and only
reacts when PhzS is also present [194]. The reaction of PhzS alone has been
similarly challenging to determine; the putative substrate 171 is unstable and
therefore has not yet been tested [195]. The currently available evidence suggests
that PhzM and PhzS form at least a transient complex during catalysis, and that the
intermediate 171, generated by PhzM from 167, is shuttled to PhzS, where flavin-
dependent decarboxylation and oxidation reactions occur to give rise to the final
product 160.
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Fig. 29 Synthetic route to pyocyanin (160)

Overall, the biosynthesis of 160 is characterized by the dimerization of 168 to
give the central structure of the molecule. This head-to-tail dimerization strategy is
efficient, using the same substrate twice, and is a sensible route, given the existence
of the shikimate pathway, which provides, in turn, a precursor to 168. An analogous
dimerization route can be seen for the biosynthesis of K252c (1), described in
Sect. 5, where two molecules of indole-3-pyruvic acid imine (125), derived in turn
from L-tryptophan (123), are dimerized to give an intermediate that leads to
chromopyrrolic acid (128). In both cases, the monomer precursors, either 168 or
125, serve as both nucleophiles and electrophiles, and are activated to react by the
presence of the appropriate enzymes.

Interestingly, the synthetic route to 160 utilized a similar strategy of condensing
the two outer rings of the desired product to give the central heterocycle. The
synthesis commenced with diol 172, which was oxidized to furnish 3-methoxy-1,2-
benzoquinone (173) in 90% yield. Condensation of electrophile 173 with 174
delivered phenazine 175, which was O-deprotected to give 176 and selectively
N-methylated to furnish the natural product 160 (Fig. 29) [196, 197]. As in the
biosynthetic route, this synthetic strategy utilizes a key coupling reaction of 173 and
174 to give 175. Here, however, the nucleophilic nitrogens are all located in one
molecule 174 whereas the electrophilic carbonyl oxygens are contained entirely in a
separate compound 173 [194, 195]. In the case of pyocyanin (160), the synthesis
forms the desired product from simple starting materials in a very concise way. The
comparison of the biosynthesis and synthesis of 160 thus evidences a striking
example for a natural product which can more effectively be prepared by chemists
than by nature.

7 Enterocin- and Wailupemycin-Type Polyketides

Another chemically and biosynthetically intriguing suite of secondary metabolites
is produced by “Streptomyces maritimus.” The main product is the structurally
complex enterocin (177) (Fig. 30) [198], which has also been isolated from terres-
trial Streptomyces [199-201] and from an ascidian [202]. S. maritimus also
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Fig. 30 Selection of enterocin- and wailupemycin-type natural products produced by S. maritimus

produces simple analogs of 177, differing only in the oxygenation pattern as in
5-deoxyenterocin (178), or in the absolute configuration as in 3-epi-5-deoxyenter-
ocin (179). In addition, the organism biosynthesizes the wailupemycins. The
molecular structures of these compounds range from relatively simple o-pyrones
like wailupemycin D (180) to the complex tricyclic acetal wailupemycin B (181).
The unusual molecular architectures of enterocin (177) and wailupemycin B (181),
and the bacteriostatic properties of these metabolites against E. coli and species
within the genera Corynebacterium, Proteus, Sarcina, and Staphylococcus [198,
199], have triggered investigations of their biosynthesis at the genetic and biochem-
ical level, as well as total synthetic efforts.

