1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duasnue Joyiny vd-HIN

"s», NIH Public Access

(=
a2 & Author Manuscript

Published in final edited form as:
J Biotechnol. 2006 June 25; 124(1): 242-257.

Combinatorial Biosynthesis — Potential and Problems

Heinz G. Floss
Department of Chemistry, Box 351700, University of Washington, Seattle, Washington 98195-1700

USA

Abstract

Because of their ecological functions, natural products have been optimized in evolution for
interaction with biological systems and receptors. However, they have not necessarily been optimized
for other desirable drug properties and thus can often be improved by structural modification. Using
examples from the literature, this paper reviews the opportunities for increasing structural diversity
among natural products by combinatorial biosynthesis, i.e., the genetic manipulation of biosynthetic
pathways. It distinguishes between combinatorial biosynthesis in a narrower sense to generate
libraries of modified structures, and metabolic engineering for the targeted formation of specific
structural analogs. Some of the problems and limitations encountered with these approaches are also
discussed. Work from the author’s laboratory on ansamycin antibiotics is presented which illustrates
some of the opportunities and limitations.
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Combinatorial biosynthesis can be defined as the application of genetic engineering to modify
biosynthetic pathways to natural products in order to produce new and altered structures using
nature’s biosynthetic machinery. The feasibility of this approach was first demonstrated in
work by David Hopwood and colleagues (Hopwood et al., 1985). Following the cloning of the
biosynthetic genes for the antibiotic actinorhodin from Streptomyces coelicolor (Malpartida &
Hopwood, 1984), Hopwood and coworkers cloned some or all of these genes into the producers
of the antibiotics medermycin (Takano et al., 1976) and dihydrogranaticin (Corbaz et al.,
1957), respectively. The transformant of the medermycin producer, Streptomyces sp. AM-7161
produced, in addition to medermycin, large amounts of a new compound, mederrhodin A,
which carried an additional hydroxy group characteristic of actinorhodin (Figure 1). The
transformant of the dihydrogranaticin producer, Streptomyces violaceoruber Tl 22 produced
a new compound, dihydrogranatirhodin, which has the actinorhodin configuration at one and
the dihydrogranaticin configuration at the other stereocenter of the isochromane quinone
system. This work represents the first, albeit modest, implementation of the concept of
combinatorial biosynthesis of natural products. Since then, a large number of examples
encompassing a wide range of natural product classes have appeared in the literature, and this
approach has been accepted as a useful tool to increase the chemical diversity of natural
products (Staunton and Wilkinson, 2001; Walsh, 2002; Rix et al., 2002; Reeves, 2003).
Following the author’s primary interests, this article focuses on the application of the
combinatorial biosynthesis approach to microbial natural products and within these to

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Floss

Page 2

polyketides. However, it should be emphasized that it certainly can be and has been applied to
many other compound classes and also to natural products from other biota, although the more
complicated genetic makeup of higher organisms presents greater technical challenges.

Natural products have long been recognized as an important source of clinical drugs, drug leads
and biochemical tools. Natural products have provided or inspired a substantial fraction of the
currently used clinical drugs . The screening of natural product libraries and extracts usually
yields a substantially higher percentage of bioactive hits than that of chemical libraries. It is
difficult to come up with good numbers for the magnitude of this advantage, but a recent review
(Berdy, 2005) estimates an approximately hundred-fold higher hit rate for natural products.
One of the characteristics of natural product libraries compared to chemical ones is that the
input is not limited by human imagination. Another important role of natural products is to
reveal novel structure - bioactivity relationships. As new biochemical targets arise, the
screening of natural products libraries is often the best way to identify agents acting on this
target. Even if the natural product itself is not suitable as a drug, its structure can be the starting
point for drug development. Finally, the study of the mode of action of natural products can
identify novel biochemical mechanisms. Natural product inhibitors of chemical processes
allow the dissection of signaling pathways, they can reveal molecular disease mechanisms and
suggest new biochemical targets.

