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1. Introduction

“The synthetic chemist who is developing a useful drug has two
objectives: to make it more efficiently, and to synthesize, by
minor structural alterations, analogues which may have more
useful properties. I wish to examine here the question whether
the chemist can, in principle, manipulate the processes of
production of antibiotics by fungi with the same objectives in
view.”

About half a century ago, this remarkable statement by
A. J. Birch in 1963 was only a vision. Nowadays, however,
Birch,[1] who died in 1995, would be most delighted to see how
chemical synthesis is being complemented by tools that allow
biosynthetic pathways to be manipulated to generate ana-
logues of drugable natural products.

One has to note that natural products have lost much of
their attraction to the pharmaceutical industry over the past
few decades, although there are a few current examples such
as the epothilone derivative ZK-EPO 1[2] and eribulin (2).[3]

The former is the result of a total synthesis program by
Schering AG (now Bayer AG), which set out to develop
a clinical anticancer candidate based on the natural product
epothilone, while the latter example is a simplified derivative
of halichondrin B, a secondary metabolite from the marine
sponge Halichondria okadai. Eribulin (2) was prepared by
total synthesis (developed by Eisai Co., Ltd) and was
approved at the end of 2010 in its mesylate form by the Food
and Drug Administration (FDA) for the treatment of late-
stage breast cancer.[4] The development of both natural
product derivatives has demonstrated the strength and
superiority of total synthesis when creating new analogues
of a natural product lead compound in the most flexible

manner, which otherwise is (still) very hard to achieve with
biological approaches.

Such examples are, in fact, rare, mainly because the
complexity of many natural products is problematic when
utilizing total synthesis to either manufacture sufficient
amounts for clinical applications or for generating compound
libraries for structure–activity relationship studies (SARs).
Structurally complex and clinically relevant natural products
are commonly obtained either from biological sources or by
fermentation, which might be further modified by semisyn-
thesis. A famous and classical example for a clinically widely
used natural product is the antibiotic erythromycin A (3). It is
available from high production strains of Streptomyces
erythreus (today Saccharopolyspora erythraea). The anticanc-
er agent taxotere (4) is a semisynthetically accessible deriv-
ative of paclitaxel[5] that is obtained by introducing the
modified ester side chain at C13 in a suitably protected 10-
deacetylbaccatin III. 10-Deacetylbaccatin III is a biosynthetic
precursor of paclitaxel (from the pacific yew tree Taxus
brevifolia) and can be obtained from different sources,
including the leaves of Taxus baccata (the European yew
tree).[6]

The structural complexity of natural products and ana-
logues, such as those depicted in Figure 1, means that chemists
commonly prepare them by a highly convergent route. This
strategy minimizes the number of linear steps. This is in stark
contrast to nature, which has developed highly linear multi-
step biosyntheses, for example, for peptides, polyketides, and
terpenes. One may speculate why that is the case. In short,
nature has definitely been hesitant to constantly develop
completely new biosynthetic pathways or biotransformations.
It relied instead on established processes, often based on
iterative concepts which were further elaborated by adding
additional (“decorating” or “tailoring”) steps. The iteration
and addition of steps consequently leads to long linear
sequences. Thus, nature relies on a kind of continuous flow
process based on steady-state concentrations for all biosyn-
thetic intermediates.[7] These are quickly processed and,
therefore, commonly only present in minute amounts, as
exemplified by the biosynthesis of ansamitocin P3 (6) from 3-
amino-5-hydroxybenzoic acid (AHBA, 5 ; Scheme 1).[8] In
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contrast, synthetic chemists still rely on batch-type techniques
so that, except for domino reactions, for example, all
intermediates are prepared and isolated in stoichiometric
amounts. As work-up is often accompanied by loss of
material, short, convergent syntheses are highly desired. This
is certainly not an issue in biosynthesis. Only recently, the
introduction of continuous processes involving minituarized
flow reactors to the portfolio of synthetic chemists[9] has
meant that multistep synthesis can be carried out in a similar
fashion to nature, passing through intermediates that are
never isolated stoichiometrically. This approach was elegantly
demonstrated by Ley and co-workers in their synthesis of
(rac)-oxomaritidine (9).[10]

With a deeper understanding of biosynthetic pathways of
complex secondary metabolites and the development of tools
based on molecular biology to manipulate biosynthetic
pathways at the genetic level,[11] the total synthesis of natural

products and analogues has become more flexible and may
return to the agenda of drug development, particularly if
engineered biosynthesis is combined with chemical synthe-
sis.[12] In this Minireview we develop a conceptual view on
synthetic hybrid strategies, where chemical and biological
methods are combined in a flexible way so that a total
synthesis like rather than linear access to analogues of
complex natural products is achieved.

