Preface

The present book is the second of two volumes that provide state of the art
expert reviews of central topics in modern natural products chemistry and
secondary metabolism. Using specific examples, the previous volume emphasiz-
ed two revolutions in experimental techniques that completely transformed the
field of natural products chemistry from what it was in the 1950s. These were the
use of stable isotopes in conjunction with modern NMR and mass spectrometry,
and more recently, the development of molecular biological techniques to
identify, purify and manipulate the enzymes responsible for the intricate
series of steps to complex natural compounds. The previous volume specifically
covered the use of isotopes in biosynthetic research and the formation of
enzyme cofactors, vitamin B, and reduced polyketides.

This second volume describes the application of the same approaches (isotope
methodology and molecular biology) to the biosynthesis of aromatic (unreduced)
polyketides, enzymes responsible for cyclization of terpenoids (isoprenoids), and
biochemical generation of selected classes of alkaloids (prenylated tryptophan,
tropane, pyrrolizidine). The knowledge of the metabolic pathways and the tech-
niques to elucidate them opens the door to combinatorial biosynthesis as well as
to the production of targeted pharmaceutical agents utilizing a combination of
chemistry, molecular biology and protein biochemistry. Recent advances suggest
that it may soon be possible to rationally manipulate biochemical pathways to
produce any target molecule, including non-natural variants, in substantial
quantity. Genetically modified organisms containing mix-and-match combina-
tions of biosynthetic enzymes (natural and/or mutated) will allow formation of
large numbers of new compounds for biological evaluation. In addition, the avail-
ability of vast arrays of specialized enzymes in pure form may provide new
reagents for combinatorial chemistry and parallel synthesis in drug discovery
programs.

In the current volume, Ben Shen begins with a review of the assembly of un-
reduced polyketides leading to aromatic compounds. The current understand-
ing of the functions and interactions of the enzymes involved is gradually pro-
viding the rules for designing new compounds of this class as well as affording
a basis for biosynthesis of flavonoids via chalcone synthases. In chapter 2,
Edward Davis and Rodney Croteau describe the terpenoid synthases responsible
for formation of the huge array of mono-, sesqui- and diterpenes (over 30,000
terpene derivatives are known). In particular, detailed structural and functional
evaluation of four representative terpene synthases is provided. In the third
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chapter, Robert Williams, Emily Stocking and Juan Sanz-Cervera review the bio-
synthesis of prenylated indole alkaloids and related substances derived from
tryptophan. Many of these compounds are potent mycotoxins that contaminate
food, but some, such as the ergot alkaloids (e.g. ergotamine, ergonovine) see
extensive application in medicine. In chapter 4 Thomas Hemscheidt describes
the current state of knowledge on the biosynthesis of tropane and related alka-
loids, including cocaine. This well illustrates the difficulties that can be faced in
elucidating the sequence of reactions involved in a biosynthetic pathway,
especially when the intermediates are unstable and produced in very low
amounts. The last chapter, by Thomas Hartmann covers the pyrrolizidine alka-
loids. It not only describes the chemistry of the biosynthetic pathway but also
gives an account of the physiology and ecology involved in the distribution and
elaboration of the alkaloids within the producing plant, in the insects which eat
the plants, and even in the animals which eat the insects. This shows us that for
many natural products an understanding of how they are made is only a part of
the whole story.

Cambridge, January 2000 Finian J. Leeper
John C. Vederas
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Aromatic polyketides differ from other polyketides by their characteristic polycyclic aromatic
structures. These polyketides are widely distributed in bacteria, fungi, and plants, and
many of them are clinically valuable agents or exhibit other fascinating biological activities.
Analogous to fatty acids and reduced polyketide biosynthesis, aromatic polyketide biosynthe-
sis is accomplished by the polyketide synthases that catalyze sequential decarboxylative con-
densation between the starter and extender units to yield a linear poly-f-ketone intermediate.
The latter undergoes regiospecific reduction, aromatization, or cyclization to furnish the poly-
cyclic aromatic structures, which are further modified by tailoring enzymes to imbue them
with various biological activities. This review begins with a brief discussion on the architec-
tural organizations among various polyketide synthase genes and genetic contributions to
understanding polyketide synthases. It then presents a comprehensive account of the most
recent advances in the biochemistry and enzymology of bacterial, fungal, and plant polyke-
tide synthases, with emphasis on in vitro studies. It concludes with a cautious summary of the
so-called design-rules to guide rational engineering of polyketide synthases for the synthesis
of novel aromatic polyketides.
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ACP acyl carrier protein

ACPS holo-acyl carrier protein synthase
Act actinorhodin

AF aflatoxin

ARO aromatase

AT acyl transferase

CHS chalcone synthase

CLF chain length factor

CoA coenzyme A

CYC cyclase

DMAC 3,8-dihydroxy-1-methyl anthraquinone-2-carboxylic acid
FAS fatty acid synthase

KR ketoreductase

KS P-ketoacyl: ACP synthase

MAT malonyl CoA:ACP acyltransferase
6MSAS 6-methylsalicyclic acid synthase
NAC N-acetylcysteamine

Orf open reading frame

PCP peptidyl carrier protein

PCR polymerase chain reaction

PKS polyketide synthase

PMSF phenylmethylsulfonyl fluoride
PPTase phosphopantetheinyl transferase
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2PS 2-pyrone synthase

SDS-PAGE sodium dodecyl sulfate-polyacrylamide gel electrophoresis
ST sterigmatocystin

STS stilbene synthase

Tem tetracenomycin

TE thioesterase

1

Introduction

Polyketide metabolites are found in bacteria, fungi, and plants and represent one
of the largest groups of natural products [1-4]. They are structurally classified
into four major groups: aromatics (e.g., doxorubicin and tetracycline), macro-
lides (e.g., erythromycin and rapamycin), polyethers (e.g., monensin and sali-
nomycin), and polyenes (e.g., amphotericin and candicidin), many of which are
clinically valuable antibiotics or chemotherapeutic agents, or exhibit other phar-
macological activities [5-8]. Despite their apparent structural diversity, poly-
ketides share a common mechanism of biosynthesis. The carbon backbone of a
polyketide results from sequential condensation of short fatty acids like acetate,
propionate, or butyrate, in a manner resembling fatty acid biosynthesis, and this
process is catalyzed by polyketide synthases (PKSs). Much of the current re-
search on polyketide biosynthesis is driven by the unprecedented biochemistry
and enzymology of the PKSs that provide an excellent model for elucidating the
structure-function relationship of complex multienzyme systems and by the
great potential of generating novel polyketide libraries via combinatorial bio-
synthesis with engineered PKSs [7,9-21].

Following the convention of fatty acid synthases (FASs) [22-25], PKSs have
been classified into two types according to their enzyme architecture and gene
organization. Type I PKSs are multifunctional proteins consisting of domains
for individual enzyme activities and have been found in bacteria as well as in
fungi and plants. Type I PKSs are multienzyme complexes consisting of discrete
proteins that are largely monofunctional and have so far only been found in bac-
teria. Although early isotope labeling experiments clearly demonstrated that
FASs and PKSs use similar substrates, it is the recent cloning of PKS genes and
the biochemical characterization of PKS enzymes that have provided a mecha-
nistic explanation of how PKSs achieve the vast structural diversity during poly-
ketide biosynthesis by varying the similar biosynthetic reactions of FASs. Thus,
unlike fatty acid biosynthesis, in which the p-ketone group of the growing fatty
acid intermediate 1 undergoes full reduction to a methylene group 2, 3 during
each cycle of elongation (pathway A in Fig. 1), the -ketone group of the growing
polyketide intermediate 4 could either be left untouched (5, 6), leading to aro-
matic polyketides (pathway B in Fig. 1), or be subjected to no, partial, or full
reduction (7-10), depending on a given cycle of elongation, leading to macroli-
des, polyethers, or polyenes (pathway C in Fig. 1). The latter forms the mechanis-
tic basis for grouping macrolides, polyethers, and polyenes together as complex
or reduced polyketides. It has now been well established that the biosynthesis of
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reduced polyketides is catalyzed by the noniterative type I PKSs, which control
product structural variation by evolving a set of noniteratively used domains
that are arranged in a linear order mirroring the biosynthetic sequence of the
metabolite. For comprehensive coverage on reduced polyketide biosynthesis,
readers are referred to several excellent reviews appearing in the recent literature

[10, 15,25-34], including the one by Staunton and Wilkinson in Volume I of this
two-volume series [34].
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Fig. 2A-D. Representatives of aromatic polyketide metabolites produced by aromatic poly-
ketide synthases from: A, B bacteria; C fungi; D plants
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The mechanisms by which aromatic PKSs control structural diversity are
distinct from those for noniterative type I PKSs for reduced polyketide biosyn-
thesis. Aromatic PKSs catalyze the biosynthesis of various polycyclic, mostly
aromatic, polyketides (Fig. 2), involving a linear poly-pB-ketone intermediate
such as 5 or 6, and using malonyl coenzyme A (CoA) as an extender unit exclu-
sively (pathway B in Fig. 1). The principal challenges faced by aromatic PKSs are
to choose a starter unit, to determine the number of extensions, to control the
folding of the linear poly-p-ketone intermediates, and to carry out regiospecific
reduction, aromatization, and cyclizations of the correctly folded polyketide
intermediates into polycyclic metabolites.

Genetic advances in Streptomyces species and related actinomycetes in the last
decade have made it possible to apply genetic techniques in addressing these
challenges. Since the cloning of the first two sets of aromatic PKSs, act PKS for 11
and tcm PKS for 12, from Streptomyces coelicolor [35,36] and Streptomyces glau-
cescens 37, 38], respectively, and the discovery of extensive cross-hybridizations
among aromatic PKS genes in different actinomycetes [39] a decade ago, numer-
ous aromatic PKS genes have now been cloned [40-62]. These studies revealed
that aromatic polyketides in bacteria are assembled by type II PKSs that consist
of several discrete proteins carrying a set of iteratively used enzyme activities
(Fig. 3A), reminiscent of bacterial FASs. However, exceptions have been noticed,
in which either a iterative type I PKS [63] or noniterative type I PKS [64] is in-
volved for the biosynthesis of an aromatic structure (Fig. 3B). In fungi, only type I
PKSs have been found for aromatic polyketide biosynthesis, which is compose of
iteratively used domains (Fig. 3 C) [65-69], reminiscent of vertebrate and fungal
FASs. Plant aromatic PKS genes are classified as iterative type I enzymes in gene-
ral but differ substantially from bacterial and fungal PKSs and lack the acyl car-
rier protein (ACP) domain (Fig. 3D) [70-76]. They are often discussed together
with bacterial and fungal PKSs because they share the characteristics of PKS che-
mistry of linking acyl CoA by repetitive decarboxylative condensation.

It became apparent upon sequencing that aromatic PKSs consist of proteins
or domains that bear similar activities as FASs or noniterative type I PKSs for
reduced polyketide biosynthesis, such as ACP, acyl transferase (AT), f-keto-
acyl: ACP synthase or ketosynthase (KS), and ketoreductase (KR), reinforcing
the mechanistic relationship between fatty acid and polyketide biosynthesis.
However, the mere cloning and sequencing of gene clusters for aromatic poly-
ketide biosynthesis fall short of explaining how aromatic PKSs control product
structures, because only one set of very similar active sites has been identified
for all aromatic PKSs. Consequently aromatic PKSs must act iteratively and
recognize different intermediates in every cycle of elongations to build the linear
poly-B-ketone chains and in the subsequent folding and cyclization processes.
Insights into the mechanisms of aromatic PKSs came primarily from genetic
manipulation of the PKS genes in vivo and, more recently, from biochemical
characterization of the PKS enzymes in vitro.

The goal of this review is therefore to present our current knowledge of aro-
matic polyketide biosynthesis with emphasis on the most recent advances in the
biochemistry and enzymology of PKSs. The so-called “tailoring enzymes”,
which modify the initial products synthesized by PKSs to imbue them with
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Fig.3A-D. Pictorial representation of structural organizations of selected aromatic polyketide
synthase and associated genes from: A, B bacteria; C fungi; D plants. References to these poly-
ketide synthases are given in the text

various biological activities, are not discussed here because they are not con-
sidered to be unique to aromatic polyketide biosynthesis. While most of the
work on genetic engineering of aromatic PKSs has been aimed at elucidating
the structure and function of PKS subunits or domains, engineered PKSs will
be reviewed in such a way as to provide general design-rules for the biosynthesis
of novel aromatic polyketides. Readers are encouraged to consult several other
excellent reviews on various aspects of aromatic polyketide biosynthesis that
have already appeared in the recent literature [15,25-27,29,77-79].
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2
Aromatic Polyketide Synthase Genes

Hopwood has recently reviewed exhaustively the discovery, the cloning, and the
architecture of genes encoding aromatic polyketide biosynthesis in bacteria,
fungi, and plants [29]. Selected in this section are only a few examples, illus-
trating organizational variations and structural features of aromatic PKSs.

2.1
Bacterial Polyketide Synthase

The type Il nature of aromatic PKSs was established immediately upon sequenc-
ing of several gene clusters for aromatic polyketide biosynthesis [36, 38, 58]. The
most striking features of various aromatic PKS genes are their high sequence
homology and remarkably conserved gene organization [15, 29]. As illustrated
in Fig. 3A, most of the aromatic PKS genes studied so far consist of three core
open reading frames (orf), encoding the minimal PKSs [80], along with a few
additional orfs encoding KR [49, 50, 81D 84], aromatase (ARO) [53, 85D 88], and
cyclase (CYC) [36, 49, 53, 85D 100]. While sequence comparison with FAS genes
readily revealed that orfl and orf3 of the minimal PKS genes encode KS and ACP,
respectively, orf 2 is unique to type Il aromatic PKSs whose function as chain
length factor (CLF) was established by genetic manipulation of the minimal PKS
genes [101]. The minimal PKS genes of orfl1,2,3 have invariably been found in
the same organization with orfl1,2 being translationally coupled and orf3 lying
immediately downstream of the orfl,2 pair. Thdps/daucluster is the only
exception B orf3 is located 6.8 kb upstream of orf1,2 [49, 84]. The number and
position of other orfs associated with the minimal PKSs were less predictable,
although they always flank the minimal PKS genes. These orfs are unique to aro-
matic PKSs, whose functions as KR [83, 101, 102, 161], ARO [85D88], and CYC
[84D88, 92,94D 96, 100] were established only after in vivo and in vitro experi-
ments.

The striking resemblance in overall architecture among the various clusters
has led to the paradigm that iterative type Il PKSs are responsible for aromatic
polyketide biosynthesis in bacteria, dramatically facilitating the cloning of new
type Il PKS genes and the characterization of type 1l PKS enzymes. However,
since most of the type Il PKSs studied so far were cloned withatii®KS as
probe and limited toStreptomycespecies and related actinomycetes [14, 28],
caution has to be taken in applying this paradigm for aromatic polyketide bio-
synthesis to bacteria in general. In fact, in the study of the biosynthesis of
avilamycin in Streptomyces viridochromoge¥57 [63], Bechthold and co-
workers cloned thevi gene cluster using a deoxysugar gene as probe that was
amplified by the polymerase chain reaction (PCR) method [103]. Intriguingly,
sequence analysis of thevi cluster revealed thaviM gene consisting of the
characteristic domains of KS, AT, and ACP (Fig. 3B). They namei as the
orsellinic acid synthase because expressioamif in either Streptomyces lividans
TK24 orS. coelicolo€H999 resulted in the production of orsellinic acid. AviM is
therefore responsible for the biosynthesis of the aromatic moiety of avilamycin
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A (15), representing the first iterative type I PKS for aromatic polyketide bio-
synthesis in bacteria. Equally unexpected was the PKS genes encoding pyolu-
teorin (16) biosynthesis in Pseudomonas fluorescens PE-5 [64]. Kraus and Loper
identified the plt gene cluster by Tn5 transposon mutagenesis and established
pltB and pltC as the PKS genes responsible for the biosynthesis of the aromatic
polyketide moiety of 16 [104]. Sequence analysis revealed [64] surprisingly that
PItB and PItC consist of characteristic domains of KS, AT, ACP, or KR in the same
order as bacterial noniterative type I PKS for reduced polyketides, representing
the first noniterative type I PKS for aromatic polyketide biosynthesis in bacteria
(Fig. 3B). Although it is yet to be established how broadly these exceptions exist
in Streptomyces species and related actinomycetes as well as in other bacteria, it
certainly causes some doubt in predicting uncharacterized PKSs as type I or
type II structure based solely on the chemical structure of either aromatic or
reduced polyketides.

2.2
Fungal Polyketide Synthase

Fungal aromatic PKSs are iterative type I enzymes. 6-Methylsalicyclic acid synt-
hase (6MSAS), the first microbial PKS purified [105], is a classical example of
fungal PKSs, although the 6MSAS gene has only been cloned recently from Peni-
cillium patulum [65,106]. A homologous 6MSAS gene, atX, has also been cloned
from Aspergillus terreus [66], with the KS domain of the 6MSAS of P. patulum as
a probe. Sequence determination of the 6MSAS gene from both P. patulum [65]
and A. terreus [66] revealed a single orf that consists of characteristic KS, AT, KR,
and ACP domains, confirming the type I nature of 6MSAS (Fig. 3C). Since the
synthesis of 6-methylsalicyclic acid (17) requires three steps of condensation,
6MSAS must have utilized the KS, AT, and ACP activities iteratively.

The PKS genes, pksA and stcA, for norsolorinic acid (18), an octaketide inter-
mediate of aflatoxin (AF) and sterigmatocystin (ST) biosynthesis [68,107-109],
were also determined recently from Aspergillus parasiticus [110-112] and
Aspergillus nidulans [113, 114], respectively. The pksA, also known as pksLI
[111], and stcA genes are highly homologous and consist of only one set of char-
acteristic KS, AT, and ACP domains, along with an additional thioesterase (TE)
domain, reinforcing the notion that fungal PKSs are iterative type I enzymes
(Fig. 3C). Interestingly, two functionally distinct FAS genes have been identified
that are involved in primary and secondary metabolism, respectively [115].In A.
nidulans, mutants of FAS genes for secondary metabolism, stcJ and stcK, grew
normally but cannot synthesize ST, yet supplementation of the mutants with
hexanoic acid restored their ability to produce ST. Similarly, in A. parasiticus, the
two specialized FASs were identified as fas-1A and fas-2A that showed high
sequence homology to the yeast FASf and FASa subunits, respectively [108,116,
117], and insertional inactivation of fas-1A gave mutants that were unable to
incorporate acetate into AF pathway [117]. These results strongly suggested the
functional requirement for FAS in the biosynthesis of the C-6 starter unit that is
further elongated by PksA and StcA during the biosyntheses of AF and ST, re-
spectively. Other noteworthy features of fungal PKS genes include the apparent
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lack of ARO or CYC in all known fungal PKSs, the tandem structure of the two
ACP domains in stcA, and the distinct TE domain in pksA and stcA genes. The
TE domain is known to off-load the fully processed polyketide product from the
noniterative type I PKS in reduced polyketide biosynthesis [118-120] but has
not been found in all other known aromatic PKSs. Intriguingly, while sequence
analysis of the wA gene from Aspergillus nidulans, which encodes the naphtho-
pyrone YWA1 PKS, clearly shows that it is highly homologous to pksA and stcA
with a TE domain at its C-terminus, overexpression of wA in Aspergillus orzyae
suggested that the TE domain acts as a CYC, in addition to off-loading the poly-
ketide product from the PKS enzyme [265, 266].

23
Plant Polyketide Synthase

Chalcone synthases (CHS) and stilbene synthase (STS) are closely related plant
PKSs that catalyze the stepwise condensation between acyl CoA esters in the
biosynthesis of flavonoids, stilbenes, and other related plant aromatic polyke-
tides [70, 72, 75]. Sequences for numerous CHS as well as a few STS have been
determined from various plants [72-76, 122-131]. They all possess a highly
conserved cysteine (Cys) residue that is essential for PKS activity, although the
sequences in this Cys motif have no apparent similarity to that of KS of bacterial
and fungal PKSs [132]. The plant PKSs are essentially condensing enzymes, lack
the ACP domain, and use the acyl CoA esters directly as substrate for the con-
densing reactions [72, 75].

Plant PKSs are iterative type I PKSs, as exemplified by CHS and STS (Fig.3D).
CHS and STS utilize the Cys active site iteratively by selecting a phenylpropanoid
CoA as the starter unit and catalyzing three sequential condensations with
malonyl CoA to synthesize a tetraketide intermediate that subsequently folds
regiospecifically into aromatic structures like chalcone (19) [73, 124-126, 128,
132,133] or resveratrol (22) [74,127,132-134]. An exception to this paradigm is
the gchs2 gene from the ornamental plant Gerbera hybrida [71, 123, 135]. While
the GCHS?2 protein is 73 % identical to the CHS enzymes, it uses acetyl CoA, not
phenylpropanoid CoA, as the starter unit and catalyzes two condensations with
malonyl CoA to form the pyrone backbone of the gerberin (23) or parasorbosi-
de (24) aglycone [135]. Accordingly, the gchs2 gene was renamed as g2psI on the
basis that the GCHS2 protein is in fact a 2-pyrone synthase (2PS). This finding
revealed a new pathway to polyketide biosynthesis in plants and suggested that
CHS-related enzymes are involved in the biosynthesis of a much larger range of
plant products than was previously realized for 19, 22, and their analogs [135].

Discrete plant KRs have been identified that interact with CHS for the bio-
synthesis of 6’-deoxychalcone (20) (Fig. 3D) [133, 136-139]. Interestingly, the
plant KR has no similarity with those that catalyze the reduction of the poly-g-
ketone intermediates in polyketide or fatty acid biosynthesis [49, 50, 81-84].
Instead it is similar to various aldo/keto-reductases, mostly from carbohydrate
metabolism [139-141], and contains a leucine zipper motif known to be in-
volved in protein-protein interaction [142]. Plant O-methyltransferases are well
known [143], but enzymes for C-methylation have not been described. The
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methyl group of C-methylated chalcone (21) is in fact derived from methylma-
lonyl CoA, suggesting that an aromatic PKS utilizes a methylmalonyl CoA as an
extender unit. Cloning of CHSs from Pinus strobus indeed resulted in the iden-
tification of two highly homologous proteins, PStrCHS1 and PStrCHS2 (87.6 %
identity). These two enzymes interact with each other in the biosynthesis of 21,
with PstrCHS2 catalyzing specifically the condensation step with methylmalonyl
CoA (Fig.3D) [76]. The latter feature is distinct from all known aromatic PKSs
that utilize malonyl CoA as an extender units exclusively. Methyl side chains in
reduced polyketides are introduced by the use of methylmalony CoA as an ex-
tender unit, determined by the AT domain of the noniterative type I PKS [144 -
147]. PstCHS2 represents a novel mechanism by which a condensing enzyme can
select an extender unit to control structural diversity in polyketide biosynthesis.