Why is it that the screening of natural products libraries and extracts yields more bioactive hits
than that of chemical libraries? The answer lies in the ecologic role of natural products. Their
formation represents a selectable evolutionary advantage to the producing organism. Their role
is to help the producing organism to maintain or improve its position in its ecological
environment. In fulfilling this role they can have a multitude of different functions. Some are
defense compounds, which deter predators, others are signal compounds, which attract other
organisms, others inhibit the growth or proliferation of competitors, to give just a few examples.
Natural products have been optimized through evolution for interaction with biological systems
and receptors, many of which are common to a wide range of living organisms. For this reason
natural products are superior sources of drug candidates or biologically active lead compounds
compared to random chemical libraries.

However, natural products have not been optimized in evolution as clinical drugs, but rather
for the biological functions useful to the producing organism. Their broader potential, beyond
such obvious features as antibiotic activity in microbial natural products or CNS and cardiac
activity in higher plant natural products, is due to the generality of biological receptors and
mechanisms, which allows them to affect processes not relevant to the producing organism.
The intrinsic potency of natural products often cannot be improved by structure modification,
but other properties important for a clinical drug can be. This is illustrated by the examples in
Figure 2. The pharmacokinetic properties of a drug typically are not optimized in nature and
can often be improved by structure modification. For example, the antibiotic rifamycin B, the
main product of the fermentation by Amycolatopsis mediterranei, is not orally active, but
chemical structure modification led to orally active compounds, such as rifampicin with, in
this case, also increased potency (Floss and Yu, 2005). Toxicity to humans is not relevant to
the intrinsic function of a natural product and may thus be reduced by structure modification.
For example, the antibiotic geldanamycin (DeBoer et al., 1970) has potent antitumor activity,
but its hepatotoxicity prevented introduction into clinical use (Supko et al., 1995) .
Replacement of the aromatic methoxy group by a nitrogen substituent led to a compound, 17-
DMAG, which is currently undergoing clinical trials (Egorin et al., 2002). Finally, structure
modification of a natural product may be carried out to strengthen a proprietary position by
generating a patentable structure from a non-patented natural product, such as the generation
of the semi-synthetic taxotere (Guéritte-Voegelein et al., 1986) from the non-patented natural
product, the antitumor agent taxol (Wani et al., 1971). For all these reasons, the structure
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modification of natural products is an important component of the natural product drug
development process. Wherever possible, such structure modifications are carried out by
chemical means, but in many cases, the complexity of natural product structures makes
chemical approaches difficult or impossible, providing the rationale for biological approaches,
including combinatorial biosynthesis, as an alternative strategy.

As commonly applied, the term “combinatorial biosynthesis” actually encompasses two
different approaches with somewhat different, albeit overlapping goals. Metabolic engineering
to improve the drug properties of a natural product involves the targeted modification of a
biosynthetic pathway to generate a single or limited number of modified structures. It can be
applied in the same way as chemical structure modification but with different limitations. It is
particularly suitable for the construction of molecules which are chemically inaccessible,
usually complex structures. This has been pursued particularly intensely in polyketides. One
can introduce backbone structural changes, e.g., modify ring systems, chain lengths or
incorporate different building blocks, or one can introduce peripheral changes, such as different
sugars, methyl groups, oxygen functions or halogens. An elegant example is shown in Figure
3 which summarizes work by Hutchinson and coworkers, genetically modifying the
biosynthetic pathway for daunorubicin and doxorubicin to produce the new clinical agent
epirubicin (Madduri et al., 1998). In the normal biosynthetic pathway to daunorubicin and
doxorubicin in Streptomyces peucetius, the dnmV gene encodes a ketoreductase which
produces a sugar moiety with 4S configuration. Inactivation of this gene and introduction of
either the avrR or the eryBIV gene from the avermectin or erythromycin pathway, which encode
ketoreductases of opposite stereospecificity, gave mutant strains producing the 4’-epi
compounds.

