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Foreword

The ACS Symposium Series was first published in 1974 to pro-
vide a mechanism for publishing symposia quickly in book form. The
purpose of the series is to publish timely, comprehensive books devel-
oped from ACS sponsored symposia based on current scientific re-
search. Occasionally, books are developed from symposia sponsored by
other organizations when the topic is of keen interest to the chemistry
audience.

Before agreeing to publish a book, the proposed table of con-
tents is reviewed for appropriate and comprehensive coverage and for
interest to the audience. Some papers may be excluded to better focus
the book; others may be added to provide comprehensiveness. When
appropriate, overview or introductory chapters are added. Drafts of
chapters are peer-reviewed prior to final acceptance or rejection, and
manuscripts are prepared in camera-ready format.

As a rule, only original research papers and original review
papers are included in the volumes. Verbatim reproductions of previ-
ously published papers are not accepted.

ACS Books Department
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Preface

Polyketides and their derivatives represent one of the most important
classes of natural products, comprising approximately 20% of the
world’s top-selling pharmaceuticals, with combined revenues of over
$18 billion per year. Antibiotics such as tetracycline, erythromycin, and
nystatin are just a few of the important examples of polyketides that have
benefited our society. In addition, polyketides serve important roles in
the life cycles of many producing organisms, such as protection from
invasion by pathogens, deterring predators, as well as providing many of
the essential pigments found in plant species necessary for their survival.
As the structural complexity of polyketides often renders their pro-
duction via synthetic chemistry impractical, a further understanding of
the genes and enzymes involved in their biosynthesis will directly impact
future efforts toward the generation of novel compounds with beneficial
properties, and provide an efficient means for their large-scale pro-
duction. For these reasons as well as others, research on polyketides has
been intensive and fast-paced. The present time is thus a particularly
opportune one for assembling a volume covering recent results and
perspectives from leading researchers around the world.

This volume was developed from a symposium that took place at the
229" ACS National Meeting on March 13-17, 2005 in San Diego,
California. The original symposium presentations addressed a wide range
of polyketide-producing plant, bacterial, and fungal systems and we have
endeavored to maintain this scope in this volume. The included chapters
provide discussions on the underlying genetics and biochemistry of
important polyketide biosynthetic pathways found in nature, mechanistic
insights obtained from studying the crystal structures of cloned polyke-
tide synthases, new approaches for the identification of genes encoding
novel polyketide synthase enzymes, and biotechnological advances
toward the development and large-scale production of novel polyketides.
We hope that this collection of chapters prepared by an international
group of experts will be a valuable resource for investigators working on
the biology and chemistry of polyketides as well as those drawn by
curiosity wishing to improve their understanding of these fascinating and
diverse compounds.

xi
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Chapter 1

A Plethora of Polyketides: Structures, Biological
Activities, and Enzymes

Scott R. Baerson and Agnes M. Rimando

Natural Products Utilization Research Unit, Agricultural Research Service,
U.S. Department of Agriculture, P.O. Box 8048,
University, MS 38677

Polyketides represent a family of highly structurally diverse
compounds, all produced via iterative decarboxylative
condensations of starter and extender units, analogous to the
biosynthesis of fatty acids. Polyketides have been shown to
play important roles in the life cycles of producing organisms,
as well as serving as chemical defense agents. Because a large
number of polyketide-derived compounds are biologically
active, they have also provided the basis for many important
pharmaceuticals of enormous commercial and therapeutic
value. Furthermore, the genetic and mechanistic diversity of
polyketide synthase enzyme complexes involved in their
biosynthesis in different organisms almost rivals the
complexity of the molecules themselves. In this chapter, a
brief overview is provided on these major subject areas, to
serve as an entry point for readers exploring the subsequent
chapters in this proceedings volume.

2 U.S. government work. Published 2007 American Chemical Society.
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Introduction

In their simplest form, polyketides are natural compounds containing
alternating carbonyl and methylene groups (‘B-polyketones’). The biosynthesis
of polyketides begins with the condensation of a starter unit (typically, acetyl-
CoA or propionyl-CoA) with an extender unit (commonly malonyl-CoA or
methylmalonyl-CoA, followed by decarboxylation of the extender unit (/, 2)
(Fig. 1). Repetitive decarboxylative condensations result in lengthening of the
polyketide carbon chain, and additional modifications such as ketoreduction,
dehydratation, and enoylreduction may also occur (discussed below).

SRS G P § S
5o %

Starter unit  Extender unit

Figure 1. General condensation reaction in polyketide biosynthesis. The starter
units are attached to thiol groups of the ketosynthase (KS), and extender units to
thiol groups of either acyl carrier protein or acetyl coenzyme A (X).

Although the majority of polyketides are apparently produced by microbes
(both bacteria and fungi), polyketides and their derivatives are ubiquitous, and
are also produced by a host of other organisms including plants (e.g.,
flavonoids), insects (e.g., hydroxyacetophenones), mollusks (e.g., haminols),
sponges (e.g., mycothiazole), algae (e.g., bromoallene acetogenins), lichens (e.g.,
usnic acid), and crinoids (e.g., polyhydroxyanthraquinones). Overall, polyketides
represent the largest class of natural products and the most diverse in structure
and function. Different classes of compounds have been grouped on the basis of
common structural features, however due to their immense diversity, a unified
classification scheme has yet to emerge. One major distinction that has been
drawn is between those compounds derived from unreduced polyketone chains
that are largely aromatic, and those in which the carbonyl functionalities are
mostly reduced (3).

As a result of their intensive investigation over many years, polyketides and
their derivatives have taken center stage in the quest for new antibiotics and
therapeutic agents.  Approximately 1% of the 5,000 to 10,000 known
polyketides possess drug activity (4), and polyketides comprise 20% of the top-
selling pharmaceuticals with combined worldwide revenues of over USD 18
billion per year (3). Some important examples include antibiotics such as
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tetracycline, erythromycin, nystatin, avermectin, and spiramycin, the anticancer
agent doxorubicin, the hypocholesterolemic agent lovastatin, and the
immunosuppressant rapamycin (Fig. 2). In addition, polyketide-derivatives such
as the insecticide spinosyn A have proven useful to agricultural pest management
control programs. It should also be noted, while a large percentage of
polyketides do have medicinal or commercial value, a significant number,
particularly the mycotoxins (e.g., fumonisins and aflatoxins), pose severe
hazards to animal and human health (35, 6, 7).

Biological Roles of Polyketide-Derived Compounds

The exact role for many polyketides in the life cycle of producing organisms
are not known, however a large number appear to primarily serve as a means of
chemical defense, conferring a competitive advantage to the producer (8).
Interestingly, several cases of polyketides serving as anti-feedants have been
documented. For example, polyketide sulfates of the crinoids Comatula
pectinata and Comanthera perplexa provide a feeding deterrent to fish and
prevent predation of these organisms (9). Likewise, toxic acetogenins produced
by the American paw paw tree, Asimina triloba, provide a general deterrence to
herbivores, and their accumulation in the larvae and adults of the Zebra
swallowtail butterfly (Eurytides marcellus) which feed on A. triloba, protects
them in turn from predation by birds (10).

One interesting class of polyketide-derived compounds, the stilbenes, are
phenolic phytoalexins shown to play an important role in defense against fungal
pathogens. The stilbene resveratrol has been the focus of genetic engineering
experiments in a variety of plant species, including papaya, alfalfa, and wheat,
where its engineered production has led to increased resistance against specific
fungal pathogens (71, 12, 13). Plants can also produce polyketide-derived
chemicals that suppress the growth of other plant species, a phenomenon known
as allelopathy. One such compound, sorgoleone, is related to a family of plant-
specific phenolic lipids and constitutes the major phytotoxic constituent exuded
from the roots of Sorghum bicolor (14). Sorgoleone likely accounts for much of
the allelopathy of root exudates produced by grain sorghum, which is considered
an agronomically important characteristic for reducing the potential for weed
infestations in cropping systems (/5).

In addition to serving as chemical defense agents, polyketides also play
essential roles in the growth and development of different organisms. For
example, volatile bicyclic acetals from caddisflies serve as important intra- and
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Figure 2. Representative polyketides with medicinal and pesticidal properties.
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interspecific chemical communication signals (/6). Dictyostelium spp. utilize
polyketides as differentiation-inducing signaling factors during development,
and recently a new prespore cell differentiation inducing factor (PSI-2), as well
as two stalk cell differentiation factors (DIF-6 and DIF-7) have been identified
(/7). In plants, anthocyanins are polyketide-derived pigments responsible for
many of the colors found in flowers and fruits, which serve as attractants for
pollinators, UV protectants, as well as fulfilling several other important
biological roles (/8). Polyketides also contribute to fragrances associated with
specific plants species, such as the polyketide p-hydroxyphenylbut-2-one, which
provides the characteristic aroma of ripe raspberry fruits and serves as an
additional attractant for pollinators (79).

The Biosynthesis of Polyketides

The wvariation in the organization and function of genes encoding
components of polyketide synthase (PKS) enzyme complexes are nearly as
diverse as the compounds they produce. While basic classification schemes have
emerged in recent years (e.g., 20), specific cases are frequently discovered which
underscore the difficulty in assigning categorizations to this family of enzymes
(21). Nevertheless, at a minimum all PKS enzymes possess a B-keto synthase
activity which catalyzes the formation of a polyketide intermediate via repeated
decarboxylative condensation reactions, analogous to the chain elongation
reactions performed by fatty acid synthase (FAS) enzymes. In contrast with fatty
acid synthesis however, where the condensation reaction is followed by
consecutive keto reduction, dehydration and enoyl reduction, polyketide
synthases can lack some or all of these reduction or dehydration activities (Fig.
3). Thus, PKS intermediates may possess unreduced keto groups within the
nascent chain, hydroxyl groups formed by ketoreductase activity, double bonds
due to dehydratase activity, or fully reduced alkyl functions via enoylreductase
activity. In this respect, the simplest polyketide synthases and fatty acid
synthases represent opposite ends of an enzymatic spectrum, producing products
possessing keto groups on alternating carbon atoms (unreduced polyketides) at
one end, and saturated fatty acids at the other (27).

Additional complexity occurs at the level of the ‘starter’ and ‘extender’ units
used for constructing the polyketide scaffold, where the typically 2-4 carbon
building blocks such as acetyl-, malonyl-, and propionyl-CoA are selectively
used by different PKSs, thus increasing the repertoire of potential products
formed. For example, results obtained from work with plant enzymes have
shown that larger and more complex ‘starter’ units such as phenylpropanoid- as
well as fatty acyl-CoAs can also serve as efficient substrates (22, 23, 24).

Further variation in product complexity occurs due to differences in the
number of condensation steps performed, enzyme stereospecificity, as well as
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Figure 3. Relationship between polyketide and fatty acid biosynthesis. The
simplest (‘minimal’) PKSs possess ketosynthase activity and produce linear
polyketide products. In contrast, FASs also catalyze successive ketoreduction-
dehydration-enoyl reduction reactions following each condensation. Diverse

PKSs may perform none, part, or all of this reductive sequence. KS,

ketosynthase; KR, ketoreductase; DH, dehydratase; ER, enoyl reductase.
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different chain termination mechanisms which include alternative intramolecular
cyclization reactions (20, 25). As is apparent from this list of variables, PKSs
represent a complex and widely divergent family of enzymes, thus one can
readily envision their involvement in the biosynthesis of the vast array of
polyketide-derived structures found in nature.

Three major themes broadly describe the organization of polyketide
synthases from diverse organisms, based in part on the well-established
paradigms for FAS complexes (Fig. 4). Type I and type II PKSs are structurally
analogous to the type I FASs found in fungi, animals, and certain
monocotyledonous plants, and the type II FASs associated with bacteria and all
plant species, respectively (21, 26). Moreover, it is highly likely that the type I
and II PKSs are evolutionarily related to their type I and II FAS counterparts.
For example, recent phylogenetic studies focusing on the more highly conserved
keto synthase domain sequences of bacterial PKSs have demonstrated the
common evolutionary history for these enzymes, and further suggest that
evolution of type I PKSs has occurred largely through multiple gene duplication,
gene loss, and horizontal transfer events from a common ancestor (e.g., 27).
This relationship is perhaps self-evident, given that the boundaries for active site
domains within type I PKSs were initially determined based on primary
sequence comparisons with their animal FAS counterparts (reviewed in 3).

Type HII polyketide synthases represent an evolutionarily distinct sub-type,
and are less structurally and catalytically complex than the type I and II enzymes.
In general, the type III enzymes have no significant similarity at the primary
sequence level to either FAS or other PKS sub-types, and likely arose via an
entirely distinct evolutionary path (24). Initially, type III PKSs were designated
as ‘plant-specific’, however in more recent years type III synthases have also
been characterized from bacteria (e.g., 28). Additionally, the presence of related
sequences identified within the sequenced genomes of numerous bacterial
species strongly suggests that the ‘blueprint’ for type III enzymes pre-dates their
adaptation for use by land plants (24, 25).

In the following paragraphs a brief overview of some of the basic features of
each PKS type is provided, however those seeking more detailed information
concerning these enzymes are encouraged to consult the many excellent review
articles available (e.g., 20, 24, 25, 29-31).

Type I Polyketide Synthases
As mentioned, the genetic organization of type I PKSs parallels that of type

I FAS enzyme complexes, in that these multimeric complexes are comprised of
large, multifunctional subunits possessing all of the active sites required for
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Type | (erythromycin A):
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Figure 4. Organization of representative type I, 11, and Il polyketide synthases.
Upper: modular arrangement of DEBSI1,2,3 subunits; Center: orientation and
arrangement of open reading frames in actinorhodin gene cluster; Lower:
chalcone synthase subunit. AT, acyltransferase; ACP, acyl carrier protein; KS,
ketosynthase; KR, ketoreductase; DH, dehydratase; ER, enoyl reductase; TE,
thioesterase; TA, tailoring enzyme; R/T, regulatory/transport related; AR,
aromatase; CY, cyclase.

polyketide biosynthesis within discrete catalytic domains (Fig. 4). Type I PKSs
can act in either a processive (similar to type I FASs), or noniterative manner. -
One particularly intriguing class of noniterative type 1 PKSs are referred to as
‘modular’ PKSs (20), which posses multiple catalytic domains (active sites)
organized into ‘modules’, and each enzyme subunit may be comprised of several
modules.

Modular polyketide synthases synthesize nascent polyketide scaffolds in an
assembly line-like process, with each module participating in a single round of
chain elongation and modification. At a minimum, all modules posses a -keto
synthase catalytic domain, an acyl transferase domain, and an acyl carrier protein
domain. In general, specialized modules exist at the N-terminus of specific
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subunits to facilitate starter molecule loading (‘loading modules’) possessing
additional acyltransferase and acyl carrier protein domains, as well as
thioesterase domains associated with the last module to facilitate product
offloading (Fig. 4). The modular type I PKS complexes can also attain an
astonishing level of complexity - for example one constituent polypeptide
(MLSA1) associated with the type I PKS from Mycobacterium ulcerans
involved in the biosynthesis of the macrolide toxin mycolactone contains 9
modules, more than 50 discrete catalytic domains, and has a mass exceeding 2
megadaltons (32). Perhaps the most extensively characterized type I PKS is the
modular 6-deoxyerythronolide B synthase from Saccharopolyspora erythraea,
responsible for the biosynthesis of the aglycone core of the clinically important
macrolide antibiotic erythromyacin A (33). The heteromultimeric 6-
deoxyerythronolide B synthase (DEBS) complex is comprised of three
approximately 350 kDa subunits (designated DEBSI, 2, and 3), each possessing
two modules, some of which contain additional ketoreductase, enoylreductase, or
dehydratase catalytic domains (Fig. 4). Once released from the complex by
thioesterase, the product 6-deoxyerythronolide B is subsequently modified by
tailoring enzymes to yield the final macrolide antibiotic structure.

Type II Polyketide Synthases

Type II polyketide synthases, also referred to as bacterial aromatic
polyketide synthases (23) are involved in the biosynthesis of a number of
clinically important bacterial aromatic polyketides products exhibiting antitumor
or antibiotic activity, such as doxorubicin and oxytetracycline. As mentioned,
type II synthases are evolutionarily and structurally related to type II FASs,
which occurr as heteromultimeric complexes. In contrast to type I synthases
however, where multiple catalytic sites occur within a given subunit, the
polypeptides associated with type II synthase complexes are typically
monofunctional and dissociable (20, 30).

Type II PKS complexes are comprised at a minimum of four types of
subunits encoded by discrete open reading frames: acyl carrier protein,
ketosynthase a, ketosynthase B (also referred to as ‘chain length factor’), and a
malonyl-CoA acyltransferase responsible for loading acyl-CoA extender units on
to the acyl carrier protein subunit (34; Fig. 4). Additional subunits containing
ketoreductase, cyclase, or aromatase activity may also occur in more complex
type II synthases. Typically, the four core subunits (acyl carrier protein,
ketosynthase a, ketosynthase B, and malonyl-CoA acyltransferase) participate in
the iterative series of condensation reactions until a specified polyketide chain
length is achieved, then folding and cyclization reactions yielding the final
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aromatic polyketide products are catalyzed by the associated aromatase and
cyclase activities.

Interestingly, although hundreds of different bacterially-derived aromatic
polyketide products have been identified to date, all correspond to a limited
number of basic structural themes, as post-PKS tailoring activities involved in
modifications such as methylation, glycosylation, oxidation, and reduction are
apparently responsible for much of the structural diversity observed for this class
of polyketides (35). The fact that most of the type II PKS subunits, post-PKS
tailoring enzymes, host resistance factors, and regulatory proteins associated
with a given polyketide biosynthetic pathway are typically encoded within
tightly-linked biosynthetic gene clusters has greatly facilitated their cloning and
subsequent functional characterization (37). One of the more extensively studied
biosynthetic pathways involving a type II PKS is that of the aromatic
benzoisochromanequinone antibiotic, actinorhodin, produced by Streptomyces
coelicolor (Fig. 4). The gene cluster for actinorhodin spans an approximately 22
kb chromosomal region, and contains 22 open reading frames encoding the
various pathway-associated functions, organized within a series of mono- and
polycistronic operons (36-38).

Type III Polyketide Synthases

Type III polyketide synthases are responsible for the biosynthesis of a vast
number of plant-derived natural products, including flavonoids derived from the
important branch metabolite 4°,2°,4°,6’-tetrahydroxychalcone, the product of the
enzyme chalcone synthase (39). Because chalcone synthase was the first type III
enzyme discovered, and a second flavonoid pathway type III enzyme, stilbene
synthase, was discovered shortly thereafter, type III PKSs are also collectively
referred to as the ‘chalcone synthase/stilbene synthase superfamily’ of enzymes
(24, 25).

The type III plant and bacterial synthases feature the least complex
architecture among the three PKS types, occurring as comparatively small
homodimers possessing subunits between 40-45 kDa in size. As in the case for
type II enzymes, type III PKSs catalyze iterative decarboxylative condensation
reactions typically using malonyl-CoA extender units, however in contrast to
type II synthases, the subsequent cyclization and aromatization of the nascent
polyketide chains occurs within the same enzyme active site (25). Also unique
to this family of PKSs, free CoA thioesters are used directly as substrates (both
starter an extender units) without the involvement of acyl carrier proteins.
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Type III synthases, as a whole, employ a wider spectrum of physiological
starter molecules than their type I and II counterparts, including a variety of
aromatic and aliphatic CoA esters such as coumaryl-CoA, methyl-anthraniloyl-
CoA, as well as the recently identified medium- and long-chain fatty acyl-CoA
ester starters used by certain bacterial and plant type III enzymes involved in the
biosynthesis of phenolic lipids (22, 24, Cook et al., unpublished results). The
most extensively studied type III enzyme, chalcone synthase (Fig. 4), uses 4-
coumaryl-CoA as the starter unit and catalyzes three successive condensation
reactions with malonyl-CoA as the extender. Cyclization and aromatization of
the linear tetraketide intermediate is performed within the same active site,
yielding the final product 4°,2° 4°,6’-tetrahydroxychalcone.

Conclusions

The importance of polyketides in nature and medicine has fueled an
intensive effort to gain further understanding of their biological properties, and
of the genetic and biochemical mechanisms underlying their biosynthesis.
Current screening efforts ongoing in both the private and public research sectors
to exploit natural biodiversity will undoubtedly result in the discovery of many
new commercially valuable polyketide-derived compounds. Moreover, recent
progress in understanding the genetic organization and catalytic mechanisms
employed by the corresponding biosynthetic enzymes have created new tools
with which to generate novel polyketide structures that would be difficult, if not
impossible to synthesize directly. In addition, recent scientific breakthroughs in
high-throughput sequence analysis, bioinformatics, and metabolomics will
further accelerate the discovery of new enzymes and compounds in this field,
which will likely remain at the forefront of natural products research in the years
to come.
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Chapter 2
Hygromycin A Biosynthesis

Nadaraj Palaniappan and Kevin A. Reynolds

Department of Chemistry, Portland State University, P.O. Box 751,
Portland, OR 97207-0751

Hygromycin A, an antibiotic produced by Streptomyces
hygroscopicus, is an inhibitor of the bacterial ribosomal
peptidyl transferase. The antibiotic binds to ribosome in a
distinct but overlapping manner with other antibiotics, and
offers a different template for generation of new agents
effective against multidrug-resistant pathogens. Reported
herein are the results from a series of stable isotope
incorporation studies which have demonstrated the
biosynthetic origins of the three distinct structural moieties
which compromise hygromycin A. The 31.5 kb hygromycin A
biosynthetic gene cluster has been identified, cloned and
sequenced. It contains 29 genes whose predicted products can
be ascribed roles in hygromycin A biosynthesis, regulation,
and resistance. A series of gene deletion studies have been
carried out, and provided both intermediates in the
biosynthetic =~ pathway and a new analog, 5"-
dihydrohygromycin A. The convergent biosynthetic pathway
established for hygromycin A offers significant versatility for
applying the techniques of combinatorial biosynthesis and
mutasynthesis to produce new antibiotics which target the
ribosomal peptidyl transferase activity.
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Introduction

Hygromycin A [1] (Figure 1) was first isolated in 1953 from the
fermentation broth of several strains of Streptomyces hygroscopicus (1). In
addition to several streptomycetes strains, the biosynthesis of hygromycin A was
also noted in Corynebacterium equi (2). Initial reports indicated that hygromycin
A possessed a relatively broad spectrum of activity against gram-positive and
gram-negative bacteria (/, 3). Almost three decades later, Guerrero and Modolell
demonstrated that the mode of action was inhibition of the ribosomal peptidyl
transferase activity. Early studies also demonstrated that hygromycin A blocked
the binding of either chloramphenicol or lincomycin to the ribosomes (4), and
bound more tightly than chloramphenical. More recent footprinting experiments
have shown that macrolides only block binding of hygromycin A to the ribosome
if they contain a mycarose unit (5). Crystallographic evidence indicates that in
such macrolides, the C5-disaccharide group extends from the polypeptide exit
channel into peptidyl transferase center (6). Hygromycin A thus offers a distinct
carbon skeleton and binding mode from other antibiotics that target the bacterial
ribosome. As such, it represents a promising starting point for generating new
antibiotics to treat infections with drug resistant pathogens.

Recently, hygromycin A has gained renewed interest due to its
hemagglutination inactivation activity (7) and high antitreponemal activity (8)
which has led to the possible application of hygromycin A-related compounds
for the treatment of swine dysentery, a severe mucohemorrhagic disease thought
to be caused by Serpulina (Treponema) hyodysenteria (8, 9). Hygromycin A has
also been reported to possess an immunosuppressant activity in the mixed poor
lymphocyte reaction, but does not work via suppression of interleukin 2
production (/0). Most recently, methoxyhygromycin A [2] (Figure 1), an analog
of hygromycin A produced in the same fermentation broth (7), has been shown
to have herbicidal activity and has led to the suggestion that it could be
developed as a biological agent for weed control (/7).

Biosynthesis of Hygromycin A

Chemical Structure

Hygromycin A [1] is classified chemically as a member of the
aminocyclitols antibiotic family represented by streptomycin and kanamycin. Its
structure determined by degradation and spectral analyses, (/2, 13) revealed that
it consists of three unusual moieties, namely 5-dehydro-o-L-fucofuranose, (£)-3-
(3,4-dihydroxyphenyl)-2-methylacrylic acid, and an aminocyclitol (2L-2-amino-
2-deoxy-4,5-O-methylene-neo-inositol). = The  5-dehydro-a-L-fucofuranose
moiety is attached by a glycosidic linkage of the 4-hydroxy position of (E)-3-
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(3,4-dihydroxyphenyl)-2-methylacrylic acid, whereas the aminocyclitol moiety is
linked by an amide bond to the acid.

In mid 1980s, the potential effectiveness of hygromycin A in controlling
swine dysentery, a severe mucohemorrhagic disease common in the swine
industry, led to a renewed interest in this class of compounds (7, 8, 14), and
semi-synthetic and synthetic programs based on hygromycin A and its biological
properties (/4-16). This work led to the production of over 100 analogs and the
determination of their biological activities, both in terms of minimum inhibitory
concentrations (MICs) for S. hyosodysenteriae and their ability to inhibit protein
synthesis in an E. coli cell-extract. The resulting structure-activity relationship
(SAR) revealed that the unique aminocyclitol moiety is an important component
for antibacterial activity, while the 5-dehydro-a-L-fucofuranose moiety is not
essential and can be replaced with a hydrophobic allyl group. Reduction in
antibacterial activity was also observed following replacement of the methyl
group of (E)-3-(3,4-dihydroxyphenyl)-2-methylacrylic acid with a propyl, allyl,
or hydrogen moiety (74, 17). For the most part, these structural analogs were
generated by a semi-synthetic method using hygromycin A as a starting point.
The total synthesis of hygromycin A and C2”epi-hygromycin A has also been
reported (15, 18). Several multi-step syntheses of 2L-2-amino-2-deoxy-4,5-O-
methylene-neo-inositol have also been reported (7/9). The most recent synthesis
was enantioselective, and was accomplished in 14 steps with an overall yield of
12 % (20).

In our work, we have been interested in the biosynthetic origins of
hygromycin A, and in developing a complementary approach to synthetic efforts
by engineering the production of hygromycin A analogs in Streptomyces
hygroscopicus.

Biosynthesis of the 5-dehydro-o-L-fucofuranose Moiety

The stereochemical configuration at the C2”’position of hygromycin A
indicates that mannose, rather than glucose is the more immediate precursor of
the 5-dehydro-a-L-fucofuranose-derived moiety. NMR analyses, based on a
feeding study using [1-C] mannose, have shown a specific 3-fold enrichment at
C1”’ (103.7 ppm) of hygromycin A (Figure 2) (21). Furthermore, no labeling
was noted for the aminocyclitol moiety of hygromycin A from mannose. The
aminocyclitol moiety is, however, efficiently labeled from [1,2-"C,]-D-glucose.
These results indicate that, under these experimental conditions, the carbon flux
is from glucose towards mannose. Consistent with this hypothesis, 1% intact
incorporation of C-1” and C-2” from [1,2-°C,] -D- glucose clearly indicated that
the labeling of 5-dehydro-a-L-fucofuranose moiety is consistent with a pathway
in which glucose is converted via primary metabolism to mannose-1-phosphate
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(21). In subsequent steps this intermediate is likely converted to an activated
nucleoside-diphosphate, (NDP)-mannose, followed by dehydration to generate
an NDP-4-keto-6-deoxy-D-mannose, a reaction catalyzed by GDP-D-mannose-
4,6-dehydratase (MDH). This intermediate would then be converted to GDP-L-
fucose by an NDP-L-fucose synthetase, which catalyzes epimerization at the C-3
and C-5 positions of the hexose ring and an NADPH-dependent reduction at the
C-4 position (22, 23). In the proposed pathway (Figure 2), conversion of the
NDP-L-fucose (a pyranose) to the furanose, and oxidation of the 5-keto group
would provide the activated 5-dehydro-o-L-fucofuranose for attachment to the
C4 hydroxyl of (E)-3-(3,4-dihydroxyphenyl)-2-methylacrylic acid-derived
moiety of hygromycin A.

The mutase responsible for the ring contraction of NDP-L-fucose likely
follows the mechanism established for the primary metabolic enzyme, UDP-
galactopyranomutase (24, 25). To the best of our knowledge, no rearrangements
of this type have been reported previously for antibiotic biosynthetic pathways.
Similarly, the antibiotic A201A (Figure 1), with significant structural similarities
to hygromycin A, contains a moiety that is likely derived from 5-keto-D-arabino-
hexofuranose. No biosynthetic experiments have been reported for the antibiotic
A201A, but it is likely that this moiety is also derived from NDP-mannose in a
pathway involving a similar ring contraction and oxidation at C5. The details of
the multi-step conversion of the probable precursor mannose to the S-keto-D-
arabino-hexofuranose moiety for this antibiotic still remain unclear.
Furthermore, obvious gene candidates potentially encoding proteins capable of
catalyzing this ring contraction could not be identified within either the partial
sequence data available for the gene cluster of antibiotic A201A, or within the
hygromycin A biosynthetic gene cluster.

Biosynthesis of the Aminocyclitol Moiety

It has previously been proposed that the unusual aminocyclitol of
hygromycin A is formed via a pathway which involves myo-inositol as an
intermediate (26). A related pathway has been characterized for the scyllo-
inosamine-derived moiety of streptomycin (27). In the latter case, oxidation of
the C2 hydroxyl of myo-inositol (derived from C5 of glucose), and subsequent
transamination (catalyzed by L-glutamine: scyllo-inosose amino transferase) (27)
yields scyllo-inosamine. A similar process occurring at the C5 position of myo-
inositol (derived from C2 of glucose) would be predicted to generate neo-
inosamine-2 (Figure 2). Feeding studies using [1,2-'°C,]-D-glucose have
previously demonstrated clear and unequivocal labeling at the C1 (71.6 ppm)
and C2 positions (50.7 ppm) of hygromycin A (27). Labeling of the
aminocyclitol portion of hygromcyin A is consistent with a pathway in which
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glucose is converted to glucose-6-phosphate, and then to 1L-myo-inositol-
phosphate by 1L-myo-inositol-1-phosphate synthase (28). Dephosphorylation of
this moiety by 1L-myo-inositol-1-phosphatase would generate myo-inositol,
which could be converted to neo-inosamine-2 via an oxidation and
aminotransferase step at the C-5 position, differing from the well-established
scyllo-inosamine pathways for streptomycin antibiotics (27, 29). Consistent with
this proposal, there was no detectable labeling at the C5 or C6 position of the
aminocyclitol moiety that would be contributed by the divergent pathways
leading from myo-inositol to neo-inosamine-2 and scyllo-inosamine (27). A low
level of intact labeling (J 44.8 Hz) (0.2%) at C3 (72.6 ppm) and C4 (78.2 ppm)
of hygromycin A was however noted in the biosynthetic experiment, suggesting
that an alternative process or pathway must contribute, albeit to a lesser degree,
to the formation of neo-inosamine-2 from glucose.

In the same biosynthetic experiment, the origin of the methylene group that
bridges the C4 and C5 hydroxy! groups in hygromycin A was investigated by a
feeding study with [methyl-">C}-L-methionine (2/). The PC NMR analysis of
the resulting hygromycin A revealed a single 25-fold enrichment for the
methylene bridge of aminocyclitol, consistent with the involvement of S-
adenosylmethionine in the generation of this moiety. It remains to be determined
at which stage during biosynthesis the methylene group is introduced onto the
aminocyclito] ring.

Biosynthesis of the (E)-3-(3,4-dihydroxyphenyl)-2-methylacrylic Acid
Moiety

Hygromycin A and A201A (Figure 1) share some common structural
features, particularly within the central portion of these molecules. In the
structurally-related puromycin, the a-methyl substituent of this central unit is
replaced with an amine, and it has been proposed that this moiety is derived from
tyrosine (30). Despite these structural similarities, it has become clear that a
more complex process must provide the moieties for hygromycin A and A201A.
Feeding studies using [3-"’C]tyrosine, [3-"*C]phenylalanine, and [carboxy-
BClbenzoic acid clearly demonstrated that these compounds were not precursors
for the (E)-3-(3,4-dihydroxyphenyl)-2-methylacrylic acid moiety of hygromycin
A. However, a similar feeding experiment with [carboxy-"C]-4-hydroxybenzoic
acid showed a specific incorporation of 6% at the C3’ position of hygromycin A,
suggesting its involvement in the biosynthesis of this moiety (21). In addition, a
feeding study with [2,3-°C,]propionate led to 1% intact incorporation of °C
label at both the C2’ and the C2’ methyl positions of hygromycin A. Conversely,
no incorporation at the C2° methyl position of hygromycin A was observed in
the methionine incorporation experiment, ruling out an S-adenosylmethionine-
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dependent methylation process. These observations suggested a polyketide
synthase-type decarboxylative condensation between a 4-hydroxybenzoyl-CoA
or 3,4-dihydroxylbenzoyl-CoA starter unit, which is elongated by a
methylmalonyl CoA-derived extender unit to generate a 3-ketoacyl thioester
product. Further processing by an 3-ketoacyl thioester reductase and a 3-
hydroxyacyl thioester dehydratase would then yield the (E)-3-(3,4-
dihydroxyphenyl)-2-methylacrylic acid moiety of hygromycin A (Figure 2) (21).
Consistent with this proposed biosynthetic pathway, our analysis of the
hygromycin A biosynthetic gene cluster (see below) and of the published A201A
antibiotic gene cluster revealed gene products which can clearly be assigned to
individual roles in this biosynthetic process. Included in the hygromycin
biosynthetic gene cluster is /yg2, which encodes a protein with homology to 4-
hydroxybenzoate hydroxylase and which is tentatively assigned a role in the
formation of 3,4-dihydroxybenzoic acid (Figure 2). It is not clear if the
hydroxylation occurs directly with 4-hydroxybenzoic acid or at a later step in the
biosynthesis of the (E)-3-(3,4-dihydroxyphenyl)-2-methylacrylic acid moiety.
This hydroxylation is not required in antibiotic A201A biosynthesis, and our
analysis revealed that there is no 4yg2 homolog encoded by the corresponding
biosynthetic gene cluster.

Overall, this set of biosynthetic studies clearly demonstrated mannose,
glucose, 4-hydroxybenzoic acid, propionate, and methionine as precursors for
the assembly of the three unique structural moieties of hygromycin A. These
moieties are likely predominantly assembled as separate entities, and then linked
using an amide synthetase and glycosyl transferase. Such a convergent
biosynthetic route offers tremendous potential for structural modification via the
techniques of mutasynthesis and combinatorial biosynthesis. In a step towards
this direction, we have cloned and sequenced the biosynthetic gene cluster which
is responsible for the production of hygromycin A in S. hygroscopicus NRRL
2388.