3
Polyketide Synthase Biochemistry and Enzymology

3.1
Bacterial Type Il Polyketide Synthase

It has been a long sought after goal to study the biochemistry and enzymology
of the bacterial type II PKSs in vitro, because the mechanisms by which the PKSs
assemble the carbon skeleton of aromatic polyketides eventually have to be
studied using purified enzymes. The two major challenges in this endeavor are
to obtain the entire functional PKS complex in sufficient quantity and to monitor
the synthesis of the inherently labile poly-f-ketone intermediates [148], which
are thought to remain enzyme-bound throughout the elongation processes until
the carbon chain reaches its full length. Retrospectively, early attempts at purify-
ing and assaying bacterial PKS could not be successful because of the lack of the
fundamental information regarding the PKS complex such as (1) the nature of
individual subunits, (2) the minimal number of subunits that constitute a func-
tional complex, and (3) the involvement of ARO or CYC that make it possible to
measure the PKS activity by converting the poly-pB-ketone intermediate into
stable products. The cloning of the PKS genes provided many of these mis-
sing links, dramatically accelerating the pace for mechanistic investigations of
bacterial PKSs by both in vivo and in vitro experiments. Functions of individual
components of a PKS complex have been examined either in vivo by mutagenesis
or expression of the native, mutant, or recombinant PKS genes in various poly-
ketide producers or nonproducers [64, 81, 83-93, 95, 99-102, 149-166], or in
vitro by overexpression and biochemical characterization of the recombinant
proteins [94, 96, 167 - 180]. Furthermore, cell-free systems for in vitro synthesis
of aromatic polyketides have been developed, making it possible to purify in-
dividual components of a functional PKS complex [181, 182]. The latter success-
fully led to the in vitro reconstitution of both the actinorhodin (Act) [173, 183]
and tetracenomycin (Tcm) PKSs [184] from individually purified components,
setting the stage to address the molecular basis of the structure and function
relationship of type II aromatic PKSs.
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3.1.1
Phosphopantetheinyl Transferase

Both the extender unit of malonyl CoA and the growing poly-pB-ketone inter-
mediates are covalently tethered to the ACP subunit of a bacterial PKS in an acyl
thioester linkage to the phosphopantetheinyl moiety during polyketide biosyn-
thesis [26,29, 177,185, 186]. The latter prosthetic group is introduced posttrans-
lationally by the phosphopantetheinyl transferase (PPTase), which transfers the
4’-phosphopantetheine moiety of CoA (25) to the highly conserved Ser residue
of apo-ACP (26), converting 26 into holo-ACP (27) (Fig. 4). Phosphopantet-
heinylation is absolutely necessary for polyketide biosynthesis, without which
26 is nonfunctional. Consequently, each FAS or PKS must have associated with it
a PPTase competent to carry out its modification. The fact that both the PKS ACP
[17] and FAS ACP [178] purified from S. glaucescens were phosphopantetheiny-
lated supported the presence of such enzymes in Streptomyces species. Indeed,
the FAS apo-ACP in E. coli is phosphopantetheinylated on Ser-36 to give a holo-
ACP, and this modification is catalyzed by the holo-ACP synthase (ACPS) [24,
187],a member of the recently characterized superfamily of PPTases [188-191].
Intriguingly, sequence analysis of the gene clusters known for aromatic polyket-
ide biosynthesis failed to reveal any orf, equivalent to ACPS, which is apparently
needed for the modification of PKS ACPs, despite the fact that genes for secondary
metabolite biosynthesis are clustered in one region of the microbial chromosome
[26, 29]. It is, therefore, very tempting to propose that a PPTase, equivalent to
ACPS in E. coli, associated primarily with fatty acid biosynthesis in a polyketide-
producing organism, could modify both the FAS and PKS apo-ACPs, providing
a functional connection between fatty acid and polyketide biosynthesis. While
such PPTase is yet to be characterized from these polyketide-producing Strep-
tomyces species, ACPS homologous genes have been identified during genome
sequencing projects from Mycobacterium tuberculosis [262] and S. coelicolor
[263].

The E. coli ACPS indeed displayed very broad substrate specificity for both
the ACP and CoA substrates. Co-expression of Streptomyces genes encoding
various PKS ACPs in E. coli strains overproducing ACPS led to high levels of
holo-ACP production, indicative of in vivo phosphopantetheinylation by the
ACPS protein [167]. Various ACPs have also been phosphopantetheinylated in
vitro with the purified E. coli ACPS [173,184,188,189,192]. The decrease in cata-
lytic efficiency of a Streptomyces PKS ACP as a substrate for the E coli ACPS has
been correlated with a decrease in the overall negative charge in the highly anio-
nic ACP family [188]. ACPS also catalyzes the transfer of acyl CoAs as well as
several CoA analogs to apo-ACP, and a steady state kinetic study showed that
acetyl CoA (28) is as efficient an ACPS substrate as CoA [188, 192]. Enzymati-
cally synthesized acetyl-ACPs (29) were shown to be efficient substrates for the
Act PKS, indicating that acetyl-ACP is a chemically competent intermediate of
aromatic polyketide biosynthesis [192]. Together, these methods provide a way
to generate preparative quantities of holo-ACPs, acyl ACP, as well as holo-ACP
analogs with phosphopantetheine groups of altered compositions, length, and
reactivity. The availability of these ACP derivatives opened the way to studying
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the role of the phosphopantetheine group in subsequent reactions of acyltrans-
fer, condensation, reduction, dehydration, and cyclization in fatty acid and poly-
ketide biosynthesis.

It is noteworthy that nonribosomal peptide synthetase is similarly posttrans-
lationally modified by covalent attachment of the 4’-phosphopantetheine group
to the peptidyl carrier protein (PCP) [193-198]. While the ACPS can modify
various apo-ACPs [167,173,187-189, 191, 192], it failed to modify PCPs from a
variety of peptide synthetases [189]. This led to the discovery of the second
family of PPTases [189], such as EntD from E. coli [189, 199, 200], Sfp from
Bacillus subtilis [189,200-204], PptT from M. tuberculosis [264], and Gsp from
B. brevis [189,205,206], required for the biosynthesis of enterobactin, surfactin,
mycobactin, and gramicidin S, respectively. In contrast to ACPS, proteins in the
latter family, such as Sfp, showed broader substrate specificity, modifying apo-
PCPs, apo-ACPs, as well as apo-aryl carrier proteins and utilizing both CoA, acyl
CoAs, and CoA analogs [204].

3.1.2
Acyl Carrier Protein

ACP is a central component of type II PKS and is involved in possibly all reac-
tions of bacterial aromatic polyketide biosynthesis. The starter unit (before its
transfer to the KS subunit), the extender units, the growing poly-f-ketone inter-
mediates, as well as the full length linear poly-f-ketone product, are covalently
bound to ACP in a thioester linkage to the terminal sulthydryl of the 4’-phos-
phopantetheine prosthetic group (see Sect. 3.1.1). These ACP thioesters must
have been recognized as substrates by type II PKSs and other associated enzymes
such as KR, CYC, or ARO to build and process the poly-f-ketone intermediates
into aromatic polyketides.

The first sets of data demonstrating the necessity of ACP for the function of a
bacterial type II PKS came from targeted gene replacements in the act cluster
[155,156]. Either deletion or introduction of a frame shift mutation into the ACP
gene of the act cluster in S. coelicolor resulted in mutants whose polyketide
production was completely abolished [155]. Site-directed mutagenesis further
confirmed specifically that Ser-42 of Act ACP is essential for the PKS activity,
which is the attachment site for the 4’-phosphopantetheine group [155]. Similar
experiments have already been carried out for FAS ACPs [207]. Alternatively,
overexpression of the tcmM gene in S. glaucescens dramatically stimulated the
production of various biosynthetic precursors of 12, presumably by increasing
the malonyl-ACP concentration, and hence the overall activity of the Tcm PKS
complex [151]. These conclusions were further supported by in vitro biochemi-
cal investigations. Indeed, removal of the TcmM ACP by immunoprecipitation
from a Tcm PKS cell-free preparation reduced 50 % of the PKS activity; addition
of purified TcmM ACP [171, 177] to this ACP-deficient PKS fully restored the
PKS activity [182]. Interestingly, the TcmM ACP cannot be substituted in vitro
by either S. glaucescens FAS ACP or the E. coli ACP [182], despite the fact that the
three ACPs have a high amino acid sequence similarity and are equally active in
the in vitro malonyl CoA:ACP transacylase assay [182]. The latter results under-
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score the ambiguity of assaying the individual biochemical activity of the PKS
components without considering the interaction among them during their in
vitro reconstitution. It was unfortunate in these early studies that few ACPs in
holo-form were available in sufficient quantity. Therefore, despite the fact the
Act ACP can be replaced in vivo in S. coelicolor by various type II PKS ACPs,
including Tcm ACP [155,156], the effect of supplementing other PKS ACPs to the
Tem ACP-deficient PKS was not determined. It has now been well established
that the ACPs of bacterial type IT PKSs can be interchanged in vivo without com-
promising or altering the PKS activity and specificity [80, 85, 88, 92, 95, 96, 101,
161,162]. Very recently, the Act ACP was even replaced in vivo by an ACP domain
of the rat FAS [179], suggesting the structural tolerance or conformational flexi-
bility of the type II PKS enzymes. It will be very interesting to repeat these expe-
riments by interchanging the ACP subunit as well as other components of the
PKS complex to explore the structure and function relationship of type II PKSs.
The easy access to various holo-ACPs or acyl ACPs by either in vivo or in vitro
phosphopantetheinylations [167, 184,187 -192] and the successful reconstitution
of both the Act PKS [173, 184] and Tcm PKS [183] from individually purified
components will surely facilitate such investigations.

Functional assay for PKS ACPs was developed [168,177] long before the deve-
lopment of a cell-free system to assay the entire PKS complex [181, 182]. ACPs
can be assayed as a substrate to accept a malonate from malonyl CoA, catalyzed
by a crude malonyl CoA:ACP acyltransferase (MAT) preparation [168, 174,175,
177, 178]. Only holo-ACPs were biochemically active in the malonyl CoA:ACP
transacylase assay, confirming that 4’-phosphopantetheinylation is a prerequisite
for loading the malonyl CoA extender unit to ACP [168, 177, 186].

The role ACP plays in loading the starter unit is less clear. It has been propo-
sed that the starter unit be transiently loaded to the ACP as a thioester before it
is transferred to the KS subunit to initiate polyketide biosynthesis. Acetyl CoA is
assumed to be the starter unit for aromatic polyketides with an acetate starter.
However, no such acetyl CoA:ACP acyltransferase has been identified. Early
sequence analysis did reveal a -G-H-S-motif in the KS subunit of the bacterial
type II PKS [36, 38], which was believed to constitute the AT active site with Ser
for substrate attachment [22, 23]. The recognition of this motif led to the hypo-
thesis that KS is bifunctional, with this AT domain involved in catalyzing the
transfer of acetyl CoA, via an acetyl-ACP intermediate, to load the acetate star-
ter to KS. However, mutations of Ser351Ala in tcm KS [164] and Ser347Leu in act
KS [158] failed to abolish the production of aromatic polyketides, disproving the
AT function of the Ser residue within this -G-H-S- motif of KS. In contrast,
malonyl CoA alone was sufficient to support polyketide biosynthesis in vitro by
cell-free preparations of both Act PKS [181] and Tcm PKS [182]. More recent
studies with both the Act PKS [173, 184] and Tcm PKS [183] reconstituted from
individually purified subunits demonstrated that acetyl CoA is not required for
the production of SEK 4 (30) and SEK 4b (31), precursor of 11, and of Tcm F2
(32), precursor of 12, respectively. These results suggested that the acetate star-
ter in fact arises from decarboxylation of malonyl-ACP, a reaction that has been
noted in FAS [208], bacterial type I PKS [209], and plant PKS [124, 134]. It has
been indeed suggested that type II PKSs for aromatic polyketides with starter
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units other than acetate may require dedicated enzymes to initiate polyketide
synthesis, since these starter units cannot be produced directly from malonyl
CoA by a simple decarboxylation [152, 153, 163].

The solution structure of the Act PKS apo-ACP has been determined using '"H
NMR spectroscopy, representing the first PKS component for which detailed
structural information has been obtained [169, 170]. The holo-ACP assumed
essentially the same structure as the apo-ACP, on which the structural studies
were solely centered [170]. The Act PKS ACP showed strong secondary structure
homology with the E. coli FAS ACP, whose structure was also determined by
'H NMR [210-212]. Like E. coli FAS ACP that exists as a four helix bundle (49 %
a-helical content) with a hydrophobic core that forms the presumptive binding
site for a growing fatty acid chain, the Act PKS ACP is composed of four princi-
pally similar helices (51% a-helical content) [170]. However, subtle structural
differences have been noticed that may confer binding specificity to these pro-
teins. Thus, although the Act PKS ACP contains a hydrophobic core, there are
also a number of buried hydrophilic groups, principally Arg-72 and Asn-79,both
of which are 100% conserved in PKS ACPs but not in FAS ACPs [170]. Such
a polar environment within the core may provide a mechanism for PKS ACPs
to stabilize the extremely reactive poly-f-ketone intermediates via hydrogen
bondings, and Arg-72 and Asn-79 may be suitably positioned for such interac-
tion [170].

The structure of the Act PKS ACP also supported the early prediction that the
-D-S-L- motif of ACPs forms an important molecular recognition site for ACPS
[168,187-189, 191]. As discussed in Sect. 3.1.1, ACPS can phosphopantetheiny-
late various FAS ACPs and PKS ACPs at the Ser residue within this motif. Impor-
tant areas of homology indeed exist around this motif in both the E. coli FAS
ACP and the Act PKS ACP. None of the residues within this motif is significantly
buried in the final ACP structure, suggesting that they may all be available to
form important interactions with ACPS. Indeed, a related PKS ACP with an
-E-S-L- motif was not modified by ACPS, suggesting that even a conservative
mutation like D/E within this motif may prevent molecular recognition despite
the similar secondary structure of these ACPs [170].

3.1.3
Malonyl CoA:Acyl Carrier Protein Transacylase

MAT activates the extender unit of malonyl CoA into malonyl-ACP for type II
FASs in fatty acid biosynthesis. E. coli FAS MAT has been purified [213, 214],
various aspects of the enzymatic mechanism have been studied [215, 216], the
fabD gene encoding the MAT enzyme has been cloned [217,218], and a mutant
defective in the enzyme has been isolated [216,219]. Together, these studies con-
clusively established the essential role of MAT in fatty acid biosynthesis and
demonstrated the remarkable conservation of the active site motif of -G-H-S-
between MAT and other acyltransferase proteins or domains [26, 29]. However,
genetic analysis has shown that all bacterial type II PKS gene clusters studied so
far apparently lack genes encoding such MAT proteins [29]. This has led to an
intensive search for the MAT enzyme involved in polyketide biosynthesis [174,
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177,178,183, 184] and to the current controversy on how PKS ACPs are acylated
by malonyl CoA [172, 173,183, 184].

On the assumption that a MAT must have existed in Streptomyces species for
either fatty acid or polyketide biosynthesis, Hutchinson and co-workers detected
a MAT activity in a crude cell-free preparation from S. glaucescens that produces
12, using malonyl CoA and the E. coli FAS ACP as substrates [177]. They then
used this MAT preparation to assay the presence of an ACP and subsequently
purified two ACPs from S. glaucescens [177,178]. Amino acid sequence analysis
revealed that one was the Tcm PKS ACP [177], encoded by the tcmM gene that
had already been cloned early along with the rest of the tcm gene cluster [38].
The other ACP led to the cloning of a gene cluster consisting of four orfs, inclu-
ding fabC that encodes the purified FAS ACP and fabD that is homologous to the
E. coli fabD gene [178]. Based on the fact that FabC was the principal ACP pro-
duced constitutively in S. glaucescens [178] and that the S. glaucescens fabD gene
was able to complement an E. coli fabD mutant [216, 219], this cluster was assig-
ned to encode a type II FAS in S. glaucescens. Remarkably, the FabD MAT of S.
glaucescens was fully competent to charge the Tcm PKS ACP with malonate,
suggesting PKS and FAS might share the MAT protein for polyketide and fatty
acid biosynthesis in S. glaucescens [178].

To address the role FabD MAT played in polyketide biosynthesis directly, dis-
ruption of the fabD gene in S. glaucescens was attempted. However, under all
conditions tried, the organism strongly resisted loss of the fabD function, sug-
gesting that fabD is essential for growth, as might be expected for an FAS enzyme
[178]. Alternatively, Bao et al. overexpressed and purified the FabD MAT and
examined its effect on the Tcm PKS activity in vitro [183]. While Tcm KLMN and
FabD constituted a functional Tcm PKS to synthesize 32 in vitro, omission of
FabD completely abolished the production of 32, conclusively demonstrating the
necessity of MAT for a type II PKS [178]. Interestingly, self-malonylation of
TemM ACP in the absence of FabD MAT was noticed but apparently was insuffi-
cient to support the Tcm PKS to synthesize 32 in vitro [183].

Revill and co-workers took a similar strategy to investigate the role MAT
played in polyketide biosynthesis in S. coelicolor [174]. They overexpressed and
purified the Act PKS ACP from E. coli. Although only 2-3 % of the recombinant
Act PKS ACP was in the active holo-form, this was enough for them to charac-
terize the Act PKS ACP-dependent MAT from S. coelicolor by monitoring the
transfer of malonyl CoA to form malonyl-ACP [168, 174]. Deletion of the entire
act cluster [101] or introduction of the pathway-specific activator of the act clus-
ter [220, 221] showed no effect on the MAT activity, suggesting that this MAT
was not associated with the act cluster [174]. They subsequently purified the
MAT enzyme, cloned the S. coelicolor fabD gene encoding the MAT protein, and
mapped its chromosomal location at approximately 2.8 Mb apart from the act
cluster [174]. As expected, the S. coelicolor FabD MAT was highly homologous to
the E. coli FabD as well as to other acyltransferase with the -G-H-S- signature
motif. Like the S. glaucescens fabD, disruption of fabD in S. coelicolor has not
been possible, supporting its essential role in fatty acid biosynthesis [174].

Carreras and Khosla preferred to purify the MTA from S. coelicolor by its
ability to support the Act PKS activity [184]. They noticed that a reconstituted
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preparation, consisting of three purified proteins of the minimal Act PKS, failed
to catalyze polyketide biosynthesis, but the Act PKS activity can be restored by
supplementing it with cell-free extract from S. coelicolor CH999, an engineered
strain whose act cluster has been deleted [101]. They subsequently sought and
purified the responsible protein from S. coelicolor CH999 by assaying for its abi-
lity to complement purified minimal Act PKS in polyketide biosynthesis [184].
N-terminal sequencing of the first 16 residues indeed identified the protein as
the FabD MAT, which was purified earlier by Revill and co-workers, based on its
ability to charge Act ACP with malonate [174]. Taken together these results from
studies for both the Tem PKS [177,178, 183] and Act PKS [169, 174, 184], a para-
digm is emerging that MAT is essential for bacterial aromatic type II PKSs,
which is recruited from the primary metabolism. MAT thus provides another
functional connection between fatty acid and polyketide biosynthesis.

Rather unexpected was the observation by Simpson and co-workers that type
IT PKS ACPs can catalyze self-malonylation upon incubation with malonyl CoA
in vitro [172,173]. These researchers found that the self-malonylation was com-
pleted after 30 min when the Act Cysl17Ser holo-ACP was incubated with
malonyl CoA in phosphate buffer at 30°C and that no malonylation of the Act
Cys17Ser apo-ACP was observed under the identical conditions. (Act holo-ACP
behaves similarly to the Cys17Ser mutant that was preferred in these experi-
ments to avoid complication caused by the formation of an intramolecular
disulfide bond between the phosphopantetheine thiol and Cys-17.) The forma-
tion of a monomalonyl-ACP adduct was established by electron spray mass
spectrometry. The site of malonylation was confirmed to be the 4’-phosphopan-
tetheine sulfhydryl by thiol specific reagent that blocked the malonylation com-
pletely and by HPLC analysis of proteolytic fragments of the malonyl Act
Cys17Ser ACP. Addition of phenylmethylsulfonyl fluoride (PMSF), an effective
inhibitor of E. coli FAS MAT [22, 213], caused no decrease in the rate of self-
malonylation, excluding the possibility that self-malonylation resulted from
contamination of trace quantities of the E. Coli FAS MAT with the Act Cys17Ser
ACP sample. In fact, addition of the recombinant S. coelicolor FabD MAT [174]
did not accelerate the rate of malonylation. Kinetic characterization showed that
the self-malonylation of Act Cys17Ser ACP followed Michaels-Menten kinetics
with a K,, of 219 umol/l for malonyl CoA and a k_,, of 0.34/min for the reaction.
Complete malonylation was also observed with other type IT PKS ACPs but not
with FAS ACPs, suggesting that this is a distinct property of type II PKS ACPs.
Based on these results, these researchers proposed an alternative model for the
initiation of aromatic polyketide biosynthesis by bypassing the MAT activity,
suggesting that the KS, CLF, and holo-ACP may constitute a truly minimal PKS
in vivo. The latter prediction seems to be inconsistent with the recent study by
Carreras and Khosla, who demonstrated that Act KS, CLE and holo-ACP failed
to catalyze polyketide biosynthesis and that MAT was essential for the Act PKS
activity in vitro [184]. Bao et al. reached the same conclusion with the reconsti-
tuted Tcm PKS. While self-malonylation of TcmM ACP was noticed, the initial
rate of TcmM ACP malonylation in the presence of the S. glaucescens FAS FabD
MAT was 20 times faster than that without MAT. In the absence of MAT, no poly-
ketide was detected, indicating that MAT was essential for the Tcm PKS activity
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or at least the self-malonylation of TcmM ACP was insufficient to support the
minimal Tem PKS to synthesize polyketide in vitro [183].

The apparent controversy concerning whether or not MAT is essential for
polyketide biosynthesis by a PKS complex was finally resolved by Simpson and
co-workers [173]. These researchers systematically examined the effect of vary-
ing the concentrations of Act holo-ACP to Act KS/CLF proteins on polyketide
production in the presence or absence of MAT. They noticed that the concentra-
tion of Act holo-ACP appeared to be rate-limiting for the production of poly-
ketide by the minimal Act PKS complex. While the rate of polyketide biosynthesis
increased with Act holo-ACP concentration, this rate was significantly lower
than expected at low holo-ACP concentration. When Act holo-ACP was present
in limiting or in equal molar concentration of Act KS/CLF, MAT was required for
the minimal Act PKS complex to synthesize polyketide. When Act holo-ACP was
present in excess, efficient polyketide synthesis proceeded without MAT and no
difference in the rate of polyketide production was observed. Based on these
results, they concluded that the rate of polyketide biosynthesis was dictated by
the ratio of holo-ACP to KS/CLEF, as well as by the total protein concentration. At
low holo-ACP concentration or equimolar concentration of holo-ACP and
KS/CLEF, holo-ACP was sequestered by the KS/CLF complex, hence reducing the
rate of holo-ACP self-malonylation, and the loading of malonyl group to holo-
ACP consequently required MAT. At concentrations above the stoichiometric
amount of holo-ACP, the excess free ACP was able to undergo self-malonylation,
bypassing MAT, to load malonate from CoA to ACP for polyketide biosynthesis.
These studies clearly demonstrated two concentration-dependent mechanisms
for malonate transfer from CoA to holo-ACP in vitro. However, to what degree
each of these two mechanisms contribute to polyketide biosynthesis in vivo
remains an open question since the in vivo concentrations of MAT, KS/CLF,
holo-ACP, and malonyl CoA are yet to be determined.

3.14
B-Ketoacyl Synthase

Functional analysis of the PKS KS (also called KSa, [183]), encoded by actI-
ORF1, temK, or their homologs, was primarily based on the extensive knowledge
of the FAS KS enzymes, which have been well characterized biochemically
and genetically [22-24, 222, 223]. The crystal structure of E. coli FAS KS II has
been determined recently, revealing the molecular architecture of a KS enzyme
[224]. Like fatty acid biosynthesis, KSa catalyzes the decarboxylative conden-
sation between the growing poly-pB-ketone intermediates and malonyl-ACP.
One could envisage that the acyl group of acyl-ACP is first transfered to the Cys
residue at the active site of the KSa, resulting in a thioester; malonyl-ACP is then
decarboxylated to generate a carbanion that nucleophilically attacks the thio-
ester to complete one cycle of elongation.