The o-pyrone moiety observed in 177 and in the wailupemycins constitutes a
typical structural motif of compounds produced by genetically engineered iterative
type II polyketide synthase (PKS) systems, such as in mutacin (182) (Fig. 31) [203].
These PKSs usually catalyze the formation of (poly)cyclic aromatic natural pro-
ducts such as doxorubicin (183) and actinorhodin (184) [204, 205]. The enzymes
involved in the formation of aromatic PKS metabolites are related to type II fatty
acid synthases. At least three elements are necessary to render such PKS systems
functional: two B-ketosynthase subunits, KS, and KSg, and an acyl carrier protein
(ACP). In typical type II PKS systems, these genes are accompanied by cyclases
and aromatases which funnel the nascent highly reactive poly-acetate precursor into
the desired aromatic PKS products. The latter can be further functionalized by
tailoring enzymes which can, for example, catalyze oxidation, alkylation, and
glycosylation reactions. The apparent structural similarity of some known iterative
type II PKS shunt products with the observed a-pyrones of S. maritimus suggested
using a type II PKS based genetic probe to identify the enterocin biosynthesis
cluster. These investigations led to the discovery of the enterocin biosynthetic
machinery enc consisting of 20 putative open reading frames (ORFs) in a contigu-
ous 21.3-kb region of the cosmid [206, 207].

The enc cluster contains four genes (encH, encl, encJ, encP) involved in the
biosynthesis of the unusual benzoyl-CoA (185) starter from phenylalanine (186) via
a plant-like B-oxidation mechanism (Fig. 32) [208-210]. This pathway is initiated
by the unique phenylalanine ammonia-lyase EncP [211], which catalyzes the
generation of cinnamic acid (187) from 186. The cinnamate-CoA ligase EncH
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then forms 188, which is oxidized by action of the cinnamoyl-CoA hydratase Encl
to give 3-hydroxy-3-phenylpropionyl CoA (189). The required dehydrogenase for
the following oxidation of 189 to diketone 190 is missing in the enc cluster and is
thus thought to be entirely supplied from primary metabolism. Subsequently, the
keto thiolase EncJ catalyzes the last step to the starter unit 185. The benzoate-CoA
ligase EncN additionally facilitates the use of exogenic benzoic acid (191) in the
pathway. The enc minimal PKS, EncABC, which catalyzes the iterative assembly
of the polyketide chain, comprises the typical KS, (EncA) and KSg (EncB)
ketosynthase subunits and an ACP (EncC). The latter is primed with 185 in a
type II NRPS-like fashion by EncN [212]. Loading of the malonyl-CoA extender
units is presumably catalyzed by the malonyl-CoA:ACP transacylase, EncL, but
can be complemented by enzymes from primary metabolism. In addition, the
production of wailupemycins or enterocins requires the presence of the ketoreduc-
tase (KR) EncD, which catalyzes regioselective reduction (possibly of the still
growing polyketide chain) [213] to furnish 192, the central biosynthetic precursor
of the enc pathway (Fig. 32). Spontaneous cyclization of 192 gives rise to wailu-
pemycin D (180). In contrast to all other type II PKS gene sets, the enc cluster does
not harbor any cyclases or aromatases, but a flavin-dependent oxygenase EncM.
This enzyme putatively catalyzes a-oxidation at C12 of 192 and Favorskii-type
rearrangement to give 193 [214]. Cyclization of 193, followed by selective O-
methylation of the o-pyrone system, by the methyltransferase EncK, opens the
pathway to wailupemycins A (194) and, with additional loss of CO,, to 181 and
wailupemycin C (195). On the other hand, spontaneous cyclization and ester
formation, followed by EncK mediated O-methylation and oxygenation at C5 by
EncQR furnishes 177.