To more easily grasp the different (possible) options for
using hybrid concepts, we suggest the simple classification
described in Figure 2. It mainly focuses on synthetic strat-
egies. Thus, we use the two abbreviations CHEM and BIO,
where the former refers to a chemical synthesis or partial
chemical synthesis, while the latter describes a (partial)
biosynthesis or a biotransformation. In principle, there are
two ways to accomplish such transformations. One is pre-
cursor feeding to an appropriate producer strain or a knockout
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Figure 1. Schering’s epothilone derivative 1[2] (ZK-EPO, synthetic changes with respect to epothilone are marked in gray), eribulin (2)[3] prepared
on an industrial scale (area marked in gray shows the structural simplification with respect to halichondrin B), erythromycin A (3), and taxotere
(4 ; semisynthetic change with respect to the parent natural product paclitaxel is marked in gray).
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strain that harbors at least parts of the functional biosynthetic
machinery. The fermentation product can then be isolated by
extraction. Alternatively, the pathway enzymes of interest can
be heterologously overexpressed and treated in vitro with
precursor molecules.

In this context, a BIO-CHEM synthesis is simply a semi-
synthetic derivatization of a starting material obtained from
a natural source or by fermentation. For example, taxotere (4)
is obtained by a BIO-CHEM approach. New natural product
analogues are accessed by the BIO-CHEM-BIO approach by
further modifying the product obtained through semisyn-
thesis by means of an enzymatic biotransformation or by
subjecting it to a fermentation. In essence, these total
syntheses somewhat resemble the linear strategies that nature
has developed through evolution.[13]

2. Key Issues for CHEM-BIO Concepts—A Synthetic
Perspective

Before discussing these “total synthesis” hybrid ap-
proaches for preparing natural product analogues, three
selected key issues that are common to the synthetic chemist
but which must also apply to the biosynthetic part need to be
stressed:
1. The natural product chosen should either have excellent

biological activity in a pharmaceutically relevant field, or
alternatively it could serve as a tool for studies of cell
biology so as to develop a strategy where one has to solve
the problems associated with the interface between
synthetic chemistry and biological synthesis. This can be
laborious.

Scheme 1. The biosynthesis of ansamitocin P3 (6) and multistep flow synthesis of (rac)-oxomaritidine (9) are related synthetic concepts
(a–W=enzymes; a–z = reagents/catalysts; B,C = synthetic or biosynthetic intermediates; n = number of steps).

Figure 2. Classification of “total synthesis” approaches towards natural product analogues and libraries based on chemical and biological
methods as well as combinations (selected combinations are shown, but other combinations such as BIO-BIO-CHEM can also be envisaged; see
also Scheme 9), a–d =chemical reagents or catalysts; a–d =enzymes; A= starting material; B–D= synthetic and/or biosynthetic intermediates;
E = natural product or derivative.[13]
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2. The chosen natural product should be structurally so
complex that a combined chemical and biological ap-
proach is clearly superior to chemical total synthesis for
rapidly preparing new derivatives.

3. In all cases, the biological tool, for example, a fermentation
or an enzyme, must yield sufficient amounts of the desired
metabolite—be it either a final product or an intermedi-
ate—for further functionalization. To distinguish it from
pure biosynthetic studies, this issue explicitly includes that
the spectroscopic characterization of the products must
meet the standards for the end products of a successful
chemical total synthesis.

In the following, selected and illustrative examples of
hybrid techniques are given that fulfil principal synthetic
requirements and that demonstrate the power of these
synthetic approaches.

3. Manipulation of the Biosynthesis (BIO)

A very elegant study on the genetic manipulation of the
geldanamycin polyketide synthase (GdmPKS) was disclosed
by Kosan Biosciences, Inc.[14] Geldanamycin (10) is a poly-
ketide macrolactam antibiotic that is a lead structure for the

Scheme 2. Geldanamycin derivatives 11–17 produced by acyltransferase (AT) substitutions in the Gdm polyketide synthase (numbers refer to the
PKS module; areas marked in gray show structural variations with respect to 10).
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development of new anticancer drugs that target the chaper-
one Hsp90.[15]

Genetic engineering of the geldanamycin gene cluster in
Streptomyces hygroscopicus, the producer of geldanamycin,
allowed the generation of new geldanamycin derivates that
selectively lack methyl or methoxy groups in the ansa chain.
These fermentation products were generated by genetically
substituting acyltransferase (AT) domains in six different
GdmPKS modules that commonly accept methylmalonyl-
CoA or methoxymalonyl-CoA by malonyl AT domains from
the rapamycin PKS.[16] Four of these manipulations led to the
production of 2-desmethyl, 6-desmethoxy-, 8-desmethyl-, and
14-desmethylgeldanamycin derivatives 11–14, the g,d-satu-
rated 15, and the hydratization products 16 and 17
(Scheme 2). The yields were sufficient for full chemical
characterization as well as for biological evaluation. Such
genetic manipulations are highly attractive for combining
them with chemical synthesis.