Hygromycin A Biosynthetic Gene Cluster

A number of different approaches for identifying the hygromycin A
biosynthetic gene cluster were considered. At the time this project was initiated,
a partial sequence of the antibiotic A201A biosynthetic gene cluster had been
reported (37). However, this analysis showed only the ardl and ard? resistance
determinants, and the ataP3, ataP5, ataP4 and ataP7 open reading frames,
which were likely involved in the formation of the N N®-dimethyl-3’-amino-3’-
deoxyadenosine moiety, which is not present in hygromycin A (a partial
sequence of the ataPKS1 gene was also reported). Thus we took a different
approach using a PCR-based method to identify a gene encoding a putative
NDP-mannose 4,6-dehydratase (MDH), which we predicted would be required
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for the committed step of the pathway generating the 5-dehydro-o-L-
fucofuranose moiety. Genes encoding proteins with homology to MDH have
been identified in the nystatin, candicidin, and other antibiotic biosynthetic gene
clusters (3/-33). A blast search for similar genes in the genome sequences of S.
coelicolor A3(2)(34) and S. avermitilis MA-4680 (35) failed to identify
sequences with significant homology to MDH, suggesting that this approach
would be selective.

Accordingly, a pair of degenerate primers based on highly conserved motifs,
identified by creating an alignment of predicted MDHs, was used to amplify a
portion of hyg5S from genomic DNA of the hygromycin A producer S.
hygroscipicus NRRL 2388. Sequencing confirmed that the PCR product
encoded a protein with homology to putative MDH enzymes. The partial hyg5
fragment was then used to screen a cosmid library of S. hygrocospicus NRRL
2388 to isolate the hygromycin A biosynthetic gene cluster. By the above
approach, a 31.5 kb genomic DNA region covering the hygromycin A
biosynthetic gene cluster (hyg) was identified. Analysis of the gene cluster
revealed 29 ORFs, putatively involved in hygromycin A resistance, as well as the
regulation and biosynthesis of the three key moieties of hygromycin A (Figure 2
and 3B). After this work had been completed, more sequence data from the
antibiotic A201A biosynthetic gene cluster became available (accession number:
X84374). Comparison of the two clusters revealed that there are 15 putative
ORFs within the Ayg gene cluster with homologs in the antibiotic A201A gene
cluster (Table 1 and Figure 3). As shown in Figure 2, putative homologs for the
hyg gene products predicted to be involved in the biosynthesis of the central (E)-
3-(3,4-dihydroxyphenyl)-2-methylacrylic acid moiety, are found in the A201A
gene cluster (Table 1). As mentioned, the exception is the absence of a hyg2
homolog, consistent with the structural differences between the central cores of
hygromycin A and A201A. There are also homologs of hygl9, hyg2l, and
hyg29 in the A201A gene cluster, which are predicted to be involved in
antibiotic resistance. The hyg2! gene product is predicted to be a
phosphotransferase, and has 56% identity at the amino acid level with the ard2
gene product from the A201A cluster. It has been shown that Ard2 protein
catalyzes an ATP-dependent phosphorylation of the C2 hydroxyl group in the
furanose moiety of A201A, thereby inactivating the antibiotic (36). Hyg21 may
provide resistance to hygromycin A by a similar mechanism.

Of particular interest to us is the 3-ketoacyl ACP synthetase homolog which
we have assigned a role in catalyzing the condensation of 3,4-hydroxybenzoyl
CoA with methylmalonyl ACP, the critical elongation step in the biosynthesis of
the central hygromycin core. Hygl0 (and the AtaPKS3 homolog from the
antibiotic A201A cluster) encodes a f-ketoacyl synthase (KS) with low
homology to discrete KS proteins in type II PKSs, but not KS domains in
modular type I PKSs. A phylogenetic analysis with known p-ketoacyl synthases
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revealed that Hygl0 and AtaPKS3 form a separate cluster from type II PKSs,
bacterial and plant type III PKSs, and the KAS 1 nodulation protein (Figure 4).
This observation suggested that the p-ketoacyl synthases of the #yg and A201A
gene clusters might represent a unique family of KS proteins. A multiple
sequence alignment of the predicted Hygl10 and AtaPKS3 with type I PKS KS
proteins, led to the same conclusion. This analysis revealed the presence of the
two highly conserved active site histidines (37), which are presumably required
for catalyzing the methylmalonyl ACP decarboxylation. ~However, in both
Hyg10 and AtaPKS3 a serine residue is observed in place of a highly conserved
nucleophilic cysteine residue (required for formation of the acyl thioester
intermediate in the catalytic cycle of these enzymes). While serine acts as a
nucleophile in generating enzyme bound acyl ester intermediates for
acyltransferases, we are unaware of such a role for KS proteins or domains. The
hygl] gene product exhibited 48% identity to araPKS4 in the antibiotic A201A
gene cluster, and very low amino acid identity to several putative type II KS
proteins found in the NCBI non-redundant peptide sequence database
(http://ncbi.nlm.nih.gov). The highly conserved catalytic triad of KS proteins
and domains was not observed in either Hygll or A201A, thus no clear role
could be assigned based on this sequence analysis.

Production of 5"'-dihydrohygromycin Analogues
A genetic experiment was used to confirm that the hyg biosynthetic gene

cluster is responsible for hygromycin A biosynthesis. Allelic replacement of the

Table 1. Comparison of homologous genes from the hygromycin A
and A201A antibiotic gene clusters

Hyg A2014 Proposed function Homologous Identity/ Accession
gene gene protein similarity (%) Number
hyg5  awl2 Mannose dehydratase Atal2 45/58 CAD27644
hyg6 atall Methyltransferase Atall 31/42 CAD62205
hyg9  ataPKS2  ACP AtaPKS2 34/55 CAD62191
hygl0  ataPKS3  3-ketoacyl ACP synthase AtaPKS3 54/64 CAD62192
hygll  ataPKS4  Unknown Ata9PKS4  48/59 CAD62193
hygl2  atal8 CoA-ligase Atal8 48/61 CAD62194
hygl3  atal9 ACP Atal9 43/64 CAD62195
hygl4  ata2 3-ketoacyl ACP dehydratase  Ata2 43/59 CAD62196
hygl5  ata4 3-ketoacyl ACP reductase Ata4 54/67 CAD62198
hygl6 atad Glycosyltranferase Ata$ 63/74 CAD62199
hygl9 a9 Transmembrane protein Ata9 50/63 CAD62203
hyg20  atal6 Transglucosylase Atal6 60/71 CADG62189
hyg2!  ard2 Phosphotranseferase Ard2 56/66 CADG62197
hyg22  ataPKS]  Acyltransferase AtaPKS 45/52 CAD27643
hyg29  ardl ABC transporter Ardl 78/86 CAA59109
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hyg26 gene in S. hygroscopicus by the aac(3)IV resistance marker (conferring
apramycin resistance) and oriT led to the SCH30 mutant. Hyg26, which has
homology to a family of short-chain dehydrogenases, is proposed to catalyze the
final step in the biosynthetic pathway of the 5-dehydro-o-L-fucofuranose moiety
by oxidation of NDP-L-fucofuranose (Figure 2). The SCH30 mutant makes 5”-
dihydrohygromycin products, consistent with the role assigned to Hyg26. As
shown in Figure SA, the HPLC analyses of S. hygroscopicus NRRL 2388 clearly
reveals the presence of hygromycin A (1) and methoxyhygromycin A (2) (the 5”
epimeric forms of these two compounds appear as smaller shoulder peaks at a
slightly earlier retention time). Production levels under the fermentation
conditions used were typically 350 mg/L of methoxyhygromycin A, and 880
mg/L of hygromycin A. In contrast to the wild type strain, the SCH30 mutant
generated no detectable levels of hygromycin A or methoxyhygromycin A, but
three new peaks of hygromycin A analogs were observed (3, 4 and 5 in Figure
5B). The three new fermentation products were purified and characterized by
LC-MS and NMR (®C and 'H) analyses, and shown to be 5”-
dihydrohygromycin A (3), 5”-dihydromethoxyhygromycin A (4), and (E)-3-(3-
hydroxy-4-O-a-fucofuranosylphenyl)-2-methylacrylic acid (5).

These compounds represent shunt metabolites of biosynthetic pathway
intermediates and have not previously been identified, providing the first insight
into the ordering of the sequence of steps which comprise the convergent
hygromycin A biosynthetic pathway. In particular, the detection of compound 5
lacking the aminocyclitol moiety demonstrates that the glycosidic linkage in
hygromycin A can be formed in the absence of the amide linkage. Additional
experiments and analyses have suggested that formation of the glycosidic bond
of hygromycin may actually be a prerequisite for formation of the amide linkage.

Concluding Comments

The biosynthetic origins of hygromycin A and the corresponding
biosynthetic gene cluster have been revealed. Analysis of this gene cluster, and
of the products generated by the SCH30 mutant, support both the convergent
pathway model and many of the individual steps proposed for hygromycin A
biosynthesis. There are several unique features of both the structure of
hygromycin A and its biosynthetic pathway which warrant further investigation.
We have also established a genetic system' for manipulating the hygromycin
biosynthetic gene cluster in S. hygroscopicus, and have shown that this can be
used to provide significant yields of hygromycin A analogs. These, and
potentially other hygromycin A analogs, could thus be produced using a cost-
effective fermentation method, and serve as useful starting points for producing
molecules with either clinical or agricultural applications.

In Polyketides; Rimando, A., € al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2007.



30

‘(g) uio4is O HOS upinw puv (v) adA}1 pjis ayi o y104q uoypuswiaf ayj Jo sasdipuv DTdH S 2431

SIMUN
(x4 [<4 (4 (14 6l 81 u 9l i 14 1} u n o1 6

—————— ——— —

p1oe aijkoejAyaw-z-(jAuaydiAsourmjoony-n-0-p-Ax01pAy-¢)-¢-() § 4
Vv udkwoi3AyAxoyiowoIpAyip-.S
V urAwoiBAyoIpAyip-,s € v
v utdAwoiSAyAxoypour g
v unkwioiSAy |

Z00Y0'SS60-2002-0/T20T 0T :10p | 2002 ‘TT Arenuer :leq uoiealignd
Bio'sJe'sqnd/:dny | 6002 ‘22 0010 Lo 0T +9°99T 212 Ad pepeojumoq

In Polyketides; Rimando, A., € al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2007.



Downloaded by 212.166.64.10 on October 22, 2009 | http://pubs.acs.org
Publication Date: January 11, 2007 | doi: 10.1021/bk-2007-0955.ch002

10.
11.
12.
13.
14.
15.
16.
17.
18.

19.
20.

21.
22.

23.

31

References

Pittenger, R. C.; Wolfe, R. N.; Hoehn, P. N.; Daily, W. A.; McGuire, J. M.
Antibiot. Chemother. 1953, 3, 1268.

Wakisaka, Y., Koizumi, K., Nishimoto, Y., Kobayashi, M., Tsuji, N. J.
Antibio.t (Tokyo) 1980, 33, 695.

Mann, R. L.; Bromer, W. W. J. Am. Chem. Soc. 1958, 80, 2714.

Guerrero, M. D.; Modolell, J. Eur. J. Biochem. 1980, 107, 409.

Poulsen, S. M.; Kofoed, C.; Vester, B. J. Mol. Biol. 2000, 30, 471.

Hansen, J. L.; Ippolito, J. A.; Ban, N.; Nissen, P.; Moore, P. B.; Steitz, T. A.
Mol. Cell 2002, 10, 117.

Yoshida, M.; Takahashi, E.; Uozumi, T.; Beppu, T. Agric. Biol. Chem.
1986, 50, 143.

Omura, S.; Nakagawa, A.; Fujimoto, T.; Saito, K.; Otoguro, K.; Walsh, J. C.
J. Antibiot. (Tokyo) 1987, 40, 1619.

Nakagawa, A.; Fujimoto, T.; Omura, S.; Walsh, J. C.; Stotish, R. L.;
George, B. J. Antibiot. (Tokyo) 1987, 40, 1627.

Uyeda, M.; Mizukami, M.; Yokomizo, K.; Suzuki, K. Biosci. Biotechnol.
Biochem. 2001, 65, 1252.

Lee, H. B.; Kim, C.-J.; Kim, J.-S.; Hong, K.-S.; Cho, K. Y. Lett. Appl.
Microbiol. 2003, 36, 387-391.

Mann, R. L.; Wolf, D. O. J. Am. Chem. Soc. 1957, 79, 120.

Kakinuma, K.; Sakagami, Y. Agric. Biol. Chem. 1978, 42, 279.

Hayashi, S. F.; Norcia, L. J.; Seibel, S. B.; Silvia, A. M. J. Antibiot. (Tokyo)
1997, 50, 514.

Chida, N.; Ohtsuka, M.; Nakazawa, K.; Ogawa, S. J. Org. Chem. 1991, 56,
2976.

Jaynes, B. H.; Elliott, N. C.; Schicho, D. L. J Antibiot (Tokyo) 1992, 45,
1705.

Hecker, S. J.; Minich, M. L.; Werner, K. W. Bioorg. Med. Chem. Lett.
1992, 2, 533.

Trost, B. M.; Dirat, O.; Dudash, J., Jr., Hembre, E.J.; Angew. Chem. 2001,
40, 3658.

Trost, B. M.; Dudash, J.; Hembre, E. J. Chem. Eur. J. 2001, 7, 1619.
Donohoe, T. J.; Johnson, P. D.; Pye, R. J.; Keenan, M., Org. Lett. 2005, 7,
1275.

Habib, E.-S. E.; Scarsdale, J. N.; Reynolds, K. A. Antimicrob. Agents
Chemother. 2003, 47, 2065.

Jarvinen, N.; Maki, M.; Rabina, J.; Roos, C.; Mattila, P.; Renkonen, R. Eur.
J. Biochem. 2001, 268, 6458.

Somers, W. S.; Stahl, M. L.; Sullivan, F. X. Structure 1998, 6, 1601.

In Polyketides; Rimando, A., € al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2007.



Downloaded by 212.166.64.10 on October 22, 2009 | http://pubs.acs.org
Publication Date: January 11, 2007 | doi: 10.1021/bk-2007-0955.ch002

32

24,
25.

26.

27.

28.

29.
30.

31

32.

33.
34.

35.

36.
37.

Zhang, Q.; Liu, H. J. Am. Chem. Soc. 2001, 123, 6756-6766.

Sanders, D. A.; Staines, A. G.; McMahon, S. A.; McNeil, M. R.; Whitfield,
C.; Naismith, J. H. Nat. Struct. Biol. 2001, 8, 858.

Piepersberg, W., In Biotechnology of Antibiotics, Strohl, W. E., Ed. Marcel
Dekker: New York, 1997; p 81.

Ahlert, J.; Distler, J.; Mansouri, K.; Piepersberg, W. Arch. Microbiol. 1997,
168, 102.

Majumder, A. L.; Johnson, M. D.; Henry, S. A. Biochim Biophys Acta 1997,
1348, 245.

Walker, J. B. J. Bacteriol. 1995, 177, 818.

Tercero, J. A.; Espinosa, J. C.; Lacalle, R. A.; Jimenez, A. J. Biol. Chem.
1996, 271, 1579.

Saugar, 1.; Sanz, E.; Rubio, M., A; Espinose, J. C.; Jimenez, A. Eur. J.
Biochem. 2002, 269, 5527.

Brautaset, T.; Sekurova, O. N.; Sletta, H.; Ellingsen, T. E.; Strom, A. R,;
Valla, S.; Zotchev, S. B. Chem. & Biol. 2000, 7, 395.

Campelo, A. B.; Gil, J. A. Microbiology 2002, 148, 5.

Bentley, S. D.; Chater, K. F.; Cerdeno-Tarraga, A. M.; Challis, G. L.;
Thomson, N. R.; James, K. D.; Harris, D. E.; Quail, M. A.; Kieser, H.;
Harper, D.; Bateman, A.; Brown, S.; Chandra, G.; Chen, C. W.; Collins, M.;
Cronin, A.; Fraser, A.; Goble, A.; Hidalgo, J.; Hornsby, T.; Howarth, S.;
Huang, C. H.; Kieser, T.; Larke, L.; Murphy, L.; Oliver, K.; O'Neil, S.;
Rabbinowitsch, E.; Rajandream, M. A.; Rutherford, K.; Rutter, S.; Seeger,
K.; Saunders, D.; Sharp, S.; Squares, R.; Squares, S.; Taylor, K.; Warren,
T.; Wietzorrek, A.; Woodward, J.; Barrell, B. G.; Parkhill, J.; Hopwood, D.
A. Nature 2002, 417, 141. .

Omura, S.; Ikeda, H.; Ishikawa, J.; Hanamoto, A.; Takahashi, C.; Shinose,
M.; Takahashi, Y.; Horikawa, H.; Nakazawa, H.; Osonoe, T.; Kikuchi, H.;
Shiba, T.; Sakaki, Y.; Hattori, M. Proc. Natl. Acad. Sci. U S A. 2001, 98,
12215.

Barrasa, M. I.; Tercero, J. A. ; Jimenez, A. Eur. J. Biochem. 1997, 245, 54.
Huang, W.; Jia, J.; Edwards, P.; Dehesh, K.; Schneider, G.; Lindqvist, Y.,
EMBO J. 1998, 17, 1183.

In Polyketides; Rimando, A., € al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2007.



Downloaded by 212.166.64.10 on October 22, 2009 | http://pubs.acs.org
Publication Date: January 11, 2007 | doi: 10.1021/bk-2007-0955.ch003

Chapter 3

The Biosynthesis of Polyketides, Tetramic Acids,
and Pyridones in Fungi

Russell J. Cox

School of Chemistry, University of Bristol, Cantock’s Close,
Bristol BS8 1TS, United Kingdom (r.j.cox@bris.ac.uk)

The biosynthesis of compounds containing polyketides and
amino acids by fused PKS-NRPS systems in filamentous fungi
is discussed.

Fungi are often overlooked as sources of biologically active natural
products. However, filamentous fungi are prodigious producers of secondary
metabolites and especially compounds of high structural complexity. In
particular, fungi produce numerous polyketide derived compounds. A number of
fungal polyketides are used directly in medicine and agriculture, such as
griseofulvin 1 produced by Penicillium griseofulvum (a potent systemic
antifungal drug) (1). Other compounds have been the basis for the development
of more active or selective compounds. Examples include lovastatin 2a and
compactin 2b produced by Aspergillus species which are potent cholesterol
lowering compounds in human medicine (2) and strobilurin 3 (3), produced by
the basidiomycete Strobilurus tenacellus which is the basis for the development
of a number of potent agricultural fungicides. Other compounds, such as fusarin
C 4 (4) and aflatoxin B1 5 (5) are potent environmental toxins with both acute
and chronic effects. Yet others have potent biological activities which are not yet
exploited, such as the squalestatins 6 (6) (inhibitors of squalene synthase) and
the cytochalasins such as cytochalasin D 7 (7) from Zygosporium masonii a
potent inhibitor of actin filament formation (Figure 1).

There have been significant advances in the understanding and exploitation
of the biosynthesis of similar compounds in bacteria, particularly the
actinomycetes where combinatorial biosynthesis can be used to manipulate
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Figure 1. Polyketides and polyketide-amino acids from fungal species.

biosynthetic genes to produce new compounds (8). In contrast, progress in
understanding and exploiting fungal biosynthetic systems has lagged many years
behind. This has been for two main reasons. Firstly molecular genetic methods
have not been well developed for the very wide range of fungal species involved
in bioactive metabolite biosynthesis. Secondly, in the case of fungal polyketides,
it is not clear how the synthases are programmed. For example, in the
actinomycetes, polyketide synthases are often large multimodular proteins which
operate as well-understood production-lines. In these cases it is possible to
predict product structure, at least of the core polyketide, from gene sequence.
This is because, in general, each module catalyses a single cycle of chain
extension and contains only the modification enzymes used in that cycle, and the
modules act sequentially. In the case of fungal polyketides, however, the
synthases consist of single modules which act iteratively so it is neither possible
to predict how many extension cycles will be catalysed, or which modification
enzymes will act in each cycle. Thus understanding the programming of fungal
iterative polyketide synthases is a significant challenge. We are interested in the
mechanism of programming of iterative polyketide synthases and we wished to
investigate them further. However, there appeared to be no general method for
obtaining fungal PKS genes, and we thus had to develop this methodology.
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Strategy

In the early 1990s the Bristol group began a long-term project to clone and
characterise fungal polyketide synthases. At the outset of the project it was
considered that fungal polyketides fell into three clear structural types: unreduced
compounds such as orsellinic acid 8 (9), tetrahydroxynaphthalene 9 and YWA1 10
(10); partially reduced compounds such as 6-methy! salicylic acid 11 (11); and
highly reduced compounds such as lovastatin 2a, squalestatin S1 6, T-toxin 12 (12)
and fumonisin 13. We wanted to develop a general method to clone polyketide
synthase genes from any given filamentous fungus producing any specified
compound. We planned to use a two-stage process. In the first stage, we would use
degenerate oligonucleotides as primers in PCR reactions with genomic DNA from
the fungi in question. The primers would be designed to amplify fragments of
specific fungal polyketide synthases. In the second stage, the products of the PCR
reactions would be labelled and used to probe genomic DNA or cDNA libraries in
an attempt to obtain full PKS genes.

At the outset of our work, the only fungal PKS genes available in public
databases encoded tetrahydroxynaphthalene synthase (THNS) from Colletotrichum
lagenarium (13), wA synthase from A. nidulans (14) (both of the unreduced type)
and 6-methyl salicylic acid synthase (6-MSAS) from P. patulum (15) and A.
terreus (16) (of the partially reduced type). Two sets of degenerate oligonucleotide
primers were designed which were biased towards each of these sets. The pair
LC1/LC2c were designed to be selective for the unreduced PKS, while LC3/LC5c
were designed to be selective for partially reduced PKS (Figure 3) (17). Later, as
further sequences became available we also designed oligonucleotide primers
selective for highly reduced PKS (KS3/KS4c) (18).

These degenerate oligonucleotides were used in PCR reactions with gDNA
from a variety of filamentous fungi. In all cases, after optimisation, the reactions
yielded DNA fragments of the expected sizes (ca 700-750 bp). The fragments were
cloned and sequenced and then compared to known sequences. Thus PKS
fragments obtained with the LC1/2¢c primers most closely matched known PKS
involved in unreduced polyketide biosynthesis, fragments from the LC3/5c
experiments most closely matched other MSAS sequences and fragments from the
reactions run with degenerate primers based on HR PKS sequences (KS3/KS5c)
most closely matched LNKS and TTS. This analysis confirmed our original
hypothesis that there was a relationship between DNA sequence and chemical
structure (18). The primers were also selective: they did not amplify sequences
which cross-hybridised with DNA probes from other classes.

In further work, we focussed on the C-methyltransferase (C-MeT) domain.
Fungi add methyl groups to the growing polyketide chain from S-adenosyl
methionine (SAM), catalysed by a C-MeT domain. This contrasts to bacterial PKS
which usually use a methylated extender unit (i.e. methylmalonate). Once again,
degenerate oligonucleotides were designed to be selective for C-MeT domains,
rather than the more common O- and N-methyl transferases common in primary
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Figure 2. The three structural types of fungal polyketide.
metabolism (Figure 3). In PCR reactions with genomic DNA from a variety of
filamentous fungi we obtained ca 320 bp products. Sequencing indicated that
these all belonged to a family of C-MeT domains which are distinct from the O-
and N-methyl transferases.

The Squalestatin PKS

The squalestatins (also known as zaragozic acids) are a family of potent
squalene synthase inhibitors with potential use as anticholesterol compounds.
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LC1 (5' KS NR primer)

Primer sequence GAT CCI AGI TTT TTT AAT ATG
Degeneracy = 32 (o} C C C C

LC2¢c (3' KS NR primer)

Primer sequence GT ICC IGT ICC GTG CAT TTC
Degeneracy = 4 A Cc

LC3 (5' KS PR primer)

Primer sequence GCI GAA CAA ATG GAT CCI CA
Degeneracy = 8 G G o

LC5¢c (3' KS PR primer)

Primer sequence GT IGA IGT IGC GTG IGC TTC
Degeneracy = 4 A C
C-MeTl (SAM binding site primer)
Primer sequence GAA ATI GGI GGI GGI ACI GG
Degeneracy = 4 G c
C-MeT2c (LDKS type active site primer)
Primer sequence AT IAG TTT ICC ICC IGG TTT
Degeneracy = 8 AC C
C-MeT3c (LNKS type active site primer)
Primer sequence AC CAT TTG ICC ICC IGG TTT
Degeneracy = 4 c (o}
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Approximate predicted PCR product size:
LC1/2c - 700 bp; LC3/5c - 680 bp;
C-MeT1/2c - 320 bp; C-MeTl1l/3c - 320 bp.

Figure 3. Degenerate PCR primers selective for fungal PKS sequences.
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They are produced by Phoma and other species of filamentous fungi and clearly
belong to the highly reduced class of fungal polyketides. Biosynthetic feeding
studies show that the main carbon backbone of squalestatin S1 6 consists of
head-to-tail acetate units, with pendant carbons derived from the methyl group of
SAM (19). The main chain is a hexaketide derived from a benzoate starter unit,
while the C-6 ester side chain is also a polyketide derived from four acetates and
two SAM derived methyl groups (Figure 4).

o from methionine
— from acetate
...... from succinate

wan from benzoate

OAc

Figure 4. origin of carbon atoms in Squalestatin S1 6.

We set out to clone the squalestatin S1 6 PKS genes from two organisms:
Phoma sp. C2932 and an unidentified strain MF5453. Because both of the
polyketide chains of 6 are methylated we reasoned that C-MeT probes would
give selectivity and discriminate against fungal FAS and non-methylated PKS
genes. Thus PCR reactions using Phoma gDNA and degenerate C-MeT primers
yielded ca 320bp products which were confirmed as fragments of PKS genes by
sequence analysis. These PCR products were then used as radio-labelled probes
to screen both gDNA and cDNA libraries of Phoma sp. C2932 and MF5453. We
ensured that the cDNA libraries were constructed using cells harvested during
maximum S1 production. This strategy was adopted to further increase
selectivity for the S1 biosynthetic genes as we reasoned that the cDNA library
should be enriched for S1 PKS transcripts relative to other PKS genes (20).

We isolated several overlapping clones from these libraries which
hybridised strongly to the labelled C-MeT probes. Sequence analysis of
hybridised plaques revealed the presence of a 4.8 Kb fragment of a Type 1 PKS,
containing the polyadenylated 3’ end of the sequence. This clone contained
(5’—>3’) a truncated fragment of a dehydratase domain (DH) and complete C-
MeT, enoyl reductase (ER), keto-reductase (KR) and acy! carrier protein (ACP)
domains. The 5’ portion of the PKS was then obtained using a process involving
the rapid amplification of cDNA ends (RACE) to produce an overlapping clone,
again of 4.8 Kb containing B-ketoacyl synthase (KS), acy! transferase (AT),
dehydratase (DH) and C-MeT domains. A contiguous, full-length clone was then
constructed by digest and religation of the two cDNA fragments.
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Figure 5. Domain analysis of Phoma PKS1 (SQTKS).

The reconstructed 7812 bp PKS (Phoma PKS1) contained KS, AT, DH, C-
MeT, ER, KR and ACP domain encoding regions (Figure 5). The translated
gene, encoding a polypeptide of 2604 amino acids, shows high end-to-end amino
acid homology with other known fungal PKS involved in the biosynthesis of
highly reduced polyketides such as the lovastatin diketide synthase (LDKS, 59%
identity), and the compactin diketide synthase (60% identity).

Close inspection of individual domains suggested they were catalytically
competent. For example in the ER domain, the conserved NADPH binding motif
(LxHx(G/A)xGGVG) was present (LIHAASGGVG). This contrasts with the
situation in other fungal PKS genes such as the lovastatin nonaketide synthase
(LNKS) where the ER domain is probably inactive due to deleterious mutations
in the NADPH binding region (2).

We then exploited the Aspergillus oryzae fungal expression system which
has been used by Ebizuka and Fujii for the successful expression of fungal
unreduced PKS (21). Thus Phoma-PKS1 was inserted into the expression vector
pTAex3 to form a 15747 bp expression construct in Escherichia coli. A. oryzae
strain M-2-3 (argB’) protoplasts were transformed with the expression vector
and selected on arginine deficient plates. True transformants were selected by
repeated sub-cloning on arginine deficient media, and further confirmed by
colony PCR using Phoma-PKS1 specific primers and by Southern blotting.

The pTAex3 expression system utilises the amyB promoter which is
repressed by glucose and induced by starch. 4. oryzae transformants were grown
in the presence of starch. Organic extracts of the medium from the WT and
transformant strains were then analysed by RP-HPLC. Of five transformants
shown to have integrated the Phoma PKS1, one strain showed the presence of a
new compound in the HPLC trace. This compound was isolated and purified by
repeated RP-HPLC. Full structural characterisation revealed the new compound
to be the doubly methylated unsaturated acid 14 (Figure 5). Comparison of
optical rotation data with synthetic material proved it to be the 4S,6S enantiomer,
and thus chain B of squalestatin. We thus named this PKS SQTKS (squalestatin
tetraketide synthase).

In Polyketides; Rimando, A., € al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2007.



Downloaded by 212.166.64.10 on October 22, 2009 | http://pubs.acs.org
Publication Date: January 11, 2007 | doi: 10.1021/bk-2007-0955.ch003

40

The Fusarin Synthase

Fusarin C 4 is a mycotoxin produced by a number of Fusarium species.
These organisms are often significant pests of cereals. Isotopic labelling studies
indicated that it is biosynthesised from a polyketide chain fused to a C,N unit
most probably derived from an amino acid. Once again the polyketide moiety is
methylated with carbon atoms from SAM (22).

We used the same strategy as described for SQTKS to rapidly clone ca
26Kb of gDNA from F. moniliforme containing the fusarin synthase and several
other ORFs. The fusarin synthase (FUSS) is unusual because it combines an
iterative PKS with one module of a non-ribosomal peptide synthase (NRPS).
However, the PKS portion of the synthase shows high similarity to the small
number of other known fungal PKS genes, for example LNKS.

Our analysis, thus far, shows that the FUSS PKS consists of the catalytic
domains: B-ketoacylsynthase (KS), acyltransferase (AT), dehydratase (DH), C-
methyltransferase (C-MeT), enoylreductase (ER), ketoreductase (KR) and acyl
carrier protein (ACP). The PKS is fused to condensation (C), adenylation (A)
and thiolation (T) domains which are terminated by a reduction (R) domain
(Figure 6).

o  NEOCRO— ¢ NORD QDO +20 CORIOEDD GOSN RO - CRaNIO O+
(Y R N W N | L L1 ; nt

[:F] F. venenatum cDNA clone
—@7@—1 [ srsA 1A |

| KS AT DH CMeT ER? KR ACP C A T R
T TT T T3 T T T 1717 T T T 1T T T aa
o
WOROEONO— 000
Q0 v OOXF v N0 OO RSROSIS—<IC\ OIS OO O FUDSORUIY R

Figure 6. Part of the fusarin C gene cluster.

The PKS most likely makes a heptaketide (i.e. 6 cycles) with four appended
methyl groups from SAM. The PKS must use the KS, AT, KR, DH and ACP
domains in every cycle, but methylation only occurs after cycles 1, 2, 3, and 5
(Scheme 1). Enoyl reduction occurs in none of the cycles - revealed by the
polyunsaturated structure of fusarin C and consistent with the fact that the
NADPH binding region of the ER appears to include a number of deleterious
mutations. The polyketide intermediate 15 probably remains attached to the PKS
ACP at the end of its synthesis (Scheme 1).
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Scheme 1. Proposed mode of action of FUSS.

Meanwhile, in parallel, homoserine is recognised and selected by the
adenylation domain of the NRPS and adenylated using ATP. The acyl adenylate
then probably reacts with the free thiol of the PCP. The condensation domain
could then catalyse a peptide forming reaction between the amine of the enzyme-
bound homoserine moiety and the thiol ester carbon of the ACP-bound
polyketide, leading to the peptide intermediate 16. At this stage the intermediate
would still be attached to the synthase via a thiolester linkage to the PCP
domain. Final reduction of this thiolester would then allow release from the
synthase, but the released aldehyde 17 is also likely to undergo cyclisation to
form the 5-membered ring 18. Whether this cyclisation is spontaneous or
catalysed is not known. Compound 18 must be subjected to further oxidative
reactions in order to reach fusarin C. Genes encoding oxidative enzymes are
present in the fusarin cluster, but their exact roles remain to be elucidated.
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The Tenellin Synthase

The insect pathogenic filamentous fungus Beauveria bassiana makes the 2-
pyridone tenellin 19 (Figure 7) in high yield. Feeding studies established that
tenellin is derived from tyrosine (or phenylalanine) and a pentaketide (23).

° from methionine

-— from acetate

wnn from tyrosine

OH 19

Figure 7. Tenellin and the biosynthetic origin of C and N atoms.

Again, the C-MeT PCR primers were used to obtain a gene probe from gDNA,
which was then used to isolated a fused iterative Type I PKS / NRPS from B.
bassiana which appears to be involved in tenellin biosynthesis (preliminary
evidence from knockout experiments). The PKS/NRPS (hereafter called TENS)
is highly homologous to FUSS, but appears to have a functional ER domain. In
this synthase the PKS extends 4 times. It methylates and fully reduces after the
first condensation, methylates but does not enoyl-reduce after the second
condensation, does not methylate or enoyl reduce after the third condensation
and does no post-condensation processing at all after the final condensation.
Here, evidence from feeding experiments shows that the selected amino acid is
tyrosine or phenylalanine (24).

By analogy to the fusarin synthase, it would be expected that this synthase
would produce an intermediate peptide such as 20 (Scheme 2) as a precursor of a
5-membered ring rather than the 6-membered pyridone of tenellin itself. This is
supported by isotopic feeding experiments which suggest that tyrosine or
phenylalanine are not rearranged before incorporation into tenellin (25).
Reductive release would form 21a. Cytochrome Pyso genes in the vicinity of the
TENS gene may be responsible for oxidation of the ring to give 21b. In terms of
subsequent chemistry this makes sense as there must be further oxidative ring
expansion steps to form the 6-membered pyridone ring. This hypothesis remains
to be proven by further experimentation.

Other products of fungal PKS NRPS - Relationships and Hypotheses.