The exact order of biosynthetic transformations was firmly established by the
enzymatic total biosynthesis of enterocin (177) [215]. Incubation of an EncA—EncB
heterodimer, holo-EncC, and a malonyl-CoA:ACP transacylase from Streptomyces
glaucescens (SgFabD) [216] with malonyl-CoA yielded several highly unstable
nonaketides of unknown structure (Fig. 33). The formation of wailupemycin-type
compounds was achieved by addition of the ketoreductase EncD together with its
cofactor NADPH. With this set of enzymes the natural products wailupemycins F
(196) and G (197) [217] were produced as the main products. Addition of the
“favorskiiase” EncM to the enzymatic mixture allowed for the production of
desmethyl-5-deoxyenterocin (198), along with 196 and 197. EncM, thus, not only
catalyzes the oxidative rearrangement, but also initiates two subsequent aldol
reactions and heterocycle formations [214], which leads to the generation of a
remarkable six chiral centers with perfect regio- and stereocontrol starting from a
highly reactive, linear and achiral precursor. Production of 5-deoxyenterocin (178)
was achieved by adding the methyltransferase EncK and SAM to the above enzyme
mixture. Final oxidation at C5 succeeded using the P450 hydroxylase EncR,
ferredoxin, ferredoxin-NADP" reductase, and catalase. High turnover rates for
this hydroxylation to 177, however, were only achieved after an extractive work-
up of 178 and renewed reaction setup. This can be attributed to the inhibitory effect
of SAM on cytochrome P450 enzymes [218]. Adding CoA and the Rhizobium
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Fig. 33 One-pot total in vitro biosynthesis of enterocin (180) and wailupemycin F (199) and
G (200)

leguminosarum malonyl-CoA synthase MatB [219] directly to the above enzyme
mixture allowed for the substitution of up to 90% malonyl-CoA by malonic acid
without lowering chemical yields (Fig. 33).

Using this chemo-biosynthetic toolbox consisting of EncA/B, EncC, EncD,
EncK, EncM, EncN, EncR, SgFabD, and MatB in combination with the respective
cofactors, as well as benzoic and malonic acid as carbon sources, the in vitro total
synthesis of enterocin (177) was accomplished in a remarkable 25% overall yield.
The construction of ten C—C bonds, five C—O bonds, and seven chiral centers to
give the highly complex tricyclic structural framework of 177 was achieved using
seven equivalents malonyl-CoA and two equivalents NADPH per 191, SAM, and
ATP [215]. The utility of this total biosynthesis was recently further expanded by
using a series of halogen and hydroxyl-substituted benzoic acid derivatives, such as
199 and 200, as well as heterocyclic aromatic precursors like 201, as unnatural
starter units to produce novel wailupemycin and enterocin derivatives, such as 202—
204 and 205-207, respectively (Fig. 34) [220]. This purely enzymatic approach to
generate molecular diversity eliminates unpredictable factors that are usually asso-
ciated with more classical in vivo mutasynthetic experiments, such as precursor
uptake, toxicity, transport, and metabolism. Consequently, this in vitro biosynthesis
method resulted in the successful preparation of many more structural variants of
wailupemycins and enterocins than previous related in vivo work [221].

The first and so far only total synthesis of a member of the wailupemycin family,
wailupemycin B (181), was reported by the Bach group [222, 223]. In their retro-
synthetic considerations, they aimed for an initial stereoselective generation of the
central cyclohexane ring system which would allow for the flexible attachment of
the peripheral substituents at a late stage. This strategy would facilitate the prepa-
ration of structural analogs of wailupemycin B for use in investigations of struc-
ture—activity relationships (SARs). A key precursor of this synthetic strategy was
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Fig. 34 Selection of novel wailupemycin 202-204 and enterocin analogs 205-207 generated by
in vitro biosynthesis using unnatural starter units 199-201

cyclohexane 208, which is accessible from ketone 209 (Fig. 35). It is interesting to
note that in order for the envisioned nucleophilic attack at C12 to proceed from the
desired side when installing the C12 side chain, the configuration at C9 of 209 had
to be inverted as compared to the natural product. The reason is that bulky groups at
C9 and C11 adopt equatorial positions, thus locking 209 into a chair conformation,
which is predominantly attacked from the face delivering the correct diastereomer.