Combinatorial biosynthesis proper, in a narrower sense of the term, uses sets of genes from
different biosynthetic pathways in different combinations to generate libraries of hybrid
structures. This is illustrated by work published by Kosan Biosciences (McDaniel et al.,
1999). on 6-deoxyerythronolide B (6-DEB), the alycone of erythromycin (Wiley et al., 1957;
Harris et al., 1965), which is assembled on a type | modular polyketide synthase (PKS) (Figure
4) (Donadio et al., 1991). These large, multifunctional enzymes contain one module for each
cycle of chain elongation in the polyketide assembly process which also includes the domains
catalyzing the respective modification reactions associated with this reaction cycle. These
polyketide synthases thus operate as large assembly lines in which the structure of the final
product is largely programmed as a result of the domain structure of the enzyme. McDaniel
and coworkers genetically engineered a number of changes in the domain structure of this PKS
which they then used combinatorially to generate a library of 61 different 6-DEB analogs
(McDaniel et al., 1999). This latter approach truly generates structural diversity. It has,
however, the drawback that the compounds generated are no longer optimized by evolution
for biological activity. It is likely that the screening of such libraries still gives higher hit rates
for bioactive compounds than that of random chemical libraries, since the components are
pharmacophoric substructures. Based on the ecological rationale, one might expect that the hit
rates will drop, the further away from bioactive natural parent structures one moves, but there
do not seem to be any data available to support or reject this notion.

It is fair to say that the great majority of applications of combinatorial biosynthesis in the
broader sense published to date actually fall into the category of metabolic engineering. The
strategies to achieve modifications by combinatorial biosynthesis/metabolic engineering
depend somewhat on whether the product is made by a linear or a branched biosynthetic
pathway. In linear biosynthetic pathways, as exemplified by erythromycin, one can introduce
backbone modifications as demonstrated in the work mentioned above (McDaniel et al.,
1999), or one can introduce alternative decorations onto the backbone of the molecule. As
shown in Figure 5, the further conversion of 6-DEB into erythromycin A involves a series of
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oxidations, glycosylations and a methylation (Staunton and Wilkinson, 1999). All these steps
are potentially amenable to modification, and a number of publications report the generation
of peripherally modified erythromycins by genetic engineering (Rawlings, 2001). In a branched
biosynthetic pathway, in which several components are biosynthesized separately and then
assembled, as exemplified by novobiocin, one can also swap biosynthetic building blocks. This
approach, called mutasynthesis (Shier et al., 1969; Rinehart, 1981) predates the advent of
genetic engineering, but it can be practiced in more sophisticated form using genetic tools. This
is illustrated in Figure 6 with work by Heide and coworkers on the genetic engineering of
aminocoumarin antibiotics. Novobiocin and chlorobiocin, the products of two different
streptomycetes, differ in the substitution patterns of their aminocoumarin and sugar moieties.
Exchange of the appropriate biosynthetic pathway genes between the two organisms led to the
formation of hybrid products, such as novclobiocin 102 or novclobiocin 114 (Eustaquio et
al., 2004).

The following are some examples of “decorating” reactions that are suitable for genetic
engineering of natural products:

1. Glycosylation. This can involve different sugar nucleotides or different aglycones in
vivo or in vitro, and is probably the process most suitable for truly combinatorial
applications (Luzhetskyy and Bechthold, 2005; Yang et al., 2004).

2. Oxidations and reductions. This includes hydroxylations, epoxidations, reductions of
carbonyl groups or double bonds, and oxidations of alcohols.