The necessity of Cys in the active site of KSa was first indicated by the speci-
fic inhibitory effect of cerulenin on polyketide biosynthesis [181,182,225-227].
It has been well established that cerulenin reacts specifically with the Cys resi-
due of the FAS KS enzymes [22, 24, 223, 225-227]. Site-specific mutagenesis of
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this Cys in ActI-ORF1 to the Cys169Glu mutant [158] and in TcmK to the
Cysl173Ala or Cys173Ser mutant [163] completely abolished polyketide biosyn-
thesis, confirming that the Cys of KS plays a critical role in the catalytic activity
of a type II PKS.

At least the transfer of the acyl group from ACP to the Cys residue of KS prior
to further elongation requires, in theory, an AT activity. The observation that
Ser-specific inhibitors, like iodoacetamide and PMSF [22, 24], diminished PKS
activity [182] supported the presence of such AT activity. KSa indeed contains
the highly conserved AT motif of -G-H-S- with the Ser to constitute the active
site [36, 38]. However, site-directed mutagenesis of this Ser in ActI-ORF1 to the
Ser347Leu mutant [158] reduced but did not abolish polyketide production.
Introduction of the Ser351Ala mutation into TcmK [164] also had no noticeable
effect on the Tcm PKS activity. These results clearly ruled out this Ser as an
essential component of the AT activity of KSa. Intriguingly, the His350Leu-
Ser351Ala double mutant of TemK produced no polyketide metabolite [164].
The idea that His-350 but not Ser-351 may be critical for the AT activity of TcmK
was discussed but is still waiting to be proved by experiments [164]. It is suffi-
cient for now that the putative AT activity for KSa has not been identified, if KSa
has this second activity.

The function of CLF (also called KSB [183]), encoded by actI-ORF2, tcmL or
their homologs, was much more elusive. While it is highly homologous to KSa,
the KSf lacks the catalytic site of the Cys residue for condensation. Nontheless,
introduction of mutation into either actI-ORF2 (157,158,165) or tcmL [98, 228]
completely abolished the production of 11 or 12 in S. coelicolor or S. glaucescens,
respectively, demonstrating the necessity of KSg for the PKS activity. This led to
hypothesis that KSa and KSS form a functional heterodimer, which was sup-
ported by the fact that genes encoding KSa and KSf are translationally coupled,
ensuring equimolar production of the KSa and KSg proteins [38]. It was the
seminal work by Khosla and co-workers that shed light on the function of KSS
[101]. These researchers developed a Streptomyces host-vector system to facilitate
efficient construction and expression of recombinant PKSs. They constructed
various PKS gene cassettes consisting of either a homologous pair of KSa and
KSpB, such as ActI-ORF1/ActI-ORF2 or TcmK/L, or a heterologous pair of KSa
and KSp, such as TemK/ActI-ORF2, along with a few additional genes to convert
the nascent poly-f-ketone intermediates into stable metabolites. Although many
of the gene cassettes consisting of a heterologous pair of KSaxand KS were non-
functional, in each case where a product could be isolated, the chain length of
the polyketide was identical to that of the natural product corresponding to the
source of KSf. Based on these results, they concluded that KSg plays the role
of a chain-length-determining factor; hence, KSf was named “Chain Length
Factor” [101].

Sherman and co-workers discovered that mutations in actI-ORFI can be
complemented in trans by several heterologous KSa genes, while mutations in
actl-ORF2 were largely not complemented by their heterologous KS genes [157,
165]. In contrast, Hutchinson and co-workers found that a tcmK mutant cannot
be complemented by actI-ORFI in trans, but gene cassettes consisting of tcmK/
actl-ORF2/tcmM, with or without additional CYC genes, restored production of
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12 to a tcmL mutant of S. glaucescens [95]. While the former results reinforced
the notion that PKSs consisting of a heterologous pair of KSa and KSS are often
nonfunctional, the latter result clearly demonstrated that KSp alone is not suffi-
cient to control the chain length. Therefore, these researchers substantiated the
functional assignment of KSf as CLF by emphasizing that it is the joint activi-
ties of KSa and KSp, rather than just KSf alone, that determine the chain length
of the initial poly-B-ketone intermediate [95].

3.1.5
Polyketide Aromatase and Cyclase

Although genetic studies have identified a number of putative polyketide AROs
[85-89] and CYCs [36, 49, 84-91], these studies failed to reveal any mechanistic
insights for these enzymatic aldol or Claisen condensations. (ARO and CYC are
often used interchangeably, and there is little biochemical data to separate them
into two subgroups of enzymes.) Biochemical characterizations of these enzymes
are difficult because the presumed substrates, whether they are linear or mono-
cyclic poly-B-ketones, are not directly available. Tcm F2 CYC [94] and TcmN [96]
are the only polyketide CYCs that have been purified and characterized so far.

Tcm F2 CYC catalyzes the cyclization of 32 to Tem F1 (33) (Fig. 5), a reaction
that closely resembles the intramolecular aldol and Claisen condensations
involved in the synthesis of polycyclic aromatic polyketides. Unlike the other
substrates of polyketide CYCs, 32 is stable enough that it can be isolated [229].
Shen and Hutchinson purified the Tem F2 CYC from S. glaucescens by its ability
to catalyze the 32-to-33 conversion [94]. The N-terminal sequence of the puri-
fied enzyme established that it is encoded by the tcmmI gene [98], providing direct
enzymological evidence for a polyketide CYC. Tcm F2 CYC is a homotrimer in
solution and catalyzes the intramolecular cyclization of 32 to 33 at pH 8 and to
9-decarboxy Tem F1 (34) at pH 6.5, requiring no cofactor. A stepwise mecha-
nism was proposed, suggesting that C-C bond formation is a separate event from
dehydration (Fig. 5) [94]. Other polyketide CYCs were predicted to operate, like
Tem F2 CYC, by a similar stepwise mechanism [89, 99, 149].

TcmN is a bifunctional protein with the N-terminus catalyzing the cyclization
of the Tcm PKS-bound linear decaketide to 32 and the C-terminus catalyzing the
O-methylation of Tcm D3 (35) to Tcm B3 (36) (Fig. 5). Since the linear decaketide
cannot be prepared chemically because of its inherent reactivity, Shen and
Hutchinson took advantage of the bifunctional nature of TecmN [97] and purified
it on the basis of its O-methyltransferase activity [96]. They expressed the tcmN
gene in both S. lividans and E. coli and purified the TcmN protein to homoge-
neity. The protein produced in either host was identical, as judged by their en-
zymological properties as Tcm D3 O-methyltransferase. To assay the CYC activity,
they used a cell-free preparation of the minimal Tcm PKS that is competent to
synthesize the Tcm PKS-bound linear decaketide from acetyl CoA and malonyl
CoA in vitro [182]. In the absence of a polyketide cyclase, the linear decaketide
underwent aberrant cyclizations to various products, including 32 and SEK15
(37) [95, 96]. Remarkably, addition of the purified TcmN to the minimal Tem
PKS preparation subverted all aberrant reactions by regiospecifically cyclizing
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the linear decaketide into 32 [96]. These results supported the existence of the
putative linear poly-p-ketone intermediates and demonstrated that a CYC such
as TcmN is largely responsible for the regiospecific cyclization of these interme-
diates. The latter is of great significance in formulating hypotheses for studying
other polyketide CYCs whose substrates, otherwise unavailable, could be gene-
rated in situ by combinations of the minimal PKSs.

Sequence analysis has revealed that polyketide ARO/CYCs occur in two archi-
tectural forms: didomain ARO/CYCs, such as ActVII [36] or GrisIV [61], whose
N- and C-terminal halves of the protein are similar [41, 89], and monodomain
ARO/CYCs, such as TemN [96,97] or WhiEVT [45, 85, 100], which shows sequence
homology to both the N- and C-terminal halves of the didomain ARO/CYCs. One
hypothesis for this architectural difference is that the two halves of the didomain
enzymes could fold internally to form the active conformation [96]. For mono-
domain enzymes to achieve a similar conformation, two molecules of the pro-
tein would be required, with each one to provide one-half of the homodimer.
Indeed, the purified TcmN is a homodimer in solution [96]. Even the truncated
N-terminal half of TemN, representing the ARO/CYC domain that is encoded by
the first 177 codons of tcmN, was functional in catalyzing the cyclization of the
linear decaketide into 32, suggesting that the ARO/CYC domain of TcmN can fun-
ction independently [97]. These results agreed well with the homodimer model
for monodomain ARO/CYCs. In contrast, when expressed alone, neither the N-
terminal half nor the C-terminal half of the Act or Gris ARO/CYC exhibited any
enzyme activity [180]. However, the half proteins were active in the presence of
each other,and monodomain ARO/CYCs such as TcmN!~1% cannot substitute for
the N-terminal half of the didomain ARO/CYCs such as Act ARO/CYC! 1% or Gris
ARO/CYC!-1*8 despite the high sequence similarity between them [180]. These
results agreed well with the model in which didomain enzyme folded internally
to form the active conformation. Consequently, neither the N-terminal half or
C-terminal half of the didomain ARO/CYCs alone nor a combination of the for-
mer with a monodomain ARO/CYC could constitute the active complex.

3.1.6
In Vitro Reconstitution of Type Il Polyketide Synthase

Shen and Hutchinson developed the first cell-free system for a bacterial type II
PKS in 1993 and succeeded in synthesizing 32 from acetyl and malonyl CoA by
the Tcm PKS in vitro [182]. Since then, similar experiments were reported by
Khosla and co-workers for the Act PKS [181]. More recently, both the Act PKS
[173,184] and the Tcm PKS [183] have been reconstituted in vitro from indivi-
dually purified components, making it possible to explore many of the mecha-
nistic details of type II PKSs that have eluded in vivo studies in the past.

Shen and Hutchinson [182] made cell-free preparations from an S. glauces-
cens null mutant bearing plasmids expressing various combinations of the
tem]JKLMN genes. PKS activity was assayed through the synthesis of 32 from
acetyl and malonyl CoA, whose identity was authenticated by its enzymatic con-
version to 33 and 35, catalyzed by the purified Tcm F2 CYC [94,229] and Tcm F1
monooxygenase, respectively (Fig. 5) [229, 230]. Tcm F2 was also synthesized
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upon admixture of cell-free extracts prepared from strains bearing the tcmKMN
and tcmKLM genes, suggesting that functional Tcm PKS can be reconstituted
in vitro. Thus, they developed methods to prepare TcmM-deficient PKS, which
showed diminished Tcm PKS activity, and fully restored the PKS activity to the
Tcm-deficient PKS preparation by addition of purified TcmM; addition of either
S. glaucescens FAS ACP [178] or E. coli FAS ACP had no effect. These results not
only demonstrated the feasibility of reconstituting a type II PKS in vitro from its
individually purified component proteins, but also provided a means to assay
each protein biochemically prior to reconstitution.

Bao et al. [183] subsequently constructed gene cassettes consisting of fcmJA-
KLMN and tcmJKALMN, which carried a deletion at tcmK and tcmL, respectively.
These gene cassettes were introduced into S. lividans, from which cell-free
extracts, lacking either TemK or TemL activity but containing all of the other
Tem PKS components, were prepared. Addition of crude protein extracts, made
from recombinant E. coli or Streptomyces strain expressing either of the tcmK or
tcmL gene, to the ATcmK- or ATcmL-PKS preparations, however, failed to restore
the synthesis of 32. Since it has been suggested that TcmK and TcmL are pro-
duced in equimolar amounts on the basis that their genes are translationally
coupled, they reasoned that functional TemK and TcmL may not be able to be
produced separately. Thus they overexpressed tcmKL together in S. lividans. The
crude preparation of the TcmKL proteins made from the latter strain indeed
restored the synthesis of 32 to both the ATcmK- and ATcmL-PKS preparation,
confirming that both TemKL were functional. To facilitate the purification, a
Hise-tag was fused to TemK, and the purified [Hisq]-TcmKL proteins were iden-
tical to the native proteins in complementing either the ATcmK- or ATcmL-PKS
preparation to synthesize 32.

Using this functional assay, they purified both the native TcmKL and the
[His,]-TcmKL proteins. Sodium dodecyl sulfate-polyacrylamide gel electropho-
resis (SDS-PAGE) analysis showed that TcmK and TemL were co-purified with
1:1 ratio, and gel filtration confirmed that TcmKL was an af heterodimer in
solution. To reconstitute the Tcm PKS, they also overexpressed tcmM in S. livi-
dans and the S. glaucescens fabD in E. coli, respectively. Both the purified TemM
ACP,which was confirmed to be fully 4’-phosphopantetheinylated, and the FabD
MAT were functional, as judged by the malonyl CoA:ACP transacylase assay. The
Tcm PKS was reconstituted in vitro from TemKL, TcmM, FabD MAT, along with
TcmN, catalyzing the synthesis of 32 from malonyl CoA; [Hiss]-Tcm] cannot
replace TemN but addition of it greatly increased the production of 32.

Using a similar approach, Khosla and co-workers (181) made a cell-free pre-
paration from S. coelicolor CH999 bearing plasmid expressing the minimal act
PKS genes of actI-ORF1,2,3 and demonstrated that this preparation can synthe-
size 30 [101] and 31 [86] very efficiently from acetyl and malonyl CoA in vitro
(Fig. 6). Since it was established in vivo that 30 and 31 resulted from aberrant
cyclization of the linear hexaketide intermediate due to the lack of the auxiliary
enzymes [86, 101], they examined the interactions of the minimal Act PKS with
KR (ActIII), ARO (ActVII), and CYC (ActIV) in vitro [181]. Cell-free extracts
were made from S. coelicolor CH999 bearing plasmid expressing actI-ORF1,2,3,
actlll, actVIIL, and actIV. Incubation of this preparation with acetyl CoA,
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malonyl CoA, and NADPH indeed resulted in the formation of 3,8-dihydroxy-1-
methyl anthraquinone-2-carboxylic acid (DMAC, 38), the major in vivo product
of the complete Act PKS [101]. The identity of 38 was further authenticated by
its enzymatic conversion to 8-methoxy DMAC (39), catalyzed by the TemO
methyltransferase in the presence of S-adenosyl methionine (Fig. 6) [231].

With this cell-free assay for the Act PKS activity, Carreras and Khosla at-
tempted to purify the KSa and KSp directly from crude extracts of S. ceolicolor
CH999, overexpressing actl-ORF1,2,3, actlIl, actlV, and actVII [184]. They soon
realized that the purification was complicated by the requirement of several pro-
teins for the PKS activity and that separation of these proteins resulted in loss of
activity. While a 40 % enriched preparation of KSa and KSf was active in cataly-
zing polyketide biosynthesis when supplied with purified holo-ACPs, derived
from the fren, gra, oct, or tcm PKS gene clusters, and malonyl CoA, a near homo-
geneous mixture of KSa and KSp was inactive under the same assay conditions.
KSa and KSB were co-purified as an equimolar mixture, according to SDS-PAGE
analysis, and existed as an «,f3, heterotetramer in solution based on gel filtration
data [184]. However, the purified KSa, KSB, and holo-ACPs can be activated by
addition of a crude extract from S. coelicolor CH999 host strain that lacks genes
encoding these proteins and has no PKS activity of its own. The latter verified the
integrity of the purified KSa, KSp, and holo-ACPs, and suggested an additional
protein essential for the PKS activity. By assaying its ability to complement the
purified KSa, KSB, and holo-ACPs in polyketide synthesis, they purified this pro-
tein, identified it by N-terminal sequencing as the S. coelicolor fabD MAT, and
established that KSa, KSB,holo-ACP, and MAT reconstituted the Act PKS in vitro,
synthesizing polyketides from malonyl CoA [184]. Very recently, Simpson and co-
workers similarly reconstituted the Act PKS in vitro from individually purified
KSa/KSp and ACP with or without MTA, although their goal was mainly to re-
examine if MTA is essential in a reconstituted PKS [173]. As discussed in Sect.
3.1.3, these researchers demonstrated that MTA is not required by the minimal
Act PKS for polyketide synthesis in vitro as long as the holo-ACP is in large molar
excess over KSa/KSp and proposed an alternative mechanism of self-malonyla-
tion for loading the malonyl group to the ACP of the PKS complex [173].

Reconstitution of the Act PKS [173, 184] and Tcm PKS [183] in vitro from
individually purified KSa, KSg, holo-ACP, and MAT was one of the most excit-
ing advances in the studies of aromatic polyketide biosynthesis, providing excel-
lent model systems for mechanistic studies of bacterial aromatic type II PKS.
The methods for Act PKS and Tcm PKS should be applicable to the purification
and reconstitution of other aromatic type II PKSs. It will be extremely in-
teresting to examine the effect on polyketide synthesis by swapping functional
components of various PKSs in vitro. Summarized here are the highlights that
bear fruit directly from the in vitro systems, revealing mechanistic features
otherwise inaccessible by in vivo studies.

1. The minimal PKS consists of KSa, KSB, and holo-ACP. Posttranslational
phosphopantetheinylation of apo-ACP into holo-ACP is catalyzed by the
endogenous ACPS. When holo-ACP is present in limiting concentration, the
minimal PKS requires MAT to synthesize polyketide from malonyl CoA. The
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from malonyl CoA

MAT catalyzes the transfer of the malonyl group from malonyl CoA to the
holo-ACP to form malonyl-ACP (40), involving a transient malonyl-MAT
species (41) (Fig. 7, path A). ACPS and MAT, both of which are encoded by
the fatty acid biosynthetic machinery of the host, provide the functional con-
nections between fatty acid and polyketide biosynthesis.

2. When holo-ACP is present in excess, the minimal PKS is sufficient to support
polyketide biosynthesis from malonyl CoA at least in vitro. The loading of
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malonyl group from malonyl CoA to holo-ACP is a result of self-malonylation
of the holo-ACP (Fig. 7, path B),a property unique to the type II PKS ACP.

3. Acetyl CoA is not required for the synthesis of aromatic polyketides with
acetate as an starter unit. Instead, the acetate starter is derived from malonyl
CoA by decarboxylation of 40 to acetyl-ACP, which is transferred to KSa to
initiate polyketide biosynthesis (Fig. 7). Both of these reactions as well as the
transfer of the growing poly-p-ketone intermediates between acyl-ACP (42)
to acyl-KSa (43) are thought to be catalyzed by the KSa/KSp pair of the PKS.
In fact, Carreras and Khosla elegantly demonstrated 41, 40, and 43 as covalent
intermediates for the Act PKS by malonyl group en route from CoA to poly-
ketide using [**C]malonyl CoA, providing direct evidence for such a mecha-
nism.

4. The full-length poly-B-ketone intermediate, which is tethered to the PKS
complex in a thioester linkage at ACP, could spontaneously undergo aberrant
cyclization in the absence of additional auxiliary enzymes. Interaction be-
tween the PKS complex with additional auxiliary enzymes such as ARO/CYCs
dictates subsequent reactions to convert the initial linear poly-p-ketone
intermediate into specific aromatic polyketides (Fig. 7).

5. Structural information of the PKSs is emerging. While the stoichiometry of a
PKS has yet to be established, and whether or not the difference of the
KSa/KSp complex, being a,f3, for the Act PKS and af for the Tcm PKS, has
any particular significance in polyketide synthesis has yet to be determined,
it is clear that KSa and KSf can be co-purified and form a tight complex. The
latter in turn sequesters holo-ACP to form a ternary PKS complex. This
model is consistent with the observation that KSa and KSp together control
the chain length of the polyketide product and a heterologous pair of KSa
and KSfis often nonfunctional, presumably due to poor interaction between
the two subunits or between the KSa/KSf pair and holo-ACP.

3.2
Fungal Polyketide Synthase

In comparison to bacterial PKSs, in vitro study of the biochemistry and enzymo-
logy of the fungal PKSs has been relatively successful. In fact, the complete PKSs
that have been purified so far to homogeneity as active enzymes from wild-type
organisms (excluding plant PKSs) are all fungal PKSs [105,232-234]. The itera-
tive type I organization of fungal PKSs certainly provides the inherent stability of
a PKS complex by encoding all the enzyme activities on a single protein, facilita-
ting their purification. The most extensively studied fungal PKS is 6MSAS for 17.
Significant progress has also been made recently in studying the FAS/PKS com-
plex for 18,an early intermediate for AF and ST biosynthesis in A. parasiticus and
A. nidulans, respectively. 6MSAS has been purified to homogeneity [105, 232],
and a cell-free extract capable of in vitro synthesis of 18 has been prepared [235,
236]. More recently, functional expressions of the 6MSAS gene in E. coli [237], S.
coelicolor [238], A. nidulans [66], and Saccharomyces cerevisiae [237] have been
realized. These heterologous expression systems will greatly facilitate both
mechanistic study and genetic engineering of fungal PKSs.
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3.2.1
6-Methylsalicyclic Acid Synthase

Lynen and co-workers first purified 6MSAS from P. patulum cells as early as 1970
[105]. Spencer and Jordan improved the original method by optimization of the
growth conditions for P. patulum to maximize the level of 6MSAS and by addition
of PMSF, benzamidine, and 15% glycerol in buffers to extend the half-life of
6MSAS from 20 min to 6 h, greatly facilitating its purification [232]. The puri-
fied enzyme exists as a homotetramer of Mr 750,000 as determined by gel filtra-
tion, with a subunit Mr of 180,000 as judged by SDS-PAGE analysis [232]. The
latter agrees well with an Mr of 190,731 predicted from the 6MSAS gene [65].
The pH optimum for the enzyme is 7.6. 6MSAS catalyzes the synthesis of 17 from
one molecule of acetyl CoA (K,,= 10 umol/l) and three molecules of malonyl
CoA (K,,= 7 umol/l), requiring one molecule of NADPH (K, = 12 pmol/l). In
the absence of NADPH, the 6-methyl-4-hydroxy-2-pyrone (44) is the exclusive
product, suggesting that the triketide intermediate (45) has to be reduced before
it can react with the third molecule of malonyl CoA (Fig. 8A). Acetoacetyl CoA
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(K,,= 65 umol/l) could also be used as a substrate, although much less favorab-
ly in Comparison with acetYl CoA ([Vmax/Km]acetyl CoA* [Vmax/Km]acetoacetyl CoA =
135:1) [232]. The polyketide intermediate is tethered as a thioester to the Cys of
the KS domain or the 4’-phosphopantetheine prosthetic group of the ACP
domain of 6MSAS at all stages of biosynthesis. Finally, 17 is released from
6MSAS presumably by cleavage of the thioester linkage, although the mecha-
nism of the latter process remains obscure since, like the bacterial type II PKS,
no TE activity has been identified for 6MSAS.