Ketone 209 was prepared starting from (S)-(+)-carvone via alkene 210 [224],
with subsequent ozonolytic cleavage of the double bond in 42% overall yield
(Fig. 36). Addition of allylmagnesium bromide and MEM protection of the tertiary
alcohol furnished 211 in 80% yield and good diastereoselectivity (de > 90%).
Selective cleavage of the TMS ether and 2-iodoxybenzoic acid (IBX)-mediated
oxidation gave ketone 212 (93% yield). Subsequent addition of the dianion
of 4-hydroxy-6-methylpyran-2-one (213) yielded 214 in 82% (de > 90%). After
O-methylation of the pyrone moiety using dimethylsulfate and selective removal of
the TBDPS protective group, the released secondary alcohol was oxidized and
stereoselectively reduced with L-selectride to install the correct absolute configura-
tion at C9. Protection of the syn hydroxy groups at C7 and C9 as isopropylidene
acetal delivered alkene 215 (five steps, 72% overall yield), which possessed all the
stereogenic elements of the final product 181. Oxidative cleavage of the terminal
double bond in 215 resulted in an aldehyde at C14, which was subsequently
functionalized by nucleophilic attack with PhMgBr and reoxidized using Dess—
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Fig. 36 Total synthesis of wailupemycin B (181)

Martin periodinane to deliver the desired key intermediate, ketone 208. The total
synthesis of 181 was finalized in two more steps (49% overall yield) by removal of
the acetal and the MEM protective group with simultaneous formation of the
desired intramolecular ketal 216, followed by cleavage of the C11 TBDMS ether
and in situ oxidation with IBX. The highly complex secondary metabolite 181 was
thus accessed in 16 linear steps starting from 210 with an impressive 14% overall
yield (Fig. 36).

In contrast to all other examples mentioned in this review, the structurally
diverse compounds derived from the enc cluster have either been accessed by
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in vitro biosynthesis or by total organic synthesis, and not by both methods. The
total biosynthesis of enterocin (177) shows the power of biosynthetic enzymes to
prepare complex natural products, even when used in a test tube. The preparation of
this secondary metabolite can be achieved with a relatively small number of
pathway-specific enzymes and their respective cofactors. It is interesting to note,
however, that the in vitro reconstitution of the enc pathway has so far not been
proven to be suitable to access the whole set of different metabolites formed in the
natural producer, S. maritimus. This raises questions about the true biosynthetic
routes to these metabolites, which had so far been assumed to be initiated by
spontaneous cyclization and decarboxylation reactions of intermediate linear poly-
keto precursors. But this should finally lead to the formation of identical products in
the case of the total biosynthetic approach. A reason for this discrepancy might be,
e.g., an additional contribution of other enzymes in the enc pathway (with no
assigned function) actively funneling a fraction of the precursor molecules into
the formation of wailupemycins like 181.

The total synthesis of 181 by Bach et al. highlights the capability of modern
synthetic methods to generate challenging molecular frameworks. The pathway
chosen to prepare 181 is completely independent from any biosynthetic considera-
tions, but still utilizes a natural product, (S)-(+)-carvone, as the structural and
stereochemical basis. While the ability to target a particular natural product in
such a creative and directed way is extremely valuable, the resulting very
specialized routes also carry a typical disadvantage of complex synthetic
approaches, namely the necessity to develop distinctively different chemical
accesses even to biosynthetically highly related metabolites. As an example, the
Bach group attempted to convert intermediate 217 of their wailupemycin B synthe-
sis into the natural product wailupemycin A (194) (Fig. 37). The only apparent
differences in the core structures of 217 and the desired product 194 were the
absolute configurations at C7 and C9, the latter being easily adjustable by an
oxidation-stereoselective reduction sequence as described above for the synthesis
of 181. Inversion of the stereocenter at C7 was planned to be performed by
oxidative cleavage of the C7-C12 bond in 217 using Pb(OAc), leading to 218
and subsequent recyclization to give the required cis arrangement of the C7 and
C12 hydroxy functions in 219. Unfortunately this ring closure was not possible
under any conditions tested, thereby demonstrating the often observed lack of
flexibility of highly specific and complex synthetic routes.