Intriguingly LNKS, one of the best investigated fungal polyketide synthases
has long been known to possess NRPS domains (2). Similarly to FUSS and
TENS, it contains a seemingly intact condensation domain after the PKS ACP,
and the N-terminal region of the adenylation (A) domain. However the catalytic
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Scheme 2. Proposed reactions catalysed during the biosynthesis of tenellin 19.

parts of the A domain are missing, as are the thiolation (T) and reduction (R)
domains. The existence of compounds combining amino acids and polyketides
closely related to the structure of lovastatin suggests that perhaps once LNKS
was a fully-fledged PKS-NRPS. The tetramic acid equisetin 30 from Fusarium
heterosporum (26) has recently been shown to arise via PKS-NRPS
biosynthesis. It is not difficult to imagine how other compounds such as
zopfiellamide A 32 (from Zopfiella latipes) could arise by the action of very
similar synthases (Figure 8). It has been suggested that LNKS may have evolved
from a synthase very similar to the equisetin or zopfiellamide synthases.
Interestingly Diels Alder cyclisations are likely post-PKS modifications in these
cases. Diels Alder cyclisation between the PKS and the newly formed
heterocycle could also explain the origin of deoxaphomin 28 (a precursor of the
cytochalasins) (27) which could arise from the Diels Alder reaction of the
polyketide diene with the heterocyclic ring itself.
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Lovastatin Fusarin C Tenellin

Deoxaphomin Equisetin Zopfiellamide A

Figure 8. Hypothesised and observed PKS-NRPS precursors.
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When LNKS was expressed in the absence of its usual partner genes, it was
shown to produce the polyene-pyrone 23 - a heptaketide (2) indicating that the
ER domain of LNKS is inactive. When a separate ER from the lov cluster (lovC)
was expressed in tandem with LNKS, correct reduction and chain extension was
observed. The fusarin C polyketide fragment 18 is remarkably similar to the
LNKS polyunsaturated heptaketide 24 (Figure 8). This is in agreement with the
fact that there appears to be no /ovC homologue in the FUSS cluster and the ER
of FUSS contains deleterious mutations at the NADPH binding site. However,
the equisetin 30 synthase, which produces a decalin similar to that of lovastatin,
does not appear to have a closely associated /ovC gene in the biosynthetic
cluster, and presumably its ER is fully active (28). The presence or absence of
lovC homologues in biosynthetic gene clusters may not therefore be indicative of
whether a fungal PKS-NRPS makes the simpler polyunsaturated compounds
such as fuligorubin A (29) 25 (from Fuligo septica) and fusarin C 4 from
Fusarium moniliforme or the cyclic types including equisetin 30, deoxaphomin
28 (and related cytochalasins and chaetoglobosins) and zopfiellamide 32. It is
not yet clear whether the tenellin synthase possess a /ovC homologue, but
preliminary sequence analysis suggests that the TENS ER should be active,
similarly to the equisetin ER domain.

A further interesting question surrounds the activity of the NRPS R
domains. During Fusarin C 4 biosynthesis, reduction of the thiolester 16
(Scheme 1) probably leads to an aldehyde which can then cyclise to form the
1,5-dihydro-pyrrole-2-one skeleton 18 which is at the correct oxidation level for
subsequent epoxidation. A similar reduction would be predicted in the case of
deoxaphomin 28 which would lead to the potential precursor 29 (Figure 8).
However, in the case of equisetin where the R domain is apparently present on
the synthase, reductive cyclisation would lead to formation of a compound which
would require subsequent oxidation to form the observed tetramic acid - a
seemingly redundant process (28). In this case it is possible either that the R
domain of the equisetin synthase is inactive, or that it is active and another
enzyme reoxidises to give the observed tetramic acid of 36. In the case of
tenellin biosynthesis, the ring of 21a formed by the PKS-NRPS needs to undergo
further oxidation to 21b before ring expansion, if the R domain is again active
(Scheme 2). Thus in the cases of both tenellin and equisetin the action of the R
domain seems redundant. Thus more experimental work is required to delineate
the activity of R domains in each case.

Future Prospects

Genomics approaches are now discovering polyketide and non-ribosomal
peptide synthases much more rapidly that the gene probing approaches discussed
above. However genome sequencing methodology is currently limited in scope
due to cost and at present there is still a requirement for directed gene probing
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methods in particular species associated with particular compound production.
The major challenge, which is brought into sharper relief by the numbers of
synthases discovered through genomics, is that it is not possible to predict the
structure of the compound produced by any given fungal biosynthetic gene
cluster. While it is possible to predict whether a polyketide will belong to the
unreduced, partially reduced or highly reduced families, it is not possible to
predict chain length, methylation and reduction patterns or cyclisations. In the
case of the post PKS genes, general classes can be predicted, such as enoyl
reductases or cytochrome P,s, oxidases, but their exact chemo-selectivity cannot
be predicted. For example, it is clear that the product of the acel PKS-NRPS
protein in Magnaporthe grisea is involved in avirulence signalling between rice
plants and the fungal host, but the chemical structure cannot be predicted (30).
Thus there is not yet a strong link between the possession of fungal genetic
sequence and knowledge of chemical structures. Expression and directed
knockout strategies, as described above for SQTKS and the fusarin synthase will
therefore remain of key importance.
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Chapter 4
Searching for Polyketides in Insect Pathogenic Fungi

Donna M. Gibson', Stuart B. Krasnoff?, and Alice C. L. Churchill?
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Ithaca, NY 14853

Among the major microbial taxa, fungi are surpassed only by
actinomycetes as a source of therapeutic agents, especially
antibiotics. It has been argued that there is a higher likelihood
of discovering producers of novel antibiotics among parasitic
microorganisms because of the unique adaptive roles adduced
to secondary metabolites during the infection, both in
overcoming host defenses and in competing with other micro-
organisms for host resources. The extensive polyketide
synthase sequence data available for fungi now makes
molecular screening for novel bioactive polyketides a viable
alternative to traditional screening approaches. The
development, application, and utility of one such screening
approach to predict chemistries in insect pathogenic fungi are
described herein.
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Traditional drug discovery efforts from microorganisms have typically
relied on mass screening of extracts from large, environmentally disparate
populations to detect promising biological activity and identify novel
chemistries. Microbes are a proven source of biologically active compounds
(1-6), where actinomycetes are the leading producers of useful natural products,
followed by fungi and eubacteria. The fungi, in particular, represent a large
genetic resource estimated at 1.5 million species worldwide, of which only
65,000 species (or 5%) have been described (2, 7). Fungi could prove to be a
richer source of novel compounds than bacteria. Of the top 20 selling
pharmaceuticals in 1995, 6 were fungal products (4), including the antibiotic
penicillins and cephalosporins, and the cholesterol-lowering lovastatins. While
known fungi are a proven source of natural products, the majority represent an
immense unexploited and underutilized resource for novel metabolites of
biomedical and agricultural importance.

The environmental factors that induce production of secondary metabolites
are poorly known, as are the roles that these natural products perform for each
producing organism. Fungi in ecological niches associated with other organisms,
such as in animals, soil, dung, or plants, are interactive. These interactions,
especially for pathogens, endophytes, and saprophyes, are likely to be mediated
by small molecules. Ecological theory predicts that metabolic diversity will be
promoted by two key factors: 1) high levels of environmental stress, and 2)
intense and frequent interactions with other organisms (8). So, it is expected that
organisms that meet one or both of these criteria would be likely to yield
biologically active secondary metabolites. Such might be the case for
entomopathogenic (insect pathogenic) fungi.

Entomopathogenic Fungi And Their Relationship To Hosts

Pathogens of insects and other invertebrates have been identified in more
than 100 fungal genera, with more than 700 species recognized that attack insect
hosts (9, 10). These fungi are also taxonomically diverse, since the genera are
found scattered throughout the various classes of fungi, but mostly among the
Hyphomycetes and Zygomycetes. The genera include both perfect (sexual) and
imperfect (asexual, conidial, or vegetative) states, and each state can potentially
produce distinct sets of secondary metabolites.

Fungal pathogens of invertebrates may be a particularly rich source of novel
metabolites since aspects of their pathobiology indicate the presence of
pathogen-released chemicals affecting invertebrate behavior and movement (/7).
Insect pathogenic fungi are characterized by their mode of action in invading the
host organism: causing early death of the host, impairing host activities without
causing early death, or attacking only old or weakened host insects. Upon
penetration and colonization of the insect, it is predicted that the fungus evades,
overwhelms, or subverts the host’s immune system by producing toxins, by
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changing morphology, or by unknown, but presumably biochemical, mechanisms
(11). The exoskeleton of infected insects is often preserved while the fungus
undergoes extensive reproductive development within the insect body. The
resting stages of insect pathogenic fungi may persist for long periods in the soil,
suggesting that protective antibiotics are part of the suite of secondary
metabolites produced during proliferation within the insect.

Exploiting the Resources of the ARS Collection of Entomopathogenic
Fungal Cultures (ARSEF)

The ARSEF culture collection is considered to be one of the world’s most
complete sources of insect fungal cultures for use in biocontrol, bioprospecting,
and taxonomic research (http://arsef.fpsnl.cornell.edw/). With over 7,000
accessions from 480 taxa collected from over 1,000 hosts and world-wide
locations, the culture collection represents a unique opportunity to evaluate the
hypothesis that pathogens are novel sources of biologically active compounds.

Secondary Metabolites of Entomopathogenic Fungi

The existing literature on toxins of entomopathogenic fungi, although
substantial, deals with relatively few species (6, /2). Virtually nothing is known
of the secondary chemistry of many fungal pathogens of invertebrates. Of those
toxins that have been described, the three principal classes of chemistries are
polyketides (PK), nonribosomally synthesized peptides (NRSP) , and alkaloids.

Polyketides in entomopathogenic fungi

The occurrence of polyketides and polyketide-like compounds from
entomopathogenic fungi has been reported (reviewed in (6). For instance,
Metarhizium flavoviride produces viridoxins, novel diterpene derivatives of
polysubstituted gamma-pyrones, which exhibit insecticidal activity against
Colorado potato beetle (/3). The viridoxins resemble polyketide-type
compounds, although their mode of synthesis is not known, and are closely
related chemically to phytotoxins produced by plant pathogenic fungi in the
genus Colletotrichum. One of these phytotoxins, colletochin, which differs from
the viridoxins by the absence of an a-hydroxy acid moiety, is much less toxic to
insects than the viridoxins (/3). This preliminary observation of a
structure/activity relationship suggests that M. flavoviride produces a toxin with
targeted activity against insects. This is an encouraging example of the potential
for finding compounds with high target-selectivity among the secondary
metabolites of entomopathogenic fungi.
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Nonribosomally derived peptides in entomopathogenic fungi

The genus Tolypocladium, which includes several species pathogenic to
invertebrates, produces at least four types of biologically active NRSPs: the
potent  mitochondrial ATPase inhibitory efrapeptins (/4), the
immunosuppressive cyclosporins (15, 16), the antibacterial amino isobutyric
acid (Aib)-containing cicadapeptins (/7), and the amino acid-derived
diketopiperazines (/8). The asexual stage of Tolypocladium has been linked
definitively to the sexual stage of the insect pathogenic fungus Cordyceps (19).
Paecilomyces, which includes numerous entomopathogenic species, produces
the NRSPs called leucinostatins, another class of mitochondrial ATPase
inhibitory peptides (/6), as well as beauvericin (6, 12). Metarhizium spp. and
Aschersonia spp. produce destruxins, a class of cyclic depsipeptides (20, 21).
These NRSPs activate calcium channels in insect muscle, causing paralysis when
injected into caterpillars and adult flies (22). Observations that destruxins cause
untimely degranulation of meocytes in crayfish, which are comparable to
leucocytes in other animals, suggest that they may act to reduce immunological
competence in arthropod hosts (23-26).

Alkaloids in entomopathogenic fungi

A number of fungal pathogens of invertebrates (e.g., Cordyceps,
Torrubiella, Hypocrella, and Beauveria) belong to the same family as the plant
pathogenic Claviceps species. Claviceps spp. produce the ergot peptide alkaloids
or ergopeptines (27, 28), which include ergotamine, ergobasine, and the
precursor for semisynthetic production of methylergobasine. Methylergobasine
is used medically to stimulate labor and uterine contractions (29). These
taxonomic relationships suggest that many insect pathogenic fungi have the
potential to synthesize novel peptide alkaloids.

Convergence Of Chemistry, Biology And Genetics In The
Search For Novel Polyketide Chemistries

In contrast to traditional screening methods, the tools of molecular biology
offer a directed approach to screening unknown germplasm libraries for the
potential to produce novel chemistries.

Polyketides and Polyketide Synthases of Fungi

Polyketides (PK) are a large group of secondary metabolites with
chemically diverse structures and a broad range of biological activities (30). This
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chemical family includes the well-known antibiotics, tetracycline, erythromycin,
and avermectin, as well as immunosuppressants such as rapamycin and FK506,
and phytotoxins such as T-toxin and AAL-toxin (30). Mithramycin,
chromomycin, and olivomycin are clinically important anti-tumor agents, which
share a common aromatic aglycone that is derived from a single polyketide
backbone (37).

All PK synthesis is orchestrated by polyketide synthases (PKSs), multimeric
enzymes that function much like fatty acid synthases. Chemical diversity is due
to the action of PKSs in controlling the number and type of carboxylic units
added and the extent of reduction and stereochemistry of the a-keto group at
each condensation, and to subsequent structural modifications that add additional
chemical diversity to the products (32). PKSs are classified into various types
based on the molecular architecture of the genes (32, 33), but highly conserved
domains are shared among all PKS genes, most notably within the ketosynthase
(KS) domain (32) that may be useful for targeting PKSs in diverse organisms
(34-36). A number of fungal PKS genes have been cloned, starting with the
MSAS gene from Penicillium patulum that synthesizes the antibiotic 6-
methylsalicylic acid (37). Several PKS genes that synthesize pathogenicity-
related toxins have been cloned from plant pathogenic fungi (38, 39), as well as
those genes involved in the synthesis of aflatoxins and fumonisins (40-43).
Hendrickson et al. (44) cloned the lovastatin biosynthesis cluster, containing two
PKS genes, from Aspergillus terreus.

A Molecular Screening Strategy For Novel Polyketides

The genetic capacity to synthesize at least some families of natural products
can be assessed directly. The rationale behind this approach is the following: 1)
biosynthesis of polyketides requires at least one PKS, and 2) PKS genes contain
conserved core sequences that can be used to clone gene fragments by
amplification via the polymerase chain reaction (PCR). Since it is relatively easy
to detect and clone fragments of PKS genes from fungal genomic DNA, it is
feasible to screen fungal strains for the presence of such genes. The existence of
these common consensus sequence motifs can be used to construct primers to
PCR amplify PKS-like domains from multiple, genetically diverse organisms
(34-36, 45-48).

Screening for PKS-encoding genes

A group of 157 isolates from the ARSEF collection was selected for this
study (47). This group represents seven classes of fungi from 36 geographically
diverse locations. Individuals in this group were isolated from 14 different host
organisms, with the vast majority being arthropods. Fungi were grown in
Saboraud dextrose liquid medium supplemented with 0.5% yeast extract and
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harvested 1- 5 weeks after initiation, once sufficient growth had occurred.
Mycelia were harvested, and then processed for isolation of genomic DNA.
Using this approach, high quality DNA suitable for PCR screening was obtained
from 149 isolates.

Five degenerate primer pairs were designed (47), using comparative
information from conserved regions of ketosynthase (KS) domains of fungi and
bacteria. Using low stringency amplification conditions for PCR, isolates were
then scored based on the amplification of a single band of expected size
(~0.3kb), as seen in Table I. Three of the five primer pairs amplified products of
the expected size from at least 50 individual isolates. While four isolates were
positive with all primer pairs for a 0.3 kb band, there were 27 isolates that
produced a putative KS fragment with only a sole pair of primers.

Table I. Summary of PCR screening

Primer Pair
No. of isolates amplified® KS1/2 FKS2/3 FKS2/4 FKS1/3 FKS1/4
Total 53 55 51 29 16
Exclusive® 9 7 8 21

® Number of isolates from which a PCR product of expected size was amplified (300 bp)
® Number of isolates amplified solely by a single primer pair

Applied Microbiology and Biotechnology. Reproduced from reference 47 with kind
permission of Springer Science and Business Media.

Molecular analysis of PCR products

PCR products from 92 amplicon-positive isolates were cloned and sequence
data were obtained from at least one clone per isolate; approximately 2/3 of the
isolates (66 total) contained PKS sequences based on inferred amino acid
homology. The remaining sequences from 26 isolates were not representative of
KS domains and did not correspond with any single class of genes by blastx
analysis.

To evaluate whether these isolates contained multiple PKS domains, we
sampled two isolates using a set of primers designed to amplify fragments of
genes specific for different polyketide chemistries (34). Using this approach,
four different PKS fragments were identified from Verticillium coccosporum
(ARSEF 2064) using the KS and FKS primer pairs. When evaluated with the LC
set of primers (designed for reduced, partially reduced, or unreduced PKS gene
products)(34), three additional unique sequences were identified. Tolypocladium
inflatum (ARSEF 3790) contained four KS fragments when the KS and FKS
primer pairs were used, while the LC primers allowed the identification of
another PKS fragment. These data indicated that many, if not all, of these fungi
are likely to contain multiple PKS genes; the choice of specific primer pairs may
be a useful tool to detect genes encoding different chemistries. Recent fungal
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genome sequencing efforts, described more fully below, have confirmed these
observations (49). Although the work presented here is, by no means, an
exhaustive search, it is clear that these fungi will be expected to have the
capacity to produce a multitude of diverse and interesting polyketides.

Sequence comparisons of PCR fragments from entomopathogenic fungi

Cladistic analysis was used to evaluate the relatedness of 76 KS fragments
from insect pathogenic fungi with KS domains from both fungi and bacteria
deposited in GenBank, as seen in Figure 1. Three major clades resulted, in
which there are six subclades composed only of sequences derived from insect-
pathogenic fungi, and two subclades consisting of both reference sequences and
those from insect-pathogens. Within the clades comprised of both reference
sequences and those from insect pathogenic fungi, some subclades contain only
sequences from insect pathogens. It should be noted that this analysis bears no
relationship to the evolutionary history and accepted phylogeny of these
organisms. There are instances in which related species are found together within
a subclade, as well as instances where a single species contains multiple PKS-
like sequences found within several subclades.

This distinct grouping of PKS gene fragments from insect pathogenic fungi
might be indicative of different chemistries present in these organisms, separate
from those groupings that contain sequences of known function. For examples,
one clade contained gene fragments from actinomycetes, eubacteria and fungi, of
which some are known to be involved in macrolide and aromatic PK
biosynthesis. This analysis is based on a short sequence region and, thus, the
data had a greater “noise level” that could potentially overemphasize variation,
magnifying small differences within the region. The KS domain is, however, the
most highly conserved within the PKS gene, and the differences may indicate
functionality.

There is little information on the chemistry profiles of many of the isolates
in this study, which include fungi existing as parasites or saprophytes in
association with insects, nematodes, and other fungi. This study represents our
first attempt in evaluating whether unknown classes of PKS genes are
functionally linked to the specialized needs of entomopathogenic fungi. In order
to predict whether the cladistic analysis will be useful as a tool to evaluate
chemical profiles, we have begun to examine isolates for the presence of
polyketides as described in the following section.

Polyketide Chemistries of Selected Entomopathogenic Fungi

Inferred homology of PCR-amplified PKS fragments to genes of known
function might be a useful approach to eliminate some genes from future
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consideration in the search for novel chemistries. However, relatively few PKS
genes with known function have been described and minor differences in
nucleotide or amino acid sequence would have significant effects on PKS
enzymatic activity and compound structure. Homology relationships might be
better used to guide priorities rather than eliminate genes from consideration.
Conversely, subclades consisting of genes of unknown function might be novel
sources of new chemistries. To address these considerations, we used the
cladistic analysis in Figure 1 as a guide to test this approach to bioprospecting by
examining subclades for known genes and gene products and the relative
relationship between isolates within a subclade.

Phomalactone-producing Hirsutella thompsonii isolates

One small subclade contained several isolates of H. thompsonii (ARSEF
2464, 3323, and on a linked subclade, ARSEF 257), a pathogen of citrus rust
mite, as well as other insects and nematodes (50). Of the four isolates of H.
thompsonii in the study, ARSEF 256 and 2464 were PCR-positive with all five
primer pairs, while ARSEF 257 and 3323 were positive with three of the five
primer pairs tested.

At least three of the isolates (256, 257, and 3323) are known producers of
phomalactone, a tetraketide depicted in Figure 2, having insecticidal activity
against apple maggot fly, Rhagoletis pomonella (ICs, = 468 pg/ml)(57). In
addition, phomalactone inhibited conidial germination (ICs)= 450 pg/ml) of
several entomopathogenic fungi (Beauveria bassiana, Metarhizium anisopliae,
Tolypocladium geodes, and T. cylindrosporum), although no self-inhibition
occurred.

Phomalactone has been reported from a number of other fungi, including
Nigrospora sp. (52) and Phoma minispora (53, 54); activity against fungi,
bacteria, and a protozoan was reported (53). Phomalactone is quite similar
chemically to asperlin produced by several species of Aspergillus - A. nidulans,
A. elegans, A. carneus, and A. caespitosus (53, 55, 56); A. caespitosus also
produced acetylphomalactone and an asperlin epimer (55). Phomalactone, as
well as asperlin and related compounds with phytotoxic activity, has been
reported from Macrophomina phaseolina (57), Nigrospora sacchari (38), N.
sphaerica (59), and Verticillum chlamydosporium (60). Phomalactone isolated
from Nigrospora sphaerica showed activity against Phytophthora infestans and
P. capsici with a MIC of 2.5 mg/L, and reduced late blight symptoms in potato
at 100 and 500 mg/L (59). Phomalactone esters, isolated from a Phomopsis sp.,
inhibited production of lipopolysaccharide-induced cytokines, tumer necrosis
factor o and interleukin 1-B, with ICs, values of 80 nM and 190 nM,
respectively, in cell cultures (67). Nematicidal activity against Meloidogyne
incognita from V. chlamydosporium extracts was due to the presence of
phomalactone (60).
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Emodins from Escovopsis sp.

Several isolates of Escovopsis sp. (ARSEF 5575, E. aspergilloides and
5576, E. weberii) grouped in a small subclade. Escovopsis sp. are associated
with fungus-ant colony complexes, where it acts as a mycoparasite to the
cultivated fungal cultivars employed as nutrient sources by the ant colony (62,
63). When we evaluated Escovopsis sp. extracts for biological activity, potent
antibacterial and antifungal activity was detected, and following bioassay-
guided fractionation, the activity resided in a well-characterized group of
compounds, the emodins, as seen in Figure 2. Emodins are a family of
polycyclic aromatic ketides, reported from a wide variety of fungi and plants,
known to exhibit not only antimicrobial activity, but also antiviral, anti-
inflammatory, and anticancer activity (30).

Helvolic acid from Metarhizium sp.

Helvolic acid, depicted in Figure 2, was detected in Metarhizium anisopliae,
ARSEF isolate 1015 (64); another member of the subclade, M. anisopliae
(ARSEF 1112), has significant PKS sequence relatedness. Helvolic acid, and the
closely related compound, fusidic acid, are both members of a small class of
antibiotics called fusidanes. They are considered to be steroidal in nature, and
are derived via squalene cyclization reactions. These compounds inhibit
prokaryote and eukaryote protein synthesis via inhibition of the ADP-
ribosylation of protein elongation factor 2 (65, 66). Although the fusidanes are
considered to be steroid terpenoids, it is possible that they are synthesized at
least in part via a polyketide pathway. For example, the polyether polyketide
monensin contains genes in the PKS cluster that are highly homologous to genes
encoding the enzymes involved in double bond migrations in steroid
biosynthesis (67).

Cephalosporium sp. are known producers of helvolic acid as well as fusidic
acid (3). Helvolic acid has also been reported from the opportunistic human
pathogen Aspergillus fumigatus (3) and the hypocrealean fungus Sarocladium
oryzae (68). The extent to which these steroidal fusidanes are present in other
entomopathogenic fungi is unknown at present.

2-Pyridones from Akanthomyces gracilis and other entomopathogenic fungi

Akanthomycin (8-methyl pyridoxatin) as shown in Figure 2, and a related
known compound, cordypyridone C (69), were found in extracts of the
entomopathogenic fungus Akanthomyces gracilis (ARSEF 2910) (70). The
compounds showed antibacterial activity against Staphlococcus aureus, causing
growth inhibition at an applied dose of 250 ng. Akanthomycin and
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Figure 2. Natural products described from insect pathogenic fungi.

In Polyketides; Rimando, A., € al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2007.



Downloaded by 212.166.64.10 on October 22, 2009 | http://pubs.acs.org
Publication Date: January 11, 2007 | doi: 10.1021/bk-2007-0955.ch004

60

cordypyridone C are structurally related to a large group of 2-pyridones that
have been isolated from other entomopathogenic fungi, including tenellin and
bassianin from Beauveria bassiana (71, 72) and militarinone C from
Paecilomyces militaris (73).

Song et al. (74) suggested that the 2-pyridones might be derived through
ring expansion of the tetramic acid portion of the fusarins as supported by recent
work with militarinone C (75). They identified the genes encoding fusarin C
biosynthesis as an iterative Type I polyketide synthase linked to a single
nonribosomal peptide synthetase module from Fusarium moniliforme and F.
venenatum; this work is described more fully in chapter xx of this volume.
Fusarins are potent mycotoxins that have been reported from a large number of
fungi, including the plant pathogens Fusarium moniliforme and F. graminearum.
Acyl-tetramic acids, of which fusarin C is a member, include representatives that
can be found in slime molds (76) and marine and terrestrial fungi (77-79). If the
hypothesis of Song et al. is true, it would be expected that the production of
akanthomycin and cordypyridone C would be derived via a PKS-NRPS complex
as described for fusarin C biosynthesis.

The few examples described above are supportive of entomopathogenic
fungi as a source for new natural products, as well as the expectation that
polyketides will be well represented among the chemistries to be found.
Although the direct linkage between the gene fragment identified via the PKS
molecular screen and the final chemical product has not been established in
studies so far, it is highly likely that polyketide synthases are involved in the
biosynthesis of these secondary metabolites. As molecular tools are better
established for these genetically intractable fungi, directed gene knockout
strategies can be used to establish the chemical identities of natural products
synthesized by these diverse PKS pathways.

Can Molecular Screening Strategies Be Useful In The Search
For Natural Products?

A molecular screening approach based on conserved KS domains can detect
PKS genes across a diverse group of organisms from which the chemical
potential for PK synthesis is largely unknown. These genome-based approaches
include analyses of cyanobactera and dinoflagellates (80), Streptomyces (35),
lichenized fungi (46, 81, 82) and other fungi (34, 36, 45, 47, 49). In our study
with entomopathogenic fungi, we demonstrated a putative KS domain in 66
isolates out of an initial 157 isolates (47). In a more intensive PCR analysis with
two isolates and a group of primers specific for variable reduced chemistries
(34), we identified additional KS domains, underscoring the fact that the data to
date on PKS genes in entomopathogenic fungi are underreported.
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Limitations of the PCR Strategy

Although the PCR-based screening approach can identify highly conserved
domains, these genome studies are limited by primer design. For instance, we
obtained negative results with the four Oomycetes evaluated in our study, so
either KS domains were not detected or may be not be present in this group of
organisms. By slightly altering primer sequences, the other 40% of isolates from
which PKS gene fragments were not cloned are likely to be identified as PKS+
strains. Although the PCR-based screening allows the rapid identification of
PKS gene fragments within a large population of isolates, it is not an exhaustive
analysis of the distribution and number of PKS genes represented within the
group or each fungus. Primer design is a major limitation, since the PCR
experiments can produce artifacts, can underrepresent or not detect the genes
present, as well as detect pseudogenes or defective genes within the organisms
being screened. There is a high similarity between fatty acid synthases and PKS,
leading to some false positives, but polyunsaturated fatty acids, like
eicosapentaeenoic acid, appear to be synthesized via PKS in cold marine
organisms (83). Although a recent study employed PCR-detection and restriction
analysis to dereplicate known chemistries, they also conclude that the metabolic
potential of the Actinomycetes used is underestimated by this approach (48).

Our recent analyses of the chemical profiles of Cordyceps heteropoda, an
insect pathogen of cicadas, is possibly illustrative of the limitations of the PCR-
screening approach (17). C. heteropoda (ARSEF 1880) was used in the Lee et
al. study (47), yet PKS gene fragments were not isolated from this fungus.
Fermentation extracts contained both a family of novel nonribosomal peptides
with n-decanoic acid as an N-terminal blocking group, as well as the known
antifungal and immunosuppressive compound, myriocin (= thermozymocidin)
(84), as depicted in Figure 2. The biosynthetic pathways of myriocin and
cicadapeptins have not been described, so it is unclear as to whether a PKS-like
gene is involved in the production of either compound. Myriocin consists of a
long alkyl side chain to which is attached amino, alcohol, and carboxyl groups,
mimicking sphingosine; the primary target site is serine palmitoyltransferase, the
enzyme catalyzing the first step in biosynthesis of sphingolipids, compounds
associated with the proliferation of T cells (85, 86). Animal transplantation
studies are being conducted with a synthetic analog, FTY6720, of the natural
product (87-89).

Inherent Versus Expressed Chemical Diversity
Progress on fungal genomes has been relatively slow in comparison to

bacterial genomes since the release of the Saccharomyces cerevisiae genome in
1996. Other fungal genomes currently available in public databases include
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Schizosaccharomyces pombe, Aspergillus nidulans, Neurospora crassa, the
human pathogens Candida albicans and Cryptococcus neoformans, Coprinus
cinereus, and the plant pathogens Magnaporthe grisea, Fusarium graminearum,
and Ustilago maydis. From information available, it appears that fungal genomes
have a high gene density coupled with low proportions of repetitive sequences
(90). To date, no insect pathogenic fungus has been submitted for complete
sequencing.

In the past five years, however, the availability of full genome sequences has
also pointed out the presence of multiple PKS and NRPS genes in fungi for
which no known function or chemical product is known (for fungal genomes, see
www.broad.mit.edw/annotation/fgi/). It is readily apparent that the potential
chemical diversity of an organism is much broader than originally realized and
that many products have yet to be identified. In a phylogenomic analysis of KS
domains from 5 taxonomically diverse pathogenic and saprobic ascomycetes,
eight groups of KS domains resulted, of which the majority of KS domains
encoded enzymes with no known function (49). Although molecular tools are
able to identify KS domains in organisms, the sequencing information only gives
sparse clues as to what the ultimate products of these genes may be. Using a
reverse chemical genetic approach, a peptide natural product was predicted from
a trimodular NRPS sequence in Streptomyces coelicolor, and finally isolated as a
tetrapeptide product (97). Further studies will be needed in order to assign
individual functionality to the specific KS domains present in fungi.

The fact that the fungal genomes examined to date harbor an unexploited
biochemical diversity presents an incredible opportunity for natural product
chemists and molecular biologists alike. Microbes need to adjust and adapt to
changing environmental conditions, and this flexibility to respond to change
should be reflected by the metabolic diversity specific to a particular stress. EST
analyses of expressed genes in Metarhizium anisopliae have shown large
adaptation to environmental conditions, including changes in genes predicted to
play roles in secondary metabolite production (92-95). Drug discovery efforts
have traditionally relied on the mass screening of extracts to identify promising
leads. In attempts to coax yields of natural products from fungi, fermentation
biologists have inherently developed methodologies for evaluating the effect of
nutritive and environmental conditions on production. Of course, this approach
gives negative results if the genomic and chemical diversity of the organism is
not expressed.

One of the greatest issues in bioprospecting is to ensure that cultures are
assessed for metabolic potential under conditions that allow expression of
metabolites. This process has been traditionally driven through empirical design,
using multiple media formulations and different environmental parameters, such
as solid/liquid, shaken/nonshaken, temperature, time of culture, humidity, and
light/dark manipulations. Plackett-Burman designs have been used successfully
to minimize the number of treatments needed to statistically evaluate the effect

In Polyketides; Rimando, A., € al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2007.


http://www.broad.mit.edu/annotation/fgiA

Downloaded by 212.166.64.10 on October 22, 2009 | http://pubs.acs.org
Publication Date: January 11, 2007 | doi: 10.1021/bk-2007-0955.ch004

63

of a single variable in a multi-variable system (96), but this process is still labor-
intensive. An understanding of the regulation of secondary metabolite production
will be critical to manipulate these organisms (97-100).

The cues that organisms use to elicit secondary metabolites are poorly
known, as are the roles that these natural products play in the organism's
interactions within their environmental niches. One possible approach that arises
from the genetic information to date is that these molecular tools may be used to
evaluate conditions that will allow expression of particular genes. One means of
evaluating the organisms' potential for chemical diversity may be to prescreen
cultures for the expression of the gene fragment of interest to evaluate potential
production of unique compounds of interest and to use this information to define
new production conditions. Thus, it seems likely that when working with
isolates of unknown potential in axenic liquid culture, standard formulations that
maximize growth may not be useful to stimulate secondary metabolite
production.
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Chapter 5
Polyketide Biosynthesis in Fungi

Kenneth C. Ehrlich

Southern Regional Research Center, Agricultural Research Service,
U.S. Department of Agriculture, 1100 Robert E. Lee Boulevard,
New Orleans, LA 70124

Elaborate arrays of polyketide metabolites are produced by
filamentous fungi. Polyketides are produced by iterative
condensation of malonylCoA by a specialized type of fatty
acid synthase that often lacks some or all of the reducing
domains normally found in such enzymes. Fungal polyketide
synthases (PKSs) have a single polypeptide chain with
multiple independently acting catalytic domains. The structure
of the resulting polyketide depends on the type of coenzymeA
(CoA) starter unit upon which the polyketide is built, whether
or not reducing domains are present in the PKS, how the
polyketide chain is terminated, and the types of oxidative
enzymes that perform subsequent modifications. A contiguous
set of genes encoding the regulatory and metabolic enzymes is
usually required for the biosynthesis of polyketides. The most
extensively studied biosynthetic gene cluster is for the
carcinogenic mycotoxin, aflatoxin (AF). AF is formed from a
hexanoyl CoA precursor by PKS-catalyzed condensation of
seven malonyl CoA units and a series of oxidative steps
performed by six cytochrome P450 monooxygenases, nine
oxidoreductases, and three non-oxidative enzymes. Since there
is no evidence that these enzymes are produced sequentially,
the subsequent oxidations of the polyketide precursor are most
likely dictated by the chemical susceptibility of the individual
precursor metabolites formed at each step.
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Filamentous fungi produce diverse natural products by condensation of
acetate and malonate (1, 2). Such products are often highly pigmented due to the
presence of multiple conjugated aromatic rings, but also can resemble linear fatty
acid-like hydrocarbons. Many polyketides (PK) are considered to be mycotoxins
because of their toxicity to bacteria, animals, or plants (3). Some mycotoxins,
such as the aflatoxins, are highly mutagenic because they are able to intercalate
and alkylate DNA (4). Others, such as melanins, are known virulence factors in
plants and cause a variety of toxic effects (5). Melanins are ubiquitous PKs, that
are produced by the fungus for both protection and invasion. PK sizes range
from diketides to dodecaketides, for example 6-methylsalicylic acid formed by
condensation of acetyl CoA with malonyl CoA is one of the smallest, while T-
toxin and fumonisins are among the largest and, like fatty acids, are formed from
repeated condensation reactions. There are many theories of why fungi make
PKs (6-10). Among these are: PKs are a defense response by fungi to stress, they
provide protection from UV damage, they are by-products of primary
metabolism, they are virulence factors, they increase fungal fitness (11, 12), they
are involved in fungal developmental processes that require small molecule
signalling, and they provide protection from predators for reproductive structures
such as conidia and sclerotia.