3. Methylations. On oxygen, nitrogen or carbon.
4. Isoprenylations. On carbon, oxygen or nitrogen.
5. Halogenations.

6. Acylations. Either on oxygen to form esters or on nitrogen to form amides.

As the above list indicates, the range of possible structural modifications of natural products
is extensive, making combinatorial biosynthesis/metabolic engineering potentially an
extremely powerful tool. In practice, however, a number of problems are encountered in the
application of this tool. First of all, most applications are not truly “combinatorial”; rather, the
generation of each new structures involves the, often elaborate, construction of a mutant strain
of an organism. This is labor intensive and costly. Secondly, the process relies on relaxed
substrate specificity of biosynthetic pathway enzymes, but many enzymes are fairly specific.
As aresult, many predicted transformations do not take place and the outcomes are not always
predictable. Furthermore, the yields of engineered new metabolites are often much lower than
those of the parent compound produced by the wild-type. Genetic constructs may not be
optimally expressed and pathway enzymes often work less efficiently with structurally altered
substrates. In a number of cases where this has been tried, yield optimization by classical or
genetic approaches has been challenging. Another problem involves the question whether to
express altered pathways in heterologous hosts, whose regulatory elements may not work well
with the foreign genes and which may lack precursor supply routes, or to genetically modify
the pathway in the parent organism, for which often efficient genetic systems are not available.
This points to a need for suitable engineered universal expression hosts. Finally, the more
modified structures differ from the bioactive parent molecule, the less likely they probably are
to have potent bioactivity, i.e., hit rates will probably be lower.

Following these general remarks, let us now turn to some work from the authors laboratory
which illustrates some of the potential and limitations of combinatorial biosynthesis. These
studies deal with two groups of ansamycin antibiotics, the rifamycins and the ansamitocins.
The rifamycins were isolated in 1959 by Sensi and coworkers (Sensi et al., 1959) from the
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actinomycete, Amycolatopsis mediterranei. They have strong antibacterial activity,
particularly against mycobacteria, including Mycobacterium tuberculosis. They block protein
synthesis by inhibiting DNA-dependent RNA polymerase due to binding to the B subunit.
Semisynthetic derivatives, such as rifampicin (Figure 2), are used clinically for the treatment
of tuberculosis, leprosy, and AlIDS-related mycobacterial infections. Resistance to these
antibiotics develops easily due to mutations in the rpoB gene, calling for the development of
next generation drugs to overcome this problem (Floss and Yu, 2005). The ansamitocins
(Higashide et al., 1977), produced by the actinomycete, Actinosynnema pretiosum, belong to
the family of the maytansinoids first isolated from higher plants (Kupchan et al., 1972). They
are notable for their extremely potent antitumor activity which is due to binding to the tubulin
B-subunit, blocking the assembly of functional microtubules (Cassady et al., 2004). Both the
rifamycins and ansamitocins are assembled by a type | polyketide synthase, using an aromatic
starter unit, 3-amino-5-hydroxybenzoic acid (AHBA) which is biosynthesized by a branch of
the shikimate pathway. Cloning by reverse genetics of the gene encoding AHBA synthase
(Kim et al., 1998) provided a probe for the identification of the rifamycin B (August et al.,
1998) (Figure 7) and ansamitocin (Yu et al., 2002) (Figure 8) biosynthetic gene clusters. These
were isolated from cosmid libraries of their respective genomic DNASs, sequenced and their
identities confirmed by appropriate gene inactivations. Each cluster contains candidate genes
for all the reactions necessary to assemble the respective final product, including genes for the
formation of the AHBA starter unit, a set of PKS genes (rifA,B,C,D,E for rifamycin {see also
Schupp et al., 1998} and asmA,B,C,D for ansamitocin) with a loading module (adenylation
domain plus acyl carrier protein) “borrowed” from non-ribosomal peptide synthases (Admiraal
et al., 2001), followed by a gene coding for a downloading enzyme, an amide synthase (rifF
and asm9), as well as candidate genes for the various post-PKS modification reactions. The
ansamitocin biosynthesis genes notably are contained not in one, but two clusters in the A.
pretiosum genome. While the majority of these genes are present in cluster I, cluster 11 contains
some of the AHBA biosynthesis genes and is thus also essential (Figure 8). Clusters | and 11
are separated by 30 kb of DNA which is not required for either growth or ansamitocin
production (Yu et al., 2002).