TBDMSO
: O

Fig. 37 Attempted total synthesis of wailupemycin A (194) from 217, a late intermediate of the
wailupemycin B (181) synthesis
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8 Conclusions

The recent development of innovative techniques in modern natural product
research, such as molecular cloning, bioinformatics, and genomics, have facilitated
the functional characterization of a huge variety of biosynthetic pathways. The
most striking feature of the majority of these routes to secondary metabolites
developed by nature is the strict sequential assembly of the core molecular struc-
tures using simple building blocks. This holds true for linear modular biosynthetic
machineries, like the NRPS systems involved in yersiniabactin (24) biosynthesis
(see Sect. 3), as well as for iterative systems, e.g., the enterocin PKS II cluster (see
Sect. 7). In the NRPS pathway leading to 24, for example, the seemingly trivial
sequential assembly is facilitated by tethering the nascent molecules on PCP
domains for selective activation and further functionalization (see Figs. 6 and 7).
Using this simple biosynthetic logic, the head groups of the growing molecule are
rendered highly chemically reactive thioesters and, additionally, kept close to the
subsequently incorporated biosynthetic building blocks. The molecular portions of
the biosynthetic intermediates that are not to be involved in any chemistry are
embedded into passive sections of the NRPS proteins and are thus chemically inert.
Such an intrinsic protection of the growing pathway intermediate by the biosyn-
thetic enzyme is most impressive in the case of the enterocin type II PKS system,
where a highly reactive polyketo chain is repeatedly reacted at the ACP bound head
group only. The resulting regioselectivity in chain elongation is paired with the
prevention of undesired cyclization reactions of the polyketide in the enzyme
pocket (see Fig. 32). The enzymes involved in these processes thus perform as
biocatalysts for highly regio- and stereoselective reactions and simultaneously act
as global protective groups for the remainder of the biosynthetic precursor. These
desirable characteristics of NRPS and PKS enzymes can impressively be utilized in
total biosynthetic experiments. However, due to the observed, usually strict, selec-
tivity of these enzymes, such approaches can only be used to generate the target
molecule of the respective pathway or close structural analogs thereof. Application
of NRPS and PKS genes for the total de novo design of new molecules is currently
not possible.

In organic synthesis such a remarkable selectivity is so far unreached. Classic
synthetic routes, instead, utilize chemical protective groups to prevent undesired
side reactions. In addition, more complex molecules are usually assembled in a
convergent manner. By constructing several parts of the molecule separately, as
seen for yersiniabactin (24) (see Figs. 8-10), the number of reactive functional
groups — and the possible need of the same number of (orthogonal) protective
groups — can thus be significantly decreased. In addition, the molecular parts can be
synthesized in parallel, leading to a more efficient approach. From the perspective
of step and atom economy, however, the use of protective groups is highly undesir-
able. In the case of the synthesis of wailupemycin B (181), for example, comparison
of the atomic masses of the three protective groups to the remaining atoms of the
early precursor 210 leads to a ratio of 3:1 in favor of the seemingly unnecessary, and
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subsequently lost, chemical material in addition to the multiple steps required to
install and remove these groups (see Fig. 36).