Although 17 is achiral, the cryptical stereochemistry of 6MSAS was elegantly
established by Spencer and Jordan using chiral malonyl CoA as substrates [239,
240]. They first synthesized (R)- and (S)-[1-!*C,2-?H]malonate, which was con-
verted into malonyl CoA derivatives enzymatically by succinyl CoA transferase.
They then used the chiral malonyl CoA as substrates for 6 MSAS and determined
the absolute stereochemistry of hydrogen atom elimination from the methylene
groups originating from malonyl CoA by mass spectrometric analysis of 17.
Since the third malonyl CoA molecule loses both of its methylene hydrogen
atoms during the formation of the aromatic ring, these studies revealed only the
stereochemistry at C-3 and C-5 (Fig. 8B). Thus, when acetyl CoA and the chiral
malonyl CoA were used as substrates, analysis of 17 formed established that the
hydrogen atoms at C-3 and C-5 were derived from opposite absolute configura-
tions in malonyl CoA. To determine the absolute stereochemistry at C-3, they
replaced acetyl CoA with acetoacetyl CoA as the starter molecule, hence bypas-
sing the first cycle of condensation. Since the latter experiment will only intro-
duce ?H into C-3 of 17, mass spectrometric analysis indicated that this hydrogen
originated from the pro-R-H of malonyl CoA. Taking these results into account,
they concluded that the hydrogen atom at C-5 of 17 originated from the pro-S-H
of malonyl CoA and that it is the pro-S-H at C-5 and pro-R-H at C-3 of the tetra-
ketide intermediate (46) that were stereospecifically removed during the bio-
synthesis of 17 (Fig. 8B). It should be pointed out that these results were inter-
preted on the assumption that both decarboxylative condensations between
acetyl CoA and malonyl CoA and acetoacetyl CoA and malonyl CoA occur with
inversion of configuration. While this has been proved for the FAS [241,242] and
for module 2 of the 6-deoxyerythronolide B synthase [243] and may indeed turn
out to be the case for 6SMAS, it is far from certain. Finally, the stereochemistry
of the NADPH-dependent reduction of 45 was investigated by Schweizer and co-
workers using [4R-*H]- and [4S-*’H]NADPH, and only the pro-S-H of NADPH
was incorporated into 17 (Fig. 8 B) [267].

Structural information for 6MSAS is emerging. The fact that the amino acid
sequence of 6MSAS and the arrangement of its functional domains are highly
homologous to vertebrate type I FAS [65] strongly suggests that there are struc-
tural similarities between the two enzymes at the protein level. Jordan and co-
workers studied the organization of various functional domains on the subunit
and the interactions between subunits of 6MSAS by modification with thio-spe-
cific inhibitors and cross-linking reagents and by detailed mapping of the active
sites of the KS and ACP domains in the primary sequence [232, 244, 245]. They
first demonstrated that 6MSAS was inactivated in a time-dependent process by
iodoacetamide and cerulenin and that acetyl CoA but not malonyl CoA can pro-
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tect 6MSAS against such inactivation. These findings indicated that both iodo-
acetamide and cerulenin specifically modify the Cys residue of the KS domain,
which was subsequently identified as Cys-204 by peptide sequencing. They then
showed that di-bromopropan-2-one can cause cross-linking between the thiols
of Cys-204 of the KS of one subunit and the 4’-phosphopantetheine (bound at
Ser-1733) of the ACP of an adjacent subunit. The latter finding provided unam-
biguous evidence that the KS and ACP thiols from separate subunits are located
close to each other at the condensing site. They further demonstrated that 5,5’-
dithiobis(2-nitrobenzoic acid) was able to cross-link the juxtaposed thiols of the
adjacent subunits by a direct disulfide linkage and, on this basis, concluded that
the two thiol groups are likely to be positioned within approximately 2 A of
each other. From these studies, they proposed that two pairs of functional
dimers are present in the 6MSAS homotetramer and that, within each dimer, the
KS and ACP domains are juxtaposed to allow the respective Cys and 4’-phos-
phopantetheine thiols to interact during condensation. Such a structural orga-
nization at the condensing site has not only been found in vertebrate FAS [22]
but has also been proposed for the 6-deoxyerythronolide B synthase [246].
While very fruitful to study the native enzyme, successful expression of
6MSAS in various heterologous hosts such as bacterial [219, 238], fungal [66],
and yeast hosts [237] has made it possible to use genetic tools to decipher its
structural-function relationship. Using the 6MSAS gene of P. patulum as a probe,
Fujii and co-workers cloned the atX gene from A. terrus that produces the seco-
anthraquinone, (+)-geodin [66]. The atX gene contains a 70 bp intron near its
N-terminus and encodes a protein of 1800 amino acids with an Mr of 190,000
that is highly homologous to 6MSAS (62 % identity), in particular at the propos-
ed active sites. They expressed atX without removing the intron in A. nidulans
and confirmed that the recombinant organism indeed produced 17 (330 mg/l
isolated yield). This finding not only unambiguously established atX as the
6MSAS gene of A. terrus but also demonstrated A. nidulans as an attractive host
for functional analysis of cloned fungal genes and for engineered biosynthesis
of fungal polyketides. Since AtX is active, the intron of atX must have been cor-
rectly processed and the ACP domain of AtX must have been 4’-phosphopante-
theinylated, presumably by an endogenous PPTase, in A. nidulans. Khosla and
co-workers used 6MSAS as a showcase to demonstrate [238] that fungal PKSs
can also be efficiently expressed in their S. coelicolor CH999-pRMS5 system,
which was developed originally for functional expression of bacterial PKSs
[101]. To allow optimal expression in S. coelicolor, the 6MSAS gene was modified
by excising the intron and by altering four of the first seven codons into ones
most frequently used in streptomycetes. Significant amount of 17 (67 mg/l on
solid medium) was produced, suggesting that fungal PKSs like 6MSAS can be
expressed, folded, and posttranslationally modified into functional proteins in
this actinomycete model host. Kealey and co-workers [237] examined expres-
sions of 6MSAS of P. patulum in E. coli and S. cerevisiae to take advantage of the
extensive molecular biology and recombinant technology available to these
organisms. While 6MSAS was very well overexpressed in E. coli in ATCC medium
765 (at ~5% of the total protein), most of it was neither soluble, nor 4’-phos-
phopantetheinylated. To circumvent these problems, they lowered the incubation
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temperature to enhance protein folding, added glycerol to the medium to increase
the levels of intracellular malonyl CoA, and co-expressed the sfp PPTase to en-
sure 4’-phosphopantetheinylation of the apo-6MSAS, resulting in the production
of 17 (75 mg/1). Similarly, expression of 6MSAS in S. cerevisiae produced only
a trace quantity of 17 (<0.75 pg/l), presumably due to the lack of modification
of the apo-6MSAS by the endogenous PPTase. Remarkably, co-expression of
6MSAS and sfp in S. cerevisiae resulted in high-level production of 17 up to 1.7
g/1, which is more than twice as much as that produced by the natural host P.
patulum. These findings agreed well with the relaxed substrate specificity of the
Stp PPTase and clearly demonstrated the feasibility of expressing functional
PKSs in these organisms, and by implication in other organisms as well.

3.2.2
The Aflatoxin Polyketide Synthase/Fatty Acid Synthase Complex

The enzymology of AF biosynthesis has received great attention over the years,
and enzyme activities have been detected in cell-free preparations for most of
the steps of the AF biosynthetic pathway [68, 107]. Most recently, a new protocol
for cell-free enzyme preparation from A. parasiticus was developed by Watanabe
and Townsend [236] that involved rapid concentration and efficient dialysis by
membrane filtration to remove primary and secondary metabolites, cofactors,
and small biomolecules (MW <10,000). All enzymes of the AF biosynthetic
pathway have been dramatically stabilized by this procedure, and the effects of
added substrate and cofactors can be assayed against virtually no background
reactions. This significant methodological advance has enabled them to demon-
strate for the first time in a cell-free system all biosynthetic steps from the initial
construction of 18 by a pair of specialized FAS (Fas-1 A/Fas-2 A) and a simple
type I PKS (PksA) to the conversion of 18 to AF. It is noteworthy that these au-
thors emphasized the general applicability of this improved method of cell-free
enzyme preparation and stabilization to a wide range of biological systems.
Although the in vitro synthesis of 18 by Fas-1 A/Fas-2 A/PksA from acetyl
CoA and malonyl CoA has been achieved, details of this study are yet to be
published [236]. However, evidence is emerging to support the physical associa-
tion of Fas-1 A/Fas-2 A and PksA in initiating 18 biosynthesis. Feeding experi-
ments [247-249] with 13C labeled C-4, C-6, and C-8 carboxylic acids and their
corresponding N-acetylcysteamine (NAC) thioesters suggested that the bio-
synthesis of 18 utilizes a C-6 starter unit. Genetic analysis confirmed that the
synthesis of the C-6 starter unit requires a dedicated FAS such as stcJ and stcK in
A. nidulans (115) and fas-1 A and fas-2A in A. parasiticus [117]. Insertional inac-
tivation of these FAS genes resulted in A. nidulans [115] or A. parasiticus
mutants that no longer produce ST [115] or AF [117], but these mutants can be
complemented by addition of the NAC thioester of hexanoate. Townsend and
co-workers examined how the C-6 starter unit was channeled between FAS and
PKS [235]. They found that although A. parasiticus mutants, Dis-1 and Dis-2,
which were generated by insertional mutagenesis at fas-1A, can be complemen-
ted by the addition of hexanoyl-NAC, the production of 18 and AF is much lower
than that observed in the parent strain. Similar results have also been observed
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with analogous A. nidulans FAS mutants; the overall yield of ST produced by the
latter grown on hexanoic acid-enriched medium was 20 times lower than that by
the wide-type strain [115]. On the basis of a series of control experiments, they
concluded that the reduced efficiency of 18 synthesis in Dis-1 and Dis-2, and by
implication in the stcJ- and stcK-mutants too, might result from impaired load-
ing of the hexanoyl-NAC onto PksA. They proposed that FAS and PKS form a
complex such as 47 and that Fas-1 A (and possibly also Fas-2 A) is required to
mediate transfer of the C-6 starter unit to the PksA (perhaps by direct transfer
without the need for conversion to the CoA ester) to initiate AF biosynthesis
(Fig.9) [235]. The mutated form of Fas-1 A would fail to complex with the PksA,
reducing the effectiveness of the starter unit binding and transfer. Finally, it is
quite puzzling how the hypothetical linear poly-p-ketone is cyclized into the
anthrone intermediate (48) since no CYC/ARO, such as those associated with
bacterial type IT PKSs [36,49, 84 -91], has been identified within fungal PKS. The
distinctive TE of PksA presumably is responsible for the release of 48 from the
FAS/PKS complex, as in bacterial type I PKS [118-121]. Oxidation of 48 to 18 is
likely catalyzed by a monooxygenase, and similar enzymes have been identified
from several polyketide biosynthetic pathways [230, 250].

3.3
Plant Polyketide Synthase

The biochemistry and enzymology of CHS and its closely related plant PKSs
have been extensively studied [72, 75]. The native enzymes have been isolated
from various plants [70, 71,73, 74, 124, 125, 127, 128], and the recombinant pro-
teins have been produced in E. coli and purified [71, 76, 124, 125,132-135,139].
The active site for the condensation reaction has been mapped to a single Cys
residue [132]. The dimeric nature of CHS and STS has been established with
each homodimer to constitute two active sites [76, 127, 133]. The subtle diffe-
rences among the CHS and STS proteins have been compared, which seems to
have a profound effect on substrate specificity and regiospecificity for the con-
densation and cyclization reactions, respectively [74, 127, 128, 133, 134]. The
interactions between CHS and other proteins, such as KR [133, 136-139] and
methylmalonyl CoA-specific condensing enzyme [76], have been examined to
account for the biosynthesis of deoxychalcones and methylchalcones.

3.3.1
Chalcone Synthase and Stilbene Synthase

CHS and STS are closely related plant PKSs with about 70 % amino acid identity.
Both enzymes use phenylpropanoid CoAs, bound to the active site (thiol group
of Cys-169) prior to condensation, as starter units and catalyze three sequential
decarboxylative condensations with malonyl CoA in the synthesis of a tetrake-
tide intermediate. The latter undergoes regiospecific cyclization into 19 and 22,
respectively (Fig. 10A) [72,75]. It has been suggested that the regiospecificity is
likely to have resulted from a different spatial stabilization and folding of the
tetraketide intermediate prior to cyclization [74, 127, 128, 133, 134]. Although
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differences between the consensus sequences of CHS and STS have been iden-
tified that might be important in determining the folding pattern of the con-
densation product, attempts to change STS into CHS and vice versa by either
mutagenesis or formation of STS/CHS heterodimer were unsuccessful [128,
132-134].

Schroder and co-workers examined the role of Cys in CHS and STS by site-
directed mutagenesis and tested the mutants after expression of the proteins in
E. coli [132]. Of all of the six conserved Cys, only Cys-169 was essential for both
enzymes. Inhibitor studies also suggested that Cys-169 is the main target of thiol-
specific reagents such as cerulenin and iodoacetamide. These results exclude a
role for other cysteines in malonyl binding and support the model that CHS and
STS use malonyl CoA directly as a substrate for the condensation reactions. In-
terestingly, while the amino acids surrounding Cys-169 are highly conserved in
CHS and STS, as would be expected for a closely related group of enzymes, no
similarity was found at the active sites of KSs in both FAS and PKS [132]. It is
tempting to suggest, based on these data, that CHS and STS could have evolved
independently from the latter enzymes.

Although no structural information is available yet, it has been well establish-
ed that both CHS and STS comprise a homodimer of subunits consisting of
388-400 amino acids [76, 127, 133]. To distinguish between independent or
co-operative action of the active sites in the CHS and STS dimer, Schréder and
co-workers prepared heterodimers in which one of the subunits is inactive (133).
This was accomplished by co-expression of the native and mutant subunits under
identical promoter-translation start configuration, since in vitro reconstitution
of active CHS or STS from subunits has so far been impossible. The heterodimers
were indeed fully functional and displayed close to 50% activity of the parent
enzyme, as would be expected for a dimer possessing only one active site. These
data clearly established that each subunit performs all the three condensation
reactions, with two products being synthesized per dimer and reaction cycle.

3.3.2
Deoxychalcone Synthase

In the presence of a KR [133,136-139], CHS also catalyzes the synthesis of 20, in
addition to 19, from phenylpropanoid CoA and malonyl CoA (Fig. 10B). This
co-action between a condensing enzyme and a KR is reminiscent of bacterial
type II PKS. Furuya and co-workers first detected the KR activity with crude
extracts from Glycyrrhiza echinata [136]. Welle and Grisebach subsequently
purified the enzyme from soybean, demonstrating that the KR was a discrete
enzyme consisting of a single peptide of 34 KDa [138]. Using the soybean KR
antiserum to screen a cDNA library, Schréder and co-workers cloned the KR
gene from soybean Glycine max L., overexpressed it in E. coli,and demonstrated
by Southern analysis that KR-homologs are widely distributed among other
plants capable of deoxychalcone biosynthesis [137, 139].

The KR is monomeric and co-acts with CHS in 1:2 molar ratio at the optimal
pH of 6.0. The enzyme has a high affinity for NADPH (K, = 17 umol/l) and
replacement of NADPH by NADH in the enzyme assay decreased the yield of 20
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by 92%. It is the pro-R-H of NADPH that is transferred to the substrate [138].
Although the mechanism of the complex interaction between the dimeric CHS
and the monomeric KR remains unknown, the fact that high salt concentration
inhibited the reaction suggested an ionic interaction [138]. Schroder and co-
workers further noticed that 20 represented at most 35-50% of the products
under all conditions tested, including the one with a large excess of KR; the other
product was always the non-reduced 19. Since they have expressed in E. coli the
functional KR, CHS dimer, and CHS heterodimer (which possesses only one
active site), they examined the biosynthesis of 20 by co-incubation of the recom-
binant KR with either the CHS dimer or the CHS heterodimer. In all experi-
ments, both 20 and 19 were synthesized in a constant ratio that was the same as
that observed from the native enzymes. Based on these results, they concluded
that the synthesis of 20 required no other plant factor and that the formation of
two products may be an intrinsic property of the interaction between dimeric
CHS and monomeric KR [133]. Finally, it was remarkable that the combination
of the CHS from parsley, a plant that does not contain deoxyflavonoids, with
the soybean KR also resulted in the synthesis of 20 [133, 138]. The latter data
support the notion that deoxychalcone biosynthesis might depend only on the
presence of the KR rather than on the nature of CHS or the specific interaction
between KR and CHS.

3.33
Methylchalcone Synthase

The biosynthesis of C-methylated chalcones involves a specific CHS that per-
forms the condensing reaction with methylmalonyl CoA as the extender unit.
Schroder and co-workers cloned two CHS-type genes from Pinus strobus,
pstrCHSI and pstrCHS2, whose deduced proteins were 87.6% identical [76].
Upon expression in E. coli, however, only PstrCHS1 was capable of synthesizing
chalcone 49 with substrate specificity very similar to those of typical CHSs;
PstrCHS2 was inactive with all of these substrates. In contrast, incubation of
PstrCHS2 with a NAC derivative of the diketide intermediate and methylma-
lonyl CoA resulted in the synthesis of the substituted 3-methyl-2-pyrone (50),
and the PstrCHS2 protein preferred methylmalonyl CoA over malonyl CoA,
catalyzing only one condensation. While the diketide intermediate cannot be
substituted by a NAC derivative of cinnamic acid, replacing it with acetoacyl-
NAC yielded an analogous 2-pyrone (51), reinforcing the notion that PstrCHS2
specifically accepted a diketide as substrate (Fig. 10C). The latter result is remar-
kable because acetyl CoA is known to be a very poor substrate for typical CHS
[72,75]. Based on these results, these authors concluded that CHSs are not capa-
ble of performing sequential condensation using two different extender units.
Instead, the two dimers of PstrCHS1 and PstrCHS2 likely formed a complex,
with the former to catalyze the first and third condensations and with the latter
to catalyze the second condensation, using malonyl CoA and methylmalonyl
CoA as extender units, respectively, in 21 biosynthesis (Fig. 10C). The growing
diketide and triketide intermediates are likely channeled between the two
homodimers, depending on the choice of the extender units [76]. It is note-
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worthy that such strategy for a CHS to select a different extender unit is remark-
ably similar to the bacterial noniterative type I PKS and could be of general
implication for the biosynthesis of other C-methylated flavonoids. Since many
C-methylated flavonoids are known, including some dimethylated chalcone
derivatives, it would be very interesting to investigate if the CHSs for these
methylated chalcones adopt similar mechanisms for substrate selection and
intermediate channeling [76].

3.3.4
2-Pyrone Synthase

In contrast to most CHS-like plant PKSs that prefer phenylpropanoid CoAs as
starter units, 2PS is one of the few exceptions that prefers acetyl CoA as a starter
unit. It catalyzes two sequential condensation reactions between acetyl CoA and
malonyl CoA to yield 44, a precursor for the biosynthesis of 23 and 24 in Gerbera
(Fig. 10D) [135]. (6-Hydroxymellein synthase is another example that prefers
acetyl CoA as a starter unit. Although Kurosaki and co-workers have extensively
studied this enzyme from carrot cell extracts, it has yet to be established if it
belongs to the CHS superfamily, since neither has its amino acid sequence been
determined, nor has its corresponding gene been cloned [251-255].) 2PS, encoded
by the gchs2 gene that was cloned from G. hybrida as a CHS, is 73 % identical to
CHS enzymes [71, 123, 135]. Schréder and co-workers expressed the gchs2 gene
in E. coli and purified the recombinant protein [135]. GCHS?2 differs from CHS
in its specialization for only two condensation reactions, its complete lack of
activity with phenylpropanoid CoAs, and its high activity with acetyl CoA.
Acetoacetyl CoA, the predicted intermediate, was ~2.5 times more efficient as a
substrate than acetyl CoA. In the absence of acetyl CoA, GCHS2 could synthesize
44 by decarboxylation of malonyl CoA to produce acetyl CoA, a property that is
well known for FAS [208] and other PKSs [83, 173, 184, 209]. Although the
enzyme also accepts other small hydrophobic CoAs as starter units in vitro,
leading to other 4-hydroxy-2-pyrones, neither these products nor their deriva-
tives are known from Gerbera [135].

The establishment of GCHS2 as 2PS [135], as well as the identification of
PstrCHS2 as a methylmalonyl CoA-specific CHS [76], demonstrated that CHS-
like proteins contain plant PKSs with surprisingly diverse functions. The fact
that relatively small differences in these proteins could have a profound effect
on substrate specificity, intermediate channeling, and condensation progres-
sivity should aid genetic engineering of plant PKSs for the production of new
metabolites. Equally noteworthy are the synthesis of 44 from acetyl CoA and
malonyl CoA by 6MSMS [232] and 6-hydroxymellein synthase [251-255] and
the synthesis of an analog of 44 from propionyl CoA and methylmalonyl CoA
by a truncated 6-deoxyerythrolide B synthase fused with a TE domain [256].
Since the plant PKSs of GCHS2 and 6-hydroxymellein synthase, the iterative
fungal PKS of 6MSAS, and the bacterial noniterative type I PKS are structurally
distinct, the fact that 44 or its analog could be synthesized by all four enzymes
from similar substrates underscores the great flexibility and diversity in protein
catalysis.
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4
Genetic Engineering of Polyketide Synthase
for Novel Aromatic Polyketides

Production of novel aromatic polyketides by genetic engineering of PKSs
depends critically on the intrinsic substrate specificity of individual PKS com-
ponents, on the organizational tolerance of these components to form a func-
tional PKS complex, and on the repertoire of PKS genes encoding diverse
aromatic polyketide structures. Equally essential are the molecular biological
techniques and tools needed for rapid and convenient construction of engineered
PKSs for combinatorial biosynthesis. Although significant progress has been
made in all of the above-mentioned aspects and the concept of generating struc-
tural diversity by metabolic pathway engineering has been proven beyond
doubt, biosynthesis of novel aromatic polyketides by engineered PKSs remains
at the stage governed primarily by intuition and serendipity. Any so-called
“design-rules” for engineered biosynthesis have to be treated with great caution
because they are derived exclusively from empirical observations rather than
based on a mechanistic understanding of the PKS complex. Excellent reviews
have appeared recently summarizing the principle and practice of engineered
biosynthesis for various systems [9-15, 25-34, 257]. The following discussion
highlights the recent progress in synthesizing novel aromatic polyketides by
engineered type II bacterial PKSs. Genetic engineering of either fungal PKS or
plant PKS is yet to be explored.