4. CHEM-BIO (Mutasynthesis)

An example of a BIO-CHEM product is taxotere (4 ;
Figure 1). The reversed CHEM-BIO case is the classical
precursor-directed biosynthesis (PDB) or mutasynthesis, with
the latter being a more modern technique. Mutasynthesis
requires the generation of mutants of a producer organism
blocked in the formation of a biosynthetic building block of
the end product. Administration of chemically prepared
building blocks, or in short, mutasynthons, to the blocked
mutant results in new metabolites.[12]

A recent example of the preparation of the fluoro
derivative 20 of the highly potent marine proteasome
inhibitor salinosporamide 19 is shown in Scheme 3.[17] Eu-
st�quio and Moore disrupted the biosynthetic chlorination of
S-adenosylmethionine (SAM), thereby blocking the forma-
tion of chloride 22. Complementation of a 3 L fermentation

culture of a DsalL mutant with 30 mg of 5’-fluoro-5’-deoxy-
adeninoside (18) yielded 1.5 mg L�1 of the fluoro derivative
20.

Biosynthetically, rhizoxin (24 a) is a PKS-NRPS-based
secondary metabolite (NRPS = nonribosomal peptide syn-
thase) from Burkholderia rhizoxinica which exerts pro-
nounced cytotoxic activity. Hertweck and co-workers engi-
neered a mutant disrupted in rhiA, a gene that codes for part
of the rhi PKS-NRPS.[18] It harbors the loading module as well
as parts of the oxazole-forming unit. This mutant resulted in
the preparation of the thiazole derivative 24b in a yield of
50 mgL�1 after being supplemented with N-acetylcysteamine
derivative 23. Surprisingly, this oxygen/sulfur replacement led
to an increased incorporation rate (Scheme 4).

The nonribosomally synthesized glycopeptide balhimycin
(29 a, X = Cl) is a derivative of the clinically important
antibiotic vancomycin. S�ssmuth, Wohlleben, and co-workers
used different block mutants of the actinomycete Amycola-
topsis balhimycina, the producer of Balhimycin. Besides other
deletion mutants,[19] they utilized one that was blocked in the
biosynthesis of b-hydroxytyrosine (26). Feeding these with
advanced fluoro derivatives 25, 27, and 28 related to this
building block yielded several new vancomycin-type fluoro
derivatives modified in the C and E rings (Scheme 5).[20]

Noteworthy, semisynthetic approaches towards new deriva-
tives of vancomycin have primarily addressed the peripheral
glycon unit. The mutasynthetic preparation of fluorinated
balhimycin derivative 29b clearly demonstrates that mutasyn-
thesis is complementary to semisynthesis, as structural
modifications were achieved in the tricyclic glycon backbone
of balhimycin that are not easily achieved by semisynthesis.

5. CHEM-BIO (Enzymatic Transformation)

The application of heterologously expressed late-stage
enzymes from biosynthetic pathways of the secondary
metabolism is an alternative method to access natural
products or their derivatives.[21] Synthetically useful enzymat-
ic transformations are chemo- and regioselective cyclizations,

Scheme 3. Disruptants in salL, a gene encoding the unusual chlorinase
and mutasynthetic formation of fluorosalinosporamide 20.

Scheme 4. Disruptants in rhiA, a gene encoding the heterocyclization
in the loading module and mutasynthetic formation of thiarhizoxin
24b. SNAC= N-acetylcysteamine.
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including macrocyclizations, glycosylations, redox reactions,
halogenations, alkylations, and acylations.

“Stand-alone” enzymes are better suited to synthetic
applications than those that are naturally part of assembly
lines.[22] In this context, the latter group of enzymes accept
substrates that are handed over from upstream modules, so
that their catalytic efficiency is usually lower and more
dependent on protein–protein interactions. The same is valid

for substrate recognition. Nature has evolved this strategy
under evolutionary pressure to optimize the catalytic turn-
over. Nevertheless, both groups of enzymes are potentially
valuable tools for the natural product chemist.