The adaptation of biosynthetic concepts to total synthesis may help eliminate
such total synthetic drawbacks. For example, the development of strategies involv-
ing highly chemoselective transformations may avoid the excessive use of protec-
tive groups and will reduce the number of steps to a particular goal [225, 226]. This
can be achieved by the development of very specific routes to a single target
molecule, like in the recent protective-group-free synthesis of intricarene (220)
(Fig. 38a) [227, 228]. In biosynthesis, final tailoring steps are often used to increase
the structural complexity and diversity of a molecule after the production of the
central scaffold. Examples for late biosynthetic modifications presented in this
review are the oxidative alterations of (+)-5-epi-aristolochene (2) to give capsidiol
(12) in terpene biosyntheseis (see Fig. 2), or of 5-deoxyenterocin (178) to furnish
enterocin (177) (see Fig. 33) [215]. The development of similar strategies in total
synthesis — preparation of the core structure of a certain molecule and late stage
selective functionalization, for example of C—H bonds — can lead to major advances
in organic chemistry. Such an approach has recently been realized in the total
synthesis of structurally diverse eudesmane terpenes, like eudesmantetraol (221),
by applying site-selective C—H oxidations starting from dihydrojunenol (222) as the
sole precursor molecule (Fig. 38b) [229]. Another fascinating example for late-
stage C—H functionalization is the oxidation of artemisinin (4) to give the 10-
hydroxy analog 223 [230]. This reaction can be carried out using an iron based
small molecule catalyst 224 together with H,O, and is superior in reaction speed
and yields of the analogous microbiological transformation using living cells of
Cunninghamella echinulata (Fig. 38b) [231]. The implementation of such biosyn-
thetic logic into organic chemical concepts to reduce molecular complexity
throughout the pathway will continue to help improve total synthetic efforts.

b
M Me M Me
[t = [y
HO Me HO" HO" g ~OH
222 221
224, AcOH, H,0, N, | (SbFg),
/(Sm — Nig
Me N] NCMe
Fe'
éN/ |\NCMe
(47%) N\
| ) 224

Cunninghamella echinulata

Fig. 38 Examples of molecules prepared following new concepts in total synthesis: (a) intricarene
(220) generated by protective group-free synthesis and (b) late-stage site-selective C—H oxidations
to generate eudesmane-type terpenes like 222 or (c) to prepare the hydroxylated artemisinin
derivative 223
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Taking advantage of readily available precursors from the natural chiral pool, for
example using amino acids as in the siderophore syntheses (see Sects. 3 and 4) or
employing (S)-(+)-carvone as a precursor in the synthesis of wailupemycin B (181)
(see Fig. 36), has a long tradition in total synthesis. In this way the chemical route
can take advantage of the chiral information provided by nature and use it to install
further functional groups stereoselectively. The modeling of biosynthetic transfor-
mations to further generate molecular complexity on such scaffolds constitutes a
worthwhile additional synthetic alternative. In the case of the synthesis of sesqui-
terpenes, for example, this has been successfully utilized to form the spirocenter of
(-)-premnaspirodiene (3) using a biomimetic rearrangement reaction (see Fig. 5).
Similar biomimetic transformations can be extended to most complex molecular
frameworks. Of particular interest are biomimetic cascade reactions [232-234]. In
Johnson’s synthesis of progesterone (225), for example, trienynol 226 was cyclized
by generation of carbocation 227, which undergoes formation of the three ring
systems in analogy to the respective biosynthetic polycyclization reaction to give
progesterone precursor 228 [235] (Fig. 39). Other impressive examples can be
found in the preparation of large natural polyethers [236] from their corresponding
poly-epoxide precursors [237]. Using such a strategy, the Jamison lab recently used
polyepoxide 229 in a bromine-induced polycyclization cascade via 230 to obtain
polyether 231, an advanced building block in their synthesis of ent-dioxepandehy-
drothyrsiferol (232) [238]. Further research in these fields will undoubtedly result in
highly effective routes to other diverse natural products.