4.1
Expression System

Genetic engineering of PKS involves heterologous expression of a defined set of
PKS genes in a heterologous host, and screening and characterization of the
resulting metabolites. In general, an ideal host should be genetically well char-
acterized so that recombinant DNA can be easily introduced, recovered, and
maintained. Heterologous genes should be efficiently expressed in this host,and
the gene products should be correctly folded and posttranslationally modified.
The host itself should produce relatively few endogenous metabolites so that
their interference with the detection and characterization of novel compounds
can be reduced to a minimum. An ideal vector should be based on a stable repli-
con with a marker, often an antibiotic resistance gene, for selection in the de-
sired host. An E. coli replicon and selection marker are often incorporated into
the vector as well, so that rapid genetic manipulation can be carried out in E. coli
before introduction of the final construct into the desired host. In addition, a
strong promoter is often preferred to ensure efficient expression of the recom-
binant PKS, and an inducible or regulated promoter should have the added
benefit of minimizing the potential toxicity of heterologous proteins to the host.
Since almost all of the known type II bacterial PKS are from Streptomyces and
related actinomycetes, various Streptomyces species have become the host of
choice for engineered biosynthesis of aromatic polyketides, despite the fact that
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these organisms are not well characterized genetically. The S. coelicolor-pRM5-
CH999-based host-vector system, developed by Hopwood and co-workers [101],
is one of the best systems used in engineered biosynthesis. S. coelicolor CH999 is
derived from S. coelicolor A3(2) by deleting the entire act gene cluster to reduce
endogenous polyketide biosynthesis. pPRM5, a Streptomyces-E. coli shuttle vec-
tor, contains a divergently paired actl and actIIl promoter whose activity is
developmentally regulated by the ActII-ORF4 protein. More recently, Ziermann
and Betlach have engineered several S. lividans equivalents of S. coelicolor
CH999, such as S. lividans K4-114 and K4 -155 [258], which can be transformed
with pRM5-based plasmids with superior frequency. Alternatively, Simpson and
co-workers demonstrated the utility of the thiostrepton induction system, de-
signed for Streptomyces by Bibb and co-workers [259],in S. coelicolor CH999 for
engineered biosynthesis [173]. This system provides a convenient method of
induction by the tipA promoter, and functional PKS was efficiently expressed
upon induction, resulting in aromatic polyketide biosynthesis [173]. Hutchinson
and co-workers took advantage of the promoter mutant of S. glaucescens
WHM1077 [260, 261], in which the fcm PKS and most of the auxiliary genes
were not expressed, and used it as host for PKS expression [95, 96, 182]. They
have chosen the constitutive ermE* promoter and constructed the expression
vectors initially in the Streptomyces plasmid of pIJ486 [97] and lately in the
Streptomyces-E. coli shuttle plasmid pWHM3 [162-164] to facilitate genetic
manipulations. In all these host-vector systems, the endogenous ACPS and MTA
are apparently sufficient to support the plasmid-borne PKS for polyketide syn-
thesis. Lack of posttranslational modifications such ACP phosphopantetheinyla-
tion could be easily circumvented by co-expressing an ACPS gene, should the
need arise [237].

4.2
Chain Length

The carbon chain length of an aromatic polyketide is determined by the
KSa/KSp pair of the minimal PKS complex, and substitution of the ACP subunit
of a minimal PKS complex with a heterologous ACP will not alter the chain
length specificity [95, 101, 157, 165]. So far production of aromatic polyketides
with chain length of C-10[100],C-14 [100], C-16,C-18,C-20, C-22,and C-24 have
all been demonstrated by engineered PKSs. By implication, engineered PKSs
should soon provide access to aromatic polyketides with other chain lengths as
the total number of cloned PKS genes increases exponentially. Thus, for enginee-
red synthesis of octaketides, one could choose the KSa/KSf pair from the mini-
mal PKS of act [80, 95, 101], fren [80, 161], or gra [53]. The KSa/KSS from the
minimal PKS of fren is the only one known so far to produce a nonaketide [80,
159, 161]. For the production of decaketides, one has the choice of KSa/KSp
from the minimal PKS of dps [153, 162, 163], jad [162], mtm [150, 154, 160], oct
[152], or tcm [80, 95, 162]. Engineered biosynthesis of both undecaketides and
dodecaketides has been demonstrated with KSa/KSpS from the cur, sch, and
whiE PKS gene clusters [100]. The minimal pms [44] should be another candi-
date for engineered dodecaketide biosynthesis.
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It is noteworthy that exceptions have been observed in which the KSa/KSp
pair of an engineered PKS displayed a relaxed chain length specificity. For ex-
ample, both octaketides and nonaketides have been synthesized by engineered
PKS constructs consisting of the fren KSa/KSp pair [80, 159, 161]. Similarly,
several engineered PKS constructs consisting of the whiE KSa/KSp pair synthe-
sized a mixture of undecaketides, dodecaketides, as well as other short poly-
ketides [100]. One could argue that the fren PKS has a relaxed intrinsic chain
length specificity because Streptomyces roseofulvus, from which the fren genes
were cloned, produces both the octaketide nanaomycin and the nonaketide
frenolicin [41]. However, it is believed that the whiE cluster encodes for a
dodecaketide spore pigment in S. coelicolor [100]. Consequently, the production
of a mixture of polyketides with variable chain length by the minimal WhiE PKS
or other engineered PKSs consisting of the whiE KSa/KSf pair suggests that
subunits other than KSa/KSp could also modulate the chain length specificity
[100]. These exceptions underscore the uncertainty for rational design of aro-
matic polyketide by engineering artificial PKS without considering the inter-
actions among individual proteins [80, 100, 153, 159, 162].

4.3
Starter Unit

Most of the type IT PKSs studied so far used acetate as a starter unit. The minimal
PKS appears to have intrinsic starter unit specificity for acetyl CoA, which could
also be derived by decarboxylation from malonyl CoA, at least in vitro [173,183,
184]. Little is known about how a type II PKS chooses a starter unit other than
acetate. The biosynthesis of 13 and 14 in S. peucetius and Streptomyces sp. C5,
and oxytetracycline in Streptomyces rimosus are known examples in which a
type II PKS used propionyl CoA [84, 153, 163] and malonamyl CoA [152] as a
starter unit, respectively. However, engineered PKSs consisting of the KSa/KSp
pair from either the dps [163] or otc [152] cluster produced polyketides exclusive-
ly with an acetate starter, reinforcing the notion that the minimal PKS has an in-
trinsic specificity for an acetate starter. At least for the biosynthesis of 13 and 14
the choice of the propionate starter unit has been shown to depend on dedicated
subunits, in addition to the minimal dps PKS, and on the protein/protein inter-
actions among all the subunits of the resulting PKS complex [84, 153, 163].

4.4
Ketoreduction

Among the KRs that have been cloned from various pathways for aromatic poly-
ketide biosynthesis, the KR of ActIII [50, 80, 83, 100-102, 150, 159-162], DpsE
[84, 153, 162, 163], and JadE [51, 162] have been studied for their utility in
engineered polyketide biosynthesis. The three KRs carry out the same regiospe-
cific reduction at the C-9 carbonyl group of a linear poly-f-ketone intermediate,
although the natural substrate for ActIIl is presumably a linear octaketide [50]
and that for DpsE [49] and JadE [51] is a linear decaketide. With two excep-
tions in which the C-7 carbonyl group of a linear octaketide [161] and a linear



42 B. Shen

undecaketide [100] was reduced, respectively, ActIIl regiospecifically reduced
the C-9 carbonyl group of the linear poly-f-ketone intermediates with chain
length ranging from C-16 [80, 83,101, 161], C-18 [80, 161], C-20 [80, 83,101,102,
150], C-22 [100], to C-24 [100] (Fig. 11, path C). Similarly, JadE was also func-
tional in regiospecific reduction of the C-9 carbonyl group for both the linear
octaketide and decaketide intermediate [162]. In contrast, DpsE only reduced a
linear decaketide intermediate and was nonfunctional to an octaketide [162],
suggesting that KRs might exhibit different chain length specificity. Again,
these results should be interpreted with great caution because they were de-
rived empirically from a few examples. Other possibilities, such as inefficient
channeling of the nascent octaketide intermediate between the minimal PKS
and KR, could also result in the apparent lack of the DpsE function.

4.5
Cyclization

Despite the fact that the type II PKSs studied so far synthesize polycyclic aro-
matic structures such as anthraquinones, benzo[a]anthraquinones, or naphtha-
quinones in the wild-type organisms, most of the aromatic polyketides generated
by engineered PKSs are structurally distinct from the natural products with
common structural moieties such as benzene, 2-pyrone, or naphthalene [15, 29,
80, 86, 88, 162]. With the exception of the folding and the first and second ring
cyclizations of the nascent linear poly-f-ketone intermediate, current under-
standing of the role of CYC/ARO in engineered biosynthesis remains rudimen-
tary. In fact, many of the common structural moieties observed in engineered
biosynthesis most likely resulted from spontaneous cyclizations of the highly
active poly-p-ketone precursors, whose chemo- and regioselectivity were mainly
governed by thermodynamics. The following discussion concerns mainly the
folding and first and second ring cyclizations of a linear poly-f-ketone in
engineered aromatic polyketide biosynthesis.

The minimal PKSs alone fold the nascent linear poly-f-ketone at C-9 position
predominantly and initiate C-7/C-12 condensation for the first ring cyclization
(Fig. 11, path A). Such regiospecific folding and cyclization have been demon-
strated for the linear polyketide intermediates with chain length ranging from
C-14[100],C-16 [80,86-88,95,101,159,161],C-18 [88,159,161],C-20 [80, 88,95,
96, 101, 154, 160], C-22 [100], to C-24 [100]. Whether or not these processes are
catalyzed by the minimal PKS is still an open question. Spontaneous cyclizations
have been proposed to account for metabolites resulting from other folding and
cyclization patterns [80, 86, 88, 95, 96, 100]. Since Tcm PKS [95, 96], Mtm PKS
[150, 154, 160], and possibly WhiE PKS [100] fold the linear poly-f-ketone at C-
11 and catalyze the first ring cyclization by C-9/C-14 condensation in the wild-
type organisms, it is very unlikely for their minimal PKSs to have an intrinsic
regiospecificity for C-9 folding and C-7/C-12 first ring cyclization.

Specific CYCs and their interaction with the minimal PKS determine the
regiospecificity for the folding and first ring cyclization of the nascent linear
poly-p-ketone intermediates. Thus, upon co-action between the minimal PKS
and the TcmN or TecmJN CYCs, the nascent linear poly-f3-ketone intermediates
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with chain length ranging from C-16 [92,95], C-18 [159], to C-20 [92, 95, 96, 162]
can be regiospecifically folded at C-11 to proceed the C-9/C-14 first ring cycli-
zation. Co-action between the minimal PKS and the WhiE ORFVI CYC resulted
in similar regiospecificity for a linear decaketide [85] and dodecaketide [100],
as does the CurFG CYCs for a linear dodecaketide [100] and the putative Mtm
CYC for a linear decaketide [154, 160] (Fig. 11, path B). Other CYCs such as
ActIV [80, 88], JadI [162], and DpsF [162] or AROs such as Gris ORFIV [88],
ActVII [88], Fren ORFIV [88] were nonfunctional towards non-reduced linear
poly-p-ketone intermediates.

A C-9 reduced linear polyketide synthesized by a minimal PKS and KR, on the
other hand, can undergo regiospecific cyclization between C-7/C-12, but subse-
quent dehydration to form the first aromatic ring requires a specific ARO. In the
presence of an additional CYC, the one-ring intermediates can be further cycli-
zed to form the second ring (Fig. 11, path C). CYCs such as TcmN and Tcm]N,
which act on non-reduced linear poly-f-ketone intermediates, are nonfunctional
towards the C-9 reduced intermediates [92, 162]. Thus, ActVII can aromatize
C-16 intermediates [80, 83, 87, 88], Fren ORFIV can aromatize both C-16 and
C-18 intermediate, and both the Gris ORFIV [88] and WhiE ORFVI [85] can
aromatize intermediates ranging from C-16, C-18, to C-20. For the second ring
cyclization, ActIV can act on both C-16 and C-18 intermediates [80, 83, 87, 88].
WhiE ORFVI appears to be unique among all known CYCs or AROs. To a non-
reduced linear poly-f-ketone intermediate, it acts as a CYC for regiospecific
C-11 folding and C-9/C-14 first ring cyclization [100]. To a C-9 reduced linear
nonaketide or decaketide, it acts as ARO for the first ring aromatization and as
CYC for the second ring cyclization [85].

5
Perspectives

The study of aromatic polyketide biosynthesis is at a very exciting new stage,
and genetics and molecular biology have served us well beyond the call of duty
to the development of knowledge of the field. We have witnessed the exponential
growth of cloned PKS genes, the conceptual breakthroughs in developing aro-
matic PKS models, the technological advances in rapid manipulation of PKS
genes and aromatic polyketide biosynthetic pathways, the development of
various systems for functional expression of PKS enzymes, and the successful in
vitro reconstitutions of aromatic PKSs. While it is clear that mechanistic under-
standing of aromatic PKSs is still lacking, such insights eventually have to come
from in vitro studies. Current lines of inquiry have opened up so many new
opportunities to such studies. There is little doubt that biochemical and en-
zymological characterization of the aromatic PKSs will reveal the basic cata-
lytic and molecular recognition features and structure-function relationships of
these remarkable biosynthetic systems over the next few years. The potential of
combinatorial biosynthesis for the production of novel polyketides will not
be fully realized until we can engineer polyketide biosynthesis rationally. With
all these successful precedents in bacteria, we could easily envisage similar pros-
perity for engineered polyketide biosynthesis in fungi and plants.
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Addendum. Several new reports on aromatic polyketide biosynthesis have recently appeared.
I should at least mention the reports on Jadl [268], DnrD [269], and DpsC [270, 271], by
Hutchinson and co-workers; ectopic expression of the minimal whiE PKS genes in S. coelicolor
[272], by Moore and co-workers; and the ability of a PKS ACP to catalyze malonylation of
a FAS ACP [273], by Reynolds and co-workers. JadI is a CYC that is required for the biosyn-
thesis of angucyclines but is nonfunctional when combined with the minimal PKS genes of
other clusters [268]. Overexpression in E. coli and purification and characterization of the re-
combinant enzyme confirmed DnrD as a CYC that catalyzes the cyclization of aklanonic acid
methyl ester to aklaviketone in the biosynthesis of 13 and 14 [269], a reaction very similar to
those catalyzed by Tcml [94] and TcmN [96]. DpsC was found to exhibit KS III activity, which
specifies the propionate starter unit for the Dps PKS, shedding light on the mechanism how
type II PKS chooses a starter unit other than acetate [270, 271]. It is remarkable that a single
recombinant expressing the whiE minimal PKS in S. coelicolor is capable of generating a
library of more than 30 polyketides that differ in chain length and folding/cyclization regios-
pecificity, underscoring once again the great promise of creating novel molecules by com-
binatorial biosynthesis [272]. Finally, the finding that, in addition to the self-malonylation
process, TcmM can catalyzes the malonylation of AcpP was quite unexpected, demonstrating
for the first time that PKS ACPs and FabD can catalyze the same reaction [273]. However,
TcmM is a relatively poor catalyst when compared with FabD. The differences in the catalytic
efficiency of these two proteins finally provided a satisfactory explanation for the early ob-
servations that FabD-independent polyketide biosynthesis in vitro proceeds only at high
concentration of a PKS ACP [173,273].
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Abbreviations

CPP copalyl diphosphate

DMAPP dimethylallyl diphosphate

FPP farnesyl diphosphate

GPP geranyl diphosphate

GGPP geranylgeranyl diphosphate

Hm-VS  Hyoscyamus muticus vetispiradiene synthase
IPP isopentenyl diphosphate

KS kaurene synthase

LPP linalyl diphosphate

NPP nerolidyl diphosphate

Nt-EAS  Nicotiana tabacum 5-epi-aristolochene synthase

tps terpene synthase

WM Wagner-Meerwein rearrangement
1

Introduction

The terpenes are a structurally diverse and widely distributed family of natural
products containing well over 30,000 defined compounds identified from all
kingdoms of life [1]. The majority of terpenes have been isolated from plants
where they serve a broad range of roles in primary metabolism (including se-
veral plant hormones and the most abundant plant terpenoid, phytol, the side
chain of the photosynthetic pigment chlorophyll) and in ecological interactions
(as chemical defenses against herbivores and pathogens, pollinator attractants,
allelopathic agents, etc.) (Table 1). Many terpenes are of economic importance,
including the essential oils, carotenoid pigments and natural rubber. Terpenes
are constructed by the repetitive joining of branched Cs isoprenoid units and are
categorized according to size with the C,, family, historically considered the
smallest, named the monoterpenes. The nomenclature thus evolved with the
sesquiterpenes (C;s), diterpenes (C,,), sesterterpenes (C,s), triterpenes (Cs),
tetraterpenes (C,), and polyterpenes (>C,,). Isoprene, discovered as a natural
product in the 1960’s, was thus considered a hemiterpene (Cs). The meroterpenes
consist of a terpene-derived unit attached to a non-terpene moiety; examples
include chlorophyll, plastoquinone, certain indole alkaloids, and prenylated
proteins.

All terpenoids are derived from the universal precursor isopentenyl di-
phosphate (IPP) which, following isomerization to dimethylallyl diphosphate
(DMAPP) by IPP isomerase, is sequentially elongated by prenyltransferases to
geranyl diphosphate (GPP, C,), farnesyl diphosphate (FPP, C;;), and geranyl-
geranyl diphosphate (GGPP, C,;) (Scheme 1). These acyclic intermediates
function at the branch points of isoprenoid metabolism from which the mono-
terpenes (from GPP), sesquiterpenes (from FPP), and diterpenes (from GGPP)
diverge through the action of the terpenoid synthases. The terpenoid synthases,
often called cyclases since the products of the reaction are most often cyclic,
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Table 1. Classification, structures, and physiological and ecological roles of selected terpenoids

Monoterpenes medicinal limonene

camphor

flavoring menthol

COOH

g
-
Sesquiterpenes perfumary raw material % patchoulol
(o}

phytohormone abscisic acid

HOQ
COOCH,
antibiotic ié;gj pentalenolactone
070

Ph AcO_ O OH

04\ (o]
Diterpenes anti-cancer dru, » @Q taxol
P ’ S e

HO OBz OAc

phytoalexin 7£Q=§ casbene
phytohormone HO/Q:% gibberellin

HOOC COOH

Triterpene membrane component /d@\jﬁ/ P-sitosterol
HO'

Tetraterpene  plant pigment
(provitamin A)

p-carotene

Meroterpenes  photosynthesis chlorophyll

electron transport plastoquinone

Polyterpene commercial rubber
(industrial raw material) >%00
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serve to convert the three acyclic branch point intermediates to the parent
skeletons of the various monoterpene, sesquiterpene, and diterpene types. This
family of enzymes, which forms the focus of this review, not only catalyzes
the committed step in the biosynthesis of most terpenoids but is also largely
responsible for the great structural diversity encountered in this class of natural
products.

The past five years have witnessed a major reevaluation of the biogenetic
origin of IPP as the universal precursor of terpenoids. Since its elucidation in the
late 1950’s [2], the classical acetate-mevalonate pathway (Scheme 2 A) has been
considered the only biosynthetic route to terpenoids. However, a mevalonate-
independent pathway, with its origins in the condensation of pyruvate
(via hydroxyethyl thiamine pyrophosphate) and glyceraldehyde-3-phosphate
to form 1-deoxyxylose-5-phosphate (Scheme 2B), has been discovered to
operate in certain bacteria [3] and, more recently, in the plastids of both
lower and higher plants [4-6]. It is now clear that terpenoid biosynthesis in
plants is compartmentalized, with the sesquiterpenes (and triterpenes) arising
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in the cytosol [7] via the acetate-mevalonate pathway, and the monoterpenes
and diterpenes (and tetraterpenes) arising in the plastids [6-9] via the still
incompletely understood mevalonate-independent pathway of bacterial
endosymbiotic origin. Each compartment contains IPP isomerase [10] and
the requisite prenyltransferases for construction of the appropriate pre-
cursors.

2
Prenyltransferases and Terpenoid Synthases

The prenyltransferases catalyze the head-to-tail condensation of IPP with
either DMAPP (geranyl diphosphate synthase), GPP (farnesyl diphosphate
synthase), or FPP (geranylgeranyl diphosphate synthase), although FPP syn-
thase and GGPP synthase can also utilize only IPP and DMAPP as the initial
substrates in multistep elongation sequences via bound intermediates [11].
The electrophilic reaction mechanisms of the prenyltransferases involves
initial ionization of the allylic diphosphate ester substrate to form a charge-
delocalized carbocation which undergoes C4’-C1 coupling via the terminal
double bond of IPP to generate a tertiary carbocation followed by deprotona-
tion to complete the reaction (Scheme 1). The terpenoid synthase reaction
may be regarded as the intramolecular analogue of the intermolecular electro-
philic coupling reaction catalyzed by the prenyltransferases, although the
detailed reaction variants encountered in the former case are far greater than
in the latter [11, 12]. More than a common mechanistic link was established
between the prenyltransferases and the terpenoid synthases (cyclases)
with the discovery that avian FPP synthase is capable of generating cyclic C;s
olefins as products with FPP as substrate [12, 13]. The two enzyme types also
exhibit notable conservation in primary sequence and physical characteristics
(see below).

As might be expected based on the similarities in reaction mechanism, the
prenyltransferases and terpenoid synthases share a number of common prop-
erties. Both are functionally soluble, acidic enzymes, with native sizes in the
35-80 kDa range, require only a divalent metal ion for catalysis, and exhibit
Michaelis constants for the prenyl substrate that rarely exceed 10 uM and turn-
over numbers typically ranging from 0.03 to 0.3 s~ [14]. The similarities between
the prenyltransferases and the terpenoid synthases are clearly of evolutionary
significance; however, it is equally clear that the diversity in type and mechan-
istic complexity set the terpenoid synthases apart from the more conservative
prenyltransferases. The typical cyclization reaction involves ionization of the
prenyl diphosphate substrate with intramolecular attack by a double bond of the
prenyl chain at C1 to yield a cyclic carbocationic intermediate. Subsequent steps
may involve further internal additions via the remaining double bonds to gene-
rate additional rings, and may be accompanied by hydride shifts, methyl migra-
tions and Wagner-Meerwein rearrangements (WM) before termination of the
reaction by deprotonation or nucleophile (often water) capture. The terpenoid
synthases commonly produce multiple products, although high fidelity cycliza-
tions yielding a single product are also known.
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The reaction mechanisms have been well established for several terpenoid
synthases, and general stereochemical models for the reaction types now allow
sound rationalization for the biosynthesis of most monoterpenes, sesquiterpenes,
and diterpenes; comprehensive reviews of this area are available [15-20]. Addi-
tionally, the cDNAs encoding more than 30 terpenoid synthases of plant origin
(and eight of microbial origin) have been isolated, allowing comparative study of
the primary structures of these enzymes. Interestingly, the plant terpenoid syn-
thases bear little resemblance in primary structure to their microbial counterparts,
although in three-dimensional structure their similarity is remarkable. Sufficient
information is now available to permit inference of structural and phylogenetic
relationships among the terpenoid synthases, which indicates structural evolution
of the gene type based upon taxonomic origin rather than substrate utilization
and mechanistic similarity of the encoded catalysts [21]. This ability of very simi-
lar enzymes to catalyze different reactions, and quite different enzymes to catalyze
ostensibly identical reactions, coupled to the overall diversity and complexity of
the reaction types often leading to multiple end-products from the same active
site, dictate that no single enzyme is adequate as a model for all terpenoid cyclases.
Nevertheless, there are certain synthases whose physical and chemical character-
istics allow the more general mechanistic and stereochemical aspects of cyclization
to be probed and which can serve as a foundation for understanding cyclase cata-
lysis. Toward this end, the present review focuses on four terpenoid synthases as
models possessing certain structural and mechanistic features which, although
not universal to all cyclases, allow unifying principles to be described.

3
Monoterpene Synthases

Monoterpene synthases capable of generating acyclic, monocyclic and bicyclic
products as olefins, alcohols and diphosphate esters (Scheme 3) have been iso-
lated from several lower plants (liverworts) and higher plants, including angio-
sperms and gymnosperms. The gymnosperm monoterpene synthases differ
from their angiosperm counterparts in several respects. All gymnosperm
monoterpene cyclases have an absolute requirement for a monovalent cation
such as K*, utilize Mn?* or Fe?" as the required divalent cation and possess
alkaline pH optima [22-24], whereas the angiosperm cyclases prefer Mg?* or
Mn?*, do not require a monovalent cation, and possess pH optima closer to
neutrality [25-31].