The fungal polyketide synthase

Fungal polyketides (PK) are products of iterative condensation of malonyl
CoA units by Type I polyketide synthases (PKS) that contain modular catalytic
units within a single polypeptide (13). These enzymes are specialized fatty acid
synthases (FASs) and many lack some or all of the FAS-type reducing domains.
All Type I PKSs have ketoacylsynthase (KS) and acyl transferase (AT) domains
and sites for attachment of acyl carrier protein (ACP), also called
phosphopantetheine. In addition, some have catalytic sites that are typically
present in all FASs, namely ketoreductase (KR), enoyl reductase (ER) and
dehydratase (DH) sites. These additional sites are present only in reducing PKSs.
Certain reducing PKSs have methyl transferase (MT) or adenylation (AMP)
domains that serve to further modify the polyketide. Almost all non-reducing
PKSs have a specialized domain, usually close to their C-termini, that functions
as a Claisen-like cyclase (CLC) (14). Domain structures for some typical fungal
PKSs are shown schematically in Figure 1. Complexity of the resulting PK
depends on the number of malonyl CoA units condensed, the subsequent
modification processes, and whether or not the PK is built onto a preformed fatty
acid CoA “starter unit.”
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Figure 1. Schematic representation of domain architecture in fungal Type |
PKSs based on reported gene sequences. KS. ketoacyl, AT, acyltransferase; DH,
dehydratase; KR, ketoreductase; ER, enoyl reductase; MT, methyltransferase;
CLC, Claisen-like cyclase; MSAS, methylsalicylic acid synthase; THN,
tetrahydronaphthalene; AF, ST, aflatoxin, sterigmatocystin

Evolution of PKS genes

Comparison of the phylogenetic distribution of functional domains in PKSs
has provided insight into the genealogy of the Type I PKSs (10) (Figure 2). The
comparisons show that PKSs group into three main clades including one for
reducing PKSs, another for non-reducing PKSs, and a third for bacterial-type
PKSs. Further subdivisions of these clades involve gains or losses of particular
PKS domains, for example, the gain of the CLC domain in non-reducing PKSs,
gains or losses of domains characteristic of non-ribosomal peptide synthetases
(NRPS), and losses of a methyl transferase (MT) domain found in bacterial
PKSs, fungal 6-methylsalicylic acid synthases (MSASs) and NRPSs. The
evidence from this genealogical study suggests that all of the different types of
PKS genes existed in fungal species for more than 300 million years. Although
the fungal PKS genes in the clade that also contains bacterial- type (Type II)
PKS genes probably were acquired from bacteria by horizontal gene transfer,
PKSs in the other fungal clades most likely evolved by selective gene
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Figure 2. Genealogy of Type I PKSs showing major clades and catalytic
domains. Gains (+) and losses (-) are shown above the branches with the types
of domains gained or lost. Domain abbreviations are given in Figure .

duplications or gene losses that allowed domain swapping and adaptive
translocations (10, 15).

Whole genome analyses show that individual fungi may contain genes for
more than 30 PKSs (10). For most of these, no specific product has been
identified. Linear reduced PKs, for example T-toxin and PM-toxin have been
frequently identified as plant virulence factors, while nonreducing PKSs more
typically produce aromatic, pigmented PKs. Therefore, the different types of
PKSs that produce these compounds may have served different evolutionary
functions. If the radiation of these types of fungi occurred from 300 to 700
million years ago (16), it is likely the fungi had to interact with insects and early
green plants (algae) (17). Fungi form symbiotic as well as competitive
relationships with both of these types of organisms and, to flourish and to
propagate, they may have required a diverse array of both pigmented and
protectorant metabolites, for which PKs were ideally suited.

Determination of chain length by fungal polyketide synthases

Determination of PK chain length is different in the iterative Type I fungal
PKSs than it is in bacterial Type II PKSs. In bacterial PKSs a separate protein
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called a chain length factor forms a complex that acts as a decarboxylase to
prevent further chain extension after the modular PKS completes synthesis of the
polyketide chain. Watanabe and Ebizuka (18) found that the CLC domain both
catalyzes the condensation reactions to stabilize the polyketide as an aromatic
ring and also hydrolyzes the polyketomethylene intermediate from the ACP
domain after the cavity of the PKS is filled. As an example of this mode of chain
length determination, Colletotrichum lagenarium PKSI, in the absence of a
functional CLC domain, produces mainly a hexaketide isocoumarin, while with
a functional CLC domain, produces mainly pentaketide products.

Polyketide gene clusters

In general, the gene encoding a PKS is part of a dedicated biosynthetic gene
cluster, whose components contain most or all of the enzymes necessary for
formation of a particular PK metabolite (19). The product formed by a non-
reducing PKS is inherently unstable unless it aromatizes or forms stabilized ring
compounds by other means such as lactonization or esterification. Usually
formation of such compounds requires further oxidation by associated oxidative
modifying enzymes. For reasons that are still not completely understood, the
genes encoding these modifying enzymes, and the genes encoding the
transcription regulatory factors and transporters necessary for metabolite
biosynthesis are clustered with the PKS (20). Gene clusters for PK biosynthesis
have been identified for lovastatin (21), sterigmatocystins (22), aflatoxins (23),
dothistromin (24), and fumonisins (25). Cluster organization could have a role in
the maintenance of the genes for PK biosynthesis after the selective pressures
that fostered formation of the cluster are lost (6, 26, 27). It is also possible that
the cluster organization provides a region of “active” chromatin where the genes
are highly and coordinately expressed under a common inducing stimulus (28-
30). Support for this latter hypothesis comes from the observation that when a
gene within the AF cluster is moved to a distant locus, its expression is 500-fold
lower than when it is within the cluster (28).

The best studied polyketide biosynthesis gene cluster is the aflatoxin (AF)
cluster (Figure 3). Expression of most of the genes in the cluster is regulated by a
yeast Gal4-like Cys¢Zn, binuclear zinc transcription factor, AfIR (31) Sites for
AfIR are in the promoter regions of most of the AF biosynthesis genes (Figure
3). Similar types of transcription factors have been shown to regulate expression
of genes in other fungal gene clusters, including those involved in primary or
secondary metabolism (20). Globally acting transcription factors, BrlA, AreA
and PacC, which regulate transcription of genes in response to developmental
stimuli, nitrogen source and pH, respectively, also mediate the expression of
genes in the AF biosynthesis cluster. What regulates expression of AfIR is still
uncertain, but proteins involved in mediating responses of AF-producing
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Aspergillus species to environmental stress, carbon source, lipids, and certain
amino acids all are known to affect AF production by modulating transcription
of AF biosynthesis genes (32-38).

Polyketide formation in aflatoxin biosynthesis

Aflatoxins (AFs) and their precursors, the sterigmatocystins (STs) (6) are
bisfurans produced by several species of Aspergillus. AF biosynthesis requires
the expression of at least 25 genes and involves 23 enzymatic steps (Figure 3)
(30). Following formation of the condensed polyketide, noranthrone (Figure 4),
a series of 14 oxidative, two methyltransferase steps, and one esterase step are
required to make AF. The 66 kb biosynthetic gene cluster encodes all of the
oxidative enzymes required: including six cytochrome P450 monooxygenases
and several types of oxidoreductases, some unique to the AF biosynthesis
pathway.

Polyketide formation in AF biosynthesis utilizes a hexanoyl CoA starter unit
that is synthesized by aid of two specialized FASs (39) (Figure 4A). The genes
for these FASs are transcribed from a common promoter region (40). The alpha
subunit FAS has separate ACP and PP domains as well as KS and KR domains
while the beta subunit has KS, AT, ACP and thioesterase (TE) domains (41).

Two subunit FASs are also present in the palmitate synthase from
Saccharomyces cerevisiae. These proteins form a multi-subunit complex, asfs
and share active sites across the two subunits. The FAS proteins involved in
primary metabolism in A. nidulans are shorter than HexA and HexB, used for
formation of the hexanoyl CoA starter unit. Recent evidence suggests that the
PKS is part of this protein complex (Figure 4B). The FAS/PKS complex (also
called the NorS complex) has the stoichiometry o,p,y,. Presumably
hexanoylCoA never becomes a free unit and is transferred directly to the PKS by
an internal trans thioesterification process. This explains why added precursor
hexanoylCoA feeds poorly into a strain of Aspergillus in which HexA was
inactivated. Furthermore, release of hexanoylCoA from the complex has not
been found.

Anthrone formation and oxidation

The initial product formed by the NorS complex is predicted to be an
anthrone (41). The enzyme required for conversion of the anthrone to the first
stable intermediate in the AF biosynthesis pathway, norsolorinic acid, has not yet
been identified. In A. terreus, emodin is formed from the anthrone by
incorporation of molecular oxygen in a reaction catalyzed by the enzyme,
emodinanthrone oxygenase (42). Putative enzymes encoded in the AF cluster
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Figure 4. AF pathway FASs and their role in formation of norsolorinic acid
anthrone. A. Domain structure of the FASs, HexA and HexB. B. Proposed
complex formation for the initial steps in AF biosynthesis. Steps include loading
of the HexA/HexB complex, synthesis of hexanoyl CoA, transfer of hexanoylCoA
to PksA, and iterative condensation to form the anthrone.

similar to such an oxidase that may carry out this reaction may be encoded by the
genes, hypBl or hypB2. The predicted enzymes have structures and conserved
catalytic Trp residues similar to those of emodinanthrone oxidase (42). A recent
study found that knockout of the homolog (stcM) of this gene in the A. nidulans
sterigmatocystin gene cluster led to a marked decrease in ST formation without
buildup of precursor metabolites, a result consistent with such a function (Keller
et al., unpublished results). It is known that anthrones are oxidized by molecular
oxygen in the absence of an enzyme, so it is not surprising that ST biosynthesis
was not completely absent in the knockout culture.

Further oxidation steps

Further oxidative reactions of norsolorinic acid are carried out in three
stages (Figure 6) by enzymes encoded by genes in the AF gene cluster (23). The
oxidative enzymes, for which conversion steps have been assigned, include six
cytochrome P450 monooxygenases (CypA, AvnA, VerA, VerB, OrdA, CypX),
two Baeyer-Villiger type oxidases (MoxY and AflY), and three NADH-
dependent reductases (Nor-1, AvfA, OrdB). Recently, preliminary evidence has
been obtained suggesting that the AF cluster gene nor4, which is predicted to
encode a ketoreductase, may be involved in the decarboxylation/dehydration
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step in the conversion of versicolorin A to demethylST (Cary and Ehrlich,
unpublished data). Non-oxidative enzymes required for the conversion steps are:
two O-methyltransferases (OmtA and OmtB) and an esterase (EstA). In the first
stage the hydrocarbon moiety derived from hexanoylCoA undergoes a series of
oxidations that ultimately give rise to the bisfuran, versicolorin A. At least ten
enzymes are needed for the steps shown in Figure 5A. Most of these steps and
the enzymes involved have been confirmed by gene knockout and
complementation studies (30). In the second stage, the anthraquinone,
versicolorin A, is oxidized and rearranged to form the xanthone,
sterigmatocystin, in a set of reactions for which no stable intermediate has yet
been isolated. Postulated intermediates are shown in the conversion scheme (Fig
5B). The sequence of steps has been deduced by metabolite feeding studies and
expected reactions for the types of enzymes involved. In the third stage,
sterigmatocystin is converted to the aflatoxins (shown in Figure 5C for formation
of aflatoxins B1 and G1). As with formation of demethyIST from versicolorin A
(43), the individual steps shown have been deduced mainly by determining the
most likely catalytic functions for the different types of enzymes.

The biosynthesis of the aflatoxins has provided insight into the genes and
enzymes required for biosynthesis of other closely related polyketides, for
example, metabolites related to anthraquinones, where the anthraquinone has
undergone further oxidation and/or reduction of the A-ring, Baeyer-Villiger
oxidations of the B-ring, and rearrangements to xanthones. Examples of these
types of reactions are cytochrome P450 catalyzed oxidation of chrysophanol (44)
and emodin to produce islandicin and secalonic acids in Penicillium islandicum
and P. oxalicum, respectively, and tajixanthone and related compounds by A.
versicolor, and geodin by A. terreus (43). The bisfuran pine pathogenic
compound, dothistromin, is a metabolite related to versicolorin A (24).

Role of PKs in fungal adaptation

PKs probably enabled fungi to survive and prosper as free-living organisms
in the diverse environments in which they needed to adapt (45, 46). Often it is
only possible to guess at the adaptive roles of some of the metabolites. However,
there is a commonality to their biosynthesis that suggests that the PK
biosynthesis gene clusters may have evolved in order to provide a basic need in
many different types of fungi irrespective of the specific niche to which they had
to adapt. Our previous studies suggested that the aflatoxin biosynthesis cluster
has been maintained for more than 100 to 300 million years (My) based on the
calculated time of divergence of section Nidulantes and section Flavi isolates
(40). We speculate that prior to this time both types of fungi had a basal gene
cluster that consisted of only the genes for a PKS and a few other enzymes
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Figure 5. Sequence of enzymatic conversion steps in the biosynthesis of aflatoxins.
A. Steps from norsolorinic acid to versicolorins. B. Steps from versicolorin A to
sterigmatomcystin. C. Steps from O-methylsterigmatocystin to the aflatoxins.
Some of the intermediates shown are hypothetical. A question mark indicates that
the enzyme suggested for the conversion step has not been proven.
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capable of stabilizing the nascent PK. Such a basal cluster would have allowed
fungi to synthesize aromatic, highly pigmented, molecules that probably, like
plant pigments, attracted insects to foster spore dispersal. The medium-chain
FAS genes, HexA and HexB could have evolved from yeast FASs to allow fungi
to survive in anaerobic environments, but in the presence of the PKS allowed
biosynthesis of colorful anthraquinones. As the fungi dispersed into less
hospitable niches, a need may have arisen for them to be more competitive with
associated microflora or plants. These conditions may have selected for the
duplication and movement of suitable genes, which originally served other
functions, into the proximity of this primordial cluster. This permitted the
elaboration of a greater variety of metabolites, some of which were toxic to the
competing microflora. It also may have allowed the fungi to become plant
pathogens.

Where did the genes come from to convert the bisfurans to compounds that
are even more highly toxic in Aspergillus species. We suggest that genes
involved in fungal virulence were moved as a block to the initial cluster at some
time in the formation of the AF and ST biosynthesis clusters. The proteins
encoded by the genes ordB and ver-l are similar to genes involved in
appessorium development, a hardened mycelial structure needed for penetration
of the cell walls of host organisms. In the ST cluster of A. nidulans all of the
genes necessary for the conversion of versicolorin A to ST are adjacent,
suggesting that these genes may have been “captured” by the cluster as a discreet
unit. Also in both types of cluster these genes are at the proximal end of the
cluster, again indicating that they form a biosynthetic block.. In line with the AF
cluster being “cobbled” together from discreet gene units, the gene(s) necessary
for aflatoxin G formation are at the extreme distal end of the cluster and
therefore, also probably were acquired by the cluster after formation of the initial
cluster unit.

While these conclusions are highly speculative, they help account for the
great variety of metabolites made by closely related species of fungi. Our
previous studies found that the genes in the AF biosynthesis cluster encoding
oxidative steps were much more highly conserved than were the genes encoding
the polyketide formation steps and the transcription regulatory proteins (40, 47).
These results are consistent with higher selection pressures being placed on the
oxidative enzyme-encoding genes than on the basal cluster genes.
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Fumonisins are mycotoxins produced by several widespread
fungal pathogens of corn. Ingestion of fumonisin contaminated
food and feeds causes several fatal diseases in livestock and is
associated with esophageal cancer and neural tube defects in
humans. In the recent years, fumonisin research has become
one of the most active areas in fungal secondary metabolism.
The gene cluster (FUM) required for fumonisin biosynthesis in
Fusarium verticillioides has been cloned. The FUM genes are
predicted to encode various fascinating enzymes, including a
seven-domain iterative modular polyketide synthase (PKS),
the first example of a fusion protein between the two subunits
of serine palmitoyltransferase, a naturally fused cytochrome
P450 monooxygenase and reductase, and a “stand-alone”
nonribosomal peptide synthetase complex. This review
highlights the progress in the studies of the molecular
mechanism for fumonisin biosynthesis.

© 2007 American Chemical Society
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Fumonisins are a group of mycotoxins produced by a number of filamentous
fungi, including Fusarium verticillioides (synonym F. moniliforme, teleomorph
Gibberella moniliformis, synonym G. fujikuroi mating population A), which is a
common fungal contaminant of corn and maize-derived products worldwide (/-
4). The fungus is found in all corn kernels and causes ear, stalk, and seedling rots
(5). Fumonisins cause several fatal animal diseases, including leukoencephalo-
malacia in horses, pulmonary edema in swine, and cancer in rats and mice (/, 6,
7). In addition, fumonisins are associated with human esophageal cancer (8, 9)
and neural tube defects (/0). In 2002, the Joint FAO/WHO Expert Committee on
Food Additives released a provisional maximum tolerable daily intake of 2
mg/kg body weight for fumonisins (/7).

The mode of fumonisin action is believed to occur through disrupting the
biosynthesis of ceramide and sphingolipids (72, /3). Sphinglipids are ubiquitous
constituents of membranes of eukaryotic cells and crucial signaling molecules
involved in numerous cellular processes. Fumonisins are structurally similar to
sphingoids, such as sphinganine, sphingosine, and phytosphingosine, which are
the long-chain base backbones of sphingolipids. Thus, fumonisins can
specifically inhibit sphinganine N-acyltransferase (ceramide synthase) (/4).

In spite of the importance of fumonisins, detailed molecular mechanism for
their biosynthesis has just started to emerge in recent years. An understanding of
the molecular mechanism is critical to the development of rational approaches to
mycotoxin elimination in agriculture and food industry. This review intends to
highlight the progress in this area.

Biosynthetic Origin of Fumonisins

Fumonisins were first isolated from a strain of F. verticillioides on moldy
maize by Benzuidenhout et al. in 1988 (/5). So far, twenty eight fumonisin
analogs are known (/6). They are classified into four groups, the A, B, C, and P-
series fumonisins. The B-series fumonisins are the most abundant analogs
produced by wild-type strains, with fumonisin B, (FB;) accounting for
approximately 70% of the total content (2). FB, is also believed to be the most
toxic analog (3, 9). It is a tricarballylic ester formed between propane-1,2,3-
tricarboxylic acid and the hydroxyl at C-14 and C-15 of 2S-amino-12S,16R-
dimethyl-3S,5R,10R,14S,15R-pentahydroxy-eicosane (Figure 1) (15, 17, 18).

The biosynthetic origin of fumonisins has been studied by several groups. C-
3 to C-20 of the carbon backbone are derived from acetate, and C-1 and C-2, as
well as the C-2 amino, are derived from alanine (17, 19). The two methyl groups
at C-12 and C-16 are derived from methionine (20). Therefore, the biosynthesis
of the carbon backbone of fumonisins is likely to involve a polyketide
mechanism (27). The origin of the hydroxyl on the carbon backbone has also
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been studied (22). The hydroxyl at C-5, C-10, C-14, and C-15 of FB, are derived
from molecular oxygen, whereas the hydroxyl at C-3 is from acetate. Finally, the
origin of the two tricarballylic esters is not totally clear, but most likely from the
citric acid cycle (17).

Molecular Mechanism for Biosynthesis

Biosynthetic Gene Cluster and Biosynthetic Pathway

A 15-gene cluster (FUM) required for fumonisin biosynthesis in F.
verticillioides has been cloned (21, 23, 24). The FUM genes were predicted to
encode at least five different types of enzymes, some of which exhibit highly
intriguing features (see below). Recently, several libraries of expressed sequence
tags (EST) of F. verticillioides have been sequenced, and results showed that the
majority of the FUM genes have alternative spliced transcripts (25). A
previously unidentified gene, FUM20, was also found by the EST sequencing
project. No function has been proposed for this gene.

A biosynthetic pathway for fumonisins has been proposed (Figure 1) (26,
27). The pathway can be divided into four stages. The first stage is the assembly
of the dimethylated carbon backbone (C-3 to C-20) from acetyl-CoA, malonyl-
CoA, and S-adenosylmethionine (SAM) via a polyketide biosynthetic
mechanism. FUMI encodes a polyketide synthase (Fum1p), which is the logical
candidate for the first step. The second stage is the release of the enzyme-bound
carbon chain from Fumlp via the decarboxylative condensation of alanine with
the polyketide chain. This produces a 20-carbon-long intermediate with a 3-keto
group (Figure 1). FUMS8 was predicted to encode a serine palmitoyltransferase
(SPT) homolog (24), which is the first committed enzyme in sphingolipid
pathway (28). The SPT homolog is likely to catalyze the second step. The third
stage is the oxidoreductions of the 3-keto intermediate, including the reduction
of the 3-keto to a 3-hydroxyl by Fum13p (29, 30), the hydroxylation at carbon
C-14, C-15, and C-10 by P450 monooxygenases (Fumé6p, Fuml2p, and
Fum15p). The final stage is the formation of tricarballylic esters at C-14 and C-
15. Biochemical data have indicated that the nonribosomal peptide synthetase
complex, Fum10p-Fum14p-Fum7p, is responsible for the esterification (Figure
1) (31, 32). The biosynthesis of fumonisins is completed when a final hydroxyl is
added at C-5 by Fum3p (33, 34).

In Polyketides; Rimando, A., € al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2007.



Downloaded by 212.166.64.10 on October 22, 2009 | http://pubs.acs.org
Publication Date: January 11, 2007 | doi: 10.1021/bk-2007-0955.ch006

85

Characterization of Biosynthetic Genes and Enzymes

FUMI1— Polyketide Backbone Synthesis

FUM1 (or FUMS5) has been proposed to synthesize the carbon backbone (C-
3 to C-20) of fumonisins (23, 26). Only one polyketide synthase (PKS) gene is
found in the FUM cluster, and a deletion of this gene in F. verticillioides led to
the elimination of fumonisin production (27). Very little is known about the
mechanism by which Fum1p controls the carbon backbone structure. In bacteria,
especially Streptomyces, the molecular mechanism for polyketide biosynthesis is
relatively well understood (35-37). Although many biologically active,
structurally complex polyketides have been isolated from filamentous fungi, the
biosynthetic mechanism for these polyketides, especially the reduced polyketides
like fumonisins, remain largely unknown (38).

FUM]I represents a typical iterative modular PKS and could serve as a
model system for the study of fungal reduced polyketides. Fum1p contains seven
domains, f-ketoacyl synthase (KS), acyltransferase (AT), dehydratase (DH),
methyltransferase (MT), B-ketoacyl reductase (KR), enoylreductase (ER), and
acyl carrier protein (ACP) (Figure 2) (23). The domain manipulation strategy has
been successfully used to elucidate the biosynthetic mechanism for bacterial
modular PKSs (35-37). However, this strategy is not directly applicable to
fungal modular PKSs, because only a single set of domains is present in the
fungal enzymes. We exploited this strategy by using a group of fungal polyketide
synthases that share an identical domain architecture but synthesize different
carbon chains (39, 40). We have mutated the active site of the MT domain of
FUM!1 and shown that the mutant strain produced demethylated intermediates of
fumonisin biosynthesis (39). The results not only confirmed the role of MT
domain but also demonstrated that a genetic system has been developed for
manipulating the single-modular PKS in this filamentous fungus. More recently,
we replaced the KS domain of FUMI with the KS domain of PKS/ for T-toxins
in Cochliobolus heterostrophus (Figure 2) (40, 41). The KS-replaced mutant
produced fumonisins, rather than T-toxin-like metabolites. The results show that
the KS domain of fungal PKSs is functionally exchangeable and that the KS
domain alone does not control the structure of polyketide products. This is the
first successful domain manipulation in polyketide synthases for fungal reduced
polyketides. We also replaced the entire FUM! in F. verticillioides with PKSI.
The mutant did not produce fumonisins or T-toxin analogs, suggesting that the
interaction between PKS and downstream enzymes in the biosynthetic pathway
may play an important role in the structural determination of the products.
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FUM8 — Amino Acid Transfer and Polyketide Chain Release

FUMS8 was predicted to encode a pyridoxal phosphate-dependent o-
oxoamine synthase to catalyze the decarboxylative condensation between alanine
and acyl-S-Fumlp (Figure 1) (23, 26). Members of this group of enzymes
include SPT involved in sphigolipid biosynthesis (42), 5-aminolevulinate
synthase (ALAS) in heme biosynthesis (43), and 8-amino-7-oxononanoate
synthase (AONS) in biotin biosynthesis (44). While ALAS and AONS are
homodimers, SPT is a heterodimer composing of two separate subunits, Lcblp
and Lcb2p, which are encoded by the LCB1 and LCB2, respectively. Lcblp and
Lcb2p are homologous to each other, and Lcb2p contains the pyridoxal
phosphate-binding lysine residue and therefore is the catalytic subunit of SPT
(42). However, both proteins are required for SPT activity. Unique among this
family of enzymes, Fum8p is a natural fusion protein of a Lcb2p homolog and a
Lcblp homolog (24). The N-terminal half (Lcb2p domain) of Fum8p is similar
to human Lcb2p (37.1%) and yeast Lcb2p (32.8%), and the C-terminal half
(Lcblp domain) to human Lcblp (24.3%) and yeast Leb2p (23.4%). The motifs
that are conserved in this family of enzymes are present in Fum8p (Figure 3).

Fum8p provides an ideal model system to study SPT-type enzymes,
because it is the only known example of a single-protein SPT found in
eukaryotes. All known eukaryotic SPTs are membrane-associated heterodimers
of Lcblp and Lcb2p (28). This complexity has hampered the efforts to study the
structure and function, because Lcb2p is unstable unless it is associated with
Lcb1p and it has been difficult to simultaneously overproduce both subunits. The
feature of Fum8p ensures the co-production of both SPT subunits. More
interestingly, it was reported that mutations in human LCB! (SPTLCI) cause
hereditary sensory neuropathy type I (HSN1) in humans (45, 46). HSN1 is the
most common hereditary disorder of peripheral sensory neuron. No medical
treatments exist that can cure this neural disorder. Fum8p provides an
opportunity to study the structure and function of this group of enzymes, which
could potentially lead to a better understanding of the molecular mechanism
underlying HSN1.

We have expressed FUMS8 in E. coli and yeast to study the activity of
Fum8p in vitro. In addition to the Lcb1p and Lcb2p domains, Fum8p contains a
putative “membrane-associate” (MA) domain of about 65 residues at its N-
terminus (Figure 4A). FUM8 with the MA domain was refractory to
heterologous expression. However, the removal of MA domain led to the
expression of FUMS, as well as the Lcb2p and Leblp domains, in E. coli and/or
yeast (Ding and Du, unpublished data). Moreover, when the Lcb2p and Leblp
domains were separately expressed in E. coli, no soluble protein was obtained.
However, a small fraction (estimated ~ 5%) of Fum8p was obtained as soluble
protein when the two-domain were expressed as a fusion protein. Three mutants
(K344G, K344E, K344L) at the active site of Fum8p Lcb2p domain have also
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been generated by site-directed mutagenesis (Figure 4A). When E. coli cells
containing FUM8-3 gene were fed with 2-'“C-alanine and stearoyl-CoA, a "*C-
labeled product that closely co-migrated with sphinganine on a TLC plate was
produced (Figure 4B) (Ding and Du, unpublished). The product was not
produced in the control experiments. Since sphinganine is a condensation
product of serine and palmitoyl-CoA (Figure 5C) (42), the '*C-labeled products
derived from 2-'‘C-alanine and stearoyl-CoA could be a compound closely
related to the first condensation products in the fumonisin pathway (see Figure 1
and Figure 4B).

A
MA Lcb2p-Domain Lcb1p-Domain Expression
= K | 7] FUM8(2520bp)  No
[ K  § | FUMS-3(2325bp) Yes
o] K ] FUMS8-4 (1470 bp) No
T _K FUMS-1 (1275 bp) Yes
| |  FUMS-2(1086bp) Yes
| G 1 | K344G (2325bp)  Yes
| E | o ] K344E(2325bp)  Yes
[ L | ] K344L(2325bp) YeS
B NH;
C OH
7
o}
3-ketosphinganine
NH,
OH
Stearoyl-CoA CoA 3-keto product =
OH
sphinganine

Figure 4. Characterization of FUMS. (A). Schematic illustration of FUMS
expression constructs. MA, “membrane-associate” domain. ThePLP-binding
lysine residue is indicated, and the mutants of the lysine residue are indicated
by replacing K with G, E, or L. (B). An in vitro test of Fum8p expressed in E.

coli, using "*C-alanine and stearoyl-CoA as substrates to produce a 3-keto

product, which is analogous to 3-ketosphinganine. (C). Chemical structure of 3-
ketosphinganine and sphinganine.
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FUM6, FUM9, FUMI12, FUMI3, FUM15 — Oxidoreduction of the Backbone

Six genes, FUM6, FUM7, FUM9 (FUM3), FUM12, FUM13, and FUM]15,
were predicted to encode redox enzymes (23). Among them, FUM7 was
suggested to be involved in the formation of tricarballylic esters (see below),
whereas the other five genes are involved in the oxidoreduction of fumonisin
backbone.

FUM6, FUMI2, and FUM15 show similarity to genes of cytochrome P450
monooxygenases (23). Interestingly, FUM6 is predicted to encode a natural
fusion between a heme-P450 monooxygenase and a FMN/FAD-containing
reductase (24), representing the first self-sufficient P450 enzyme involved in
fungal polyketide biosynthesis. Examples of P450 fusion enzymes include
P450BM-3, a fatty acid hydroxylase isolated from Bacillus megaterium (47, 48),
and P450foxy, a fatty acid w-terminal hydroxylase isolated from F. oxysporuma
(49). A deletion of FUMG6 in F. verticillioides led to the elimination of fumonisin
production (24). Interestingly, the production of fumonisins was restored in the
FUMS6 deletion mutant when it was co-cultured with the FUMI deletion mutant
or the FUM8 deletion mutant (26). No fumonisin was produced when the FUM1
mutant and the FUM8 mutant were co-cultured. The results suggest that a
biosynthetic intermediate(s) was produced by the FUM6 mutant and taken up by
the FUMI mutant or the FUM8 mutant, which converted the intermediate(s) into
fumonisins. Further analysis of the co-cultures showed that metabolites having
the general carbon skeleton of fumonisins with 1-4 hydroxyl groups were
accumulated in the cultures (26). The results suggest that the oxidation of the
carbon backbone of fumonisins takes place after the polyketide chain release
from Fumlp, which is catalyzed by Fum8p. In spite of the studies, the precise
role of FUM6, FUMI2, and FUMI5 in fumonisin biosynthesis has not been
established but is most likely related to the three hydroxylations at C-10, C-14,
and C-15 (Figure 1).

FUM9 (FUM3) deletion mutants accumulated FB; and FB,, but not FB, and
FB, (33), indicating that the function of FUMS3 is for C-5 hydroxylation. This has
been confirmed by in vitro characterization of the heterologously expressed
Fum3p (34). The purified Fum3p converted FB; to FB,, in the presence of 2-
ketoglutarate, Fe™, ascorbic acid, and catalase, which are the characteristics of
2-ketoglutarate-dependent dioxygenases.

FUM]13 shows a sequence similarity to short-chain dehydrogenase/reductase
genes. The deletion of this gene in F. verticillioides resulted in production of a
low level of normal B-series fumonisins as well as the 3-keto form of FB; and
FB4 (29). The results suggest that FUMI3 may be responsible for the 3-
ketoreduction of fumonisins and that an additional 3-ketoreductase gene may be
present in the fungus. The production of normal fumonisins in the mutants made
it difficult to define the function of FUM!3. We expressed FUM13 in E. coli and
purified Fum13p (30). Using the 3-keto FB; as substrate, we showed that

In Polyketides; Rimando, A., € al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2007.



Downloaded by 212.166.64.10 on October 22, 2009 | http://pubs.acs.org
Publication Date: January 11, 2007 | doi: 10.1021/bk-2007-0955.ch006

91

Fum13p was able to convert 3-keto FB; to FB; in the presence of NADPH. The
results demonstrate that FUMI3 gene encodes an NADPH-dependent
ketoreductase responsible for the 3-ketoreduction in fumonisin biosynthesis.
This was further supported by functional complementation of a yeast 7.SC10
mutant strain by FUMI3 (30). TSC10 encodes 3-ketosphinganine reductase in
the sphingolipid pathway (50). The results support the in vivo function of
FUM]13 in 3-ketoreduction.

FUM7, FUMI10, FUMI11, FUM14 — Tricarballylic Esterifications

Fumonisins contain two tricarballylic esters at C-14 and C-15. Four genes,
FUM?7, FUM10, FUMI 1, and FUM14, have been proposed to be involved in the
esterifications (31, 32). The deletion mutants of FUM10 and FUMI14 produced
the hydrolyzed forms of FB; and FB, (called HFB; and HFB,), which lack the
tricarballylic esters (31, 32). Deletion of FUM?7 resulted in the accumulation of a
fumonisin-like metabolite, probably having a carbon-carbon double-bond in the
tricarboxylic side-chains (32). Interestingly, deletion of FUM]I I resulted in the
accumulation of the half-hydrolyzed forms of FB; and FB, (called PHFB; and
PHFB,) (32). However, it is difficult to define the function of the individual
genes based on the metabolites accumulated in the mutants.

These FUM genes, except FUMI1 that encodes a tricarxylate transporter,
may encode a “stand-alone” complex of nonribosomal peptide synthetase
(NRPS) (31). The FUMI0-encoded acyl-CoA synthetase is analogous to the
adenylation domain of NRPS (5/). The FUMI4-encoded protein contains two
domains of NRPS, peptidyl carrier protein (PCP) and condensation domain (C).
The FUM7-encoded dehydrogenase can be regarded as a reductase domain of
NRPS (52, 53). We have purified Fum7p, Fum10p, and Fum14p by expressing
the corresponding FUM genes in E. coli or yeast. Among them, Fum14p has
been characterized (3/). Fum14p was able to convert HFB; and HFB, to FB; and
FB,, respectively, when incubated with tricarballylic thioester of N-
acetylcysteamine. In addition, the condensation domain was able to convert
HFB, to FB,. These data provide direct evidence for the role of Fum14p in the
esterification of fumonisins. More interestingly, the results are the first example
of an NRPS condensation domain catalyzing a C-O bond (ester) formation,
instead of the typical C-N bond (amide) formation in nonribosmal peptides.

Based on the paradigm of NRPS-catalyzed reactions, we proposed a
mechanism for the biosynthesis of the tricarballylic esters of fumonisins (Figure
5). The first step is the ATP-dependent activation of a tricarboxylate substrate by
FumlOp to form an acyl-AMP, which is subsequently transferred to the PCP
domain of Fum14p. The exact substrate for Fum10p is not known, but is likely to
be an intermediate of the tricaroxylatic acid cycle (/7). The data obtained from
the FUM7 deletion mutant suggested that the substrate of Fum10p could be a
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tricarboxylate containing a double bond (32), such as aconitic acid. The second
step is the C domain-catalyzed condensation between acyl-S-PCP of Fum14p
and HFB; or HFB, to produce a didehydro-intermediate of FB; or FB,,
respectively. The last step is the reduction of the double bond in the didehydro-
intermediate by Fum7p to produce FB; and FB, (Figure 5). A hydroxylation at
carbon-5 will convert FB; and FB, to FB, and FB,, respectively (33, 34).