While the construction of countless different secondary metabolites from simple
building blocks via a limited set of reactions, as realized by nature, can be very

a
Me
1. TFA,
Me | | ethylene
M | carbonate
N 2. K,COg
—
(72%)
Me
OH 226
b

Fig. 39 Examples for biomimetic cascade reactions in total synthesis
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effective, it also restricts the number of possible pathways to a certain compound.
Thus, in terms of creativity, synthetic organic chemistry can clearly outclass total
biosynthesis. The diverse routes to staurosporinone (1), even though it is a structur-
ally simple molecule, testify to the huge variety of synthetic methods to construct a
molecule of interest. The simplicity of the currently shortest staurosporinone
synthesis (see Fig. 26c), taking advantage of readily available precursors, even
outcompetes the efficiency of the respective natural pathway. The fact that being
restricted to certain starting materials can lead to quite inefficient biosynthetic
pathways can best be seen in the case of pyocyanin (160), where elaborate chiral
precursors are transformed into a nonchiral phenazine following a complicated
multistep enzymatic sequence (see Fig. 28). The synthetic route in this case shows a
much more straightforward conversion of cheap and simple starting material into
the desired phenazine (see Fig. 29).

This discussion of some of the key differences of total biosynthesis vs chemical
synthesis shows that both approaches have clear advantages and disadvantages.
While using biosynthetic enzymes for the in vitro reconstitution of whole pathways
allows for the construction of remarkable molecular complexity using only simple
starting materials, such work requires in-depth knowledge on the respective path-
ways and the production of sufficient amounts of all corresponding proteins in a
soluble and functional form. These drawbacks lead to restrictions concerning the
quantities of products that can be made by in vitro biosyntheses. The main applica-
tion of total biosyntheses is thus still to answer mechanistic questions rather than
the large-scale generation of metabolites or derivatives. Total synthesis, on the
other hand, provides an excellent means to prepare larger amounts of a particular
metabolite of interest with a high degree of creativity. One of the most challenging
problems remaining in total synthesis is to achieve chemo- and stereoselective
transformations in order to limit the need for seemingly superfluous protective
groups, oxidation/reduction sequences, or other functional group alterations. This
apparent lack of selectivity in chemical synthesis might be addressed using the
power of biocatalysts. A combination of classic organic synthesis with highly
selective enzymatic transformations in key synthetic steps, which could not effec-
tively be realized by purely chemical means, should thus be considered as a
powerful alternative in modern natural product chemistry. The remarkable
chemo- and enantioselectivity of pathway-specific enzymes, and their ability to
generate complex molecules from relatively simple (bio)synthetic intermediates,
clearly has the potential to greatly impact the field of total synthesis. While
applying enzymes for the preparation of important organic molecules has a long
tradition, including in industrial chemistry [239], most applications to date still
focus on the preparation of relatively small and structurally simple building blocks.
Such methods include (dynamic) kinetic resolutions and deracemizations, reduc-
tion and oxidation reactions and, more recently, C—C bond formations, e.g., by
using aldolases [240, 241]. Most total synthetic works, however, still avoid taking
advantage of biocatalysts. In particular, pathway-specific enzymes have only rarely
been used. An impressive recent example demonstrating the applicability of such an
approach is the chemo-enzymatic total synthesis of the antiproliferative polyketide
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Fig. 40 Key steps in the chemo-enzymatic total synthesis of (+)-(R)-aureothin (233)

(+)-(R)-aureothin (233) (Fig. 40) [242, 243]. The synthetic precursor 234 was either
first coupled with 1-iodo-4-nitrobenzene to yield 235 and subsequently oxidized
using the pathway-specific cytochrome P450 monooxygenase (AurH) to give the
natural product 233, or first enzymatically oxidized to furnish 236 with subsequent
coupling to deliver 233 (Fig. 40).

These examples clearly show that the combination of modern methods and
concepts of natural product biosynthesis and enzymology with effective techniques
of chemical synthesis can help to solve challenging problems in the preparation of
complex molecules. Rapidly evolving methods for the optimization of certain
desirable characteristics of a particular enzyme (e.g., directed alteration of enzyme
properties like substrate specificity, selectivity, turn-over rates, and stability) will
continue to facilitate the design of desired enzyme reactivity [241]. Increasing
interdisciplinary cooperation between chemists, biochemists, and biologists will
thus be vital for the successful continuation and development of modern natural
product research.
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