More than a dozen cDNAs encoding monoterpene synthases from a range of
plant sources have now been isolated [22, 32-36]. The corresponding recom-
binant enzymes generate a diverse set of products and provide an exceptional
set of catalysts for the detailed study of structure-function relationships in mo-
noterpene cyclization. However, it was earlier work with native synthases that
first allowed definition of the cyclization reaction [15]. Thus, the stereochemical
model for monoterpene cyclization was developed largely from studies with the
bicyclic monoterpene cyclases (+)- and (-)-bornyl diphosphate synthases, (+)-
and (-)-pinene synthases, and (-)-endo-fenchol synthase. It was also the purifi-
cation of several native monoterpene synthases that gave the first indication that
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these enzymes catalyzed the formation of multiple products in fixed ratios [37].
This observation was subsequently supported by studies that exploited isotopic-
ally sensitive branching in the multiple-product reaction channel [38-40], and
was unambiguously confirmed by demonstrating the identical product profiles of
the native enzymes and their recombinant, heterologously expressed counterparts
[33, 34]. With the cloning and characterization of the monoterpene synthases,
each of which generates multiple products at the same active site, it is likely that
this seemingly unusual property is, in fact, common. Multiple product formation
can be rationalized as a consequence of the electrophilic cyclization mechanism
in which several highly reactive carbocationic intermediates are generated in the
course of the reaction, any of which may be stabilized by deprotonation or other
means. Stabilization of such intermediates in the course of the often complex
cyclization sequence is a common theme that will be developed throughout.
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3.1
Mechanism and Stereochemistry

The monoterpene cyclization reaction (Scheme 4) consists of the stereoselective
binding of GPP at the active site in either a right-handed or left-handed heli-
cal conformer followed by metal ion-dependent ionization of the diphosphate
ester and syn migration of the diphosphate group to C3 to generate enzyme-
bound (3R)- or (35)-linalyl diphosphate (LPP), respectively, thereby allowing the
requisite rotation about the newly generated C2-C3 single bond. Subsequent
C6-C1 cyclization of the anti,endo conformer of LPP is initiated by a second
ionization of this bound intermediate to form the universal monocyclic inter-
mediate, the a-terpinyl cation. Whether the (4R)- or (4S)- antipode is formed
depends on the configuration at C3 of the linalyl intermediate which, in turn,
depends on the initial folding of GPP at the active site. Termination of the reac-
tion via deprotonation or nucleophile capture may be preceded by myriad
intervening cyclizations to the remaining double bond, hydride shifts, and other
rearrangements shown in Table 2.

Apparent from Scheme 4 is the necessity of the ionization-isomerization step
to the cisoid linalyl intermediate for cyclization to the a-terpinyl cation, a reac-
tion not directly possible from the geranyl substrate because of the trans-C2,C3
bond. A notable feature of all monoterpene cyclases is the ability to utilize LPP

Table 2. Summation of mechanisms involved in the biosynthesis of selected monoterpenes
derived from the a-terpinyl cation. Numbering is based on the a-terpinyl cation shown in
Scheme 3

Product Mechanism Reference
limonene deprotonation 25
terpinolene deprotonation 32
a-terpineol capture of C8 cation by water 15
1,8-cineole capture of C8 cation by water, C8-C1 ether linkage 41,42
bornyl diphosphate C1-C8 ring closure, C2 cation capture by diphosphate 43
camphene C1-C8 ring closure, WM rearrangement, deprotonation 32,44
a-pinene C2-C8 ring closure, deprotonation 31
pB-pinene C2-C8 ring closure, deprotonation 31
endo-fenchol C2-C8 ring closure, WM rearrangement,

C2 cation capture by water 29
P-phellandrene 1,3 hydride shift, deprotonation 32,45
a-terpinene 1,2 hydride shift, deprotonation 45
y-terpinene 1,2 hydride shift, deprotonation 45
a-thujene 1,2 hydride shift, C2-C4 ring closure, deprotonation 46
sabinene 1,2 hydride shift, C2-C4 ring closure, deprotonation 47
sabinene hydrate 1,2 hydride shift, C2-C4 ring closure, C1 capture by water 30
3-carene deprotonation-mediated C5-C8 ring closure 48
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as an alternate substrate, effectively uncoupling the normally linked cyclization
from the isomerization step [15, 43-50]. Stereochemical deductions from the
utilization of (3R)- or (3S)-LPP as an alternate substrate for cyclization are
described below. Kinetic analyses show that V., and the catalytic efficiency
(Via/K,,) for LPP are substantially higher than for GPP or the cis-isomer neryl
diphosphate [30, 31, 43, 48-50]. These results support the intermediacy of LPP
and implicate the isomerization component of the reaction as the slow step
of the coupled sequence. The absence of detectable free intermediates, and the
lack of exchange between LPP generated at the active site and that supplied
exogenously, confirm that the isomerization and cyclization are tightly coupled
[31, 44, 47, 48]. The mutually competitive nature of LPP and GPP as alternate
substrates [30, 42, 48, 51] confirms that the two steps occur at the same active
site. Although the isomerization step of the coupled sequence has never
been directly observed, indirect evidence for the required isomerization has
been obtained using the non-cyclizable substrate analogs 6,7-dihydro-GPP [52]
and 2,3-cyclopropyl(methano)-GPP (Fig. 1) [53]. In the former instance, the
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Fig. 1. Selected monoterpene synthase substrate analogs
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enzymatic products generated were shown to resemble more closely the solvoly-
tic products of 6,7-dihydro-LPP rather than those derived from 6,7-dihydro-GPP
with the latter substrate, the analog of LPP, i.e., the homoallylic diphosphate
ester, could be detected as an aborted reaction product consistent with the
isomerization step.

With the clear indication that the isomerization of GPP was slower than
the cyclization of LPP, evidence for the ionization steps of these reaction
components was sought using the competitive inhibitors 2-fluoro-GPP and
2-fluoro-LPP (Fig. 1) [54]. A similar approach employing substrate analogs
bearing electron-withdrawing substituents has been used to examine the
ionization steps of prenyltransferase [55] and sesquiterpene cyclase catalysis
[56]. With the monoterpene cyclases, significant rate suppressions were ob-
served for the enzymatic reactions with each analog that paralleled the rate
suppressions of model solvolytic (but not Sy2 displacement) reactions [57].
These results indicated that both the isomerization of GPP and the cyclization of
LPP are initiated by ionization of the primary and tertiary allylic diphosphates,
respectively,and furthermore implicated the ionization of GPP as the rate-limit-
ing step of the overall, coupled reaction sequence.

The absolute dependency of the monoterpene cyclases on the divalent
metal ion prompted inquiries into the role of this cofactor in the reaction.
Solvolytic decomposition of GPP occurs under acidic conditions [58], or at
neutrality in the presence of divalent cation [59, 60], indicating that neutraliza-
tion of the negatively charged diphosphate is required to promote ionization.
The divalent cation:GPP stoichiometry in solution is 2:1 [59, 60] suggesting
that the bis-metal ion:diphosphate complex is the probable leaving group
in enzyme catalysis. The crystal structures of FPP synthase [61] and two
sesquiterpene synthases [62, 63] clearly identify at least two Mg** coordina-
tion sites in the enzyme-substrate complex, consistent with the divalent
cation-assisted ionization of the substrate. A monovalent cation requirement
is observed for a range of enzymes [64], and a mechanistic role for the
monovalent cation in gymnosperm monoterpene synthase catalysis has
been suggested [22] based on the possible similarity in function to the heat-
shock cognates which utilize the cation to assist in phosphate ester hydrolysis
[65, 66].

Additional evidence for the electrophilic nature of the monoterpene syn-
thase reaction is provided by the mechanism-based inhibitor 8,9-cyclopro-
pyl-GPP (Fig. 1). Metal ion-dependent isomerization and cyclization to the
stabilized analog of the a-terpinyl cation promotes alkylation and inacti-
vation of several synthases [67]. By using the inhibitor in labeled form, active
site residues may be identified [68]. Substrate protection of monoterpene
synthases against inactivation by classical amino acid-directed reactions
provides another approach to the identification of active site residues. By
this means, essential cysteines, histidines, and arginines were identified in
all monoterpene cyclases examined, although substrate protection is af-
forded only to histidine and cysteine residues in the angiosperm cyclases [25,
69], and only to arginine and cysteine residues in the gymnosperm enzymes
[23,70].
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Studies aimed at evaluating the determinants of GPP binding at the active site
were conducted with several bicyclic monoterpene synthases using analogs
which differed minimally in structural features of the substrate (Fig. 1) [71]. To
uncover the nature of the interactions of the C2-C3 and C6-C7 olefinic domains,
inhibition constants were determined for the non-cyclizable analogs of GPP in
which each double bond was reduced or converted to the epoxide derivative. The
results indicated that binding of the C2-C3 double bond is largely a consequence
of geometry, whereas it is the electronic nature of the C6-C7 double bond that
influences binding [71]. Inhibition of cyclases by pyrophosphate analogs
demonstrated that three key features are required to promote tight binding of
the diphosphate ester substrate: the ionization state at the enzymatic pH opti-
mum, the structural flexibility of the diphosphate, and the ability to chelate diva-
lent metal ion [72]. The inability of monoterpene cyclases to utilize geraniol and
geranyl monophosphate, coupled to the inhibition of cyclization of GPP by these
analogs in the presence of inorganic diphosphate, clearly establish the diphos-
phate moiety of the substrate as the primary binding determinant [72-75].

The aza and sulfonium analogs of the linalyl and a-terpinyl carbocation
intermediates of the isomerization-cyclization reaction (Fig. 1) were utilized to
determine the nature of active site interactions with several monoterpene syn-
thases [49, 75, 76]. Synergistic inhibition with each analog in the presence of
inorganic diphosphate was demonstrated, suggesting ion-pairing of the diphos-
phate anion with various carbocationic intermediates generated in the course of
the reaction sequence.

The configuration and conformation of intermediates in the isomerization-
cyclization reaction can be determined by establishing the stereochemical al-
terations at C1 and C3 of the geranyl substrate and linalyl intermediate in the
course of the coupled transformation. Several bicyclic monoterpene synthases
were chosen for this purpose, since the hydrogens at C1 of the labeled precursor
can be unambiguously located by conversion of the product to a ketone followed
by stereoselective, base-catalyzed exchange, for example in the conversion
of (+)-bornyl diphosphate to (+)-camphor (Scheme 5) [43, 77]. Retention of
configuration at C1 in the isomerization and cyclization of 1R- and 1S-labeled
GPP was observed for each cyclase, consistent with the predicted syn-migration
of the diphosphate moiety from C1 to C3 followed by rotation about C2-C3
of the linalyl intermediate, and anti-C1-C6 cyclization (i.e., carbon-carbon
bond formation to the same face of C1 from which the diphosphate departed).
Retention of configuration at C1 of GPP is universally observed among the
monoterpene synthases [15], and additionally eliminates the cis-isomer neryl
diphosphate as a possible reaction intermediate. A consequence of the syn
diphosphate migration is that the 1proR- and lproS-hydrogens of GPP will
become the 1Z-hydrogen of (3R)-LPP and (3S)-LPP, respectively. This prediction
was confirmed in a set of experiments analogous to those described above but
utilizing (3R)- and (3S)-[1Z-*H]-LPP as substrates [50, 77, 78].

The ability of the monoterpene synthases to utilize LPP as an alternate sub-
strate allows ready determination of the stereochemistry at C3 resulting from
the isomerization component of the coupled reaction sequence. Thus, depletion
of the preferred enantiomer of racemic LPP can be monitored during the reac-
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tion, or the enantiomerically pure antipodes of LPP can be tested directly by
comparison of relative velocities, the K, values and any alteration of product
outcome. By this means, it was established that the preferential conversion of
(3R)- and (35)-LPP by a given cyclase to the stereochemically appropriate pro-
ducts was consistent with a syn isomerization-anti, endo-cyclization sequence
(Scheme 4). Although all monoterpene synthases examined to date appear to be
completely stereospecific in the transformation of GPP, and highly stereoselec-
tive in the utilization of LPP, most lack complete enantio-discrimination in
generating antipodal products from the unnatural LPP enantiomer [50, 77, 78].
In spite of the inefficient cyclization of the abnormal antipode, relative to the
preferred enantiomer of LPP, or to GPP, these reactions are largely in accord with
the proposed stereochemical model (Scheme 4). Nevertheless, an unusually high
proportion of aberrant products have been observed from these unnatural cy-
clizations which are consistent with the suggestion that diphosphate binding
and ionization occur before the proper anti,endo-positioning of the olefinic
chain, such that cyclization occurs from the extended (exo) conformation from
which the opposite configuration at C4 of the a-terpinyl cation results [15].
Thus, a preassociation mechanism has been proposed in which the binding and
ionization of the substrate diphosphate are slow enough to allow appropriate
positioning of the olefinic chain before the reaction is initiated.

3.2
Limonene Synthase

Interest in limonene synthase stems in part from the fact that (-)-limonene is
the common precursor of menthol and carvone, respectively, of the essential
oils of peppermint and spearmint species (Scheme 6) [79]. The cyclization
leading to limonene is the simplest of all terpenoid cyclizations and the reaction
has ample precedent in solvolytic model studies [58, 59, 80]. Thus, it is not
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surprising that limonene synthase has become an archetype for this class of
enzyme [18]. The overall stereochemistry of the cyclization to limonene
has been examined using 1R- and 1S-?H labeled GPP as substrates with the
(4S)-(-)-limonene synthase from spearmint and the (4R)-(+)-limonene syn-
thase from Citrus unshiu [81]. NMR analysis of the derived olefins to locate the
position of deuterium indicated a process involving syn-migration of the
diphosphate to the intermediate (3S)-LPP in the first instance and to (3R)-LPP
in the second, with anti,endo-cyclization in each case, to yield the respective
(4S)-(-)- and (4R)-(+)-antipodes of limonene [81]. Related experiments with
isotopically labeled GPP established that both the (+)- and (-)-limonene syn-
thases from Citrus and mint regiospecifically eliminate a proton from the same
methyl group of the (4R)- and (4S)-terpinyl cation intermediate (correspond-
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ing to the Z-methyl group of LPP) in the formation of the methylene group of
limonene [82,83]. These results confirmed the same conclusion derived by natu-
ral abundance deuterium NMR analysis of (+)-limonene from Citrus limonum
[84], and together indicate the same relative positioning, with respect to the sub-
strate diphosphate moiety, of the enzyme base involved in the terminating
deprotonation step of these antipodal reactions.

(45)-(-)-Limonene synthase was first purified from mint species [85] follow-
ing the preliminary isolation of the leaf oil glands as a highly enriched starting
material [86]. The enzyme has been thoroughly characterized and exhibits
properties typical of those of other terpenoid synthases from angiosperms
[25, 85]. The native enzyme is N-terminally blocked; however, internal microse-
quencing provided sufficient amino acid sequence information to permit an
oligonucleotide-based screen of a leaf library from which the corresponding
cDNA was isolated. The recombinant enzyme, heterologously expressed in E.
coli, and the native enzyme from both peppermint and spearmint produce the
same olefin mixture from GPP comprised of (4S)-(-)-limonene as the principal
product (95%), with roughly equal amounts of myrcene, (-)-a-pinene, and (-)-
pB-pinene (Scheme 7) [33]. The reaction mechanism can be rationalized by
postulating the direct deprotonation of an isopropyl methyl of the a-terpinyl
cation to yield limonene for most reaction cycles. Approximately 4% of the time,
internal addition of the a-terpinyl cation proceeds to the pinyl cation from
which two alternate deprotonations of equal probability generate (-)-a-pinene
and (-)-pB-pinene. Roughly 2% of the reaction cycles result in the failure
of either the geranyl or linalyl cation to proceed to cyclization, leading to
either one or both of these acyclic species suffering direct deprotonation to
myrcene.

cDNAs encoding (-)-limonene synthase have been subsequently isolated
from other plants. Comparison of deduced amino-acid sequence for the enzyme
from the closely related species Mentha candicans and Perilla frutescens [35]
shows greater than 98 % and 70 % identity, respectively, whereas the (-)-limonene
synthase from the phylogenetically-distant gymnosperm grand fir exhibits only
31% sequence identity at the amino acid level when compared to the enzyme
from spearmint [22]. Although the data set is still limited, angiosperm monoter-
pene synthases exhibit greater than 50% sequence identity among themselves
while within the gymnosperm synthases, even though of more ancient lineage,
even higher levels of sequence identity are found [21].

Consistent with the plastidial location of monoterpene biosynthesis [8],
immunocytochemical studies with limonene synthase confirmed the localization
of this enzyme to the leucoplasts of peppermint oil glands [87]. Plastid targeting
requires the translation of a preprotein bearing an N-terminal transit peptide
that directs the newly synthesized enzyme to the plastid for proteolytic proces-
sing to the mature form [88]. The limonene synthase cDNA encodes such a pre-
protein, with an N-terminal sequence that exhibits the typical properties of a
transit peptide (rich in serine and threonine (25-30%), rich in small hydropho-
bic amino acids with few acidic residues, and a propensity to form amphiphilic
helices [89, 90]). A precise cleavage site between the transit peptide and mature
protein is not obvious in the limonene synthase preprotein, and mass spectral
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analysis of the native enzyme, as well as plastid import studies [88],indicate that
proteolytic processing is imprecise and N-terminal modification is variable,
such that a family of enzymes of 65 * 0.8 kDa are produced.

A series of N-terminal truncations of limonene synthase focused on a tandem
pair of arginine residues (R58R59) that are conserved in all monoterpene syn-
thases, and revealed that truncation immediately upstream of this element
yielded a highly competent “pseudomature” form of the enzyme [91]. Trunca-
tion at or beyond the first arginine residue or substitution of the second arginine
residue yielded enzymes completely incapable of utilizing GPP. Interestingly,
these constructs (including a truncation at S89) yielded enzymes still capable of
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cyclizing (3S)-LPP with kinetics comparable to the unmodified form, suggesting
a critical role for the R58R59 pair in the ionization and isomerization of GPP
to (3S)-LPP [91]. The localization of the isomerization step toward the amino
terminus and the cyclization active site toward the carboxy terminus (see
below) may allow dissection of limonene synthase into separable isomerization
and cyclization components. The conservation of the arginine pair among the
monoterpene cyclases and the plant IPP isomerases is intriguing [92], since
only in the former instance is the migration of the diphosphate required as
a reaction step. The conservation of the first arginine of the motif in all
terpene synthases as well as in prenyltransferases, in which ionization but not
isomerization is required, suggests a role for this residue in the diphosphate
ester ionization step.

Substrate protection against inactivation by amino acid-specific modifying
reagents have implicated histidine [69], cysteine [25],and methionine [25,93] at
or near the active site of limonene synthase. Consistent with other angiosperm
monoterpene synthases, arginine-directed reagents inhibit limonene synthase
activity but the enzyme is not protected by substrate [70]. This interesting
observation implies that the N-terminal arginine pair of the monoterpene syn-
thases, that is required for the isomerization step, must remain exposed on
the surface of the active site during catalysis. While such substrate protection
studies have suggested a number of residues potentially involved in substrate
binding and catalysis, the cloning of (-)-limonene synthase permits sequence
alignment with related enzymes from which highly conserved residues can be
identified as targets for testing of function by site-directed mutagenesis.

The absolute conservation of a DDxxD motif among the terpene cyclases and
the distantly related prenyltransferases suggests a common role for this element
in binding the common prenyl diphosphate substrates. The prenyltransferases in
fact bear two such elements, domain I for binding the allylic diphosphate cosub-
strate and domain II for binding the homoallylic (isopentenyl) diphosphate sub-
strate [61, 94]. The crystal structures of avian FPP synthase bound to the allylic
substrates [61, 94], the sesquiterpene cyclase 5-epi-aristolochene synthase from
tobacco with bound farnesyl substrate analog [62], and a fungal sesquiterpene
synthase pentalenene synthase [63] all identify divalent metal ion bridges be-
tween the first and third aspartate carboxylates and the allylic substrate diphos-
phate, clearly implicating coordination of the metal ion chelated diphosphate
moiety and assistance in the critical ionization step of the reaction. Consistent
with this catalytic role, FPP synthase (yeast enzyme) is intolerant of alanine for
aspartate substitutions [95], and glutamate for aspartate replacements in rat FPP
synthase had little effect on Michaelis constants for the allylic and homoallylic
substrates but depressed k,, values were observed for substitutions at the second
and third aspartates of domain I (for allylic diphosphate binding) [94-96]. Gluta-
mate substitution at each position of the DDxxD motif in the fungal sesquiter-
pene cyclase, trichodiene synthase, yielded mutant enzymes only marginally
altered in kinetic constants; however, product distributions were modified, in-
cluding generation of a novel sesquiterpene [97-99]. Similar conservative sub-
stitutions in the DDxxD motif in a plant diterpene cyclase, casbene synthase,
also revealed minimal kinetic influence in the mutant enzymes [100].
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Since the role of substrate binding and ionization is different for the mono-
terpene synthases, because of the requisite migration of the diphosphate from
C1 to C3 in the isomerization of GPP to LPP, site-directed mutants of the con-
served aspartates of (45)-(-)-limonene synthase were examined. Each aspartate
of the DDxxD motif (residues 352-356) of the pseudomature form of the mint
(4S)-(-)-limonene synthase (R58 truncation) was changed to alanine and
glutamate, and the mutant enzymes were expressed in E. coli, purified and
evaluated for kinetic constants and product distribution. Four of the six mutants
generated (D352A,D352E, D353E, and D356A) were so severely compromised in
activity that neither K, nor k., could be measured. Thus, although it was clear
that these aspartate residues are important, their involvement in binding, cata-
lysis, product release, or indirect structural effects could not be determined.
While the K, value for GPP was unchanged for the D353A mutant, a k., value
some three orders of magnitude lower than the wild-type pseudomature enzyme
suggests a primary role in catalysis. Since the D353E mutant did not turnover
substrate detectably, it would appear that the lack of a carboxyl function at
position 353 (D353A) is of less significance than its misplacement (D353E).
Mutant synthase D356E also supported catalysis but at levels too low for adequate
kinetic determination. Nevertheless, a normal product distribution of olefins
indicates that, although catalysis was seriously impaired, substrate positioning at
the active site that directs product outcome, had not been influenced.

The nearly complete catalytic intolerance for glutamyl and alanyl substituti-
ons in the DDxxD motif of limonene synthase is novel and unlike the much less
pronounced effects of comparable substitutions in the sesquiterpene cyclase
trichodiene synthase [97, 98]. However, pre-steady state kinetic analysis of
trichodiene synthase [101] and several other sesquiterpene synthases [102] has
recently shown that product release is rate limiting in these cases, and thus can
mask the kinetic influence of the aspartate mutations on earlier steps in the cata-
lytic cycle. In the instance of monoterpene cyclase catalysis, product release is
not the slow step since comparison of k,, values with GPP and LPP as substrate
clearly reveals the initial ionization-isomerization to be rate limiting. Thus, per-
turbations that influence the first ionization step will be fully reflected in over-
all rate suppression for limonene synthase. This kinetic sensitivity at the initial
steps of the reaction cycle does not, however, explain the near complete intol-
erance of limonene synthase to aspartate substitution in the DDxxD motif and
it is thus tempting to speculate a more specific, but presently unidentified, in-
fluence on the requisite isomerization of GPP.