In early attempts to modify the aromatic moiety of these antibiotics, we used a mutant in which
the AHBA synthase gene in the genome of the rifamycin producer had been inactivated (Kim
etal., 1998). Feeding of AHBA to this mutant restored full rifamycin B production, but feeding
of two analogs gave copious amounts of the corresponding tetraketides (Figure 9). This result,
confirmed subsequently by in vitro studies (Admiraal et al., 2001), showed that the loading
module of the rif PKS is rather promiscuous, but that a down-stream step, apparently after the
third chain elongation, discriminates against the structurally altered intermediates (Hunziker
et al., 1998). An explanation for the latter phenomenon was revealed when rifF, the gene
encoding the downloading enzyme, was inactivated. This resulted in the accumulation of the
complete series of open chain ketides from the tetra- to the undecaketide, rather than just of
the product immediately before the blocked reaction, the undecaketide (Figure 10) (Yu et al.,
1999; Stratmann et al., 1999; Kubota, T., Yu, T. - W. and Floss, H. G., unpublished results).
This provided unequivocal proof for the processive nature of the polyketide assembly process
and showed that the enzyme can process multiple ketide units simultaneously. Also, the
tetraketide had the unmodified benzenoid starter unit, whereas from the pentaketide on this
unit had been modified to the naphthalenic structure. It follows that the naphthalene ring closure
occurs between the third and fourth chain extension step, that it is necessary for further
processing of the ketide, and that it is sensitive to structural changes in the aromatic moiety.
We have recently identified the rif orf 19 gene as being essential for this ring closure (Xu et
al., 2005); the encoded enzyme must presumably dock with the PKS in order to transform its
enzyme-bound substrate. We also found subsequently that the undecaketide is released from
the PKS by a different mechanism than the other ketides and that its terminal double bond,
contrary to the earlier report (Stratmann et al., 1999), has Z configuration as in rifamycin
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(Kubota, T., Yu, T.— W. and Floss, H. G., unpublished results). These results with the rifF(-)
mutant suggest that backbone modifications of the rifamycins by genetic engineering may be
rather difficult to implement, because the rif PKS is, at least at some point, quite sensitive to
the structure of the intermediates coming along the assembly line. It may, however, be possible
to engineer modified rifamycins by manipulating the post-PKS modification reactions and,
perhaps, also some of the late steps of polyketide assembly.

Similar attempts to modify the aromatic moiety of ansamitocins also gave disappointing results,
but for different reasons. In this case, the loading domain of the PKS seems to be much more
specific, i.e., it does not readily accept analogs of AHBA (Yu, T. - W., Miiller, M., Grond, S.
and Floss, H. G., unpublished results). Attempts to circumvent this loading domain by directly
loading preformed di- or triketides, activated as thioesters the coenzyme A mimic, N-
acetylcysteamine (Yue et al., 1987; Cane and Yang, 1987), onto the cognate ACP of the PKS
were only partially successful. Only the R enantiomer of the diketide complemented an AHBA
(=) mutant of Actinosynnema presiosum to restore some ansamitocin production, but with
rather low efficiency (Figure 11). While this result reveals the cryptic stereochemistry of the
diketide intermediate in the assembly process, the yield of the final product is too low to make
this a practical alternative for the modification of the polyketide starter unit. We also
demonstrated that the inefficient utilization of the diketide-SNAC is not due to enzyme
inactivation, but rather reflects inefficient loading onto the PKS, by showing that cells
pretreated with the diketide SNAC still were fully complemented by AHBA (M. Brinjes, T.
Frenzel, Kubota, T., Floss, H. G. and Kirschning, A., unpublished work).