FUMI17, FUMI8, and FUM19 — Resistance Mechanism

Three FUM genes, FUM17, FUMI18, and FUMI9, were proposed to be
involved in the self-protection (resistance) of the fungus from the mycotoxins
(23). Both FUMI7 and FUMI8 show sequence similarities to genes for
longevity assurance factors (ceramide synthases) found in yeast and mammals
(54). Since fumonisins are specific inhibitors of ceramide synthase, it is logical
to propose that FUM17 and FUMIS8 are related to the resistance mechanism in
F. verticillioides. They may provide “extra” copies of ceramide synthase genes
to maintain a proper level of ceramides and sphingolipids that are essential for
the fungus life. However, a simultaneous deteletion of both FUM17 and FUM18
did not affect the fumonisin production in the mutant (23), suggesting that this
fungus may possess other resistance mechanisms. One such mechanism could be
to sequester the mycotoxins from the ceramide synthases by pumping the toxins
out of the cells. FUMI9 shows a sequence similarity to ABC transporter (23),
which may serve as an efflux pump for the mycotoxins. A deletion of FUMI9
did slightly reduce, but did not eliminate, the production of fumonisins in the
mutant (23). We recently deleted all three genes simultaneously and found that
the mutant still produced fumonisins with a level similar to the wild type strain
(Yu and Du, unpublished). Thus, the exact resistance mechanism for fumonisin
production in F. verticillioides is still not clear.

Conclusion

Throughout the world, com is infected by mycotoxigenic fungi that produce
toxic secondary metabolites. F. verticillioides is one of the most common fungal
pathogens of corn. The fungal infection can occur in the field before harvest or
during the storage stage after harvest. The understanding of molecular
mechanisms for their biosynthesis is of economical significance, because this
knowledge could lead to rational approaches toward toxin elimination/reduction
in agriculture and food industry. Although significant progress in this area has
been made in the past six years, the detailed molecular mechanism for the
individual steps of fumonisin biosynthesis remains to be studied. Among them,
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the mechanism by which the fungal PKS controls the structure of fumonisin
carbon chain is the least understood. With the genetic and biochemical tools
available to study F. verticillioides, we are now in a good position to tackle these
individual steps to reveal molecular insights in fumonisin biosynthesis.
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Chapter 7
Benzoic Acid-Specific Type III Polyketide Synthases
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Benzophenone synthase (BPS) and biphenyl synthase (BIS)
catalyze the formation of the same linear tetraketide from
benzoyl-CoA and three molecules of malonyl-CoA. However,
BPS cyclizes this intermediate via intramolecular C6—Cl
Claisen condensation, whereas BIS uses intramolecular
C2—C7 aldol condensation. Benzophenone derivatives
include polyprenylated polycyclic compounds with high
pharmaceutical potential. Biphenyl derivatives are the
phytoalexins of the economically important Maloideae.
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Type III polyketide synthases (PKSs) generate a diverse array of natural
products by condensing multiple acetyl units from malonyl-CoA to specific
starter substrates (/,2). The homodimeric enzymes orchestrate a series of
acyltransferase, decarboxylation, condensation, cyclization, and aromatization
reactions at two functionally independent active sites. Due to their ability to vary
either the starter molecule or the type of cyclization and the number of
condensations, they are, along with terpene synthases, one of the major
generators of carbon skeleton diversity in plant secondary metabolites (3).
Among the starter substrates used, benzoyl-CoA is a rare starter molecule. It is
utilized by bacterial type 1 PKSs to form soraphen A, enterocin and the
wailupemycins (4). in plants, benzoyl-CoA is the starter unit for two type III
PKSs, benzophenone synthase (BPS) and biphenyl synthase (BIS), both of
which were cloned in our laboratory.

Benzophenone and Xanthone Biosynthesis

BPS catalyzes the formation of 2,4,6-trihydroxybenzophenone (5), i.e. the
C,; skeleton of benzophenones and xanthones (Figure 1). Subsequent 3'-
hydroxylation to give 2,3,4,6-tetrahydroxybenzophenone is catalyzed by a
cytochrome P450 monooxygenase (6) that was detected in cell cultures of
Hypericum androsaemum (Clusiaceae).

Complex Benzophenone Derivatives

Simple benzophenones can undergo stepwise prenylation using prenyl
donors such as dimethylallyl diphosphate (7). Accompanying cyclizations of the
prenyl substituents lead to the formation of bridged polycyclic compounds that
are widely distributed in Clusiaceae (=Guttiferae). The combination of
challenging chemical structure and intriguing pharmacological activity makes
the complex constituents attractive molecules for biotechnological research. For
example, garcinol (Figure 1) is a potent inhibitor of histone acetyltransferases
both in vitro and in vivo and induces apoptosis (8). Sampsoniones that are
characterized by unique caged tetracyclic skeletons include cytotoxic
compounds whose mechanisms of action and target structures are under study
(9,10). Further polyprenylated polycyclic benzophenone derivatives exhibit
antibacterial and HIV-inhibitory activities (11,12).

In Centaurium erythraea (Gentianaceae) cell cultures, BPS prefers 3-
hydroxybenzoyl-CoA as starter substrate, yielding immediately 2,3'.4,6-
tetrahydroxybenzophenone (13). 3-Hydroxybenzoate:CoA ligase was purified to
apparent homogeneity (/4). 3-Hydroxybenzoic acid is derived from an
intermediate of the shikimate pathway, as shown by feeding experiments with
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radiolabelled compounds (75). This result was confirmed by a retrobiosynthetic
NMR study with Swertia chirata root cultures (/6). In contrast to Clusiaceae,
Gentianaceae accumulate glycosylated rather than prenylated constituents (/7).

Xanthone Formation

2,3',4,6-Tetrahydroxybenzophenone is not only a prenyl acceptor but also
the immediate precursor of xanthone biosynthesis (Figure 1). It undergoes
regioselective oxidative phenol couplings that occur either ortho or para to the
3' hydroxy group and are catalyzed by xanthone synthases (/8). These
cytochrome P450 enzymes were proposed to be P450 oxidases. The underlying
reaction mechanism is likely to involve two one-electron oxidation steps. The
first one-electron transfer and a deprotonation generate a phenoxy radical whose
electrophilic attack at C-2' or C-6' leads to the cyclization of the benzophenone.
The intermediate hydroxycyclohexadienyl radical is transformed by the loss of a
further electron and proton to 1,3,5- and 1,3,7-trihydroxyxanthones. These
regioselective ring closures were detected in cell cultures of C. erythraea and H.
androsaemum that accumulate primarily 5- and 7-oxygenated xanthones,
respectively (79,20). In both cell cultures, the first modifying step at the
xanthone level is 6-hydroxylation by P450 monoxygenases (27).

The isomeric products of the xanthone synthases are the precursors of the
majority of plant xanthones (/7). This class of secondary metabolites also
includes prenylated compounds with high pharmaceutical potential. Gambogic
acid is a bridged polycyclic derivative that induces apoptosis independent of the
cell cycle through a novel mechanism of caspase activation (22). Rubraxanthone
inhibits methicillin-resistant strains of Staphylococcus aureus (23). Its activity
compares to that of the antibiotic vancomycin. Bioactive complex benzophenone
derivatives may serve as potential lead compounds for designing drugs.
Synthetic approaches to these fascinating structures have recently been
developed (24,25).

The ecological function of polyprenylated benzoyl- and acylphloroglucinol
derivatives was studied in H. calycinum flowers (26). The constituents
accumulate in those parts of petals that are exposed to the outside in the
unopened bud. They are, besides flavonoids, a new class of products that serve
as floral UV pigments. The constituents also accumulate in anthers and ovarian
walls and provide protection against herbivores. Thus, phloroglucinol
derivatives fulfill both attractive and defensive functions in H. calycinum
flowers.

Benzophenone Synthase

BPS catalyzes the formation of the carbon skeleton of benzophenone
derivatives. The enzyme was cloned from H. androsaemum cell cultures and
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functionally expressed in E. coli (5). The ~43 kDa protein shared 53-63% amino
acid sequence identity with other members of the type III PKS superfamily. BPS
preferred benzoyl-CoA as starter substrate (Table I).

BPS catalyzed the stepwise condensation of benzoyl-CoA with three
molecules of malonyl-CoA to give a tetraketide intermediate that was cyclized
by intramolecular Claisen condensation into 2,4,6-trihydroxybenzophenone
(Figure 2). The enzyme was inactive with CoA-linked cinnamic acids such as 4-
coumaroyl-CoA, the preferred starter substrate for chalcone synthase (CHS).
BPS and CHS from H. androsaemum cell cultures shared 60.1% amino acid
sequence identity. CHS is ubiquitous in higher plants and the prototype enzyme of
the type III PKS superfamily (/,2). It uses the same reaction mechanism like BPS
to form 2',4,4',6'-tetrahydroxychalcone, the precursor of flavonoids (Figure 2).

Flavonoids serve as flower pigments, UV protectants, phytoalexins and
signal molecules (/,2). Unlike BPS, CHS exhibits a broad substrate specificity
(Table I). H. androsaemum CHS and the enzymes from other sources (27)
accepted CoA-linked benzoic acids as minor substrates and formed the
respective benzophenones. An efficient but unphysiological starter unit is
benzoyl-CoA for 2-pyrone synthase (2-PS) that performs only two
decarboxylative condensations with malonyl-CoA to produce 6-phenyl-4-
hydroxy-2-pyrone (28). In cell cultures of H. androsaemum, benzoic acid
originates from cinnamic acid by side-chain degradation (29). The underlying
mechanism is CoA-dependent and non-f-oxidative. The complete sequence of
enzymes involved was detected.

Table 1. Substrate Specificities of BPS and CHS from H. androsaemum
Cell Cultures and BIS from S. aucuparia Cell Cultures

Enzyme activity (‘% of max. each)

Starter Substrate BPS CHS BJS
Benzoyl-CoA 100 22 100
3-Hydroxybenzoyl-CoA 19 22 12
4-Hydroxybenzoyl-CoA 2 0 30
2-Hydroxybenzoyl-CoA 0 0 43
4-Coumaroyl-CoA 0 100 0
Cinnamoyl-CoA 0 88 0
3-Coumaroyl-CoA 0 34 0
2-Coumaroyl-CoA 0 0 0
Acetyl-CoA 0 0 0

SOURCE: Reproduced with permission from reference 5. Copyright 2003 Blackwell
Publishing Ltd.

In Polyketides; Rimando, A., € al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2007.



Downloaded by 212.166.64.10 on October 22, 2009 | http://pubs.acs.org
Publication Date: January 11, 2007 | doi: 10.1021/bk-2007-0955.ch007

102

NH,
o

L-phenylalanine
PALl

H S

o
»/ cinnamic acid \

' N oH
CoA$\n/© CoAs\’(\/Q/
le} o

benzoyl-CoA 4-coumaroyl-CoA
BPSl 3 malonyl-CoA CHSJ 3 malonyl-CoA
OH
SCo s
I
O O o 0
l ! on
HO OH HO OH O
L0 OO
OH O OH O
phlorbenzophenone naringenin chalcone

Figure 2. Reactions catalyzed by BPS and CHS from H. androsaemum cell
cultures. Both starter substrates originate from cinnamic acid, itself supplied by
phenylalanine ammonia-lyase (PAL). (Reproduced with permission from
reference 5. Copyright 2003 Blackwell Publishing Ltd.)
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The crystal structures of CHS, 2-PS and stilbene synthase (STS) were
determined and provide a framework for understanding substrate and product
specificities (30,31,32). They defined a number of amino acids shaping the
geometry of the initiation/elongation cavity that binds the starter molecule and
accommodates the growing polyketide chain. Some of these residues varied
between BPS and CHS and were exchanged for each other by site-directed
mutagenesis (5). A CHS triple mutant (M9: L263M/F265Y/S338G) exhibited
strongly reduced activity with 4-coumaroyl-CoA and preferred benzoyl-CoA
over the activated cinnamic acid. The BPS mutants either resembled
functionally the wild-type enzyme or lacked the ability for benzophenone and
chalcone formation. BPS was modeled on the basis of the crystal structure of
alfalfa CHS (Figure 3). This homology model is guiding the generation of
further site-directed mutants.

N A
%' CJQ MET267
&
‘ e TYR269
a%ll ~ |
§ ¥
/ Benzoyl-CoA )‘f
? \ A V4 PRy

W Q O
Vo e y Sl ~
IMJ N 6%% GLY342
CYS167
(]

Figure 3. Homology model of the active site cavity of BPS. The CoA-linked
starter unit is loaded onto the catalytic cysteine. The other three amino acids
shown were introduced by site-directed mutagenesis into the CHS mutant M9.

Biphenyl and Dibenzofuran Phytoalexins

Phytoalexins are low-molecular-mass antimicrobial compounds that are
formed de novo after microbial infection (33). They provide one strategy of the
multi-component pathogen defence program. Many of the over 200,000 plant
secondary metabolites are either constitutive or inducible antimicrobial agents.
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Defence Compounds of the Maloideae

The phytoalexins of the economically important Rosaceae, especially of the
subfamily Maloideae, are biphenyls and dibenzofurans (34). Maloideae include
some of the best-known ornamental and edible-fruit plants in the temperate
regions of the world. Valuable fruits are apples, pears and stone fruits such as
peach, apricot, cherry, plum and almond. Furthermore, strawberries,
blackberries and raspberries belong to the subfamily.

The ability to form biphenyl and dibenzofuran phytoalexins is confined to
the Maloideae (34). Following fungal infection, a number of Maloideae species
accumulated the defence compounds in the sapwood, but not in the leaves (34,
35). An exception was Sorbus aucuparia leaves that produced the biphenyl
aucuparin in response to biotic and abiotic elicitation (36). Similarly, cell
cultures of S. aucuparia responded to yeast extract treatment with the
accumulation of aucuparin (37).

Interesting observations of the induction of the phytoalexins were also made
with cell cultures of two Malus domestica cultivars (38,39). While cultured cells
of a scab-susceptible cultivar (Macintosh) failed to produce phytoalexins, cell
cultures of a scab-resistant cultivar (Liberty) produced phytoalexins in response
to yeast extract treatment. Biphenyls and dibenzofurans were formed
simultaneously and had similar patterns of substituents, suggesting their
biogenic relationship (Figure 4). In an earlier study, no rosaceous species was
found to form both classes of phytoalexins simultaneously (34). The antifungal
activity of biphenyls and dibenzofurans was demonstrated (40,4/). The
phytoalexins inhibited both spore germination and mycelial growth at
concentrations that are thought to be present at localized infection sites.

OCHj o OCHj,
OCH, OCH3
aucuparin Gle  malusfuran

Figure 4. Major phytoalexins from cell cultures of a scab-resistant apple
cultivar (39).

Biphenyl Synthase
The carbon skeleton of the phytoalexins of the Maloideae is formed by BIS

that was cloned from yeast-extract-treated cell cultures of S. aucuparia and
functionally expressed in E. coli (42) Addition of the elicitor to the cell cultures

In Polyketides; Rimando, A., € al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2007.



Downloaded by 212.166.64.10 on October 22, 2009 | http://pubs.acs.org
Publication Date: January 11, 2007 | doi: 10.1021/bk-2007-0955.ch007

105

resulted in a rapid, strong and transient induction of the enzyme at the
transcriptional level. BIS preferred benzoyl-CoA as starter substrate (Table 1). It
catalyzed the iterative condensation of the starter moiety with three acetyl units
from the decarboxylation of malonyl-CoA. BIS and BPS form identical linear
tetraketides (Figure 5). However, while BPS cyclizes this intermediate via an
intramolecular C6—C1 Claisen condensation, BIS catalyzes an intramolecular
C2—C7 aldol condensation and decarboxylative elimination of the terminal
carboxyl group to give 3,5-dihydroxybiphenyl. BIS and BPS share 54% amino

acid sequence identity.
CMY\COOH cms\n/o
3x o© 0

malonyl-CoA benzoyl-CoA

l— co, l

HC HO. : :OH :
aucuparin 3.5—d|hydroxybipheny| 2,4 6-trihydroxybenzophenone
Figure 5. Reactions of BIS and BPS. Aucuparin accumulates in elicitor-treated

Sorbus aucuparia cell cultures. (Adapted with permission from reference 37.
Copyright 2003 Springer- Verlag.)

The alternative intramolecular cyclizations are also catalyzed by STS and
CHS which, however, use 4-coumaroyl-CoA as starter molecule, leading to the
formation of stilbenes and flavonoids, respectively (7,2). CoA esters of cinnamic
acids are accepted by neither BPS nor BIS (Table 1). Recently, the crystal
structure of STS from Pinus sylvestris has been resolved and the mutagenic
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conversion of alfalfa CHS into pine STS identified the thioesterase-like “aldol
switch” that is responsible for the aldol cyclization specificity in STS (32).
Interestingly, all “aldol switch” amino acids differ from the corresponding
residues in BIS, indicating the lack of a conserved set of “aldol switch” amino
acids (42).

A phylogenetic tree was constructed by selecting one CHS each from various
families of dicots, monocots, gymnosperms and ferns (42). In addition, all plant
type III PKSs that functionally differ from CHS were included (Figure 6).

Vilis vinifera STS b b
Humulus lupulus VAS
£ Rheum palmatum BAS
«l g Hydrangea macrophylla CTAS
[ydrangea macrophylla STCS |
gu:a g’fa;'/egl%ns (?I-?SSB functionally|
etunia hybrida i
L Gerbera hybrida 2-PS d"’g’ gent
Rheum palmatum ALS PKSs
Bromheadia finlaysoniana BBS
Sorbus aucuparia BIS
Hypericum androsaemum BPS J
Arabidopsis thaliana CHS
0 gztlbeﬁ hyblﬂ'da gng 1 angio-
k la graveolens
2Zea mays CHS sperm
2 Bromheadia finlaysoniana CHS
@ Lilium hybrid cv. ‘Acapuico’ CHS
Chrysosplenium americanum CH
%% Vitis vinifera CHS

0 Antirrhinum majus CHS
Bl Scutellaria baicalensis CHS CHSs
o Ipomoea nil CHS D

4% Petunia hybrida CHS D
Medicago sativa CHS2
o’ Glycine max CHS
Humulus lupulus CHS
Hydrangea macrophylla CHS
Camellia sinensis CHS
Hypericum androsaemum CHS
Sorbus aucuparia CHS
4% Rubus idaeus CHS b 3
,I:inus s;;veslris ]gymno-
Cl inus Sylvestris
ke Pjcea mariana CHS sperms
n Esilotu;n nudum CH(S:HS
w uisetum arvense
Pailotum nudum VAS ferns
Psilotum nudum STS

- Mycobacterium tuberculosis PKS18
wﬁ
T

e

Amycolatopsis mediterranei DpgA :
§tn!pt3:my&as griseus RppAPMD bacteria

Figure 6. Phylogenetic tree of type 1l PKSs. (Reproduced with permission from
reference 42. Copyright 2006 American Society of Plant Biologists.)

The outgroup was the consensus sequence of four bacterial type III PKSs.
The bacterial enzymes extend the array of the polyketide scaffolds. They share
only ~25% amino acid sequence identity with plant PKSs and each other (43).
The phylogenetic tree reflected the systematic grouping of the higher plants. The
PKSs from angiosperms fall into two clusters. One cluster comprises CHSs
including the enzymes from H. androsaemum and S. aucuparia cell cultures.
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The other cluster is formed by the functionally divergent enzymes including BIS
and BPS. The two groups originate from an ancient duplication of the ancestral
gene. One gene retained the CHS function that is indispensable for plants due to
the important functions of flavonoids. The other gene underwent impressive
functional diversification in various taxa. Among the new gene products are BIS
and BPS that group together closely. This indicates that these enzymes result
from a recent functional divergence of their common ancestor.
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Chapter 8

Engineered Biosynthesis of Plant Polyketides:

Chain Length Control in Novel Type I1I
Polyketide Synthases

Ikuro Abe

School of Pharmaceutical Sciences, University of Shizuoka,
52-1 Yada, Shizuoka 422-8526, Japan

A growing number of functionally divergent type III
polyketide synthases (PKSs), the chalcone synthase (CHS)
superfamily enzymes, have been cloned and characterized,
which include recently obtained pentaketide chromone
synthase (PCS) and octaketide synthase (OKS) from aloe
(Aloe arborescens). Recombinant PCS expressed in
Escherichia coli catalyzed successive condensations of
malonyl-CoA to produce a pentaketide, S,7-dihydroxy-2-
methylchromone, while recombinant OKS yielded octaketides,
SEK4 and SEK4b, the longest polyketides produced by the
structurally simple type III PKS. PCS and OKS share 91%
amino acid sequence identity, and maintain the conserved Cys-
His-Asn catalytic triad. The most characteristic feature is that
the CHS active-site residue 197 (numbering in Medicago
sativa CHS) is uniquely replaced with Met in PCS and Gly in
OKS, respectively. Site-directed mutagenesis revealed that the
steric bulk of the chemically inert residue lining the active-site
cavity determines the polyketide chain length and the product
specificity.
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The CHS superfamily of type I1I PKSs produce a variety of plant secondary
metabolites (e.g. chalcones, stilbenes, benzophenones, biphenyls, acridones,
phloroglucinols, resorcinols, pyrones, and chromones) with remarkable structural
diversity and biological activities. The type III PKSs are structurally and
mechanistically distinct from the modular type I and the dissociated type II PKSs
of bacterial origin; the simple homodimer of 40-45 kDa proteins carry out
complete series of decarboxylation, condensation, and cylization/aromatization
reactions with a single active-site by directly utilizing CoA-linked substrates
without the involvement of the phosphopantetheine-armed acyl carrier proteins
(7). The functional diversity of the type III PKSs derives from the differences of
their selection of starter substrate, number of polyketide chain extensions, and
mechanisms of cyclization/aromatization reactions. For example, CHS, the
pivotal enzyme for the flavonoid biosynthesis, selects 4-coumaroyl-CoA as a
starter and performs three condensations with malonyl-CoA to produce a
tetraketide, 4,2'4',6'-tetrahydroxychalcone (naringenin chalcone) with a new
aromatic ring system (Figure 1A) (/). On the other hand, 2-pyrone synthase
(2PS) selects acetyl-CoA as a starter, and carries out only two condensations
with malonyl-CoA to produce a triketide, triacetic acid lactone (TAL) (Figure
1B) (2). Recent crystallographic and site-directed mutagenesis studies on plant
(2-4) and bacterial (5,6) type III PKSs have revealed that the enzymes share a
common three-dimensional overall fold with a conserved Cys-His-Asn catalytic
triad, and a common active-site machinery of the polyketide formation reactions
which proceeds through starter molecule loading at the active-site Cys, malonyl-
CoA decarboxylation, polyketide chain elongation, and subsequent cyclization
and aromatization of the enzyme bound intermediate.

Aloe (Aloe arborescens) is a medicinal plant rich in aromatic polyketides
such as pharmaceutically important aloenin (hexaketide), aloesin (heptaketide),
and barbaloin (octaketide) (Figure 2A). Therefore, in addition to regular CHSs
involved in the flavonoid biosynthesis, presence of functionally distinct multiple
PKS enzymes that catalyze the initial key reactions in the biosynthesis of the
secondary metabolites was expected. The cDNAs encoding the novel plant-
specific type III PKSs; PCS (7a) and OKS (7b) (the GenBank™ accession no.
AY823626 and AY567707, respectively), were cloned and sequenced from
young roots of 4. arborescens by RT-PCR using inosine-containing degenerate
primers based on the conserved sequences of known CHSs. The deduced amino
acid sequences (both coding Mr 44 kDa protein with 403 amino acids) showed
50-60% identity to those of other type III PKSs of plant origin (Figure 3); OKS
shares 91% identity (368/403) with PCS, 60% identity (240/403) with alfalfa
(Medicago sativa) CHS (3a), and 54% identity (216/403) with a heptaketide-
producing aloesone synthase (ALS) recently obtained from rhubarb (Rheum
palmatum) (4c). In contrast, it shows only 23% identity (93/403) with a bacterial
Type III PKS, 1,3,6,8-tetrahydroxynaphthalene synthase (THNS or RppA) from
Streptomyces griseus (5a).
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A. arborescens PCS and OKS were heterologously expressed in Escherichia
coli BL21(DE3)pLysS (pET vector). The purified enzymes gave a single band
with Mr 44 kDa on SDS-PAGE, while the native PCS and OKS appeared to be a
homodimer since they had Mr 88 kDa as determined by gel-filtration. The
recombinant PCS did not produce chalcone, but instead efficiently accepted
malonyl-CoA as a sole substrate to yield a pentaketide, 5,7-dihydroxy-2-
methylchromone, as a single product (Figure 1D) (7a). The aromatic pentaketide
is a biosynthetic precursor of khellin and visnagin, the well known anti-asthmatic
furochromones in Ammi visnaga (8). On the other hand, despite the 91% amino
acid sequence identity with PCS, the recombinant OKS did not produce the
pentaketide, but instead efficiently produced a 1:4 mixture of SEK4 and SEK4b
(Figure 1E, 4A), the longest polyketides generated by the structurally simple
type III PKS (7b). The octaketides SEK4/SEK4b are the products of the minimal
type II PKS for actinorhodin (act from Streptomyces coelicolor, a heterodimeric
complex of ketosynthase and chain length factor) (9). Since the aloe plant does
not produce SEK4/SEK4b, but produces significant amount of anthrones and
anthraquinones (octaketides) (Figure 2A), it is tempting to speculate that the
enzyme is originally involved in the biosynthesis of anthrones and
anthraquinones in the plant. However, maybe because of misfolding of the
protein in the E. coli expression system, or because of absence of interactions
with tailoring enzymes such as yet unidentified ketoreductase (&), the
recombinant OKS just yielded SEK4/SEK4b as shunt products as in the case of
the minimal type II PKS (Figure 2C). The physiological role of OKS in the
medicinal plant still remains to be elucidated.

Interestingly, both PCS and OKS accepted acetyl-CoA, resulting from
decarboxylation of malonyl-CoA, as a starter substrate (7), but not so efficiently
as in the case of R. palmatum ALS (4c). This was confirmed by the “C
incorporation rate from [1-'*CJacetyl-CoA in the presence of cold malonyl-CoA,
while the yield from [2-'“C]malonyl-CoA was almost at the same level either in
the presence or absence of cold acetyl-CoA. In contrast, the yield of the
heptaketide by R. palmatum ALS was two- to three-fold higher in the presence
of acetyl-CoA. Theoretical "“C specific incorporation from [1-'*Clacetyl-CoA
should be 20% (1/5) in PCS and 12.5% (1/8) in OKS if acetyl-CoA serves as a
starter of the polyketide forming reactions, which was largely consistent with the
experimental results (7).

The recombinant PCS showed the Ky = 71.0 uM and k,, = 445 x 10”° min’’,
with a broad pH optimum within a range of 6.0-8.0, while OKS showed the Ky =
95.0 uM and K, = 94.0 x 10” min™ for malonyl-CoA (SEK4b forming activity)
with a pH optimum at 7.5 (7). Like other type III PKSs (3h,10), both PCS and
OKS exhibited unusually broad substrate tolerance; the enzymes also accepted
aromatic (4-coumaroyl, cinnamoyl, and benzoyl) and aliphatic (n-hexanoyl, n-
octanoyl, and n-decanoyl) CoA esters as a starter, and carried out sequential
condensations with malonyl-CoA to produce triketide and tetraketide o-pyrones
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(7). In particular, it is noteworthy that OKS readily accepted n-eicosanoyl (Cy)
CoA, much longer than the previously reported Scutellaria baicalensis CHS that
accepted only up to the C,, ester (/0f), suggesting difference of the active-site
structure between the two enzymes.

Comparison of the primary sequences revealed that the catalytic triad
(Cys164, His303, and Asn336) and most of the CHS active-site residues
(Met137, Gly211, Gly216, Phe215, Phe265, and Pro375) (numbering in M.
sativa CHS) (3) are well conserved in 4. arborescens PCS and OKS (Figure 3).
One of the most characteristic features is that both PCS and OKS lack CHS's
conserved residues, Thr197, Gly256, and Ser338. The residues lining the active-
site cavity (3a) are uniquely replaced in PCS (T197M/G256L/S338V) and in
OKS (T197G/G256L/S338V). The three residues are sterically altered in a
number of functionally divergent type III PKSs including the heptaketide-
producing R. palmatum ALS (T197A/G256L/S338T) (4c), and the triketide-
producing 2PS (T197L/G256L/ S338I) from daisy (Gerbera hybrida) (2). In G.
hybrida 2PS, it has been proposed that the three residues control starter substrate
selectivity and polyketide chain length by steric modulation of the active-site
cavity (2b). Indeed, a CHS triple mutantation (T197L/G256L/ S338I) yielded an
enzyme that was functionally identical to 2PS (2b).

As mentioned above, the pentaketide-producing PCS and the octaketide-
producing OKS share 91% sequence identity, and the CHS's active-site residue
Thr197 is uniquely replaced with Met207 in PCS (T197M/G256L/S338V) and
with less bulky Gly207 in OKS (T197G/G256L/S338V). In order to investigate
the structure function relationship of the two enzymes, we constructed a PCS
mutant in which Met207 was substituted with Gly as in OKS. As a result, there
was a dramatic change in the enzyme activity; PCS M207G mutant efficiently
produced a 1:4 mixture of SEK4 and SEK4b instead of the pentaketide
(formation of only trace amount of 5,7-dihydroxy-2-methylchromone was
detected by LC-MS) (7a). Surprisingly, the pentaketide-forming PCS was
transformed into an octaketide synthase 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 completely lost the octaketide-forming activity, but
instead efficiently afforded an unnatural pentaketide, 2,7-dihydroxy-5-
methylchromone, as a single product (Figure 4B and 5) (7b). The octaketide-
producing OKS was thus converted to a pentaketide synthase by the point
mutation. Interestingly, the pentaketide product is a regio isomer of the PCS's
5,7-dihydroxy-2-methylchromone, which is formed by a C-1/C-6 Claisen-type
cyclization (Figure 1D). While in the OKS mutant, a C-4/C-9 aldol-type
cyclization yielded 2,7-dihydroxy-5-methyichromone (Figure 5A). Despite the
91% sequence identity, OKS and PCS are not exactly functionally
interconvertible by the single amino acid replacement, suggesting further subtle
structural differences between the two enzymes.
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These results suggested that the chemically inert single residue determines
the polyketide chain length and the product specificity by steric modulation of
the active-site cavity. To further test the hypothesis, we constructed a series of
OKS mutants (G207A, G207T, G207L, G207F, and G207W) (7b). First, when
Gly207 was replaced with Ala as in the case of heptaketide-producing ALS (4c),
G207A mutant indeed yielded the heptaketide aloesone from seven molecules of
malonyl-CoA in addition to SEK4/SEK4b (Figure 4C and 5). Interestingly, the
heptaketide is a biosynthetic precursor of aloesin (Figure 2A), the anti-
inflammatory agent of the aloe plant (4c). Next, when Gly207 was substituted
with Thr as in the case of CHS (3), OKS G207T mutant completely lost the
octaketide-forming activity, but efficiently yielded a hexaketide, 6-(2,4-
dihydroxy-6-methylphenyl)-4-methoxy-2-pyrone, from six molecules of
malonyl-CoA along with the pentaketide 2,7-dihydroxy-5-methylchromone
(Figure 4D and 5). Notably, the hexaketide is a precursor of aloenin (Figure 2A),
the anti-histamic agent of the medicinal plant (/7). Moreover, other bulky
substitutions G207L and G207F yielded 2,7-dihydroxy-5-methylchromone with
a trace amount of SEK4/SEK4b (Figure 5). Finally, when Gly207 was
substituted with the most bulky Trp, OKS G207W mutant just afforded a
tetraketide, tetracetic acid lactone, along with TAL, without formation of a new
aromatic ring system (Figure 4E and 5).

It was thus demonstrated that the single residue 207 in 4. arborescens PCS
and OKS (corresponding to Thr197 in M. sativa CHS) determines the polyketide
chain length and the product specificity depending on the steric bulk of the side
chain. The small-to-large substitutions in place of Gly207 in OKS resulted in
loss of the octaketide-producing activity and the concomitant formation of
shorter chain length polyketides (from triketide to heptaketide) (Figure 5). It is
conceivable that the site-directed mutagenesis caused steric contraction of the
active-site cavity in which the polyketide chain elongation reactions take place,
resulting in the shortening of the product chain length. Recently, an analogous
result for the chain length control has been reported for the minimal type II PKS
(12). Here it should be noted that the functional diversity of the type III PKSs
was evolved from the simple steric modulation of the active-site cavity with
maintaining the Cys-His-Asn catalytic triad. Presumably, OKS and the G207
mutants catalyze the chain initiation and elongation, and possibly initiate the first
aromatic ring formation reaction at the methyl end of the polyketide intermediate
(Figure 5). The partially cyclized polyketide intermediates would be then
released from the active-site and undergo subsequent spontaneous lactone ring
formations, thereby completing the construction of the fused ring systems.

Very recently, X-ray crystal structures of A. arborescens PCS, both the
pentaketide-producing wild-type enzyme and the octaketide-producing PCS
M207G mutant, have been solved at 1.6 A resolution (/3). The crystal structures
revealed that PCS and CHS share the common three-dimensional overall fold,
including the CoA binding tunnel and the Cys-His-Asn catalytic triad. On the
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other hand, the residue 207 lining the active-site cavity indeed occupies a crucial
position for the polyketide chain elongation reactions. The residue is located at
the entrance of a novel buried pocket that extends into the "floor" of the active-
site cavity (Figure 6). The large-to-small M207G substitution widely opens the
gate to the buried pocket, thus expanding a putative polyketide chain elongation
tunnel, which lead to formation of the longer octaketides SEK4/SEK4b instead
of the pentaketide. Interestingly, a similar active-site architecture has been also
recently reported for a bacterial pentaketide-producing THNS from S. coelicolor
(5e) but shares only ca. 20% amino acid sequence identity with the plant type III
PKSs.

In addition to the above mentioned "downward expanding" active-site
residue 197, the "horizontally restricting” G256L substitution (5e) (numbering in
M. sativa CHS) in A. arborescens PCS and OKS would control the starter

(A) CHS (B) 2PS
C164
&’
=)
(D) PCS (E) OKS

Figure 6. Schematic representation of the active-site architecture of (A) M.
sativa CHS, (B) G. hybrida 2PS, (C) R. palmatum ALS, and (D) A. arborescens
PCS, and (E) A. arborescens OKS (numbering in M. sativa CHS). The
"horizontally restricting” G256L substitution controls the starter substrate
selectivity, while the "downward expanding" substitution of T1974 (ALS) and
T197G (OKS) open a gate to a novel buried pocket that extends into the "floor"
of the active-site cavity. On the other hand, the residue 338 located in proximity
of the catalytic Cys164 at the "ceiling"” of the active-site cavity guides the
growing polyketide chain to extend into the buried pocket.
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substrate selectivity as in the case of the previously reported triketide-producing
2PS (2b) and the heptaketide-producing ALS (/4). The small-to-large
replacement relative to CHS would facilitate the enzyme to utilize the smaller
malonyl-CoA (acetyl-CoA) starter instead of the bulky 4-coumaroyl-CoA while
providing adequate volume for the longer chain polyketides formation (Figure
6). It has been recently demonstrated that when Leu256 of ALS was substituted
with less bulky Gly, ALS L256G mutant became to accept 4-coumaroyl-CoA as
a starter to efficiently produce the tetraketide CTAL, whereas wild-type ALS
does not accept the coumaroyl starter at all (/4). Finally, the residue 338
(numbering in M. sativa CHS) located in proximity of the catalytic Cys164 at the
"ceiling" of the active-site cavity is also likely to play a crucial role in the
polyketide chain elongation reactions (Figure 6) (14,15). Interestingly, the CHS
active-site Ser338 is replaced with Val in both PCS and OKS. It is likely that the
residue 338 guides the growing polyketide chain to extend into the buried
pocket, thus expanding a putative polyketide elongation tunnel, thereby leading
to formation of the longer polyketides. Very surprisingly, it was recently
demonstrated that S. baicalensis CHS S338V mutant did produce a trace amount
of SEK4/SEK4b in addition to the major product TAL (/5). Moreover, the
SEK4/SEK4b-forming activity was dramatically increased in an OKS-like CHS
triple mutant (T197G/G256L/S338V). It is quite remarkable that even CHS
could be engineered to produce octaketides by a single amino acid substitution.