Cryptophycins are potent tubulin polymerization inhib-
itors with high activity against multidrug-resistant tumor cell
lines. Their backbones are biosynthesized by a polyketide
synthase-nonribosomal peptide synthase (PKS-NRPS) hybrid

Scheme 5. Mutasynthetic synthesis of new fluorobalhimycin derivatives.[19, 20]

Scheme 6. CrpTE catalyzes the macrocyclization of immobilized polyketide-peptide precursors 30 to desepoxycryptophycins 31. Epoxidation of the
structurally closely related cryptophycin 33 by CrpE leads to cryptophycin 34.[23]
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multienzyme complex, followed by the action of tailoring
enzymes to yield the final products. Several enzymes from the
pathway have been characterized by in vitro assaying on an
analytical scale.[23] In 2007, Seufert et al. reported on the
application of the cryptophycin thioesterase (CrpTE) for
cyclizing immobilized seco precursors.[24] Three derivatives of
desepoxycryptophycin were prepared in milligram quantities
(5 mg of 31 a, 6 mg of 31b, 12 mg of 31 c) by incubating 30 with
CrpTE in phosphate buffer, followed by extractive workup
and preparative HPLC separation (Scheme 6). Remarkably,
CrpTE was able to cyclize substrates that had been immobi-
lized through a sulfonamide linker on a poly(ethylene glycol)-
poly(N,N-dimethylacrylamide) (PEGA) resin to yield 16-
membered macrocycles. This highlights the huge potential of
macrocyclizing enzymes in the synthesis of natural product
analogues. The combination of solid-phase synthesis and

biosynthetic transformation could become a versatile and
competitive strategy for the generation of PKS-NRPS hybrid
libraries.

The biological activity of cryptophycins bearing a b-
epoxide group in the 2’,3’-position, is more than 100 times
higher than the activity of their a-epoxide- or trans-styrene
counterparts.[23c] The seemingly crucial epoxidation step
within the biosynthesis of cryptophycin is accomplished by
the P450-dependent epoxidase CrpE.[23d] Ding et al. showed
that CrpE catalyzes the final epoxidation step to cryptophy-
cins with broad substrate tolerance, and also enabled the
synthesis of non-natural derivatives, as suggested by HPLC-
MS analysis.[23c] In a large-scale experiment, cryptophycin 4
(33) was converted into its related b-epoxide cryptophycin 2
(34) in > 75% conversion.[23d] A tandem in situ reaction of
SNAC-seco-cryptophycin 4 with CrpTE and CrpE yielded

Scheme 7. Combined muta-/semisynthesis towards ansamitocin P3 derivatives 37a, 37b, and 38 as well as folic acid/ansamitocin conjugate 39 by
using an AHBA blocked mutant of A. pretiosum. NMP =N-methylpyrrolidone, TMS = trimethylsilyl.
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cryptophycin 2 (34) as a single product without the need to
purify the cryptophycin 4 (33) intermediate. From a chemical
synthesis perspective, the enzymatic macrocyclization and
stereoselective epoxidation drastically simplifies the “end
game” of the total synthesis of cryptophycin.

6. CHEM-BIO-CHEM

Mutasynthesis can further enhance the opportunities to
create natural product analogues by specifically introducing
chemical entities that are suited for carrying out semisynthetic
modification with the fermentation product. Such a CHEM-
BIO-CHEM approach greatly broadens the opportunity to
create structural diversity.

An illustrative example is based on the mutasynthesis with
a mutant of the ansamitocin P3 (6) producer Actinosynnema
pretiosum that is blocked in the biosynthesis of 3-amino-5-
hydroxybenzoic acid (5, AHBA).[25] The ansamitocins are
some of the most cytotoxic polyketide-derived natural
products known, with IC50 values of 10�3 to 10�7 mgmL�1

against different cancer cell lines. They have recently re-
attracted attention because of their extraordinary potency
and are currently being evaluated in phase I studies for their
use as “warheads” in target-directed antibody conjugates.[26]

Supplementing cultures of the A. pretiosum mutant with
3-amino-4-bromobenzoic acid 35 leads to bromo-ansamitocin
derivative 36, which has served as the cross-coupling partner
in various Pd-catalyzed Stille and Sonogashira reactions
(Scheme 7).[27] The power of the combined muta-/semisyn-

thetic strategy becomes evident in the five-step semisynthetic
modification of bromide 36 to yield cancer-specific folic acid/
ansamitocin conjugate 39. This and other conjugates obtained
by this route showed target specificity for the membrane-
bound folic acid receptor of cancer cell lines.[28]