One unusual feature of the ansamitocin polyketide assembly is the incorporation, in the third
chain elongation step, of a “glycolate” extender unit. In analogy to the use of malonyl-CoA to
incorporate acetate and methylmalonyl-CoA to incorporate propionate units, one would expect
the substrate for the incorporation of such a “glycolate” unit to be 2-hydroxy- or 2-
methoxymalonyl-CoA. Feeding experiments with the corresponding SNAC thioesters,
however, showed that this is not the case (Carroll et al., 2002). Instead, biosynthetic gene
clusters for antibiotics containing “glycolate” units contain subclusters of genes (Wu et al.,
2000), in this case asm13 — 17, containing a dedicated acyl carrier protein (ACP). By
individually inactivating each of these genes we showed that each was necessary for formation
of the chain extension substrate (Carroll et al., 2002; Bai, L., Moss, S. J., Kato, Y., Yu, T. -
W. and Floss, H. G., unpublished results). By expressing all five genes as a cassette, it was
also demonstrated that they were sufficient to provide the substrate, 2-methoxymalonyl-ACP
(Kato et al., 2002). Co-expression of this cassette with a DEB synthase modified in the last
acyltransferase domain to select for methoxymalonate rather than methylmalonate (Reeves et
al., 2002) resulted in the efficient production of 2-methoxy-6-DEB, whereas in the absence of
the methoxymalonate cassette, malonate or methylmalonate was utilized inefficiently as the
default mode (Kato et al., 2002). The starting material for the formation of methoxymalonyl-
ACP isstill unknown, but is speculated to be 3-phosphoglycerate, and the biosynthetic pathway
to this extender unit is as shown in Figure 12. The methoxymalonate cassette thus represents
a new addition to the toolkit for the combinatorial biosynthesis of type | polyketides.

Following the assembly and release of the first cyclic polyketide from the asm-PKS, a series
of six post-PKS modification reactions installs the peripheral decorations which render the
ansamitocin molecule biologically active. The genes/enzymes responsible for each of these
steps, and the order in which these reactions occur, were determined by individual inactivation
experiments (Moss et al., 2002; Spiteller et al., 2003). For practical reasons, we were
particularly interested in the attachment of the ester side chain, catalyzed by Asm19.

Despite its high antitumor activity in vivo and in animal models, maytansine failed in phase 1l
clinical trials against a wide range of human cancers (Cassady et al. 2004). This may well be
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due, at least in part, to dose-limiting toxicity. Because of their potency, however, maytansinoids
are now of high interest as “warheads” in immunoconjugates with tumor specific antibodies
(Chari et al., 1992; Liu et al., 1996), several of which are in clinical trials (Cassady et al.,
2004). The most prominent of these “warheads” is a compound called DM1, developed by
Immunogen, which is prepared from ansamitocin P3 by a series of chemical steps (Figure 13)
(Chari et al., 1993; Chari and Widdison, 2001). However, the preparation of DM1 is very
costly, not only because the starting material is expensive, but also the process is inefficient.
The chemical esterification of maytansinol proceeds only in modest yield and under forcing
conditions which result in racemization of the alanine moiety.

Since maytansinol is a minor constituent of the ansamitocin P-3 fermentation, it was thought
that its esterification might be the terminal step in the biosynthesis, making Asm19 a candidate
as catalyst for the enzymatic attachment of the DM1 side chain. Unfortunately, however, it
was found that inactivation of asm19, led to the accumulation not of maytansinol, but of its N-
demethyl-desepoxy analog (Moss et al., 2002). Exploration of the substrate specificity of
Asm19 showed that it is rather promiscuous as far as the acyl moiety is concerned, confirming
earlier observations (Hatano et al., 1984). However, neither alanine nor the entire maytansine
side chain were attached to the ansamitocin backbone (Mahmud, T. and Floss, H. G.,
unpublished results). Furthermore, the enzyme will utilize a variety of pathway intermediates
as substrate for the attachment of ester side chains, but not maytansinol (Moss et al., 2002).
Thus, this enzyme in its native form is probably not useful for the preparation of DM1.

The analysis of the downstream processing reactions of ansamitocin biosynthesis showed that
the first step is the introduction of the chlorine into proansamitocin, followed by the transfer
of the carbamate group, then methylation of the aromatic hydroxyl group followed by
attachment of the ester side chain. Epoxidation followed by N-methylation then complete the
biosynthesis. However, many of the downstream processing enzymes show relaxed substrate
specificity which results in a metabolic grid with, in addition to the major pathway, several
minor alternative routes to the final product. Also as a result, many of the mutants accumulate
not just one product but a series of products. It was also observed that the yields of intermediates
accumulated by the various mutants were roughly an order of magnitude lower than the yields
of ansamitocin P3 in the wild-type. Thus, structure modification of ansamitocins by
manipulation of post-PKS modification reactions is a somewhat challenging prospect (Moss
et al., 2002; Spiteller et al., 2003).