In conclusion, 4. arborescens PCS and OKS are novel plant-specific type
III PKSs that produce pentaketide 5,7-dihydroxy-2-methylchromone and
octaketides SEK4/SEK4b, respectively. In the two enzymes, the CHS active-site
residues are uniquely replaced with T197M/G256L/S338V in PCS and T197G/
G256L/S338V in OKS, which controls the substrate and the product specificities
of the enzymes. Most importantly, a single residue 197 determines the polyketide
chain length and the product specificity. The functional diversity of the type III
PKSs was shown to be evolved from the simple steric modulation of the
chemically inert residue lining the active-site cavity. These findings
revolutionized our concept for the catalytic potential of the structurally simple
type III PKSs, and suggest novel strategies for the engineered biosynthesis of
pharmaceutically important plant polyketides.
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Chapter 9

Expression and Function of Aromatic Polyketide
Synthase Genes in Raspberries (Rubus idaeus sp.)

Geza Hrazdina and Desen Zheng

Department of Food Science and Technology, Cornell University, NYSAES,
Geneva, NY 14456

The genus Rubus contains a family of type III polyketide
synthases which show differences in structure and function.
We have cloned and characterized five aromatic polyketide
synthase genes from raspberries. All five genes contain an
intron of varying length and have 1173 bp coding sequences,
with the exception of one gene that consists of 1149 bp. Four
of the five genes encode proteins with 391 amino acid residues
with a calculated protein mass of 42 kDa, while one gene
coded for a shorter protein consisting of 383 amino acids.
Sequence comparison of the five polyketide synthase genes
showed high similarity both at the DNA and protein levels.
Differences in the coding region were found mainly in the
flanking sequences. Analysis of the reaction products showed
that PKS1 and PKSS were chalcone synthases, PKS2 that
differs in six amino acids from PKSI1 is silent, PKS3 is a
p-coumarate triacetic acid lactone synthase (CTAS) and PKS4
is a benzalacetone synthase (BAS). The structural variations
and the architecture of these PKS genes and enzymes is
discussed.
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Introduction

Type III polyketide synthases (PKS) are acyltransferases that transfer acyl
groups from the corresponding CoA thioesters to form mono,-oligo- or
polyketides. Unlike the type I and II polyketide synthases that occur widely in
most higher organisms, fungi and bacteria, type III PKS’s are found mainly in
plants. One of the major differences between the three types is that type I and
type II PKS’s use acetyl-CoA as a starter substrate and add 2-carbon units from
malonyl-CoA with the help of an acyl carrier protein (ACP). For reviews on the
reaction mechanism of these proteins see articles by Asturias et al, (2005) and
Hitchman et al., (1998). While type I and type II PKS’s use ACP to transfer
the C, units to the starter molecule or intermediate condensation product, type I11
PKS’s load the starter substrate, usually an aromatic thioester, and malonyl-CoA
for the chain extensions directly on the cysteine-phenylalanine pairs. The
prototype of type III PKS’s is chalcone synthase (CHS, E.C. 2.3.1.74) that
condenses three acetate units deriving from malonyl-CoA with one molecule of
p-coumaryl-CoA to form the C,s aromatic unit, naringenin chalcone. CHS was
the first type III polyketide synthase reported (Kreuzaler and Hahlbrock, 1972),
characterized (Hrazdina et al., 1976) and its gene cloned (Reimold et al., 1983).

Since these original reports many CHS genes and proteins have been
reported in plants. As of the date of writing this chapter, 1221 reports appeared
in the literature on CHS biochemistry and genetics, including x-ray
crystallographic structure analysis (Jez et al., 2001). Presently 14 plant specific
polyketide synthase type III enzymes/genes are known. Their names and reaction
products are shown in Figure 1.

PKS Genes in Raspberries

The five raspberry PKS type III genes were cloned from raspberry genomic
DNA by PCR based approaches (Zheng et al., 2001; Zheng and Hrazdina
manuscript in preparation). Based on two highly conserved regions in plant type
IIT PKS’s, forward and reverse primers were designed and using RNA isolated
from raspberry cell suspension cultures, followed by PCR amplification of the
DNA fragments. Full sequence PKS genes were obtained by 3’and 5’ extension
of the fragments.

All five PKS genes showed high sequence homology, including the location
of a single intron at Cys65. The size of the intron, however, varied in the
individual genes (Figure 2). Intron length in PKS1 was 383 bp, in PKS2 and 3
it was 384 bp, in PKS4 was 711 bp and in PKS5 577 bp. PKS genes 1,2,3 and 5
coded for proteins having 391 amino acids, while PKS4 coded for a shorter
protein composed of 383 amino acids. The identity between the five genes
ranged from 85.1% to 99.4% (Table 1).
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Alignment of the amino acid sequences with other PKS sequences reported
in the data banks indicated that the PKS proteins in raspberry are very similar to
CHS and CHS-like proteins from other plant species. Sequences with the
highest similarity were from Casuarina glauca (Laplaze et al, 1999), Citrus
sinensis (Springob et al., 2000), Camellia sinensis (Takeuchi et at., 1994) and
Juglans nigra xJuglans regia cross (Cladot et al., 1997). Nearly all conserved
residues in CHS were found in all five proteins, including the four amino acid
residues that define the active site (Ferrer et al., 1999). A comparison with a
CHS consensus sequence arrived at from twenty CHS sequences with
demonstrated enzyme activity suggested that all five raspberry gene products
conformed to the consensus with few exceptions. These exceptions were the
K49R, M64R, P120L and V188A differences between PKS1 and PKS3. PKS2
showed two additional amino acid differences at R259H and F344L (Zheng et
al., 2001). PKS4 and PKSS5 showed a larger divergence from the other PKS
genes.

Raspberries accumulate a variety of flavonoid and aroma compounds that
derive from PKS type III reactions (Borejsza-Wysocki and Hrazdina, 1996,
Zheng et al., 2001). CHS produces precursors for flavonol, flavandiol and
anthocyanin synthesis. Benzalacetone synthase (BAS) carries out a single
condensation step in the synthesis of p-hydroxybenzalacetone, the precursor of
raspberry ketone, that is responsible for the characteristic aroma of raspberries.
To understand the role of the type III PKS’ during the ripening of fruits, we
cloned and characterized five type III PKS genes/gene products and discuss their
properties below.

All type III PKS’s show high degree of sequence similarity that makes it
presently impossible to assign function based on sequence alone. All PKS’ are
homodimeric proteins with a subunit size of 40-45 kDa. All carry out
decarboxylation and condensation reactions, contain a single intron at the
conserved site of Cys 65. Their reaction centers have been reported to contain
Cys164, Phe254, His303 and Asn336 (Jez et al., 2001; Ferrer et al., 1999).

To determine the functional relationship between the five raspberry genes
and their protein products, their coding regions were inserted into the expression
vector pET-9a under the control of the T7 promoter and the proteins were
expressed in E. coli cells. The crude extracts from the IPTG induced cells
containing the individual genes showed the presence of strong bands with an
approximate molecular mass of 43 kDa when analyzed by SDS-PAGE. An
exception was PKS4 that produced only relatively low amounts of the soluble
protein. Extensive efforts to produce a corresponding amount of the soluble
protein to the other PKS proteins failed. All five proteins produced by the E.coli
expression system reacted strongly with a anti-chalcone synthase antibody
preparation (Hrazdina et al., 1986) on Western blots. Extracts from non-induced
E.coli cells containing the empty vector, or expression constructs without
induction showed no cross-reacting proteins.
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To assay the activity of the expressed proteins (Hrazdina et al., 1976) CHS
or CHS-like reaction products were extracted from the reaction mixtures,
separated on paper chromatograms in the presence of authentic carrier
substances, the chromatograms scanned for radioactivity, the radioactive sections
of the chromatograms cut out and the amount of radioactivity determined by
liquid scintillation spectrometry. Extraction of the reaction mixtures at high pH
(8.8) gave naringenin (chemically cyclized from the chalcone) as the sole
reaction product from PKS1,PKS3 and PKS5. PKS2 protein containing reaction
mixtures showed no incorporation of radioactivity in any of the reaction
products, indicating that the gene could be expressed in E. coli, but its protein
product was silent. The reaction product of the PKS4 protein was identified as
p-hydroxybenzalacetone, the precursor of the raspberry aroma compound, p-
hydroxyphenylbutanone (raspberry ketone) (Borejsza-Wysocki and Hrazdina,
1996).

A number of reaction products were separated on paper chromatograms
from the acidic (pH 2.8) extraction of the reaction mixtures, which were
identified by LC/MS. The radioactive compound at the front of the
chromatogram was malonic acid, liberated by the thioesterase activity from
malonyl-CoA (Helariutta et al.,, 1995). Another radioactive compound was
identified in the PKS4 reaction mixture as p-hydroxybenzalacetone, the
condensation product of p-coumarate with a single malonate (Borejsza-Wysocki
and Hrazdina, 1996). A major reaction product from PKS3 reaction mixture was
identified as p-coumaryltriacetic acid lactone (Akiyama et al., 1999).
Comparison of the radiochromatograms of the reaction products from the five
PKS proteins identified the five raspberry PKS genes as follows: PKSI and
PKS5 are CHS genes, the PKS2 gene codes for a silent protein with no
detectable enzyme activity under the assay conditions, PKS3 as a p-
coumaryltriacetic acid syntase (CTAS), and PKS4 as benzalacetone synthase
(BAS).

Structural Architecture of the PKS Genes

We have been intrigued by PKS2, the gene that differs by two bases from
PKSI, resulting in R259H and F344L mutations and producing a protein with no
detectable enzyme activity. By mutational analysis we have exchanged in the
PKS1 gene, CHS, R259 to H and F344 to L, expressed this mutant in E. coli and
determined the activity of the expressed protein. The R259H and F344L
mutations of PKS1, a CHS with demonstrated activity, completely eliminated
enzyme activity in the mutated protein. This is rather unique, because both
amino acid positions (i.e. 259, 344) are peripheral and are not in the active
pocket region of the enzyme (Figure 3). Modeling CHS1 with the POW-RAY
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Figure 3: Location of R259H(purple) and F344L(navy) in the PKS2 protein.
The F344L mutation is in the spatial proximity of the reaction center, while the
R259H mutation is on the 81d strand. Strands 81d and 82d are lining the
reaction pocket.

and RASMOL programs clearly indicated that positions 259 and 344 are not within
the active center of CHS, but are rather at the periphery of the enzyme. Therefore,
we do not expect direct interaction of these amino acids with the substrate loading
/condensation mechanism. It is likely that mutation of these amino acids interferes
either with the correct folding of the protein, or with the substrate accessibility of
the enzyme.

Previously it was expected that only the modification of amino acids in the
immediate vicinity of the active pocket has major consequences for the enzyme’s
activity. Our data with the raspberry PKS2 indicate that modification of amino
acids at peripheral locations of the enzyme can also disrupt enzyme activity. A
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similar conclusion was arrived at with another CHS from Matthiola incana that
had a single nucleotide mutation in a triplet AGG coding for a conserved
arginine into AGT coding for serine (R72S) (Hemleben et al., 2005). The R72S
mutation has also completely eliminated activity of the Marthiola CHS,
apparently by interfering with the correct folding of the protein, or with the
channeling of the substrate to the reaction center of the enzyme.

Further analysis of the raspberry PKS genes has shown that the proteins
coded by the five genes have the seven conserved cysteines at positions
30,60,84,130,164,190 and 341. Cysteines at these conserved locations are likely
to have structural functions, because in addition to the CHS’ from which the
consensus sequence derives, they were found at identical or similar locations in
Arachis hypogea STS, in the Gerbera hybrida 2-pyrone synthase (2PS), in the
Ruta graveolens acridone synthase (ACS), the Rheum palmatum benzalacetone
synthase (BAS) and in the aleosone synthase (ALS) (Abe et al., 2004).

From these seven cysteines, two are located in the active site pocket that has
been defined by the Cys164, Phe 215, His 303 and Asn336 tetrad (Jez et al.,
1999). Both of these cysteines are paired with phenylalanine, e.g. Phe129-Cys
130 and Cys164-Phe 165. Phe 129-Cys130 is on the ascending 84 strand of the
protein, while Cys164-Phel165 are on the descending loop between the 85 and
o-7 sheet, positioning the two cysteines in proximity of each other (Figure 4).
Cysl64 has been elucidated as the attachment and decarboxylation site for
malonyl-CoA (Jez et al., 1999), however, Cys130’s role is not quite clear. It is
likely that it may be responsible for the binding of p-coumaryl-CoA. In an
earlier mutational analysis experiment (Lanz et al., 1991) it was reported that
only Cys164 has an essential function in substrate binding and condensation of
malonyl-CoA with the starter substrate p-coumaryl-CoA. Although mutation in
the surrounding amino acid His1612GIn in STS and GIn161His in CHS showed
reduced activity both in the absence and presence of cerulenin, the role of the
immediate neighboring Phe was not investigated at either positions 139 or 165.

Detailed investigations on the reaction mechanism of plant type III
polyketide synthases (Jez et al., 2000) have indicated that Cys164 serves as the
single nucleophile for polyketide formation, but is not essential for the
decarboxylation reaction of malonyl-CoA. Decarboxylation of malonate took
place when Cys164 was mutated to alanine. The presently accepted working
hypothesis for the CHS reaction mechanism suggests that p-coumaryl-CoA binds
to Cys164 as a thioester, transferring p-coumarate to this amino acid. Malonyl —
CoA then binds and positions the bridging cabon of malonate near the carbonyl
of the enzyme bound p-coumaryl thioester. Asn336, His303 and Phe215 then
orient the thioester carbonyl of malonyl-CoA for decarboxylation. Asn336 and
His303 then interact with malonyl-CoA’s thioester carbonyl, creating an electron
sink that stabilizes the enol tautomere of the acetyl group. The enzyme bound
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Figure 4. Location of the F129-C130 and C164-F165 pairs within the active
pocket site of CHS|.

p-coumaryl thioester then releases the thiolate group of Cys164 and transfers
p-coumarate to the tautomerized acetyl-CoA thioester. Cys164 than recaptures
the elongated p-coumarylacetyldiketide, and releases CoA. The so formed
p-coumarylacetyldiketide then is ready for further elongation, until the
p-coumaryltriacetate fills the active pocket site and no further elongation is
possible. This model is based on the early structure of type II B-ketoacyl
synthases that were believed to have the same four amino acids at similar
locations participating in the condensation/chain elongation reactions. Recent
crystallographic data which are discussed by Smith et al., (2003) show that the
terminal carbon released from malonyl-CoA of the acyl-S-Cys161 is not in the
form of CO,, but as bicarbonate, (see also Witkowski et al., 2002) and that not
one, but two histidines (His293, His331) are required for the decarboxylation
reaction. According to these studies the active center of type 1 and type II
polyketide synthases is defined by Cys161, His293, His 331, Lys326, Gly394
and Phe395. Mutational analysis of a bacteria type III polyketide synthase has
also shown that mutation of Cys160, the catalytic nucleophile, resulted in a
protein that was still able to carry out the regioselective construction of an eight
carbon dihydroxyphenylacetyl-CoA skeleton with surprising efficiency (Tseng
et al., 2004).
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Future Prospects

Since the mutational analysis of the cysteines within CHS was carried out at
a relatively early time (Lanz et al.,, 1991) when the available tools were not as
refined as those of the present, it seems to be an opportune time to repeat those
early experiments on the amino acids defining the catalytic pocket of type III
polyketide synthases, including the role of the Phel29-Cys130 and Cysl164-
Phel65 amino acid pairs. Since the five PKS genes and proteins in raspberries
showed considerable differences in their structure and function, we may
encounter further surprises during the continuation of our investigation of the
PKS genes in Rubus.
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Chapter 10

Molecular and Biochemical Characterization
of Novel Polyketide Synthases Likely to Be Involved
in the Biosynthesis of Sorgoleone

Daniel Cook', Franck E. Dayan', Agnes M. Rimando’,
N. P. Dhammika Nanayakkara’, Zhigiang Pan', Stephen O. Duke',
and Scott R. Baerson'

'National Products Utilization Research Unit, Agricultural Research
Service, U.S. Department of Agriculture, P.O. Box 8048,
University, MS 38677
*National Center for Natural Products Research, School of Pharmacy,
University of Mississippi, University, MS 38677

Sorgoleone, an oily exudate secreted from the root hairs of
sorghum (Sorghum bicolor (L.) Moench), acts as a potent
allelochemical. Its phytotoxic properties make the elucidation
of the biosynthetic enzymes participating in this pathway
desirable. Previous studies suggest that the biosynthetic
pathway of sorgoleone involves a polyketide synthase as well
as a fatty acid desaturase, an O-methyl transferase, and a
cytochrome P450 monooxygenase. This polyketide synthase
is proposed to use a novel long chain fatty acyl-CoA (C16:3)
as a starter unit and catalyzes three iterative condensation
reactions using malonyl-CoA to form a transient linear
tetraketide that cyclizes to form a pentadecatriene resorcinol.
To identify the polyketide synthase gene(s) involved in the
biosynthesis of these alkylresorcinols, a root-hair specific EST
(expressed sequence tag) collection was mined for potential
candidates. A total of nine polyketide synthase-like EST’s
were identified representing five unique contigs, three of
which were preferentially expressed in root hairs. The
molecular and biochemical characterization of these three
candidate polyketide synthases are presented, two of which
represent a novel type of type III plant polyketide synthase.

© 2007 American Chemical Society 141

In Polyketides; Rimando, A., € al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2007.



Downloaded by 212.166.64.10 on October 22, 2009 | http://pubs.acs.org
Publication Date: January 11, 2007 | doi: 10.1021/bk-2007-0955.ch010

142

Natural products represent a diversity of chemical compounds with varied
biological activities. ~Natural products are an important source of novel
pharmaceuticals as well as agricultural pesticides (7,2). Natural products are
derived from a number of pathways that create basic scaffolds that are further
modified by various tailoring enzymes to create the wide diversity of structures
that exist in nature. Polyketide synthases are responsible for the synthesis of an
array of natural products including antibiotics such as erythromycin in bacteria
(3) and mycotoxins such as aflatoxin in fungi (4). Furthermore, in plants they
are part of the biosynthetic machinery of flavonoids, phytoalexins, and phenolic
lipids (5,6).

Phenolic lipids represent an interesting group of natural products with
varied bioactivities and uses, which are often derived from a polyketide pathway
(5,6). Examples of phenolic lipids are shown in Figure 1 and include urushiol,
an allergen from poison ivy, anacardic acid, an anti-feedant, alkylresorcinols
from various grasses possessing antifungal activity, and sorgoleone, an
allelochemical from sorghum. In addition, phenolic lipids are important for the
synthesis of formaldehyde-based polymers used in the automobile industry and
are important in some countries in the lacquering process (6).

Sorgoleone  (2-hydroxy-5-methoxy-3-[(Z,2)-8',11',14'-pentadecatriene]-p-
benzoquinone (Figure 1), a phenolic lipid of particular interest in plant chemical
ecology, is an allelochemical produced by several Sorghum species (7).
Allelochemicals can be defined as compounds produced by one plant that limits
the growth of another plant (8). Allelopathic compounds have been
characterized in a number of plants other than sorghum, including spotted
knapweed and rice (8,9). Sorgoleone refers to a group of structurally related
benzoquinones having a hydroxy and a methoxy substitution at positions 2 and
S, respectively; and having a 15- or 17-carbon chain with 1, 2, or 3 double
bonds. These compounds were first isolated from hydrophobic root exudates of
Sorghum bicolor and are distinguished from one another on the basis of their
molecular weights (70,11,12,13). The 2-hydroxy-5-methoxy-3-[(Z,Z)-8',11",14'-
pentadecatriene}-p-benzoquinone (Figure 1), in addition to the other sorgoleone
congeners, accounts for more than 90% of the root exudates of Sorghum (11)
that are released into the soil where they repress the growth of other plants
present in their surroundings. The biosynthetic pathway of sorgoleone requires
four types of enzymes: fatty acid desaturases, polyketide synthases, O-methyl
transferases, and cytochrome P450 monooxygenases as shown in Figure 2
(14,15). A type Il polyketide synthase catalyzes a crucial step in the formation
of the pentadecatriene resorcinol intermediate in sorgoleone biosynthesis. This
phenolic lipid can be subsequently modified by various tailoring enzymes, such
as O-methyl transferases, cytochrome P450’s, and glycosyltransferases.
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(B) heptadeceny! resorcinol, (C) urushiol, and (D) anacardic acid,
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Figure 2. Proposed biosynthetic pathway for sorgoleone. The hydroquinone,
produced in vivo, is thought to undergo autooxidation once secreted into the
rhizophere to yield the more stable benzoquinone, sorgoleone.
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Materials and Methods
¢DNA Library Construction and EST Data Analysis

Sorghum bicolor (cv. BTX623) were grown for 5-7 days on a capillary mat
system as described previously by Czarnota et al. (76). Root hairs were then
isolated using the method of Bucher et al. (/7), and total RNAs were isolated
using the Trizol reagent (Invitrogen Corporation, Carlsbad, CA) per
manufacturer's instructions. Tissue disruption was performed with a hand-held
homogenizer at 25,000 rpm. RNA purity was determined
spectrophotometrically, and integrity was assessed by agarose gel
electrophoresis. Poly-A+ mRNAs were prepared using an Oligotex mRNA
Midi Kit (Qiagen, Valencia, CA), then used for the construction of the cDNA
library with a Uni-Zap XR cDNA library construction kit (Stratagene, La Jolla,
CA). Mass excision of the primary library was performed to generate phagemid
clones, which were then randomly chosen for sequencing via the University of
Georgia, Laboratory for Genomics and Bioinformatics wet-lab pipeline (18).
Raw sequence traces were then filtered for quality control and elimination of
contaminating vector sequences via an automated bioinformatics pipeline
developed at the University of Georgia (18). Database mining was performed
using the Magic Gene Discovery software (/9), and by BLASTN and
TBLASTN analysis (20).

Real-Time RT-PCR

Real-time PCR was performed by the method of Baerson et al. (2/) with
the following modifications. Total RNAs were prepared using Trizol as
described above, then re-purified using an RNeasy Midi Kit (Qiagen, Valencia,
CA), including an “on-column” DNase I treatment to remove residual DNA
contamination. Real-time PCR was performed in two biological replicates (i.e.,
two RNA samples from different plants, with three PCR reactions on each RNA
sample) for each tissue using an ABI PRISM™ 5700 Sequence Detector
(Applied Biosystems, Foster City, CA) with gene-specific primers
corresponding to the candidate polyketide synthases and primers specific to 18S
TRNA (Forward, 5'- GGCTCGAAGACGATCAGATACC-3'; reverse, 5'-
TCGGCATCGTTT ATGGTT- 3'). Gene specific primers for the five candidate
polyketide synthases were designed.

Heterologous Expression of Recombinant Polyketide Synthases

Full-length coding sequences were generated using the SMART RACE
c¢cDNA Amplification Kit (Clontech Laboratories Inc., Palo Alto, CA) per
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manufacturer’s instructions from RNA prepared from root hairs (described
above). PCR products containing complete open reading frames flanked by
appropriate restriction sites, were then generated and directly cloned into
pET15b (EMD Biosciences, La Jolla, CA), in-frame with a poly-histidine tract
and thrombin cleavage site. The resulting E. coli expression vectors were
transformed into strain BL21/DE3 (EMD Biosciences, La Jolla, CA) for
recombinant enzyme studies.

For recombinant protein production, E. coli cultures were grown at 37°C to
an optical density of 0.6 at 600 nm, then induced with 0.5 mM IPTG and
allowed to grow 5 additional hours at 25°C. Cells were harvested by
centrifugation at approximately 3000 x g for 20 min at 4°C, washed with cold
0.9% NaCl, then collected by re-centrifugation at 3000 x g. Pellets were
resuspended in cold lysis buffer (100 mM potassium phosphate, pH 7.0, 1 M
NaCl, 5 mM imidazole, 10% glycerol, 1 pg/mL leupeptin) and extracted using a
French Press at a pressure of 1500 p.s.i. Benzonase (25 U/mL) and 1 mM
PMSF were added immediately to the lysate. After 15 min incubation at room
temperature, the lysate was centrifuged at 15,000 x g for 20 min, and
supernatant was loaded onto a Ni-column activated with 2 mL of 0.1 M NiSO,
and washed with 10 mL of distilled water. The Ni-column was previously
equilibrated with 10 mL buffer A (100 mM potassium phosphate, pH 7.0, 500
mM NaCl, 5 mM imidazole). The column was washed with 3.5 mL buffer A
between each 2 ml of supernatant. Once all of the sample was loaded, the
column was washed with 8 mL of buffer A followed with 8 mL of buffer B (100
mM potassium phosphate, pH 7.0, 500 mM NaCl, 50 mM imidazole).
Recombinant polyketide synthases were then eluted with 2.5 ml of elution buffer
(100 mM potassium phosphate, pH 7.0, 500 mM NaCl, 250 mM imidazole).
The recombinant protein-containing fraction (250 mM imidazole) was desalted
on a PD-10 column equilibrated with cold desalting buffer (100 mM potassium
phosphate, pH 7.0, 10 mM DTT, 10% glycerol). Protein concentrations were
determined using a Bio-Rad protein assay kit (Bio-Rad Laboratories, Hercules,
CA). Enzyme preparations were stored at —80°C prior to use.

Polyketide Synthase Enzyme Assays

Polyketide synthase enzyme assays contained 100 mM potassium phosphate
buffer (pH 7.0), 40 pM malonyl-CoA, 25 uM starter molecule (i.e. palmitoyl-
CoA), and 2 pg protein in a 200 pL. volume at 30° C for 30 minutes. Reactions
were quenched by addition of 10 puL of 20% HCL. The lipid resorcinol products
were extracted by phase partitioning with 1 ml of ethyl acetate. The organic
phase (upper layer) obtained by centrifugation at ~14,000 x g for 1 minute was
transferred to a fresh tube, dried under vacuum, and subsequently analyzed by
GC/mass spectrometry as a trimethysilyl derivative. Product formation was
quantified using selected ion monitoring at m/z 268, a common fragment to all
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lipid resorcinols. The identity of the product formed was verified by their
retention times and mass specta relative to authentic standards for
pentadecylresorcinol (Chem Services) and olivetol (Sigma).

Results and Discussion

The proposed pathway for sorgoleone biosynthesis (15) as shown in Figure
2 indicates that a minimum of four different classes of enzymes would be
required for its biosynthesis starting with a saturated acyl-CoA fatty acid (Figure
2). A targeted approach for obtaining the candidate sequences representing fatty
acid desaturases, polyketide synthases, O-methyitransferases, and cytochrome
P450s from Sorghum bicolor was initiated. "The allelochemical sorgoleone is
thought to be produced exclusively in the root hairs, thus most if not all the
biosynthetic enzymes and their corresponding mRNAs are likely to be abundant
in this tissue type (76). On this basis, a functional genomics approach was
developed to identify and characterize the biosynthetic enzymes of sorgoleone in
sorghum root hairs. An expressed sequence tag (EST) analysis was selected as a
gene isolation strategy, as this approach is ideally suited for profiling the more
abundant transcripts in a specific cell or tissue type (22). A cDNA library was
constructed from RNA prepared from root hairs, from which an EST database
was generated (see Materials and Methods) for subsequent data mining.

The EST data was mined for candidate polyketide synthases using both the
Magic Gene Discovery software (719), and also analyzed by BLAST searches
using functionally characterized plant type III polyketide synthase sequences as
queries against the EST dataset translated in all possible reading frames. From
these analyses, 9 polyketide synthase-like EST’s were identified in the root hair
EST data set (Table I). Furthermore, candidate EST’s were identified for all the
other enzymes proposed to be part of the sorgoleone biosynthetic pathway (data
not shown).

A secondary screen using real-time PCR was used to identify candidate
polyketide synthases whose expression pattern correlated with the accumulation
of sorgoleone. Gene-specific primers were designed for the 5 contigs and
singletons representing the polyketide synthases (Table I). Real time PCR was

Table I. Summary of polyketide synthase candidate sequences identified in
S. bicolor root hair EST database

Family Clones Contigs Singletons %,Total Root hair-
specific
Polyketide synthase 9 2 3 0.165 3

“Three sequences exhibiting root hair-specific expression were identified from a subset
of the 5 polyketide synthase-like contigs and singletons.
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used to assay expression levels of the candidate genes in the different tissue
types from sorghum including mature leaves, immature leaves, panicles, apices,
mature stems, roots, and root hairs. Three candidate polyketide synthase genes
were identified having their highest expression levels in root hairs (Table I).
Full length coding sequences were generated by PCR (see Materials and
Methods) and subcloned into E. coli expression vectors.

Full-length open reading frames for all three candidates were overexpressed
in E. coli, and purified using an activated Ni-column (see Materials and
Methods). Acyl CoA’s varying in length and saturation were tested in enzyme
assays with all three recombinant enzymes to determine their substrate specificty
(see Materials and Methods) (Figure 3). Furthermore benzyl CoA was tested as
a substrate representing a different functional group (Figure 3).

Most type III plant polyketide synthases characterized thus far utilize
relatively small starter units, such as coumaryl Co-A (5). Significantly, two of
the three polyketide synthase candidates identified from sorghum root hairs,
preferentially utilized long chain acyl CoA substrates. Furthermore, A9',12',15'-
hexadecatrienoyl CoA, the major in vivo substrate for the polyketide synthase
involved in sorgoleone biosynthesis, is also used by these same two enzymes. It
is notable that these two polyketide synthases do not utilize the smaller
substrates, suggesting that these enzymes belong to a new class of polyketide
synthases dedicated to the synthesis of phenolic lipids. The third candidate
polyketide synthase showed no activity towards any of the substrates tested.
The predicted protein sequences of these two active polyketide synthases exhibit
a high degree of similarity to a small family of putative polyketide synthases
from rice whose function have yet to be established (Table II). Since rice is also
known to synthesize phenolic lipids, this small family of polyketide synthases
may be responsible for their biosynthesis. In addition, the protein sequence
contains the consensus amino acids that define a type III polyketide synthase.
Further studies such as over-expression and RNAi with transgenic sorghum
plants will be pursued in future efforts, which may provide further evidence that
these polyketide synthases catalyze a key step in the sorgoleone biosynthetic
pathway. :

Summary and Conclusions

The combination of a root hair specific EST approach and expression
analysis was an effective strategy for isolating candidate polyketide synthases
potentially involved in sorgoleone biosynthesis. As a result of these efforts, two
novel type III polyketide synthases have been identified that preferentially use
long chain acyl Co-A’s and are potentially involved in sorgoleone biosynthesis.
These candidate polyketide synthases can form pentadecatriene resorcinol, an
intermediate in sorgoleone biosynthesis. Furthermore, these efforts may aid in
the identification of other polyketide synthases responsible for the biosynthesis
of phenolic lipids in other plant species.
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Table II. Top 10 BLASTP results for clone using the NCBI non-redundant
(nr) peptide sequence database

Description Score  °E-value
putative chalcone synthase [Oryza sativa 475 le-132
(japonica cultivar-group)]

putative chalcone synthase [Oryza sativa 453 4e-126
(japonica cultivar-group)]

putative chalcone synthase [Oryza sativa 427 4e-118
(japonica cultivar-group)]

putative chalcone synthase [Oryza sativa 424 3e-117
(japonica cultivar-group)]

putative chalcone synthase [Oryza sativa 424 3e-117
(japonica cultivar-group)]

putative chalcone synthase [Oryza sativa 422 le-116
(japonica cultivar-group)]

hypothetical protein [Oryza sativa 401 3e-110
(japonica cultivar-group)]

Chalcone synthase [Lilium hybrid cv. 384 4¢-105
'Acapulco’]

putative chalcone synthase [Oryza sativa 380 6e-104
(japonica cultivar-group)]

Chalcone synthase [Lilium hybrid 378 2e-103
division I]

“The score (S) for an alignment is calculated by summing the scores for each aligned
rosition and the scores for gaps.

The E-value indicates the number of different alignments with scores equivalent to or
better than (S) that are expected to occur in a database search by chance. The lower the E-
value, the more significant the score.
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The archetypical polyketide synthases (PKSs), known as type
I, II, and IIl PKSs, have accounted for the vast structural
diversities embodied by polyketide natural products, but recent
progress in polyketide biosynthesis clearly suggests much
greater diversity for PKS mechanism and structure. We have
previously argued the emergence of novel PKSs and cautioned
the oversimplification of polyketide biosynthesis according to
the type I, II, and IIl PKS paradigms on the basis of our
studies on the biosynthesis of the enediynes, the
macrotetrolides, and leinamycin. We present here a brief
progress report on our current effort to mechanistically
characterize these novel PKSs.
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Introduction

Polyketides are a large family of structurally diverse natural products found
in bacteria, fungi, and plants, and many of them are clinically important drugs.
They are biosynthesized from acyl CoA precursors by polyketide synthases
(PKSs). While the archetypical PKSs, known as type I, II, and III PKSs, have
provided the molecular basis to account for the vast structural diversities
embodied by the polyketides and the biotechnology platform for combinatorial
biosynthesis of “unnatural” natural products in bacteria, recent progress in
polyketide biosynthesis clearly suggests that PKSs have much greater diversity
in both mechanism and structure. Using results from our studies on the
biosynthesis of the enediynes, the macrotetrolides, and leinamycin as examples,
we have previously argued the emergence of novel PKSs and cautioned the
oversimplification of polyketide biosynthesis according to the type I, II, and III
PKS paradigms.! Since then, many additional PKSs, deviating from the
archetypical PKSs in mechanism, structure, or both, have been reported.”’
Here, we present a brief progress report on our current effort to mechanistically
characterize these novel PKSs.