Evaluation of the aforementioned crystal structures [61-63,94], has revealed
that the second aspartate of the DDxxD motifs of these sesquiterpene synthases
and prenyltransferase (corresponding to D353 of (-)-limonene synthase) is
positioned such that the carboxylate is oriented away from the substrate diphos-
phate and may form a salt bridge with a spatially adjacent, conserved arginine.
This arginine corresponds to R315 in limonene synthase, and is the first of a highly
conserved RxR element found about 35 amino acids upstream of the DDxxD
motif of most terpene cyclases. Together, the aspartate and arginine pair are
thought to assist in directing the diphosphate anion away from the reacting car-
bocation formed upon ionization [61 -63]. It seems plausible that the monoter-
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pene synthases utilize the aspartate-arginine pair in the secondary ionization of
LPP to promote cyclization, whereas the initial ionization and isomerization of
GPP involve the amino terminal tandem arginine pair.

4
Sesquiterpene Synthases

The diversity of cyclic sesquiterpene skeletal types is greater than the monoter-
pene types due to the presence in FPP of a third double bond and the longer,
more flexible chain. The cyclizations of FPP (Scheme 8) may occur from the
distal double bond to generate either the ten- (E,E-germacradienyl cation) or
eleven- (trans-humulyl cation) membered ring but topological constraints
prevent cyclization from the central double bond without prior isomerization
of FPP to cisoid nerolidyl diphosphate (NPP), thereby permitting the forma-
tion of the six- (bisabolyl cation) or seven- (cycloheptanyl cation), as well as
ten- (Z,E-germacradienyl cation) and eleven- (cis-humulyl cation) membered
rings [16]. cDNAs encoding sesquiterpene cyclases that catalyze both the direct
cyclization of FPP and the coupled isomerization-cyclization have been
obtained (Scheme 9). It is apparent from the skeletal diversity of this class
that further cyclizations, hydride shifts, methyl migrations, and/or Wagner-
Meerwein rearrangements may occur following the generation of the initial
cyclic carbocation, and prior to termination of the reaction by deprotonation
or nucleophile capture. Comparison of the deduced amino-acid sequences of
the cloned plant sesquiterpene cyclases indicates significant conservation
among them, with the highest levels of homology based upon taxonomic
relationships rather than mechanistic considerations [21]. Consistent with the
cytosolic localization of sesquiterpene biosynthesis, none of these sesquiterpene
cyclases are encoded with a transit peptide. While the majority of sesquiterpene
synthases generate multiple products, presumably as a consequence of the
premature quenching of the highly unstable carbocationic intermediates
comprising the reaction cascade, several of these enzymes display considerable
fidelity in generating one principal product. Enzyme structural differences
leading to multiproduct formation, or to a single product, are considered
below.

In general properties, the sesquiterpene cyclases prefer Mg?** to Mn2* as co-
factor, with Mn?* being inhibitory at higher concentrations [103-109]; they
exhibit no K* requirement regardless of taxonomic origin, in contrast to this
distinction between the gymnosperm and angiosperm monoterpene cyclases.
Contrary to the monoterpene synthases, few studies with amino acid-directed
reagents have been carried out with the sesquiterpene synthases; however, early
work with humulene synthase from Salvia officianalis [107] identified the
presence of substrate-protectable histidine and cysteine residues, and essential
(but not protectable) arginine residues, reminiscent of the results with angio-
sperm monoterpene cyclases.

A refined model for sesquiterpene synthase catalysis [16, 19, 110] proposes
ionization of the diphosphate and, where necessary, syn migration of the
diphosphate to C3 allowing C2-C3 bond rotation and reionization of the tran-
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sient NPP intermediate thus formed, followed by an anti intramolecular attack
of the central or distal double bond on C1 to generate the first cyclic carbocation
which may react further. As with the monoterpene synthases, the stereochemical
alteration at C1 of the substrate can be used to determine whether the reaction
proceeds via direct cyclization of FPP (resulting in inversion of configuration)
or via the intermediacy of NPP (resulting in retention of configuration). Several
microbial sesquiterpene cyclization reactions that were predicted to proceed via
the bisabolyl cation were shown to occur with retention of configuration at C1
of FPP [111-113], whereas cyclizations thought to proceed via the E,E-germac-
radienyl cation and humulyl cation were shown to occur with inversion of con-
figuration at C1 of the substrate [114-116]. These results are entirely consistent
with the proposed model for sesquiterpene cyclization.

Although the primary structures of the microbial sesquiterpene cyclases
share little with their plant counterparts, similar tertiary structures, common
electrophilic reaction mechanisms, and conservation of the DDxxD substrate
binding motif make it instructive to describe trichodiene synthase from
Fusarium sporotrichioides, about which considerable information is available.
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The recombinant enzyme has been functionally expressed to greatly facilitate
the understanding of structure-function relationships. This cyclase catalyzes
initial syn isomerization of FPP to NPP, with rotation about the C2-C3 bond and
anti-allylic attack leading to C6-C1 bond closure to generate the bisabolyl ca-
tion. This sequence is followed by C11-C7 closure, a 1,4-hydride shift, two suc-
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cessive 1,2-methyl migrations, and a final deprotonation step (Scheme 10, solid
arrows) [19].

The role of the DDxxD element of trichodiene synthase in coordinating the
divalent cation and in positioning the substrate via the diphosphate moiety was
examined for a series of aspartate to glutamate substitutions. Each of these
replacements corrupted this normally single product cyclase into a multipro-
duct enzyme which additionally generated (-)-Z-a-bisabolene, B-bisabolene,
E-p-farnesene, cuprenene, and isochamigrene (Scheme 10, dashed arrows) [98].
The aberrant products generated by these site-directed mutants can be formed
by alternate deprotonations of normal cationic intermediates of the reaction
cascade with the exception of isochamigrene, which requires a ring expansion
via a Wagner-Meerwein rearrangement prior to the terminating deprotonation
[98]. These results suggest that changes in the binding orientation of the
substrate diphosphate moiety affect positioning of the olefinic chain and can
thereby alter product outcome.

The participation of arginine residues in the ionization of the substrate
diphosphate ester is likely for both plant and fungal terpene cyclases, and muta-
genesis of a conserved DRRYR motif (residues 302-306 in trichodiene synthase)
identified critical functions for R304 and Y305 in maintaining product fidelity of
this enzyme [117]. Again, multiproduct formation via alternate deprotonations
of cationic intermediates suggested a role for these residues in positioning the
diphosphate moiety [117] and further implicated the importance of substrate
orientation in determining product disposition.

The role of cyclase structural elements in defining product outcome was
examined using chimeras formed from two plant sesquiterpene cyclases, 5-epi-
aristolochene synthase from tobacco (Nt-EAS) and vetispiradiene synthase
from Hyoscyamus muticus (Hm-VS) [118]. These phylogenetically-related cy-
clases catalyze several common reaction steps leading to their respective prod-
ucts (Scheme 11), including the transient formation of enzyme-bound germac-
rene A via deprotonation of the E,E-germacradienyl cation, reprotonation at C6
of germacrene A, C2-C7 closure, and a 1,2-hydride shift. The resulting eudesmyl
cation formed by this shared reaction sequence may undergo a 1,2-methyl
migration or a Wagner-Meerwein rearrangement leading to 5-epi-aristolochene
or vetispiradiene, respectively. Three critical regions were identified from
domain-swapping experiments, a Nt-EAS-specific domain (residues 261-379),
an Hm-V§-specific domain (residues 379 -442), and a ratio-determining domain
(residues 342-379) which clearly established that product specificity is deter-
mined by the carboxyl terminal region of the protein [118]. A comparison of the
active site cavity of Nt-EAS, deduced from the crystal structure, with a model of
the Hm-VS active site identified highly conserved residues lining the substrate
binding cavity. The domain swapping experiments therefore led to the hypo-
thesis that product specificity is determined by the layers surrounding the active
site rather than by the highly conserved residues which line the active site itself
[62], an intriguing hypothesis which has not yet been validated with other
terpenoid synthases.
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4.1
I'-Humulene Synthase and 6-Selinene Synthase

A similarity-based PCR cloning approach [119] led to the isolation and identifi-
cation of two cDNA clones from grand fir encoding 6-selinene synthase and
y-humulene synthase [120]. Heterologous overexpression of these cDNA clones
produced catalytically active enzymes capable of generating an extraordinary
array of olefins from FPP, the product compositions of which are consistent with
the mixture of sesquiterpenes found in grand fir primary oleoresin [120]. The
deduced amino acid sequences of these two cyclases are 65% identical and 85%
similar yet each makes a complex mixture of mostly unique products, prob-
ably resulting from subtle differences in substrate binding orientations. The re-
combinant proteins possess properties typical of other sesquiterpene cyclases,
although y-humulene synthase has an exceptional divalent cation requirement
in showing no apparent preference for Mg?* or Mn?*.

6-Selinene synthase and y-humulene synthase generate 34 and 52 sesquiter-
pene olefin products, respectively, with roughly half of these of unidentified
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structures corresponding to less than 20% (J-selinene synthase) and less than
5% (y-humulene synthase) of the total mixture [120]. Mechanistic schemes
to rationalize multiple product formation by each enzyme were formulated
(Schemes 12 and 13; these schemes also indicate relative product abundances)
[120], yet it is important to emphasize that each turnover cycle results in a single
product. For é-selinene synthase, greater than 90% of the products are derived
by ionization and cyclization of FPP to yield the E,E-germacradienyl cation,
while for y-humulene synthase, all of the products can be rationalized as arising
via ionization and isomerization of FPP to NPP followed by cyclization, most
often to the cis-humulyl or Z,E-germacradienyl cations.

Alternate deprotonations of the E,E-germacradienyl cation by &-selinene
synthase (Scheme 12), prior to or following a 1,3-hydride shift, generate ger-
macrene A, E,E-germacrene B, or germacrenes C and D, respectively, and each of
these olefins can be released as products or further protonated leading to bicy-
clic skeletons. Protonations at C6 followed by C2-C7 closure lead to a-selinene
(from germacrene A), selina-3,7(11)-diene (from E,E-germacrene B), siberene
(from germacrene D), and the principal product é-selinene (from germacrene C).
Protonations at C3 promote C6-C2 closure leading to guaia-6,9-diene (from ger-
macrene C) or, following a 1,2-hydride shift, to a-guaiene (from germacrene A).
Protonation of germacrene D at C15 promotes C6-Cl closure to generate the
cadinyl cation which may undergo alternate deprotonations to yield the diaste-
reomers, a-amorphene and a-cadinene, or §-amorphene and d-cadinene, or,
following C2-C7 closure from the si or re face of C2, a-ylangene and a-copaene,
respectively. Generation of the humulyl cation leads to a-humulene or, after C2-
C10 closure, B-caryophyllene. The only products of -selinene synthase that
require preliminary isomerization to NPP are Z,E-germacrene B and f-bisabo-
lene which result from deprotonation of the Z,E-germacradienyl cation and bis-
abolyl cation, respectively.

The primary product of y-humulene synthase (Scheme 13) results from C11-
CI closure of ionized NPP, followed by a 1,3-hydride shift and deprotonation.
C6-C1 closure of the humulyl CI cation generates the himachalyl cation, with
alternate deprotonations affording a-, -, and y-himachalene. Further cyclizati-
ons of the himachalyl cation result in tricyclic olefin formation; C3-C7 closure
and a Wagner-Meerwein rearrangement lead to longifolene and longicyclene,
whereas C2-C7 closure leads to a- and fB-longipinene. Deprotonation of the Z,E-
germacradienyl cation yields Z,E-germacrene B or, following a 1,3-hydride shift
and alternate deprotonations, germacrene D or bicyclogermacrene. Each of these
enzyme-bound olefinic intermediates is protonated at C6, followed by either
C2-C7 closure leading to siberene (from germacrene D) or, after a 1,2-hydride
shift and 1,2-methyl migration, to S-gurjunene (from bicyclogermacrene).
Generation of a- and d-amorphene via C15 protonation of germacrene D is the
same as for 6-selinene synthase, although the intermediacy of this olefin is not
obligate as C6-Cl1 closure of the secondary germacradienyl cation also affords
the cadinyl cation. C2-C7 closure from the si or re faces of C2 of the cadinyl cation
leads to the tricyclic diastereomers a- and f-ylangene or a- and f-copaene,
respectively. C3-C7 closure of the cadinyl cation may be followed by a Wagner-
Meerwein rearrangement leading to sativene, or the reaction may be terminated
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by deprotonation-mediated cyclopropyl ring closure to generate the tetracyclic
olefin cyclosativene. Alternately, the cadinyl cation may undergo a 1,2-hydride
shift, followed by C2-C6 closure, and alternate deprotonations to yield a- and
pB-cubebene. The structurally simplest olefin products are generated by alternate
deprotonations of the bisabolyl cation (formed by C6-C1 closure of NPP) that
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yield E-a-bisabolene, B-bisabolene and y-bisabolene; direct deprotonation of
the nerolidyl cation results in E-B-farnesene.

The tandem pair of arginine residues which serve in the isomerization of GPP
to LPP catalyzed by monoterpene cyclases is not entirely conserved among the
sesquiterpene synthases which employ a similar isomerization of FPP to NPP
prior to cyclization. Formation of many of the products of y-humulene synthase
requires the isomerization step, and the lack of this element indicates an alter-
nate mechanism for the isomerization. E-a-Bisabolene synthase from grand fir
must also catalyze the preliminary isomerization of FPP to NPP,and this enzyme
possesses an appropriately placed tandem arginine motif, as does J-selinene
synthase which cyclizes FPP directly with no intervening isomerization.
Notably, many of the recombinant sesquiterpene cyclases thus far characterized
(including y-humulene synthase and J-selinene synthase) are capable of con-
verting GPP to a cyclic olefin, most commonly limonene [120-123]. This obser-
vation suggests that some sesquiterpene synthases may utilize the same mech-
anism for isomerization as the monoterpene synthases (involving the tandem
arginines) while others have evolved a different, presently uncharacterized,
mechanism for the isomerization step.

Deprotonation of the bisabolyl cation by 6-selinene synthase yields S-bisabo-
lene, whereas for y-humulene synthase alternate deprotonations of this cation
lead to -, y-, and E-a-bisabolene. The latter enzyme may possess additional
bases capable of catalyzing the alternate deprotonations or it may allow greater
flexibility in the orientation of the intermediate at the active site. An inducible
E-a-bisabolene synthase from grand fir generates the product in excess of 99 %
purity [123], suggesting an active site, unlike those of -selinene synthase and
y-humulene synthase, that enforces conformational rigidity on the substrate
and reacting intermediates to direct high fidelity.

Besides the highly conserved DDxxD element found in all terpene cyclases and
prenyltransferases, the notable presence of additional DDxxD motifs in 6-selinene
synthase (residues 359-363 and 475-479) and in y-humulene synthase (residues
487 -491) may provide a rationale for multiple product formation in these cyclases
resulting from diphosphate binding at these alternate sites. The binding of the
diphosphate to (or between) different DDxxD elements would change the orien-
tation of the olefinic chain within the active site, giving rise to alternate routes for
product formation and providing a means for generating multiple products.

Consistent with the participation of arginine residues in diphosphate orien-
tation and ionization by monoterpene and sesquiterpene synthases [91, 117] is
the substitution of a highly conserved RxR motif by RxC in y-humulene synthase
(residues 306-308). Perhaps this substitution in y-humulene synthase perturbs
diphosphate binding in much the same way as was suggested for the central argi-
nine mutation in the DRRYR motif of trichodiene synthase which resulted in
multiproduct formation [117].

In accord with the high level of sequence similarity between §-selinene syn-
thase and y-humulene synthase, all carbocation deprotonations result by ab-
straction from a limited number of common carbon atoms (Scheme 12 and 13).
It is likely that a single active site base can mediate deprotonations from spatially
adjacent carbon atoms of these carbocationic intermediates. In the case of
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O-selinene synthase and y-humulene synthase, this would require three such
bases, each positioned to abstract a proton from the C2, C4 and C15 atoms, the
C6, C8 and C14 atoms, or the C9, C10, C11 and C13 atoms (numbering based
upon the FPP skeleton).

Alternate protonations of neutral intermediates is another mechanism util-
ized by these cyclases for the generation of multiple products, and is most
notable in the germacrene protonations catalyzed by d-selinene synthase. The
structural basis for protonation of a germacrene intermediate was recently pro-
posed based on the Nt-EAS crystal structure [62], and consists of a protonation
triad composed of two aspartates and a tyrosine (D444, D525, and Y520 in
Nt-EAS) which facilitate the protonation at C6 of germacrene A leading to
5-epi-aristolochene (Scheme 11). This mechanism involves the removal of the
hydroxyl proton from Y520 by the D444 carboxylate, thereby promoting a Y520-
mediated proton abstraction from D525. This positions Y520 in such a manner
as to facilitate protonation of germacrene A at C6, after which Y520 is reproto-
nated by D444. The relevance of this protonation triad for other sesquiterpene
cyclases was noted in the case of germacrene C synthase from Lycopersicon escu-
lentum [122]. This enzyme accumulates germacrene C, which is considered to be
the result of the replacement of a triad aspartate with an asparagine (at a posi-
tion corresponding to D444 of Nt-EAS). Conservation of this triad among other
sesquiterpene cyclases, including Hm-VS, which like Nt-EAS requires a C6 pro-
tonation of germacrene A (Scheme 11), and the cotton 6-cadinene synthases,
which may protonate germacrene D at C15, is consistent with the role of this
motif. The conspicuous absence of the triad from enzymes which do not under-
go intermediate protonations, such as S-farnesene synthase and E-a-bisabolene
synthase, as well as in germacrene C synthase, further supports the role of this
protonation triad in sesquiterpene biosynthesis. Thus, it is clear that 6-selinene
synthase and y-humulene synthase contain several structural features which
promote multiple substrate binding orientations, and provide the means to cata-
lyze alternate deprotonations of carbocationic intermediates and alternate pro-
tonations of neutral intermediates that lead to multiproduct formation.

5
Diterpene Synthases

Analogous to the electrophilic reactions catalyzed by the monoterpene and
sesquiterpene cyclases, cyclization of GGPP by the diterpene cyclases can be
initiated by ionization of the diphosphate ester followed by hydride shifts,
methyl migrations, Wagner-Meerwein rearrangements and further cyclizations
of the resulting carbocation, as well as internal deprotonations and reprotona-
tions. However, diterpene cyclases may also cyclize GGPP by a protonation-
initiated mechanism which is sometimes coupled to a second cyclization via
ionization of the diphosphate. Diterpenes fall into three cyclic structural classes:
bicyclic, polycyclic, and macrocyclic [17] and cDNAs encoding each of these
types of diterpene cyclases have been isolated (Scheme 14), including represen-
tatives which initiate cyclization by ionization or protonation, or which couple
the two reaction mechanisms.
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Casbene synthase is a typical ionization-dependent type cyclase, the olefin
product of which functions as an antimicrobial agent in castor bean (Ricinus
communis) [124]. Purification of this cyclase [125] led to the isolation and
sequencing of a full-length cDNA species [126] and a comparison with other ter-
pene cyclases identified a typical N-terminal plastidial transit peptide, several
conserved histidine, cysteine, and arginine residues, as well as the requisite
DDxxD motif. Functional overexpression [127] and site-directed mutagenesis of
several histidines, a cysteine, and residues of the DDxxD motif have been carried
out with the casbene synthase preprotein [100]. Glutamyl replacements of the
first and second aspartates of the DDxxD element showed a modest increase in
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K., for GGPP, and a decrease in k_,, in the mutant synthases, while replacement
of the third aspartate had no effect on kinetic parameters of this mutant enzyme.
Glutamine replacements of three highly conserved histidines, as well as trypto-
phan substitutions for a conserved cysteine, had no effect on catalysis or apparent
substrate binding in the corresponding mutant enzymes. Although histidines
and cysteines have been implicated in terpene cyclase catalysis, the positions of
these target residues (relative to the crystal structure of Nt-EAS) indicate that
they are not likely at the active site, consistent with the observed results. The
effect of these alterations on turnover number of the mutant enzymes may be
masked, however, if product release is the rate-limiting step in catalysis, as for
several sesquiterpene cyclases and a prenyltransferase (see above).

Taxadiene synthase from Taxus brevifolia catalyzes the committed step in the
production of the potent anticancer drug paclitaxel (Taxol) [128]. This cyclase
exhibits typical properties, including a preference for Mg**as the required cation,
an alkaline pH optimum, no monovalent cation requirement, and one or more
essential histidines, cysteines, and arginines as determined by inhibition studies
[129]. Of these essential residues, substrate protected against inactivation only by
cysteine-directed reagents. The cDNA for this cyclase was obtained using a sim-
ilarity-based PCR cloning approach [130], and the deduced sequence encodes a
typical plastidial transit peptide. Comparisons with other terpene cyclases iden-
tified highly conserved histidines, cysteines and arginines, as well as the expected
DDxxD motif. A related DSYDD sequence is positioned about 100 amino acids
amino terminal to the DDxxD motif; the possible role of this element is uncer-
tain.

The mechanism of taxadiene synthase has been delineated (Scheme 15)
[131],and involves initial ionization of the GGPP and C14-Cl1 closure to generate
a 14-membered macrocyclic cation with charge residing at C15, from which ring
A originates by C10-C15 closure leading to the enzyme-bound intermediate
(1S)-verticillene formed transiently upon deprotonation. Internal reprotonation
at C7 (C6 of GGPP) and C3-C8 closure (C2-C7 of GGPP) leads to formation of
rings B and C, with a final deprotonation to release taxa-4(5),11(12)-diene as the

14,1 10,15

closure closure
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Scheme 15
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product. The proton transfer from C11 to C7 (taxane numbering) was confirmed
to be intramolecular based upon deuterium labeling studies [131].

The gibberellin family of compounds, derived from the olefin (-)-kaurene,
have been identified in some fungi, and all plants where they function as phyto-
hormones. In plants, (-)-kaurene is formed by two diterpene cyclases working
in sequence, copalyl diphosphate synthase (ent-kaurene synthase A or (-)-CPP
synthase) and ent-kaurene synthase (ent-kaurene synthase B or (-)-KS).
(-)-CPP synthase catalyzes the protonation-initiated cyclization of GGPP to
(-)-CPP,while (-)-KS cyclizes (-)-CPP into (-)-kaurene via an ionization-initiated
mechanism (see Scheme 18).

Several highly conserved plant cDNAs [132-134], and one poorly conserved
fungal cDNA [135], encoding (-)-CPP synthases have been isolated. None of
these sequences contains the DDxxD motif, consistent with the fact that these
synthases initiate cyclization by protonation of the terminal double bond of
GGPP rather than by ionization which depends upon binding and reaction of
the diphosphate ester. A related aspartate-rich motif, DxXDDTA(V/M), is con-
served in these cyclases, as well as in some triterpene cyclases [136], and is
of significance because these triterpene cyclases also catalyze protonation-
initiated cyclizations of squalene (Scheme 16) and 2,3-oxidosqualene (Scheme
17) to form polycyclic products. Mechanism-based inhibition of triterpene
cyclases [137, 138] and site-directed mutagenesis of this aspartate-rich motif
[139] identified a critical function for the aspartates, with a suggested role in
the stabilization of carbocation intermediates of the reaction sequence
[137,140].

cDNAs encoding (-)-KS have been isolated from two plant sources [141, 142];
as expected, both have the requisite DDxxD element required for ionization of
(-)-CPP, and they lack the DxDDTA(M/V) motif found in cyclases dependent
upon the protonation-initiated reaction. Recently, a cDNA encoding a bifunc-
tional (-)-KS was obtained from the fungus Pheosphaeria sp. L487 [143]. This
single protein catalyzes the two-step conversion of GGPP to (-)-CPP and of
(-)-CPP to (-)-kaurene; a transformation that requires two distinct enzymes in
higher plants (See scheme 18B). No significant sequence similarity is apparent
between this bifunctional (-)-kaurene synthase and any other terpene cyclase,
with the exception of the only other fungal diterpene cyclase thus far isolated,
(-)-CPP synthase [135]. However, both DxDDTA(V/M) and DDxxD motifs are
conserved, consistent with the cyclizations by both mechanisms catalyzed by
this bifunctional enzyme.

squalene

Scheme 16
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2,3-oxidosqualene

Scheme 17 lanosterol

5.1
Abietadiene Synthase

Abietic acid, a common component of conifer rosin, is formed from (-)-abieta-
7(8),13(14)-diene ((-)-abietadiene) (Scheme 18 A) [144]. The cyclization of GGPP
to abietadiene requires several discrete steps and enzyme-bound intermediates,
yet is catalyzed by a single protein, abietadiene synthase. The mechanism of
this enzyme involves protonation-induced cyclization of GGPP to enzyme-
bound (+)-CPP, followed by typical ionization of (+)-CPP and cyclization to the
transient olefin intermediate, pimaradiene, which undergoes reprotonation at
the vinyl substituent, methyl migration and deprotonation to (-)-abietadiene
[145]. Similarly, the route to (-)-kaurene involves protonation-initiated cycliza-
tion of GGPP to yield (-)-CPP, followed by ionization-initiated cyclization
of (-)-CPP to a pimarenyl cation, methyl migration and deprotonation to
(-)-kaurene (Scheme 18B) [20].