In conclusion, combinatorial biosynthesis in principle has considerable potential for drug
discovery, optimization and production. However, as the above examples and many others
illustrate, there are substantial problems to be overcome and much more work needs to be done
to derive practical applications from this approach. Secondly, truly combinatorial applications
of this technology will probably be less prominent than applications towards metabolic
engineering of production of specific compounds. Finally, combinatorial biosynthesis/
metabolic engineering should be viewed as a complement to, not a substitute for, the screening
for natural product libraries and extracts.
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First demonstration of genetic engineering of hybrid natural products, mederrhodin A and

dihydrogranatirhodin (Hopwood et al., 1985).

J Biotechnol. Author manuscript; available in PMC 2007 June 25.



1duosnue Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Floss Page 12

CH=N=N  N=CHj
\—/

OCH,COOH
Rifamycin B - not orally active Rifampicin - orally active
B)
1 0
(CH3)3N(CH,),NH
Geldanamycin - antitumor ~ N™: 17-DMAG - less toxic  NH,
active, but toxic clinical candidate
C)
OJ\
i c{ 0 ,
OH
il 0“ "NH
] 0
0—-
. l
H OH
HO 6' o e
@0
Taxol Taxotere
not patented proprietary
Figure 2.

Examples of structure modification of natural products to improve utility as clinical drugs. (A)
Modification of rifamycin B to rifampicin to improve pharmacokinetic properties, (B)
modification of geldanamycin to 17-(dimethylaminoethylamino)-17-
demethoxygeldanamycin to reduce human toxicity and (C) modification of taxol to taxotere
to generate a proprietary molecule.
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Figure 3.
Genetic engineering of the doxorubicin producer, Streptomyces peucetius, for production of
4’-epidoxorubicin (epirubicin) (Madduri et al., 1998).
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Figure 4.

Assembly of 6-deoxyerythronolide B (6-DEB), the aglycone of erythromycin, on a type |
modular polyketide synthase. (AT = adenyltransferase, KS = ketosynthase, ACP = acyl carrier
protein, KR = ketoreductase, DH = dehydratase, ER = enoate reductase, TE = thioesterase).
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Post-PKS reactions of erythromycin biosynthesis from 6-DEB.
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Genetic engineering of the formation of novclobiocins, structural hybrids of novobiocin and
clorobiocin (Eustaquio et al., 2004).
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The rifamycin biosynthetic gene cluster from Amycolatopsis mediterranei and the pathway of
rifamycin B biosynthesis (August et al., 1998)
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The ansamitocin biosynthetic gene cluster from Actinosynnema pretiosum and the structure
and biosynthesis of ansamitocin P-3 (Yu et al., 2002).
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Figure 9.
Production of tetraketides upon feeding of AHBA analogs to an AHBA(—) mutant of the
rifamycin producer, Amycolatopsis mediterranei (Hunziker et al., 1998).
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Figure 10.
Ketides isolated from mutants of the rifamycin producer, Amycolatopsis mediterranei, carrying
an inactivated rifF gene (Yu et al., 1999; Stratmann et al., 1999).
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Feeding of diketide and triketide N-acetylcysteamine (SNAC) thioesters to an AHBA(-)
mutant of the ansamitocin producer, Actinosynnema pretiosum.
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Genetic engineering of the formation of 2-desmethyl-2-methoxy-6-deoxyerythronolide B in a
heterologous host, and the pathway of formation of methoxymalonyl-ACP, the precursor of

“glycolate” units (Kato et al., 2002).
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Figure 13.
Synthesis of DM1 from ansamitocin P-3 and its conjugation to tumor-specific antibodies

through disulfide linkages (Chari et al., 1993).
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