NcsB—an iterative type I PKS for aromatic polyketide
biosynthesis

We have now fully sequenced and annotated the neocarzinostatin (1)
biosynthetic gene cluster from Streptomyces carzinostaticus ATCC 15944,
unveiling two iterative type I PKSs, NcsB and NcsE, for the biosynthesis of the
naphthoic acid (2) and the enediyne core moieties of 1, respectively.® NcsB
catalyzes the biosynthesis of 2 from the acyl CoA substrates, NcsB3 and NcsB1
modify 2 to 3 by sequential hydroxylation and O-methylation, and NcsB2 finally
couples 3 to the enediyne core to afford 1 (Figure 1).* This proposal has been
supported by inactivation of ncsBl1, ncsB2, or ncsB3 in S. carzinostaticus and by
expression of ncsB in Streptomyces lividans TK24.> The resulting dncsBI,
AdncsB2, or AncsB3 mutant completely lost its ability to produce 1, as would be
expected for genes that are essential for 1 biosynthesis, and 2 was the major
metabolite detected upon expression of nesB in S. lividans, consistent with the
proposed timing for the regioselective reduction at C-5 and C-9 of the nascent
linear polyketide intermediate to occur before the ensuing intramolecular
cyclization and aromatization to 2 (Figure 1). We have optimized the
heterologous expression of ncsB, and NcsB can be overproduced in E. coli as a
soluble protein, setting the stage to investigate the NcsB-catalyzed synthesis of 2
in vitro.
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Figure 1. (4) Domain organization of the NcsB naphthoic acid synthase and
(B) proposed pathway for biosynthesis of the naphthoic acid intermediate (2)
Jfrom the acyl CoA substrates by NcsB and its subsequent conversion to 3 by
NcsB3 and NcsB1 and incorporation into neocarzinostatin (1) by NcsB2. ACP,
acyl carrier protein; AT, acyltransferase; DH, dehydratase; KR, ketoreductase;
KS, ketoacyl synthase.

NcsE and SgcE—iterative type I PKSs for enediyne
biosynthesis

Since the first report three years ago of the biosynthetic gene clusters for
C-1027 (4) from Streptomyces globisporus® and for calicheamicin from
Micromonospora echinospora ssp, calichensis' as model systems for 9- and 10-
membered enediyne natural product biosynthesis, both of which utilize an
iterative type I enediyne PKSs, two additional new enediyne natural products,
have been reported,”” four additional enediyne biosynthetic gene clusters have
been cloned,*'™"" and at least eleven additional enediyne biosynthetic loci have
been identified albeit the enediyne structures encoded by the latter are yet to be
established.!" We have now completed the cloning, sequencing, and annotation
of the biosynthetic gene clusters for 4 from S. globisporus,® 1 from
S. carzinostaticus,' and maduropeptin (5) from Actinomadura madurae and
proposed a unified mechanism for enediyne biosynthesis featuring the
enediyne PKSs such as NcsE for 1, SgcE for 4, and MadE for 5 (Figure 2)."“"12
The involvement of the enediyne PKSs in enediyne natural product bio-
synthesis have been unambiguously established by gene inactivation and
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complementation experiments in S. carzinostaticus for NcsE* and in S.
globisporus for SgcE,° respectively, and by cross-complementation experiments
inthe S. carzinostaticus AncsE and S. globisporus AsgcE mutants for MadE.
Successful complementation of the S. carzinostaticus AncsE or S.
globisporus AsgcE mutants by ncsE or sgcE, respectively, and cross-
complementation of enediyne PKS gene mutants AncsE and AsgcE by homologs
from other 9-membered enediyne biosynthetic pathways, such as madE for S,
provided an excellent opportunity to map the putative active sites of the
enediyne PKS in vivo. The enediyne PKS has been assigned to consist of six
domains—ketosynthase (KS), acyltransferase (AT), acyl carrier protein (ACP),

_ketoreductase (KR), dehydratase (DH), and the terminal domain (TD) that has

also been proposed to encode a phosphopantetheinyl transferase (PPTase)
activity (Figure 2).*™'%'"* While the KS, AT, KR, and DH domains are highly
homologous to known PKS domains, supporting their sequence-based functional
assignments, the ACP and TD domains are unique to enediyne PKSs, whose
assigned functions are very speculative. We have systematically mutated
selected sets of conserved residues within both the ACP and TD domains of
SgcE by site-directed mutagenesis to verify their predicted functions. The
resultant mutants were introduced into the S. globisporus AsgcE mutant strain to
examine if they can complement 4 biosynthesis with the native sgcE as a positive
control. For example, while expression of the native sgcE gene restored 4
production to the AsgcE mutant to the level comparable to that in the S.
globisporus wid-type strain, 4 production was not detected upon expression of
either the sgcE (S974A) or sgcE (D1829A) mutant, indicating that the Ser974
and D1829 residues are essential for SgcE activity. Since the two mutations,
S974A and D1829, are within the predicted ACP and TD domain of SgcE,
respectively, which are absolutely conserved among all enediyne PKSs, these
experiments provided experimental evidence to support their sequence-based
functional assignments, serving as a proof of principle to map the active sites of
all domains identified within the enediyne PKS by in vivo experiments.
Complementary to the aforementioned in vivo studies, we have optimized
the heterologous expression of ncsE and sgcE in E. coli and overproduced and
purified NcsE and SgcE in soluble form to homogeneity. Remarkably, the
purified NcsE and SgcE proteins were yellow-colored with a distinct absorption
spectrum with several maxima between 325 nm to 475 nm. Since PKSs and
PPTases are not known to contain a prosthetic group that absorbs at these
wavelengths, we attribute the yellow color to a biosynthetic intermediate, most
likely a polyunsaturated linear polyketide that is still covalently tethered to the
SgcE PKS via a thioester linkage to the phosphopantetheine group of the ACP
domain. This proposal was further strengthened by the production and isolation
of the SgcE (S974A) mutant as a negative control. Since ACP cannot be
functional unless the conserved Ser residue is phosphopantetheinylated,"'* the
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S974A mutation therefore renders SgcE incapable of being posttranslationallly
modified by the PPTase into the holo-form, thereby abolishing its ability to
catalyze any ACP-dependent polyketide synthesis. The purified SgcE (S974A)
mutant was indeed colorless, consistent with the hypothesis that the yellow
color resulted from an SgcE-bound polyketide intermediate. Experiments are in
progress to structurally identify the yellow-colored putative intermediate.

1 1939 (aa)
A SgcE KS AT ACP KR DH ™
éerm {sDwzs
NcsE KS AT  ACP KR DH ™
1 1961 (aa)
MadE KS AT  ACP KR DH L] h
1 1944 (aa)

Figure 2. (A) Domain organization of the MadE, NcsE, and SgcE enediyne
PKSs and (B) proposed pathway for biosynthesis of a polyunsaturated
intermediate (structure unknown) from the acyl CoA substrates by NcsE, MadE,
or SgcE and its subsequent transformations to C-1027 (4), maduropeptin (5), or
neocarzinostatin (1) by the rest of their respective biosynthetic machinery.
ACP, acyl carrier protein; AT, acyltransferase; DH, dehydratase; KR,
ketoreductase; KS, ketoacyl synthase; TD, terminal domain that most likely
encodes a phosphopantetheinyl transferase.
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NonJK—Type II PKSs that catalyze C-O bond formation

We have previously demonstrated that NonJKL are sufficient to support the
biotransformation of (x)-nonactic acid (6) into nonactin (7) in S. lividans and
confirmed that NonL is a CoA ligase that catalyzes the conversion of (+)-6 into
(2)-nonactyl CoA (8)."*'™® On the basis of these results we concluded that
NonJK represented C-O bond-forming type II PKSs that act directly on (£)-8 to
catalyze their tetramerization and cyclization into 7, demonstrating the first time
that PKS has the intrinsic propensity to evole catalytic activities catalyzing other
than C-C bond formation (Figure 3A). We have now co-expressed nonJK in E.
coli and showed that cell-free extract made from E. coli overexpressing nonJK
can efficiently catalyze the synthesis of 7 from (+)-8; no activity was detected in
cell-free extracts made from E. coli carrying the expression vector as a negative
control or constructs expressing nonJ or nonK alone. While these results set the
stage to investigate the NonJK PKSs in vitro, current effort to purify the NonJK
proteins met with little success. Although soluble NonJK proteins were detected
from the active cell-free extract, all attempts to fractionate the NonJK proteins
have failed so far to recover any activity.

The discovery of the NonJK C-O bond-forming PKSs inspired us to search
for natural products whose biosynthesis may utilize similar chemistry. We
reasoned that additional C-O bond-forming PKSs would not only support the
generality of this novel chemistry in natural product biosynthesis but also
provide an alternative system to circumvent the difficulties associated with the
study of the NonJK PKSs in vitro. The paramycins, such as paramyicn 607 (9)
and paramycin 593 (10) produced by Streptomyces alboniger, are structural
analogs of 7, and feeding experiments with isotope-labeled precursors unveiled a
remarkable biosynthetic similarity between 7 and 9/10."” Thus, it is not difficult
to imagine that variations of the (+)-6 pathway could readily afford the synthesis
of the penultimate intermediates such as 11, 12, or 13 for 9 and 10 biosynthesis.
Activation of the former into the corresponding CoA esters, 14, 15, 16, requiring
a NonL homolog, and subsequent dimerization and cyclization, invoking the
same C-O bond-forming chemistry as the NonJK PKSs, would finally afford 9
and 10 (Figure 3B). Therefore, 9 and 10 would provide an excellent opportunity
to further explore and expand the C-O bond-forming PKS chemistry in natural
product biosynthesis. We have recently developed an expedient genetic system
for S. alboniger, and this has set the stage to clone, sequence, and characterize
the paramycin biosynthetic gene cluster from this organism, potentially
uncovering additional novel C-O bond-forming PKSs.
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Figure 3. Incorporation patterns from isotope-labeled acyl CoA precursors and
proposed unified biosynthetic pathways for (A) nonactin (7) and (B) paramycin
607 (9, coupling between intermediates 14 and 15) and 593 (10, coupling
between intermediates 14 and 16) featuring C-O bond-forming PKSs such as
NonJK and homologs.
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LnmlJ/LnmG—*“AT-less” type I PKSs that require a discrete
AT enzyme acting iteratively in trans

Since we first demonstrated that LnmlJ are AT-less PKSs that require the
LnmG AT enzyme to provide the AT activity iteratively in trans for leinamycin
(17) biosynthesis in Streptomyces atroolivaceus,”>* more than a dozen
additional gene clusters featuring AT-less PKS have been reported.”* To
expand our effort in characterizing AT-less PKSs, we have now completed the
cloning, sequencing, and annotation of three additional biosynthetic gene
clusters for lactimidomycin (18) from Streptomyces amphibiosporus, migrastatin
(19)/iso-migrastatin (20)/dorrigocin A (21) and B (22) from Streptomyces
platensis,®*" and oxazolomycin (23) from Streptomyces albus,* all of which

feature AT-less PKSs (Figure 4). The involvement of the cloned AT-less PKSs
in the biosynthesis of these metabolites has been confirmed by in vivo gene
inactivation and complementation experiments.

Figure 4. Polyketide natural products whose biosyntheses are governed by AT-
less PKSs as exemplified by leinamycin (17), lactimidomycin (18), migrastatin
(19), iso-migrastatin (20), dorrigocin A (21), dorrigocin B (22), and
oxazolomycin (23). (+), methyl group of S-adenosylmethionine origin.

These additional data not only substantiate the generality of AT-less PKS for
polyketide biosynthesis but also enable us to speculate if AT-less PKS clusters
could be predicted according to the structures of polyketide natural products.
Reduced (also known as complex) polyketide natural products often carry alkyl
branches on their carbon backbones. Feeding experiments with isotope-labeled
precursors clearly established that the alkyl branches are typically derived from the
acyl CoA extender units, such as methylmalonyl CoA, ethylmalonyl CoA, or
methoxymalonyl ACP for the resultant methyl, ethyl, or methoxy branches,
respectively.>* Noniterative type 1 PKSs account tisfactorily for their ability to
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incorporate various extender units regiospecifically into the resultant polyketide
products by evolving cognate ATs, with the desired substrate specificity, within the
PKS module for each cycle of polyketide chain elongation (Figure 5A).
Exceptions to this general observation have been occasionally noticed, in which the
alkyl branches, often a methyl group, is derived from S-adenosylmethionine
(SAM). This biosynthetic variation has been equally accounted for by noniterative
type I PKS modules evolved with an additional methyl transferase (MT) domain.
Thus, while a PKS module with malonyl CoA-specific AT and MT domains is
functionally equivalent to a PKS module with a methylmalonyl CoA-specific AT
domain alone in terms of providing the net extender unit for polyketide chain
elongation, a PKS module with methylmalonyl CoA-specific AT and MT domains
installs gem-dimethyl groups to the resultant polyketide product, a structural
feature that would not be possible to synthesize by a PKS module with a AT
domain alone with varying extender unit specificity (Figure 5B).**’

The extender unit specificity for an AT-less PKS, however, is determined by
the discrete AT enzyme that acts iteratively in trans and loads the same extender
units to every module of the cognate AT-less PKS. Therefore, AT-less PKS has
little flexibility in varying extender units, and an AT-less PKS with a malonyl CoA-
specific discrete AT will afford a polyketide product with no alkyl branch that
could be of extender unit origin. Consequently, a polyketide natural product with
its backbone derived from the same extender unit and all its methyl branches
originating from SAM is most likely biosynthesized by an AT-less PKS (Figure
5C), as has been exemplified by 17 to 23 via isotope-labeled precursor feeding
experiments (Figure 4). These structural features should serve as predictors to
search for natural products whose biosyntheses are most likely governed by AT-
less PKSs.

While evolution of a MT domain within an AT-less PKS module satisfactorily
accounts for the introduction of methyl branches into the resultant polykefides as
depicted in Figure 5C, it is difficult to predict a priori how an AT-less PKS with a
malonyl CoA-specific discrete AT furnishes an ethyl- or methoxy branch since no
such domain, in a mechanistic analogy to MT for a methyl group, to introduce an
ethyl or methoxy group into polyketide backbone is known to date. Strikingly,
cloning, sequencing, and characterization of the biosynthetic gene cluster for 23
from S. albus® unveiled an AT-less PKS with a discrete AT enzyme featuring two
AT domains. We have proposed that each of the AT domains specifies for malonyl
CoA and methoxymalonyl ACP, respectively, to provide these extender units to the
oxazolomycin AT-less PKS for 23 biosynthesis (Figure 5D). This finding has set
the stage to characterize an AT-less PKS that utilizes a methoxymalonyl ACP as an
extender unit. Characterization of an AT-less PKS that can incorporate an extender
unit other than malonyl CoA is significant, proving that AT-less PKS is not limited
by the choice of extender units. The latter should serve as an inspiration to search
for additional AT-less PKSs that incorporate novel or multiple different extender
units to further expand polyketide natural product structural diversity.
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Figure 5. Installation of alkyl branches into polyketides by (4) and (B)
noniterative type I PKSs or (C) and (D) AT-less PKSs. (), methyl group of S-
adenosylmethionine origin; ACP, acyl carrier protein; AT,, malonyl CoA-
specific acyltransferase; AT, methylmalonyl CoA-specific acyltransferase;
AT,,,, methoxymalonyl ACP-specific acyltransferase; KS, ketoacyl synthase;
MT, methyltransferase; SAM, S-adenosylmethionine.
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Concluding remarks

The three types of PKSs described here, the enediyne PKS, the C-O bond-
forming PKS, and the AT-less PKS, are only representive examples that reside
outside the archetypical PKS paradigms. Continued exploration on the
mechanism of polyketide biosynthesis will undoubtly uncover more unusual
PKSs. These novel PKSs, in combination with the archetypical ones, will
ultimately enhance the toolbox available to facilitate combinatorial biosynthesis
and production of “unnatural” natural products. The full realization of the
potential embodied by combinatorial biosynthesis of PKSs for natural product
structural  diversity, however, depends critically on the fundamental
characterization of PKS structure, mechanism, and catalysis.
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Chapter 12

Structural Enzymology of Aromatic Polyketide
Synthase

Tyler Paz Korman, Brian Douglas Ames, and Shiou-Chuan Tsai

Departments of Molecular Biology and Biochemistry and Department
of Chemistry, University of California, Irvine, CA 92697-3900

The type II (aromatic) polyketide synthase biosynthesizes
many important antibiotic and anticancer polyketides in
bacteria and fungi. Similar to the type II fatty acid synthase,
the aromatic PKS carries out a series of reactions catalyzed by
individual soluble enzymes, each of which are encoded by a
discrete gene. The growing polyketide intermediates are
transported between the enzymes attached to the acyl carrier
protein through a thioester linkage. Using X-ray
crystallography and NMR, enzyme structures from the
actinorhodin and tetracenomycin PKSs have been solved. The
structure of the individual PKS enzymes reveal key molecular
features that help explain the observed substrate specificity,
enzyme mechanism and protein-protein interactions. These
structures are also a valuable resource to guide combinatorial
biosynthesis of polyketide natural products.
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There are at least three characterized, architecturally different types of
PKSs, although with better detection methods, the structural diversity of PKSs
continues to increase (1). The focus of this chapter is the aromatic polyketide
synthase (also called “Type II PKS”) that biosynthesizes aromatic polyketides
(Figure. 1), natural products that show an enormously rich and varied range
of bioactivities. Examples include antibiotics (such as tetracyclines (2),
tetracenomycin (3) and actinorhodin (4)), anticancer agents (such as
resistomycin (5), doxorubicin (6) and mithramycin (7)), anti-fungals (such as
pradimicin (8)) and anti-HIV therapeutics (such as rubromycin (9) and
griseorhodin (10)) (11) (Figure 1). Despite extensive efforts to obtain
polyketides synthetically due to their widespread medical applications, many
aromatic polyketides have proven to be difficult to obtain via organic synthesis
(12-14). By comparison, the biosynthesis of polyketides by polyketide synthase
(PKS) offers a more economic and technically simpler protocol. By transforming
the PKS gene into a bacterial host system followed by industrial fermentation,
kilogram quantities of polyketides are routinely produced overnight (15). As a
result, there is great interest in developing biosynthetic systems for the
production of medically important polyketides.

The Molecular Logic of Aromatic PKS

The aromatic PKSs are comprised of 5-10 distinct enzymes whose active
sites are used iteratively. Past molecular genetic studies in the groups of
Hopwood (16), Hutchinson (17), Floss (18), Khosla (19), Robinson (20) and
Salas (21) have established the current mechanism for a typical aromatic PKS
(Fig. 2, the actinorhodin PKS): (1) Chain initiation: acyl carrier protein (ACP)
primed by malonyl-CoA:ACP transacylase (MAT) (the involvement of MAT is
an unresolved issue (22)); (2) Iterative chain elongation by the ketosynthase
(KS) / chain length factor (CLF) heterodimer; (3) First-ring cyclization, either
uncatalyzed or may involve enzyme domains; (4) Chain reduction by
ketoreductase (KR); (5) First-ring aromatization by aromatase /cyclase
(ARO/CYC); (6) Subsequent cyclization by the same or different ARO/CYCs.
During each step, chain transfer between different catalytic domains is mediated
by the phosphopentetheinyl group (PPT) covalently attached to a serine of ACP.

The advancement of PKS genetics has led to the development of a set of
design rules for the rational manipulation of chain synthesis, reduction of keto
groups and early cyclization steps (Figure 3): (1) The aromatic polyketide KR
has a high specificity for the C9-carbonyl group (23). The C9-specificity is
demonstrated by the product outcome during the biosyntheses of actinorhodin
(4), doxorubicin (24), R1128 (25) and enterocin (26,27). In special cases, a
highly specific reduction at other positions has also been observed (26,28). The
structural basis this highly regio-specific behavior of KR is not well understood
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Figure 3. From the same polyketide chain, different cyclization patterns
diversify polyketide products

(29). (2) The inclusion of KR often results in products that are cyclized at the
C7-C12 positions (28,30), whereas the inclusion of a mono-domain ARO (in the
absence of KR) often results in products that are cyclized at the C9-C14
positions (30,31) (Figure 3).

The above molecular rules have been used to rationally design polyketide
products. Genetically engineered Streptomyces strains have produced new
polyketides by expression of combinations of appropriate enzymatic subunits
from naturally occurring polyketide synthase (the “mix and match” approach).
These experiments have successfully created many novel polyketides (28,31-37)
giving rise to > 100 new polyketides (37). The evidence cited above has led
researchers in the field to appreciate that the large diversity of naturally
occurring polyketides is a result of the controlled variation in chain length, a
specific choice of building blocks and by differential chain modifications that are
mediated by PKSs. The argument for the success of engineered biosynthsis is
that natural selection process may have been very effective in identifying
antibacterial polyketides due to the pressure of competition (38), but likely has
not resulted in the selection of compounds with different pharmacologic
activities. Therefore, the potential for development of new pharmaceutical based
on bioengineering of novel polyketides is enormous.
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A Summary of Aromatic PKS Structural work

Despite the advances cited above, random domain shuffling often results in
complete inactivation of PKSs. For example, Burson and Khosla demonstrated
that 90% of the shuffled KS/CLF domains resulted in the loss of activity (39).
Further, because of our incomplete understanding of the mechanisms and
specificities of individual enzymes, as well as the influence of protein-protein
interactions in PKSs, many potential manipulations such as the rational control
of cyclization patterns, are currently not available, (40). This lack of
understanding about the structure-function relationship between PKS enzymes
has recently been highlighted as a problem by Staunton and Weissman in the
millennium PKS review (40). An important step toward remedying this
limitation is to solve the crystal structures of individual PKS domains and then to
use this knowledge to study the structure-function relationship of PKSs.
Currently, crystal structures of the S. coelicolor MAT (41), the actinorhodin
KS/CLF (42), the priming KS of R1128 (43), aclacinomycin-10-hydroxylase
(44) and the actinorhodin oxygenase (45) have been solved. Several crystal
structures of fatty acid synthase domains have also been solved (46,47),
including the fatty acid MAT (48), ACP (49), KSs (50-52), KRs (46,53,54),
enoylreductase (55-57) and dehydratases (58). In addition, the NMR structure of
two polyketide ACP structures have been solved (59,60). Further, two cyclase
structures, tcml (61) and SnoaL (62), have been reported. These two cyclases
catalyze the cyclization of the last ring during the biosyntheses of
tetracenomycin and nogalamycin, respectively. They bear no sequence homology
to the ARO/CYCs that promote the first and second ring formation (Figure 2).
The structure-function relationship of the aromatic PKS domains help elucidate
important molecular features such as chain length control, stereo- and regio-
selectivity of KR, as well as the cyclization specificity of ARO/CYC. As a result,
there remains a need for the crystal structures of polyketide KR and ARO/CYC.
In this chapter, we will report our recent crystal structure solution of the
actinorhodin KR, tetracenomycin ARO/CYC, as well as structure-based
engineering of the actinorhodin KS/CLF.

Structure-Based Bioengineering of KS/CLF

The crystal structure of actinorhodin KS/CLF (which synthesizes a 16C
chain) revealed an 18 A long channel that starts with a conserved cysteine in the
KS active site and spans across the KS-CLF dimer interface (Figure 4) (42).
Residues lining the sides of the channel from both the KS and the CLF subunits
are also well conserved. Sequence alignments of CLF subunits revealed that this
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region is highly conserved, except for residues 109, 112, 116, and 133 (act CLF
numbering). The terminal wall of this channel is capped by a helix-turn-loop in
the CLF, where F109°, T112’ and F116’ are located. Remarkably, as. chain
length specificity increases from C,4 to C,4, these four residues are replaced with
less bulky amino acids. We hypothesize that these residues determine chain
length. Therefore we constructed mutants of the act CLF bearing large-to-small
changes at these positions using site-directed mutagenesis (Figure 4). The strain
containing the wild-type act KS/CLF produced the expected 3,8-dihydroxy-1-
methylanthraquinone-2-carboxylic acid (DMAC). Replacing the act KS/CLF
with wild-type tetracenomycin (fcm) KS/CLF (a decaketide synthase) yielded
RM20b as the major product. Significantly, >65% of the polyketide products of
the double mutant F109A/F116A were decaketides. Triple mutations
(F109A/T112A/F116A) did not alter the specificity further. The purified mutant
actinorhodin KS/CLFs in vitro showed that F116A was sufficient to increase the
levels of decaketides to 64% of the total polyketides, while the F109A/F116A
double mutant synthesized decaketides as >95% of the total polyketides.

To probe the roles of the corresponding residues in a decaketide CLF,
small-to-large mutations at G116 and M120 (tcm CLF numbering) were
introduced into tcm CLF. A single G116T mutation in the tcm CLF yielded
>65% octaketide products with an overall polyketide yield comparable to that of
wild-type tcm KS/CLF. Thus, manipulating one or two residues located at the
helix-turn-loop region is sufficient to convert an octaketide synthase into a
decaketide synthase, and vice versa. We have shown through rational
mutagenesis that CLF exerts polyketide chain length control by defining the size
of the polyketide channel, thereby confirming its role as the chain length factor.
Residues 109, 112, and 116 in the act CLF serve as gatekeepers that terminate
the channel at the KS/CLF interface. Reducing the sizes of these residues
lengthens the channel and allows two more chain-extending cycles. Our results
also suggest that, under in vivo conditions, additional proteins that interact with
the KS/CLF further bias the formation of polyketides of a particular chain
length, highlighting the complexity of protein-protein interactions among the
individual type II PKS catalytic units. Our results should lead to novel strategies
for the engineered biosynthesis of hitherto unidentified polyketide scaffolds.

The Regio- and Stereo-Specificity of KR

In order to rationally control the reduction pattern of polyketide
biosynthesis, we need to understand the structure-function relationship of KR.
Towards this goal, we have solved two co-crystal structures of the actinorhodin
KR bound with the cofactor NADP* or NADPH. The crystal structures provide
the following information (63):
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1. Helices a4-a7 are important for substrate binding.

Analysis of the crystal structure and native gels indicate that KR exists as a
tetramer (Figure SA) (63,64). It has a highly conserved Rossmann fold with the
cofactor NADPH bound near the center between two o—f—a motifs and the
polyketide substrate bound in a substrate tunnel that opens from the front to the
back side (Figure 5SB). The front and back sides of KR are defined as the protein
face that contains the NADPH binding pocket or be opposite to the NADPH
binding pocket, respectively (Figure 5B is the view of the front side). In
comparison to fatty acid KRs, the aromatic polyketide KRs contain an extra loop
insertion region near a6-a7 (residues 190 — 210, Figure SB yellow helices). This
insertion region is also the most flexible region of KR. Sequence comparison
indicates that this insertion region is a unique, highly conserved feature for nine
different aromatic polyketide KRs. The regions between a6-a7 and o4-a5 (Fig.
5B, green helices) define the shape of substrate binding pocket and are therefore
important for substrate binding.

2. The proton-relay mechanism anchors the substrate by 3-point docking.

Because the cofactor binding pocket and the proposed active site tetrad
(Asn114-Ser144-Tyr157-Lys161, Figure 6A) are highly conserved between
actinorhodin KR and existing fatty acid KR structures (46,53,54), we can
compare the active site geometry and catalytic mechanism by overlapping the
structures of actinorhodin KR and fatty acid KRs. We found that the position of
the active site tetrad is completely conserved. This indicates that the catalytic
mechanism proposed for fatty acid KRs should also apply to polyketide KRs.
The catalytic mechanism of the fatty acid KR has been proposed to proceed
through a proton-relay network (46,53). Briefly, the ketone substrate is hydrogen
bonded to both Ser144 and Tyr157 that constitute the oxyanion hole (Figure 6).
Following hydride transfer from NADPH to the ketone substrate, the alkoxide is
stabilized by the oxyanion hole while the tyrosyl proton is transferred to the
alkoxide (Figure 6B). An extensive proton relay then takes place to replenish the
proton extracted from the tyrosyl-OH, sequentially including the 2-OH of
NADPH ribose, lysine-NH and then followed by four water molecules (Figure
6B). If this mechanism is correct, then substrate binding is highly restrained by
the intricate hydrogen bonding network. The polyketide substrate is docked into
the active site using a three-point docking strategy (Figure 6B). Namely, the C9-
carbonyl oxygen of the substrate (in purple, Figure 6A) should be hydrogen-
bonded with the side chains of Ser144 and Tyr157, while the C9-carbonyl
carbon of the substrate should be within hydride-transfer distance to NADPH
(Figure 6B).

3. First ring cyclization must occur before ketoreduction to satisfy the C9
regiospecificity.

An important question for aromatic polyketide biosynthesis is the timing of
the first ring cyclization, relative to ketoreduction. We found that the timing
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Monomer €~

Figure 5. (A) The tetramer model of KR. (B) Enlarged view of the KR monomer

issue is closely related to the C9 regiospecificity. The cyclization of the
polyketide chain (producing intermediate 1, Figure 2) can either occur
uncatalyzed, in the active site of KS/CLF, in the interface between KS/CLF,
ACP and KR, or in the active site of KR. Substrate docking simulations of the
highly flexible linear polyketide chain (intermediate 0, Figure 2) indicate that it
is physically possible to reduce many carbonyl groups of intermediate 0 other
than the C9-carbonyl group without evoking protein conformational changes.
Due to the flexibility of intermediate 0, this will result in the loss of the C9
regio-specificity, contradicting results from previous studies that aromatic
polyketide KRs are highly specific for C9 reduction. Rather, it is more
reasonable to cyclize 0 to 1 prior to the reduction of 1 by KR. Under the dual-
constraints imposed by the ring structure of 1 and the three-point docking of the
KR active site, the C9-carbonyl group is optimally positioned for ketoreduction
when the C7-C12 cyclization takes place (Figure 6B). Similarly, in the case of
C5-C10 cyclization, the C7 position (para and meta to the two bulky ring
substituents) is selectively reduced. Therefore the cyclization event that leads to
1 is most likely to happen before its reduction by KR.

4. Different binding motifs result in different stereospecificities.

Because of the three-point docking constraint, there are only two possible
binding motifs of 1, either from the front side or the back side of KR. The front
side binding motif will lead to the R stereomer, while the back side binding motif
will result in the S stereomer (Figure 7). Further, under the dual-constraints
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imposed by the ring structure of 1 and the three-point docking of the KR active
site, the C9-carbonyl group is optimally positioned for ketoreduction when the
C7-C12 cyclization takes place (Figure 2).

The above observations help define the fundamental differences between fatty
acid and aromatic polyketide biosynthesis. It is physically possible for fatty acid
KR to reduce every carbonyl group of a growing linear polyketide chain
(46,53,54). However, for the aromatic polyketide that involves a cyclized
polyketide intermediate 1, it is not energetically favorable for the polyketide KR
to reduce carbonyl groups (other than C9) that have an energy penalty imposed
by constraints of the active site and substrate geometry. Thus, the first ring
cyclization differentiates aromatic PKS from FAS. Finally, sequence comparison
indicates that the above features are highly conserved among aromatic
polyketide KRs. Therefore mutations of the substrate binding pocket should lead
to alternative regio- and stereospecificity for the polyketide substrate. The
structures of actinorhodin KR provide an important step toward understanding
aromatic polyketide reduction. It also provides the essential base for downstream
mutational analyses of its active site and protein surface.

The Cyclization Specificity of ARO/CYC

The aromatic rings are essential for the antibiotic and anticancer activity of
polyketides. Understanding the mechanism of aromatic ring formation is crucial
for the generation of diverse polyketides with novel or improved therapeutic
activity. (27,65). Towards the goal of understanding cyclization specificity, we
have crystallized and solved the crystal structure of the tetracenomycin
aromatase/cyclase (tcm ARO/CYC) (Figure 8C). Tcm ARO/CYC works directly
downstream of tcm KS/CLF to promote the cyclization/aromatization of the first
and second rings of tetracenomycin (Figure 1), starting with C9-C14 cyclization
(66). Tcm ARO/CYC was cloned from the first 169 residues of the tcmN, a bi-
functional enzyme consisting of an N-terminal ARO/CYC domain, and a C-
terminal O-methyltransferase domain (66).

The tem ARO/CYC crystal structure was solved to 1.9 A using the
multiwavelength anomalous diffraction (MAD) method. Our model reveals the
following conclusions:

(1) ARO/CYC has a fold that does not resemble any dehydratase fold.

The crystal structure of ARO/CYC consists of seven beta strands, two small
alpha helices, and a long C-terminal alpha helix (Figure 8A). This fold resemble
the “hot dog in a bun” fold of birch and cherry allergens (67,68). This fold is
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similar to that of FabZ and scytalone dehydratase, although ttm ARO/CYC has
a uniquely deep substrate cavity (Figure 8B, Figure 9) (58,69). Therefore, the
crystal structure of the aromatic polyketide ARO/CYC may represent a unique
class of dehydratases or cyclases.

Figure 9. The active site of tcm ARO/CYC

(2) Tem ARO/CYC has a highly aromatic substrate binding cavity

As shown in Figure 8B, the shape and size of the cavity are defined by
many aromatic residues, including Trp28, Trp63, Trp65, Trp95, Trp108, Tyr35,
Phe 32, Phe50 and Phe88. The highly aromatic environment will be a strong
driving force for aromatic ring formation by stabilizing the transition state of
aromatization (Figure 8B, Figure 9).

(3) The active site as a dehydratase

Previously, the crystal structure of a downstream cyclase (tcml) has been
solved. This enzyme cyclizes the fourth ring of tetracenomycin (61). Mutational
analysis suggests that tcml does not actively participate in the chemical reaction.
Rather, due to the strong driving force to form the fourth aromatic ring, tcml
serves as a “mold” by steering the auto-cyclization in its substrate-binding
cavity (61). Tcml shares no sequence homology with ttm ARO/CYC, and its
protein fold is completely different from the tcm ARO/CYC structure.
Therefore, tcm ARO/CYC may differ from tcml by having actual dehydratase
function. If this is the case, a general acid or base must be involved. In the
active site of tcm ARO/CYC are four semi-conserved hydrophilic residues,
Tyr35, Arg69, GIn110, and Asnl36, that are identified by substrate docking
simulation to serve as the active site base or acid during dehydration . Therefore
the dehydration may proceed through a cationic elimination reaction, in which
the conserved Arg69 serves as the proton source (Figure 8B, Figure 9).
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(4) The molecular basis of ARO/CYC cyclization specificity

Substrate docking also indicates that C9-C14 cyclization is controlled by the
size and shape of the binding cavity. Based on sequence alignment between tcm
ARO/CYC (a C9-C14 ARO/CYC) and Zhul (a C7-C12 ARO/CYC), we
identified residues that are important to distinguish between these two possible
cyclization motifs. For Zhul, an ARO/CYC that has a C7-C12 cyclization
specificity (33), the cavity residues become smaller, such as Tyr28, T35, Asn63,
Leul08, Val50 and Val88. The homology model and substrate docking of Zhul
indicates that the polyketide product from C7-C12 cyclization has bulkier
substituents than the C9-C14 product, and requires a larger substrate binding
cavity. In the future, structure-based mutagenesis will confirm if these cavity
residues are indeed important for the cyclization specificity of ARO/CYC.