Koketsu et al. studied the function of the unusual NRPS
module SfmC within the biosynthesis of saframycin (45 ;
Scheme 8).[29] In the presence of ATP and NADH, holo-SfmC
was incubated with the tyrosin derivative 40 and the
dipeptidyl aldehyde 41, both obtained by chemical synthesis,
to yield the saframycin precursor 43, which was converted
chemically into 44 in sufficient amounts. Compound 44 served
as an advanced intermediate in the “end game” synthesis of
saframycin (45) as well as structurally related alkaloids with
similar core structures such as ecteinascidin ET-743 and
phthalascidin Pt-650 and derivatives thereof.[30]

7. BIO-BIO-CHEM

The order of chemical synthesis and biosynthesis can also
be altered from a CHEM-BIO-CHEM to a BIO-BIO-CHEM
synthetic sequence. A notable example is proansamitocin
(46), the fermentation product of a mutant strain of the
ansamitocin producer A. pretiousum, whose chloridase and
carbamoyl transferase were genetically blocked. This manip-
ulation results in the complete blockage of all post-PKS
transformations (Scheme 9).[31] When proansamitocin is fed
to a AHBA-blocked mutant of S. hygroscopicus, the producer
of the Hsp90 inhibitor geldanamycin 10,[32] carbamoylation at

Scheme 8. The unusual NRPS module SfmC can assemble the core structure of saframycin (45) by catalyzing two consecutive Pictet–Spengler
reactions; the synthesis is complemented by chemical synthesis (C = condensation domain, A = adenylation domain, PCP= peptidyl carrier
protein, R = reduction domain).[29]
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C7 took place to yield proansamtocin derivative 47. A short
semisynthetic sequence allowed selective introduction of the
isobutyrate side chain at C3 and formation of cytotoxic
ansamitocin derivative 48. This is an example that shows that
blocked mutants of different natural product producers can
be included into a synthetic protocol.

8. CHEM-BIO-BIO

An elegant example from the field of mixed terpene-
alkaloid synthesis that relies on chemical synthesis followed
by a two-step enzymatic transformation protocol and a fer-
mentation is shown in Scheme 10.[33] 7-Aza-tryptamine 50
obtained from pyridyl bromide 49 by chemical synthesis was
subjected to a two-step biotransformation based on recombi-
nant stricdosidine synthase and strictosidine glycosidase to
yield advanced precursor 53 via intermediate 52.[34] Stricdo-
sidine synthase requires secologanine (51), which was ob-
tained by fermentation.[34a,b] Finally, imminium salt 53 was fed
to a plant cell culture of Catharanthus roseus to furnish the
novel derivative 7-aza-isositsirikine (54), which was spectro-
scopically fully characterized. The HPLC-MS analysis sug-
gested the presence of several aza anlogues of naturally
occurring alkaloids in the extract that could, however, not be
characterized because of the lack of material. Feeding the
synthetic precursor 50 or the glycosylated product 52 alone
did not lead to any new fermentation products, thus under-
lining the appropriateness of the chosen combination of
chemical synthesis, enzyme catalysis, and fermentation.

9. Outlook

This short account is far from comprehensive and it is not
intended to be so. We chose illustrative examples from the
synthetic chemist�s perspective, neglecting the huge amount

Scheme 9. A BIO-BIO-CHEM approach towards ansamitocin P3 deriv-
ative 48 by using two different mutant strains of A. pretiosum and
S. hygroscopicus followed by selective introduction of the ester side
chain at C3.[31] DIC= diisopropylcarbodiimide, DMAP=4-dimethylami-
nopyridine.

Scheme 10. Synthesis of 54, an aza derivative of iso-
sitsirikine, by a two-step enzymatic biotransformation
and a fermentation of the 7-azatryptamine precursor
53 (Glc = d-glucosyl).[32] dppf= 1,1’-bis(diphenylphos-
phino)ferrocene.
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of molecular biology and protein chemistry necessary to
provide the biological tools, being it either blocked mutants or
individual enzymes.

Ongoing research in this area will likely make these tools
more readily available, thereby lowering the barrier to use
them for total syntheses in selected cases. In the future, novel
combinations of chemistry with both in vitro and in vivo
biotransformations might become possible. By refining the
specificity and selectivity of biotransformation tools, their
application could also be uncoupled from the biosynthetic
pathway they originate from, thereby leading to a box of
generally applicable synthetic tools.

With a deeper understanding of biosynthetic pathways of
complex secondary metabolites and the development of tools
based on molecular biology to manipulate biosynthetic
pathways at the genetic level, the total synthesis of natural
products and analogues becomes more flexible and may
reappear back on the agenda of drug development, partic-
ularly when manipulated biosynthesis is “hybridized” with
chemical synthesis. It took half a century to reach this
sophistication, but Birch�s synthetic vision is still young and
holds great future prospects.
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