Concluding Remarks

The structures of KS/CLF, KR and ARO/CYC have provided strong clues to
the molecular features that result in the observed chain length, ketoreduction and
cyclization specificities during polyketide biosynthesis. Based on structural
information, the polyketide chain length has been altered by mutations of the
CLF residues at the KS/CLF dimer interface. In the future, it should be possible
to mutate residues of KS/CLF, KR and ARO/CYC to change the specificity of
ketoreduction and cyclization. Therefore, the crystal structures of PKS domains
will serve as the blueprints to guide the combinatorial efforts of polyketide
biosynthesis.
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Chapter 13

Mechanisms of Type I1II Polyketide Synthase
Functional Diversity: From ‘Steric Modulation’
to the ‘Reaction Partitioning’ Model

Michael B. Austin and Joseph P. Noel

Howard Hughes Medical Institute, The Jack H. Skirball Center
for Chemical Biology and Proteomics, The Salk Institute for Biological
Studies, La Jolla, CA 92037

Subtle active site changes often result in the redirection of type
III polyketide synthase (PKS) reaction pathway intermediates
toward different product fates. Complementary insights from
two of our recently published structural and mechanistic
studies prompt us to revise the existing ‘steric modulation’
mechanistic model for type III PKS functional divergence and
resultant product specificity. Besides allowing for the active
control of the reactivity of polyketide intermediates through
mechanisms other then pure steric shape-dependent factors,
our new ‘reaction partitioning’ model of functional divergence
also recognizes the mechanistic importance of intramolecular
chemical features of an extended polyketide that control the
intrinsic reactivities of these highly reactive enzyme generated
intermediates. This new model better explains how subtle
active site changes can alter catalytic steps downstream of
alternative reaction pathway branch points. Although
formulated based upon work on type III PKS product
specificity, the concept of ‘reaction partitioning’ can be used
to describe control mechanisms in many other PKS
biosynthetic systems that do not employ complete reduction of
the growing polyketide intermediates.
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‘Steric Modulation’ and Type III PKS Functional Diversity

Natural products include a diverse collection of small molecules, which
confer upon their hosts a multitude of attractive, defensive, communicative, or
other biological advantages. An organism’s suite of natural products often
determines both intra- and inter-species interactions, thus contributing to both
the identity and individuality of a species. Remarkably, most natural products are
built up from a handful of simple building blocks, usually derived from one or
more primary metabolic pathways. Likewise, the majority of functionally diverse
enzymes participating in secondary or specialized metabolic pathways belong to
just a few enzyme superfamilies, grouped by similarity of tertiary protein
structure and/or mechanism of catalysis. For example, the reaction at the core of
both fatty acid and polyketide biosynthesis is an iterative cysteine-mediated
intermolecular Claisen condensation of acyl thioester substrates to form p-keto-
esters in a process catalyzed by evolutionarily conserved condensing enzymes
sharing the thiolase- or afapa-fold(l). In fatty acid: biosynthesis, subsequent
reduction of each successive P-keto position by associated pathway enzymes
produces a relatively inert hydrocarbon tail. In contrast, preservation of all (or
some) polar B-keto carbonyls during polyketide biosynthesis results in
considerably more reactive polyketide intermediates that can undergo a number
of additional intramolecular condensation reactions to produce a diverse
collection of hydroxylated and aromatic cyclized natural products exploited by
nature for a multitude of purposes.

Our experimental focus over the past few years has been the elucidation of
mechanistic principles behind the impressive evolutionary functional divergence
of enzymes belonging to the structurally simple chalcone/stilbene synthase (or
type III) superfamily of polyketide synthases (PKSs), which differ in their
preferences for starter molecules, the number of acetyl additions they catalyze,
the nature of the extender moiety and their mechanism of terminating polyketide
chain extension (See Figure 1)(1, 2, 3). Using bioinformatic, crystallographic,
mutagenic, and protein engineering techniques, we have sought to isolate and
characterized the key variables that determine enzymatic product specificity,
with special attention to alternative mechanisms and specificities of
intramolecular polyketide cyclization. Parallel insights from two such recently-
published projects (4, 5) have reshaped our understanding of type III PKS
catalysis, and further demonstrated the mechanistic relevance of the intrinsic
reactivities of various polyketide intermediates.

The first PKS crystal structure, that of alfalfa chalcone synthase (CHS) in
1999 (6), had previously revealed the type III PKS internal active site cavity and
conserved Cys/His/Asn catalytic triad responsible for starter substrate loading
and iterative polyketide extension (6). CHS provides the first committed
chemical intermediate in flavonoid biosynthesis by catalyzing the sequential
decarboxylative addition of three acetate units from malonyl-CoA to a p-
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coumaroyl-CoA starter molecule derived from phenylalanine via the general
phenylpropanoid pathway. CHS then catalyzes chalcone formation via the
intramolecular cyclization and aromatization of the resulting linear
phenylpropanoid tetraketide (6). Interestingly, the CHS active site cavity
revealed no other “reactive” residues likely to catalyze the final intramolecular
cyclization of CHS’s tetraketide intermediate. Furthermore, sequence
comparisons showed that other type III PKS enzyme sequences vary in the
identity and steric bulk of residues aligning with CHS active site residues. The
obvious interpretation was that the divergent functionality of CHS-like enzymes
depends, to a first approximation, solely upon side chain volume and polarity
across the dozen or so residues lining their active site cavities. This “passive”
model of enzyme-directed polyketide biosynthesis invokes steric and polar
influences to confer a unique topology upon functionally divergent active site
cavities, in order to filter out starter molecules based upon size and shape and
then enforce specific cyclization-conducive folded conformations of their
respective linear polyketide intermediates. The subsequently published 2-PS
crystal structure supported this initial model by confirming that the increase in
steric bulk of just a few active site residues resulted in a major reduction of
active site cavity volume (7), and mutagenic substitutions at these same positions
further confirmed the importance of the available space and shape of the active
site cavity in determining specificity for starter molecules, number of polyketide
extension cycles, and selection between Claisen and lactone modes of
intramolecular cyclization (7, 8).

Development of ‘Reaction Partitioning’ Model

In order to further refine the existing ‘steric modulation’ model of PKS
catalysis, and also to determine whether this explanatory model was sufficient to
explain all type III PKS functional diversity, we undertook a homology-guided
bioinformatic evaluation of known CHS-like protein sequences and existing
functional data. Our detailed application of the existing model to each known
type III PKS enzyme family produced a number of new and useful predictions
regarding active site cavity shape and size, as well as specific amino acid
substitutions responsible for the distinct substrate and product specificities of
most of these enzymes. This analysis was subsequently published in review form
(1). More importantly, this preliminary examination diagnosed two type III PKS
enzyme families, the stilbene synthases (STSs) and tetrahydroxynaphthalene
synthases (THNSs), whose substrate and product specificities seemed
inconsistent with the enzymatic principles embodied in the steric modulation
model. Our subsequent structural elucidation of STS and THNS enzymes
revealed unanticipated displacements in each of their protein backbones, relative
to CHS and 2-PS (4, 5). In each case, our further mutagenic analyses of their
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reactions also unexpectedly implicated a chemical (rather than steric or polar)
role for residues lining their active site cavities (4, 5). Each of these studies
generated specific mechanistic hypotheses for further testing, and insights
gleaned from both projects facilitated our formulation of a revised and more
comprehensive “reaction partitioning” catalytic model to explain the evolution
and expansion of type III PKS metabolic diversity.

In the reaction sequence of CHS, (6) there are more than 20 distinct events
that must occur in a stepwise fashion between binding of the CoA-linked starter
and formation of the aromatic chalcone product. While the occurrence of all or
nearly all of these processes within a single active site cavity renders mutagenic
characterization of isolated steps nearly impossible, it is common practice to
think of each of these steps as independent catalytic events, as one would
separately consider the consecutive action of distinct enzymes in a classical
linear biosynthetic pathway. While this reductionist approach is necessary for the
scientific analysis of these complex multi-functional enzymes, it can also foster
an overly myopic focus upon the enzyme’s catalytic role during each step, at the
expense of an appreciation for the inherent reactivity of unstable chemical
intermediates in transit as PKS-mediated steps iteratively alter this intrinsic
reactivity. In simple linear biosynthetic pathways carried out by a succession of
discrete enzymes, the biochemical or genetic inactivation of one enzyme
typically leads to accumulation of the upstream enzyme’s product. In contrast,
mutagenic or natural variation of residues in most type III PKS active site
cavities (other than the conserved catalytic triad necessary for iterative
polyketide extension) in multi-functional CHS-like enzymes often results in the
redirection of polyketide cyclization fate, rather than accumulation of linear
intermediates. The most direct implication of this observation is that multiple
modes of cyclization are available to type III PKS active sites, apparently
without the need for direct chemical intervention of active site residues as
general acids or bases. Consistent with all data available at the time, the original
steric modulation model further explained this lack of reactive residues as an
indication that type III PKS cyclization specificity is achieved via the strict
enforcement, by variation in the shape and polar features of the active site cavity,
of specific cyclization-conducive conformations (6).

Our subsequent comparative structural and mechanistic analyses of the STS
and THNS active site cavities and reactions produced results that failed to
adhere to this initial model on several counts (4, 5). Neither of these functionally
divergent type III PKS active site topologies seemed restrictive enough to
enforce a single cyclization-conducive polyketide conformation. In the case of
THNS, this mystery was confounded by the biosynthesis of products of quite
different size within the same or quite similar active site cavities (5) (See Figure
2). A final indication of the need to revise the existing model was obviated by
the apparent mechanistic involvement of chemically reactive residues other than
the catalytic triad in both the STS and THNS physiological reactions (4, 5). All
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of these observations, however, are consistent with our revised ‘reaction
partitioning’ general model of type III PKS catalysis and functional divergence,
which recognizes the significant role of the intrinsic intramolecular reactivity of
transient polyketide intermediates in determining type III PKS cyclization
specificity.

This revised model rests with the assumption that iterative polyketide chain
extension constituted the fundamental gain of catalytic function behind the
subsequent evolutionary explosion of type III PKS functional diversity (7).
While this may seem an obvious statement, it redirects our attention toward the
intrinsic chemical reactivity of the resulting polyketide intermediates to undergo
a number of alternative and competing intramolecular cyclizations (9). The more
than 20 distinct steps leading to chalcone formation constitutes one of several
branches of alternative reaction pathways available to p-coumaroyl-primed
polyketide extension by CHS (1). The detection of minor lactone and pyrone
byproducts formed in vitro during chalcone biosynthesis served early on as
mechanistic evidence for the existence of alternative reaction paths available to
CHS-derived reaction intermediates. While formation of these off-pathway
heterocyclic lactones and pyrones, especially when resulting from impairment of
the expected extension or cyclization fates of reactive intermediates, was always
recognized as evidence of linear polyketide intermediate reactivity, this inherent
instability was largely dismissed, other than as a possible evolutionary vestige of
an earlier and less catalytically complex type III PKS activity (1).

The mechanistic importance of intrinsic polyketide reactivity to the product
specificities of modern CHS-like enzymes was not apparent until our
unexpectedly smooth structure-guided mutagenic conversion (8xCHS) of alfalfa
CHS to a functional STS, without significant modification of active site topology
(4) (See Figure 2). This simultaneous loss of CHS-like C6->Cl1 (Claisen)
cyclization function and gain of STS-like C2->C7 (aldol) cyclization function,
with no expected intervening ‘derailment’ (i.e. lactone) cyclization products was
unexpected, as was the apparent ease with which these functionally-converted
CHS mutants achieved the other unique steps of the STS reaction pathway
(hydrolytic thioester cleavage and decarboxylative elimination of C1). These
results implied that a single mechanistic event (emergence of the necessary STS
thioesterase activity) is also sufficient to fully convert the reaction pathway of
CHS to that of STS. More specifically, the critical ‘aldol switch’ mechanistic
determinant that distinguishes CHS and STS enzymatic catalysis appeared to be
confined to alternative enzymatic partitioning of an identical intermediate
between two different competing reactions (4). The consistency of these new
results with previously observed differences in the spontaneous cyclization
specificity of esterified versus free acid polyketides in solution (9), for the first
time clearly indicated the important contribution of intrinsic polyketide reactivity
in determining type III PKS cyclization specificity.

The mechanistic relevance of this reaction partitioning concept was again
illustrated by our structural and mutagenic analysis of the iterative THNS
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reaction, where an isosteric mutation of cysteine to serine in the active site cavity
resulted in the dramatic reallocation of malonyl-primed THNS intermediates
away from the physiologically expected pentaketide-derived fused-ring
naphthalene product, instead forming a triketide-derived lactone (TAL) (5). The
similarity of a thiol theoretical pKa (but not an isosteric alcohol pKa) to that of a
polyketide methylene carbon implicates some critical and relatively early
chemical role for this cysteine residue in the THN-pathway reaction, either
during or prior to formation of the tetraketide intermediate (i.e. the point of THN
and TAL pathway divergence) (5). This result is again inconsistent with the
steric modulation model. The dramatically different wild-type THN and C106S
TAL reaction pathways occurring within presumably isosteric active site cavities
again suggests that a single reaction partitioning enzymatic event controls the
flux between these two competing pathways (5). While several alternative
mechanistic roles for this residue remain plausible, a continued structural and
mechanistic focus upon the point of THN and TAL pathway divergence will
significantly simplify future experimentation.

From these specific cases, we can construct a general “reaction partitioning”
model for type III PKS cyclization specificity that seems likely to apply to all
non-reductive polyketide biosynthetic steps. In any iterative type III PKS multi-
step reaction sequence, each successive polyketide intermediate has an
increasing number of potentially competing reactions available to it, only one of
which is on-pathway to any specific final product (See Figure 3).

This inherent potential of linear polyketides to undergo alternative
cyclization reactions forms the basis for our concept of enzymatic ‘reaction
partitioning’ as an important mechanistic focal point for the study of type III
PKS product specificity. Thus, it is the complex interplay between
multifunctional type III PKS active sites and their reactive polyketide
intermediates that ultimately determines product specificity. The actual ratio of
alternative products resulting from iterative polyketide extension from a given
starter depends upon ‘reaction partitioning’ between the competing reaction
pathways at just a few key diverging mechanistic branch points. Our structural
and mutagenic analyses of the reaction pathways catalyzed by STS and THNS
clearly indicate that an important evolutionary mechanism for type III PKS
product divergence involves modulation of the degree of enzymatic control
exerted over various reactive intermediates(4, 5). In other words, the type III
PKS active site can actively prevent, passively allow or actively promote each of
several potential competing reactions, and a subtle change in the degree of
enzymatic control at a crucial mechanistic branch point can result in the dramatic
redirection of intermediates toward a new fate. In most cases, our query
regarding divergent product specificities should not be ‘How does the enzyme
catalyze its intramolecular cyclization step’, but rather ‘How does the enzyme
favor a given reaction pathway from among the several alternatives available to
its polyketide intermediates’?
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Figure 3. Simple schematic diagram illustrating the increasing intrinsic
susceptability of each subsequent polyketide intermediate toward alternative
competing reactions. Our “reaction partitioning " model of diversity states that
evolutionary divergence of PKS product specificity results from alternative
partitioning of intermediates at key mechanistic branchpoints.

Although the focus of our discussion here has been on the mechanistic
implications of more recent data inconsistent with the original steric modulation
hypothesis, our previous bioinformatic analysis of type III PKS functional
diversity suggested that much of the product specificity of CHS-like enzymes is
nonetheless indeed controlled via steric and polar modulation of active site
shape and volume (7). The initial mechanistic role played by a given active site
topology is clearly to favor a particularly size and shape of starter molecule,
although in vitro promiscuity toward a range of CoA-activated starters confirms
that in vivo substrate availability remains an important determinant of
physiological starter usage. Generally speaking, after loading of an acceptable
and available starter, iterative polyketide extension continues until some
alternative reaction becomes more favorable. In addition to effects upon starter
specificity, steric restriction of active site volume to prevent tetraketide
formation also appears to be the preferred method for selecting triketide
lactonization (the only favorable intramolecular cyclization available to most
triketides) (7).
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It would appear from most in vitro assays with mutant or incorrectly primed
enzymes that triketide or tetraketide lactonization via attack on the C1 thioester
by the C5 carbonyl oxygen is the easiest product-releasing cyclization for type
III PKS enzymes to achieve (7). Tetraketide intermediates possess an additional
and favorable off-loading cyclization reaction possibility, namely the C6->C1
Claisen condensation typified by CHS. While in vitro experiments reveal that
this cyclization route is easily diverted to lactonization by mutagenesis or acyl
starter substitutions, there appears to be a notable selective advantage associated
with production of the more physiologically stable phloroglucinol ring, as
evidenced by the preponderance of plant type III PKS enzymes whose
physiological reactions feature both unusual starter specificity and CHS-like C6-
>C1 intramolecular cyclization (). Such enzymes appear to have utilized steric
modulation of active site topology to adapt their preferred CHS-like cyclizations
to tolerate acyl starter substitution.

As previously discussed, a third alternative for tetraketide cyclization, the
C2->C7 aldol condensation of STS enzymes, is triggered by the emergence in
CHS enzymes of a thioesterase-like hydrogen bonding network (4). It remains to
be seen whether engineered incorporation of this ‘aldol switch’ into other .
phloriglucinol-forming type III PKS active sites will allow enzymatic production
of resorcinols from a range of starters. And finally, given the range of intrinsic
cyclization choices that terminate polyketide extension at or before the
tetraketide stage, it is perhaps not surprising that very few type III PKS enzymes
manage to form longer polyketides. The THNS active site topology suggests that
maintenance of a deep but narrow active site cavity is likely an important factor
in achieving the unusual combination of small starter selection and several
polyketide extension steps (5). Steric prevention of cyclization-productive
conformations is one obvious means to control reactivity, but in the case of
THNS an additional active site cysteine residue also appears to play a critical
chemical role in preventing the otherwise facile biosynthesis of malonyl-primed
triketide lactones (5).

Conclusions and Future Directions

This revised model of PKS mechanistic regulation provides an improved
framework for studying the functional divergence of evolutionarily related PKS
enzymes. Our model posits that alternative product specificities from a given
acyl-CoA starter must initially arise due to the selection of some mutation or set
of mutations that specifically alters enzymatic reaction partitioning of key
intermediates into other competing reaction pathways. Whether this relative
kinetic effect is due to an increase or decrease of enzymatic control over the
intrinsic reactivity of key intermediates may not be readily apparent from
comparing the overall kinetics of evolutionarily refined CHS-like enzymes, as
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the critical branch point reactions may not be rate-limiting, and other subsequent
mutations may also alter the kinetics of other non-branchpoint steps in the
overall polyketide biosynthetic reaction. In light of our reaction partitioning
model, it is not surprising that efforts to trap or crystallographically observe
polyketide intermediates of either wild-type or mutant type III PKS enzymes
have thus far been unsuccessful, which has contributed to our inability to
unambiguously establish the mechanistic effects of specificity-altering mutations,
as evidenced in both the STS and THNS projects (4, 5). While our improved
theoretical understanding of the structural and mechanistic principles
underpinning the evolution of type III PKS functional divergence will facilitate
future mechanistic analyses, a few complementary experimental approaches
seem most likely to lead to further theoretical and practical advances. These
areas of focus include the targeted design and synthesis of specific intermediate
and transition state analogs, the development of methods to characterize the
kinetic and structural parameters of individual type III PKS reaction pathway
steps, on-going and future bioengineering experiments to control and modulate
type III PKS substrate and product catalytic specificity, and finally the continued
discovery and characterization of functionally novel type III PKS enzymes.

The symmetric nature of conformationally flexible polyketide intermediates
often means there are both multiple plausible mechanistic pathways to a given
product and multiple plausible mechanistic interpretations of mutagenic data.
While this complication has frustrated efforts to obtain snapshots of intimate
interactions of CHS-like enzymes with their reactive intermediates, our recent
theoretical advances, including generation of novel mechanistic hypotheses and
improved appreciation for intrinsic polyketide reactivity, should facilitate the
future design of better reaction and transition state synthetic mimics for this
purpose. This latter point is an important one, as very few mechanistically useful
type III PKS intermediate or transition state analogs are presently available.
Besides such mechanistic snapshots, the future development of stopped-flow or
NMR-based methods for kinetic analysis of individual steps in various type III
PKS reactions is also likely to facilitate a better kinetic understanding of
enzymatic reaction partitioning.

While our own protein engineering efforts have thus far been confined to
elucidation of mechanistic principles, a number of other and more applied
engineering projects have focused upon the practical benefits of harnessing this
enzymatic machinery. Transgenic expression of STS has conferred biosynthesis
of the natural antifungal agent resveratrol in several agricultural plant species
lacking this useful pathway (70). Altered flower color, nitrogen fixation,
increased digestability of forage crops, and increased production of health-
promoting natural products in food crops (71) are other goals of past and present
flavonoid pathway engineering efforts (reviewed in (72, 13)). There has also
been recent interest in reconstituting and engineering plant biosynthetic
pathways in microbes (14, 15, 16). The combination of flavonoid pathway
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enzymes from different plants (17), as well as the combinatorial use of enzymes
for hydroxylation, methylation, prenylation, glycosylation and acylation (11),
promises to yield even greater chemical diversity. While these experiments, as
well as extensive domain-swapping in various type I and II PKSs (18),
demonstrate the utility of mixing and matching naturally evolved enzymes to
achieve new pathways, our increasing understanding of individual enzymes will
allow a more sophisticated approach. The ability to engineer substrate and
product specificities (natural and non-natural) into mutant enzymes or catalytic
domains will increasingly remove our dependence upon nature to provide
desirable biocatalytic activities, as well as modified biosynthetic products.

In addition to the promise of these and other bioengineering projects, it is
clear that there is still much mechanistic information to learn from the wealth of
functional diversity created by natural evolution. The frequent discovery and
characterization of new CHS-like enzymes possessing novel substrate or product
specificities continues to expand the known range of natural type III PKS
catalytic diversity. The still-rapid pace of discovery is illustrated by the presence
of several newly discovered type III PKS cyclization modes in our introductory
overview of type III PKS cyclization diversity (Figure 1), including heptaketide-
and octaketide-derived natural products (2, 3) surpassing the type III polyketide
chain length record previously held by THNS (79). From a broader perspective,
a recent crystal structure of 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA)
synthase unexpectedly revealed this enzyme of primary metabolism to constitute
a third structural branch (20) (in addition to KAS 1II and type III PKS enzymes)
of the Cys-His-Asn catalytic triad-utilizing subgroup of thiolase-fold enzymes
(1). Structural and mechanistic characterization of enzymes such as these will
undoubtedly reveal further clues regarding the range. of enzymatic strategies
available to the type III PKS active site, as well as the evolutionary basis for the
current functional diversity of these architecturally simple but mechanistically
complex enzymes.
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Chapter 14

Novel Polyketides from Genetic Engineering
(... and Lessons We Have Learned
from Making Them)

Leonard Katz, Jonathan Kennedy, Sarah C. Mutka,
John R. Carney, Karen S. MacMillan, and Sumati Murli

Kosan Biosciences, Inc., 3832 Bay Center Place, Haywood, CA 94545

Knowledge of the domain organization of type I modular
polyketide synthases (PKS) usually allows accurate prediction
of the structure of the corresponding polyketide. Genetic
engineering of such PKSs can be employed to produce novel
compounds of predicted structure. Genetic engineering of the
epothilone PKS has given unexpected results that have
revealed subtleties of the biosynthesis not previously
understood. In one instance, an unprecedented mechanism
was uncovered.

Epothilone is a mixed peptide-polyketide produced from the
myxobacterium Sorangium cellulosum (1) that inhibits proliferation of
eukaryotic cells through the stabilization of microtubules (2). Epothilone D, as
well as a number of derivatives of various epothilone congeners (Fig. 1), are
currently in clinical trials for the treatment of various cancers. The compounds
are made from a peptide synthetase (PS)-polyketide synthase (PKS) whose
genes have been cloned, sequenced (3, 4), and expressed in various heterologous
hosts (4-7). Organization of the genes, their corresponding proteins and
constituent modules and domains, are shown in Fig. 1. As in the case of many
type I modular polyketide synthases, the epothilone (epo) PKS has been
engineered to produce novel analogs. Some of the analogs thus produced were
what would be predicted from current understanding of polyketide biosynthetic
pathways.  Other changes to the PKS resulted in the production of novel
compounds not predicted by standard polyketide biosynthesis models. Analysis
of these compounds, discussed in this chapter, revealed aspects of the
biosynthesis of epothilone not previously understood.

200 © 2007 American Chemical Society
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Figure 1. Domain organization of the epothilone PKS and structures of
epothilone congeners. The top line shows the gene organization and gene
names. The boxed segment below shows the organization of the domains and
modules corresponding to each gene. Domain abbreviations: ACP, acyl carrier
protein; AT, acyltransferase; mAT and mmAT, AT domain specifying malonate
and methylmalonate, respectively; DH, dehydratase; ER, enoylreductase; MT,
C-methyltransferase; KR, B-ketoreductase; KS, f-ketoacyl ACP synthase; KSy,
KS domain containing tyrosine residue in the active site; TE, thioesterase.
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Biosynthesis of Epothilone

Epothilone is produced from the progressive condensation of acyl thioesters
employing the PKS shown schematically in Fig. 1. Synthesis starts with the
loading of malonyl CoA on the AT domain of EpoA, followed by its transfer to
the ACP domain and decarboxylation through the action of the KSy domain,
leaving acetyl-ACP. EpoB is a peptide synthetase specific for cysteine.
Condensation between the acetyl moiety on EpoA and cysteine on EpoB
produces the acetyl-cysteinyl depsipeptide, and subsequent internal cyclization
and oxidation produce the methylthiazole group found in the finished
compounds. Condensation between the methylthiazole and the malonyl-ACP on
module 2 (EpoC) produces a triketide. ~The B-carbony! of the triketide is
subsequently reduced to an OH group through the function of the KR domain in
EpoC. This decarboxylative (Claisen) condensation resembles the
condensations that take place during fatty acid biosynthesis.  Subsequent
progressive condensations catalyzed by modules 3 through 9 result in production
of the decaketide which undergoes internal lactonization to generate epothilone
C or epothilone D. Module 8 contains a methyltransferase domain that adds a
second methyl group to C-2 of the acyl chain formed after the 8" condensation
step to produce the geminal dimethyl found in the finished compounds.
Epothilones A and B are produced from epothilones C and D through the action
of the epoxidase EpoK, produced from a gene that is adjacent to the PKS-
encoding genes.

The stepwise biosynthesis of epothilone follows a predictable route through
the epo PS-PKS, but two aspects of the synthesis are not explained by the
domain organization. It is clear that both epothilones C and D, which differ in
the composition of the side chain at C-12, are produced from the same PKS,
although only a single compound is produced from each round of biosynthesis.
The AT domain in module 4 (epo AT4), therefore, must be able to utilize as a
substrate either malonyl CoA (to produce epothilone C) or methylmalonyl CoA
(to produce epothilone D). In general, AT domains in bacterial type I modular
PKSs are highly specific for a single substrate, and epo AT4 represents the only
known example of an AT domain with a lack of malonate-methylmalonate
selectivity. By sequence comparisons, epo AT4 resembles the malonate-
specifying AT domains (8), and there is no clear basis for the apparent lack of
selectivity.

Secondly, both epothilones C and D contain a 12,13-cis double bond, which
does not appear to be determined by the corresponding PKS domains in module
4 since it does not contain the required DH domain. With rare exception, the
degree of reduction of a polyketide is determined exclusively by the presence (or
absence) of functional reductive domains in the corresponding module. Two
exceptions are found in the macrolide family of antibiotics. The actinomycete
Streptomyces venezuelae produces pikromycin as well as the reduced congener
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10,11-dihydropikromycin (Fig. 2). The pik PKS contains both a KR and DH
domain in module 2 that would appear to direct the introduction of a trans
double bond during the synthesis corresponding to the 10,11 positions in the
completed molecule (9). This was proven through the finding that only the
pikromycin aglycone, narbonolide, containing the 10,11-trans double bond, was
produced when the pik PKS was expressed in the heterologous host
Streptomyces lividans (10). 10,11-Dihydronarbonolide was not seen. Thus, the
10,11-dihydropikromycin observed in the fermentation broth of S. venezuelae
resulted from the adventitious reduction of the 10,11-double bond by an enzyme
present in the host not associated with the gene cluster for pikromycin
biosynthesis. The second example is chalcomycin (chm), a 16-membered
diglycosidic macrolide that contains a 2,3-zrans double bond (Fig. 2).
Sequencing of the chm PKS indicated that module 7, responsible for the portion
of the structure of chalcomycin corresponding to positions 2 and 3, contained
only KS, AT, and ACP domains, and lacked the required KR and DH domains
to direct the introduction of the 2,3-double bond (/7). Heterologous expression
of the chm PKS in the tylosin-producing host Streptomyces fradiae, from which
the tylosin PKS genes had been removed, resulted in the production of 5-O-
mycaminosylchalcolactone (Fig. 2). This is the predicted macrolactone of the
chm PKS, associated at C5 with the deoxyaminosugar mycaminose normally
found in tylosin (/7). This result indicated that the 2,3-trans double bond
present in chalcomycin is introduced after completion of synthesis of the
macrolactone. In both the pikromycin and chalcomycin examples, therefore, the
changes in degree of reduction were the result of post-polyketide processing
events.

The opposite is true, however, for the introduction of the 12,13-cis double
bond in epothilone. Expression of the epo PKS in the heterologous hosts
Myxococcus xanthus and, recently, Escherichia coli resulted, in both cases, in
the production of epothilones C and D (containing the 12,13-cis double bond)
(3, 7), suggesting that the epo PKS itself directs the introduction of the double
bond during the synthesis by a module other than module 4. Further evidence to
support this hypothesis will be presented below.

The Non-Selectivity of epo AT4 is Context Dependent

To see whether the unusual lack of substrate selectivity of the AT domain of
module 4 could be mimicked in other modules of the epo PKS, AT4 was used to
replace the native AT domain in module 3 in an M. xanthus host that contained
the epothilone biosynthesis gene cluster. The exchange of the DNA encoding
ATS3 for the DNA segment encoding AT4 was accomplished employing a two-
step recombination process (Fig. 3). The resulting strain was fermented and the
epothilone products were isolated and analyzed. As found in the parent strain
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Figure 2. Structures of macrolides.

with the wt epo PKS, two-thirds of the molecules contained H at C-12; one-third
contained a methyl side chain, as previously observed and expected for the
absence of substrate specificity of the AT4 domain (Fig. 3). In contrast,
however, all the molecules contained H at C-14, indicating functional utilization
of malonyl CoA alone as the substrate by the AT domain in module 3. None of
the molecules contained the C-14 methyl side chain. One explanation of these
findings is that the architecture of the AT4 domain placed in module 3 was
altered so that it could not utilize methylmalonyl CoA as a substrate, although it
was clearly functional since it was able to incorporate malonyl CoA. It is also
possible that the AT domain in module 3 could incorporate methylmalonyl CoA
into the growing polyketide, but that the nascent chain so formed could not be
used as a substrate for the subsequent condensation conducted by module 4.
The KS domain of module 4, therefore, would have acted as a gatekeeper, not
permitting passage of the nascent chain containing an a-methyl side chain.
Gatekeeping roles for KS domains in modular PKSs are well-established; for
example, the KS domains of the erythromycin and pikromycin PKSs are highly
selective for the relative orientation of the a-methyl-B-OH side chains of their
substrates (12-14).
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... .KS m(mm)AT KR ACP KS m(mm)AT KR ACP KS mAT DH ER KRACP. . ..

1 |

O OH O

Proportion of Molecules
R, R,

H CH; H CH;

1.0 0 0.67 0.33

Figure 3. Replacement of AT3 with AT4 does not produce 14-methylepothilones.
The domains of modules 3 — 5 are shown. The arrow indicates that the AT3
domain was replaced with the AT4 domain. The structure of the compounds

produced and their relative proportions are shown in the table.

The DH Domain in Module 5 Catalyzes Two Successive
Dehydrations

As described above, although module 4 determines the structure at positions
12 and 13 of epothilone, the 12,13-cis double bond in epothilones C and D, the
products of the PKS, must be introduced by a function outside of this module.
In a recent paper (15), we reported that replacement of the complete set of
reduction domains in module 5 of the epothilone PKS resulted in the production
of an epothilone derivative that had lost the 12,13-cis double bond and carried
an OH group at C-13, as predicted from the domain organization of module 4
(Fig. 4). This structure led us to propose that the DH domain of module 5 acted
on the nascent chain produced by the upstream module to insert a cis double
bond. The presence of the 10,11-trans double bond in the resulting compound
was puzzling in that it would normally originate from the action of the
DH domain of module 5, which was absent from the modified PKS. We
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Module 4 Module 5 Module 6
... KS m(mm)AT KR ACP KS mA1 DH ER KR|JACP KS mmAT DH ER KR ACP. ..

Replaced with KR only

|

Figure 4. Replacement of the DH/ER/KR domains of module 4 leads to loss of
the 12,13-cis double bond.

speculated that the DH domain of module 6 might be responsible for introducing
the 10,11-double bond into the 13-hydroxy analog in this unusual instance.
During the regular events of epothilone biosynthesis, however, the DHS domain
would normally introduce the 10,11-double bond. DHS would act twice,
therefore, first to introduce a cis double bond during or after the fourth
condensation cycle, and then to introduce a trans double bond during the fifth
condensation cycle.

To test this hypothesis, the following experiment was performed. The
segment of DNA designated epo mod 3-4-5-TE (shown in Fig. 5) was
constructed by cloning an E. coli-optimized synthetic ORF consisting of
modules 3, 4, and 5 of the epoD gene. The ORF was fused to a synthetic
segment corresponding to the TE domain of the erythromycin PKS in the high
copy plasmid pKOS392-97 (7), thereby placing it under the control of the
araBAD promoter. The resulting plasmid, pKOS455-042, was introduced into
E. coli K207-3 (F ompT hsdSp (rg-mg-) gal dem (DE3) AprpRBCD::Prs-sfp-
Pr-prpE ygfG::Prs-accA1-P1s-pccB paanm), a modified version of BL21
(DE3) that is capable of generating methylmalonyl-CoA when fed with
propionate through overexpression of a propionyl-CoA ligase (prpE) and
propionyl-CoA carboxylase (accAl, pccB). The strain also contains a
chromosomal copy of sfp, a 4-phosphopantetheine transferase gene necessary
for phosphopantetheinylation of PKSs in the host (/6). L-arabinose-induced
expression of this construct in E. coli at 22 °C resulted in the production of a 569
kDa protein, the size predicted from the sequence. Co-expression of the epo
segment with the genes encoding the chaperone proteins GroES/EL, DnaKJ, and
GrpE, (on plasmid pG-KJEB) resulted in the appearance of least one-fourth of
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the total amount of epo 569 kDa protein in the soluble fraction (data not
shown).

The thiazoacyl moiety of the N-acetylcysteamine (NAC) thioester,
compound A (Fig. 5), represents the proposed structure of the polyketide chain
that is utilized by module 3 for the third condensation in the biosyntheses of
epothilones C and D. The thiazoacyl moiety would be expected to serve as the
starting material for three successive condensations (and attendant reductions) in
the E. coli host expressing epo mod 3-4-5-TE. The TE domain would remove
the acyl chain from the PKS at the end of the third cycle allowing re-utilization
of the protein and resulting in the accumulation of product. Compounds B and
C would be expected as products after compound A was fed to the E. coli host
expressing epo mod 3-4-5-TE (Fig. 5) if two conditions were met: (1) the AT
domain of module 4 utilized either malonyl CoA or methylmalonyl CoA as a
substrate for the first condensation, a