Characterization of the constitutive and wound-inducible abietadiene syn-
thase from Pinus contorta (lodgepole pine) and Abies grandis (grand fir), respec-
tively, showed a pH optimum of 7.8, a preference for Mg?* over Mn?* and Fe?* as
the required metal ion, and no monovalent cation requirement [145]. Studies
with alternate substrates demonstrated that (+)-CPP was efficiently cyclized
whereas (-)-CPP was ineffectual [146]. The pimaradiene intermediate, when
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tested as a substrate, was inactive, suggesting that substantial conformational
change must occur at the active site during the reaction which prohibits entry of
this exogenous transient intermediate. Active-site modifications of abietadiene
synthase identified essential histidine and cysteine residues but only cysteine
inactivation was prevented by the substrate, consistent with the results of similar
studies on gymnosperm monoterpene cyclases [145].

The abietadiene synthase from fir was purified and internal amino-acid
sequence information was employed to isolate the corresponding clone from a
wound-induced stem cDNA library [147]. The cDNA encodes an 868 residue
protein (99,536 Da) bearing a plastidial transit peptide and exhibiting the great-
est sequence similarity to the only other known gymnosperm diterpene
cyclase, taxadiene synthase from Taxus brevifolia [130]. Preliminary studies
have identified a highly active truncation starting at V85 which approximates
the preprotein-mature protein junction.

As with many other terpene cyclases, abietadiene synthase has an appro-
priately placed DDxxD motif (for diphosphate binding) as well as the DxDDTA
(M/V) motif identified in the CPP synthases and in some triterpene synthases.
Because both of the latter two enzyme types initiate cyclization via protonation,
it has been suggested that the DXDDTA(M/V) motif of abietadiene synthase
may function directly in the protonation-initiated cyclization of GGPP or in-
directly in cation stabilization during the coupled cyclizations of GGPP and
of (+)-CPP en route to (-)-abietadiene [147]. The proposed mechanism of
abietadiene synthase [145] (Scheme 19) involves initial protonation of GGPP at
C14 which promotes attack by the C10-C11 double bond on the cationic center
at C15 and results in the formation of the A ring with cationic center at C11
(GGPP numbering). A similar attack of the C6-C7 double bond at C11 results in
the formation of the B ring intermediate (with carbocation center at C7) which,
following deprotonation, yields (+)-CPP. Subsequent ionization of (+)-CPP leads
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to C17-C13 closure (note the (+)-CPP numbering) to generate ring C. This is
followed by an intramolecular proton shift from C17 to C15 to generate the
pimaradienyl intermediate, from which a 1,2-methyl migration and deprotona-
tion provides (-)-abieta-7(8),13(14)-diene. Recent evidence suggests that
(-)-abieta-8(14),13(15)-diene and (-)-abieta-8(14),12(13)-diene may also be
generated by this cyclase via alternate deprotonations of the terminal abietane
carbocation (Scheme 19). Studies on the closure to the C ring with concomitant
rearrangement of the resulting pimaradienyl cation intermediate have utilized
[19-2H]-GGPP and E-[17-*H]-CPP (deuterated at equivalent positions) to un-
ambiguously demonstrate, by NMR analysis of the product, the intramolecular
transfer of the deuterium from C19 of GGPP and from C17 of CPP to the iso-
propyl pro-S methyl (C16) of abietadiene (Scheme 19) [146]. It should be recalled
that taxadiene synthase employs a similar intramolecular proton shift, via the



Cyclization Enzymes in the Biosynthesis of Monoterpenes, Sesquiterpenes, and Diterpenes 89

transient (1S)-verticillene intermediate, in the formation of the terminal olefin
(compare Scheme 15 with Scheme 19) [131].

6
Tertiary Structure of 5-epi-Aristolochene Synthase and Prediction
of Structure/Function Relationships

Because of the striking similarities in properties, mechanisms and primary
structures between the plant monoterpene, sesquiterpene, and diterpene syn-
thases [21], the recent crystallization and X-ray diffraction analysis of 5-epi-
aristolochene synthase (Nt-EAS) [62] is of central importance in providing the
first three-dimensional model with which fundamental and common structural
themes may be proposed. This model provides a convenient starting point for
discussing general structure/function relationships of all terpene cyclases.

The Nt-EAS structure consists of 22 alpha helices with connecting loops; only
the N-terminal region (residues 1-36) is unstructured. The structure can be
divided into two domains, an N-terminal domain consisting of 8 short helices
and connecting loops (residues 1-220) and a catalytic C-terminal domain con-
sisting of 14 helices (residues 231-548). Searches of the sequence databases
using the N-terminal domain do not find significant similarity with any other
type of protein; however, the tertiary structure of this domain, consisting of a
twisted a-barrel, shares similarity with two glycosyl hydrolases [62] and a
domain of squalene-hopene cyclase and a protein-farnesyl transferase [148].
The significance of this resemblance is not known. In Nt-EAS, this domain
makes contact with the active-site domain via a single hydrogen bond and has
no apparent catalytic function. Whether this domain performs a structural role,
is involved in protein-protein interactions, or provides a regulatory function is
uncertain; however, its sheer size and level of conservation suggest that it is
important.

The catalytic domain of Nt-EAS comprises a two-layered barrel of alpha heli-
ces with a deep hydrophobic active site cavity into which binds the olefinic
moiety of the farnesyl diphosphate substrate. At the opening to the active site
reside two Mg?*-coordination sites defined by D301 and D305 of the DDxxD
motif and two arginines, R441 and R264 (Nt-EAS numbering). This region of
concentrated positive charge, localized at the opening of the active site, likely
provides electrostatic interaction to facilitate binding of the diphosphate
moiety. Upon substrate binding, closure of the active site by inward movement
of the J/K loop (residues 521-534) is proposed to initiate the movement of the
A/C loop (residues 255-265) and thereby promote ionization of FPP via inter-
action with R264. Hydrogen bonding of R266 to S21 of the N-terminal unstruc-
tured segment promotes extensive ordering of this region and may be critical in
helping to close the active site upon substrate binding. Simultaneous with sub-
strate binding is the coordination of a third Mg?* ion with E402 and D444 to pro-
vide further positive charge in this region to promote ionization and to further
direct the diphosphate moiety away from the newly formed carbocation, thereby
preventing premature quenching of the reaction. Upon C10-C1 ring closure in
the farnesyl substrate, the pi bonds of Y527 are positioned to stabilize the newly
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formed Cl1 carbocation, thus permitting an intramolecular proton transfer
from C12 to C6. This transfer is assisted by a D444-Y520-D525 deprotonation/
reprotonation triad in which D525 abstracts a C12 proton and D444 removes
the hydroxyl proton from Y520, which allows Y520 to accept the D525 proton
and insert it at C6. C2-C7 closure, followed by a 1,2-hydride shift, a 1,2-methyl
migration, and a final deprotonation, involving a catalytic tryptophan (W273),
complete the reaction.

Alignment of Nt-EAS with the gymnosperm and angiosperm (-)-limonene
synthases, 6-selinene and y-humulene synthases, and (-)-abietadiene synthase
are shown in Fig. 2, in which important comparative features are highlighted.
Based on the Nt-EAS model and the placement of identical amino acid resi-
dues, the conservation of the highly charged active site opening, including the
DDxxD element and the two arginines positioned roughly thirty-five residues
N-terminal to the aspartate rich motif, suggests that these residues play the same
role in other synthases as they do in Nt-EAS, namely assistance in binding the
diphosphate moiety of the substrate to promote ionization.

Positioned directly over the Nt-EAS active site opening is the unstructured
amino terminal segment, which in the monoterpene cyclases contains the tan-
dem arginines involved in the isomerization step required by this class of
enzyme. The gymnosperm and angiosperm limonene synthases differ in the
type (and position) of active site bases relative to Nt-EAS; the gymnosperm type
contains at least one arginine (R531 and/or R492 in the Abies grandis enzyme)
and the angiosperm type contains at least one histidine (H579 in the Mentha
spicata enzyme).

As noted, the multiproduct sesquiterpene cyclases each have additional
DDxxD motifs and, based upon the alignments with Nt-EAS (Fig. 2), one of the
additional motifs, located at residues 475-479 of &-selinene synthase and
487-491 of y-humulene synthase, aligns with a region involved in Mg?* binding
within the active site cavity of Nt-EAS, suggesting that this motif may provide
productive diphosphate binding. Binding of FPP at the common, highly conserved
DDxxD element or the additional DDxxD motif will lead to at least two alternate
orientations of the olefinic substrate chain, and thus contribute to multiple pro-
duct formation by these grand fir cyclases.

Abietadiene synthase has at least one essential, substrate-protectable cysteine,
and C606, C658, C785 and C862 are likely candidates based on the alignment
with Nt-EAS. However, the DIDDTAM motif, predicted to play a role in protona-
tion-initiated cyclization, is located outside the putative active site based on the
alignment (Fig. 2). This suggests that the DIDDTAM motif is not involved in
catalysis or, more likely, that the active site of abietadiene synthase is signifi-
cantly different from Nt-EAS.
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7
Perspectives

Over thirty plant terpene synthases have been cloned to date and provide valuable
primary sequence data from which conserved structural features may serve as
guides for probing functional relationships using site-directed mutagenesis.
These cyclases have been classified into six phylogenetic categories based on per-
cent identity, and are grouped according to the designations tpsa through tpsg
[21]. Heterologous overexpression of cloned cDNAs provides the opportunity to
examine structure-function relationships in greater detail via manipulation of
primary structure (i.e. random or site-directed mutagenesis, truncations, dele-
tions, domain-swapping, etc.). Most critically, high level expression and purifica-
tion of terpene cyclases from the various classes will lead to solution of crystal
structures and allow detailed insight into terpene cyclase chemistry.
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Introduction

Tryptophan constitutes a key primary metabolite from which countless secon-
dary metabolic indole alkaloids and related nitrogenous substances are biosyn-
thesized. Nature has created a particularly fascinating array of structurally
diverse and interesting natural alkaloids through sequestering and adorning the
basic tryptophan core with isoprenic building blocks. The rich nucleophilic
chemistry of the indole ring, wherein all positions of this heterocyclic nucleus
are susceptible to electrophilic attack, has been extensively exploited by Nature
to craft a bewildering array of structurally intriguing natural substances through
the use of the basic isoprene building blocks coupled with some seemingly
simple oxidative “finishing” work on the prenylated substrates. This article will
review the biosynthesis of several members of this large family of natural pro-
ducts. In many instances, there exists little or no experimental data upon which
the retro-biosynthetic analyses have been based. As is the case for the biosyn-
thesis of secondary metabolites in general, where very few biosynthetic path-
ways have been elucidated in detail, many of the studies presented below can
only sketch a fairly vague picture of what is likely to be going on inside the cell
producing these substances. Future work will certainly clarify and realign many
of the pathways outlined below. It is hoped that this overview will form the basis
upon which researchers interested in this field, may gain insight and inspiration
from others attempting to unravel Nature’s closely guarded chemical synthesis
secrets. Many of the structures covered in this review have also inspired signifi-
cant synthetic work which will not be reviewed or cited here.

At the end of the article a brief overview of the biosynthesis of tryptophan it-
self, as well as the currently known pathways to produce the C; isoprenoids, is
described. The purpose of this is to give a working pictorial reference source
for the primary metabolites as this bears so frequently on the labeling and
incorporation studies used to determine the secondary metabolic pathways.

2
Isoprenylated Bicyclo [2.2.2] Alkaloids

A number of structurally interesting natural alkaloids have been isolated from
various fungi that contain the unique bicyclo [2.2.2] ring system constituted
mainly from tryptophan, proline, and substituted proline derivatives where
the olefinic unit of the isoprene moiety has been formally oxidatively cyclized
across the a-carbon atoms of a cyclic dipeptide (a piperazinedione or diketopi-
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perazine). The family of alkaloids that shares this unusual structural core inclu-
des the paraherquamides, brevianamides, marcfortines, asperparalines (asper-
gillimides), sclerotamides, and several other natural metabolites assigned
identifying numbers. The biosynthesis of these substances will be described in
structural sub-groups sharing the most common structural and biosynthetic
features.

2.1
The Brevianamides and Austamides

The brevianamides constitute a small but structurally interesting family of
indole alkaloids constituted from tryptophan, proline and one isoprene unit
(Fig. 1). Brevianamide A was originally isolated from cultures of Penicillium
brevicompactum by Birch and Wright in 1969 [1]. Brevianamide A has also been
found in cultures of Penicillium viridicatum [2] and Penicillium ochraceum [3].
The structure and absolute stereochemistry of brevianamide A was secured
through X-ray crystallography by Coetzer in 1974 on the semi-synthetic deriva-
tive, 5-bromobrevianamide A [4]. Due to biosynthetic commonalties with the
brevianamides to be discussed below, the austamides will also be included in
this family. Austamide was first isolated by Steyn from cultures of Aspergillus
ustus in 1971 [5]; subsequently, 12,13-dihydroaustamide and “deoxyaustamide”
were isolated from the same fungi by Steyn in 1973 [6]. The absolute configura-
tion of austamide was subsequently secured through X-ray crystallography by
Coetzer and Steyn in 1973 on the semi-synthetic derivative, 5-bromo-12S§-
tetrahydroaustamide [7].

Following the original isolation, Birch and associates reported the isolation
and structural elucidation of brevianamides B-F from Penicillium brevicom-
pactum [8, 9]. Brevianamide A is the major fluorescent metabolite produced by
this fungus; a minor metabolite named brevianamide B, that also exhibited the
characteristic p-indoxyl chromophore, was assigned a structure that was epi-
meric to brevianamide A at the spiro-p-indoxyl quaternary center. The structu-
ral assignment for brevianamide B was based primarily on the semi-synthetic
conversion of natural (+)-brevianamide A into brevianamide B by borohydride
reduction and acid dehydration to deoxybrevianamide A; subsequent air oxida-
tion provided (-)-brevianamide B [9] (Scheme 1).

Birch and associates did not record optical rotation data for natural or semi-
synthetic brevianamide B and this oversight later proved to constitute the basis
of an intriguing stereochemical puzzle; the complete stereochemical elucidation
of brevianamide B will be discussed below.

Brevianamides C and D, also isolated in minor amounts from these Penicillium
sp., were postulated by Birch and Russell [9] to be artifacts of isolation since
visible light irradiation of brevianamide A produces brevianamides C and D in
virtually quantitative yield. When cultures of Penicillium brevicompactum were
grown in the dark, only brevianamides A and B were detected, thus verifying the
hypothesis that brevianamides C and D are photochemical artifacts [9] and are
not true metabolites of enzymic origin. A mechanism for the photochemical for-
mation of brevianamides C and D from brevianamide A is provided in Scheme 2.
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(-)-brevianamide B

Scheme 3. Proposed mechanism for the photochemical formation of brevianamide B from A [9]

Interestingly, Birch and Russell reported that during the early stages of pho-
tolysis of brevianamide A into brevianamides C and D with white light, traces of
brevianamide B could be detected in the mixture. A mechanism for this trans-
formation was postulated as shown in Scheme 3. However, the absolute stereo-
chemistry of the brevianamide B produced under these conditions was not
determined. As will become clear below, the absolute stereochemistry of the
brevianamide B produced from brevianamide A, either via the photochemical
route, or via the chemical redox route through deoxybrevianamide A as described
above, must be as depicted in Schemes 1 and 3 giving (-)-brevianamide B.

The structure and absolute configuration of deoxybrevianamide E was con-
firmed by a total synthesis reported by Ritchie and Saxton [10,11] and the abso-
lute stereochemistry of brevianamide E was similarly secured by a synthesis
reported by Kametani et al. [12].

The first significant biosynthetic experiment conducted in this family was
reported by Birch and Wright in 1970 [8] wherein DL-[3-'*C]-tryptophan,
[2-1*C]-mevalonic acid lactone, Na[2-!*CJacetate, and 1-[U-!*C]-proline were
shown to be incorporated into brevianamide A in significant amounts as shown
in Table 1. It was also shown that ['*CH;]-methionine was not incorporated into

Table 1. Biosynthetic feeding experiments with radioactive precursors to Penicillium brevi-
compactum [8]

Substrate Activity of brevianamide A Incorporation
(cts/100 s) (% activity fed)
DL-[3-1*C]-tryptophan 1430 6x107!
[2-1*C]-mevalonic lactone 28 3%x1073
Na[2-!C]acetate 425 25%x1072
['*CH;]-methionine 0 0

L-[U-1*C]-proline 4880 9%x1072
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brevianamide A. The acetate and mevalonate incorporations also firmly establish
the origin of the isoprene unit as being derived from the classical mevalonate
pathway.

Subsequently, Birch and associates reported the biosynthetic incorporation of
doubly radiolabeled brevianamide F (cyclo-L-tryptophyl-L-proline) into brevi-
anamide A in Penicillium brevicompactum [13]. Thus, feeding experiments were
conducted with DL-[methylene-1*C]-tryptophan, 1-[5-*H]-proline, pL-[2-*C]-
mevalonic acid lactone, and cyclo-L-[methylene-*C]-tryptophyl-L-proline as
shown by the resulting data in Table 2. The specific molar incorporations were
determined by feeding precursors of certain specific activities and recrystalliz-
ing the brevianamide A produced under these conditions to constant activity
without the addition of cold, unlabeled brevianamide A.

Table 2. Biosynthetic feeding experiments with radioactive precursors to Penicillium brevi-
compactum [13]

Precursor Activity fed (uCi) % Total % Specific
incorporation incorporation

DL-[methylene-1*C]- 100 5.1

tryptophan 100 17.6

L-[5-*H]-proline 100 0.40

DL-[2-!4C]-mevalonic 75 0.16

acid lactone

cyclo-L-[methylene-*C]- 12.9 1.8

tryptophyl-L-proline 12.5 14.0

To demonstrate that brevianamide F was incorporated as an intact unit
without any hydrolytic degradation and recombination of the constituent ami-
no acids, cyclo-L-[methylene-'*C]-tryptophyl-L-[5-*H]-proline was prepared
(*°H:'C ratio = 3.67:1) and fed in two batches of ~100 mg to Penicillium
brevicompactum. The brevianamide A isolated from these experiments had a
SH:'C ratio = 3.82:1 and 3.74:1 and total incorporations of 3.2% and 3.6 %,
respectively. The high specific incorporation of 14.0% confirms that breviana-
mide F is a biosynthetic precursor (Scheme 4).

H
3 nMe Me
Penicillium brevicompactum ’,

'

cyclo-L-{methylene-"4C]-tryptophyl-L-[5-*H]-proline brevianamide A

(brevianamide F,v = 14C)

Scheme 4. Incorporation of brevianamide F into brevianamide A [13]
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Based on the co-occurrence of brevianamide E with austamide in cultu-
res of Aspergillus ustus as reported by Steyn [6], Birch and associates postu-
lated the logical biosynthetic sequence involving: the coupling of L-proline
and L-tryptophan — brevianamide F — deoxybrevianamide E — breviana-
mide A.

The introduction of the isoprene unit has been a subject of much
speculation. Birch et al. speculated that: “The reversed unit could be attached
directly through a cation or might be biogenetically transferred in the brevi-
anamides from the dioxopiperazine nitrogen atom, either in an indole or an
indoxyl precursor” [13]. This possibility, shown in Scheme 5, amounts to a for-
mal Sy2” transfer of a “normal” prenylated precursor to the “reverse” prenylated
metabolite. Birch et al. further speculated that a second possibility is ring for-
mation leading to austamide by the simultaneous addition of carbon and nitro-
gen in a carbene-type reaction, which was suggested by Birch et al. for the
introduction of an isoprene unit into a non-phenolic benzene ring. The fasci-
nating reverse prenylation reaction has also been discussed in the context of
the biosynthesis of roquefortine, echinulin, and the paraherquamides and will
be readdressed below.

o 0
HN N ,
Me H) N )
S H
Me (O
H+

Scheme 5. Reverse prenylation proposal of Birch et al. [13]

The most intriguing feature of the final assembly of brevianamides A and B is
the mechanism of formation of the novel bicyclo [2.2.2] ring system common to
this family of metabolites. Porter and Sammes [14] were the first to suggest the
involvement of an intramolecular Diels-Alder reaction for the formation of this
ring system and drew the structure shown in Fig. 2 to illustrate this provocative
idea.

Experimental support [14] for this notion was further presented by the Diels-
Alder cycloadditions of dimethylacetylene dicarboxylate and norbornadiene
with the pyrazine derivatives shown in Scheme 6.

o)
N
|
| (WS
\ OH
Fig. 2. Porter and Sammes Diels-Alder proposal [14]



Biosynthesis of Prenylated Alkaloids Derived from Tryptophan 105

COQMG
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Phi | X MeO,C—==—CO,Me N HN o 100°c  MeO,C AP
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HO™ "N "Me DMF, 1t O”Me H DMF Ry N0
a, R1= Me, Rz = CH2Ph
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HO” N NH
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Scheme 6. Biomimetic Diels-Alder cycloadditions [14]

Shortly after the publication of the Diels-Alder hypothesis by Porter
and Sammes, Birch [15] speculated on the possible modes of formation of
the bicyclo [2.2.2] ring system and stated: “An alternative suggestion (Porter
and Sammes 1970) is the occurrence of a Diels-Alder type reaction on a
pyrazine, which is perhaps unlikely in view of the unactivated nature of
the double bond.” Birch offered two other mechanisms, one involving the
intermediacy of an epidithiapiperazinedione as shown in Fig. 3, (although
he also admits that no sulfur compounds could be detected in the mold
products) and also alludes to a radical process; no details are given on the
latter concept.

No other publications on the biogenesis of the brevianamides appeared in
the literature until the late 1980s when a total synthesis of (-)-brevianamide B
was reported by Williams et al. [16, 17]. Due to the very low levels of breviana-
mide B produced by Penicillium brevicompactum relative to brevianamide A,
the authentication of the synthetic (-)-brevianamide B was secured through
the semi-synthetic conversion of natural (+)-brevianamide A into (-)-brevi-
anamide B as originally described by Birch and Russell [9]. The semi-synthe-
tic and totally synthetic brevianamide B samples both exhibited the same spe-
cific optical rotation ([a] = -124°) and CD spectra. These workers found that
natural brevianamide B obtained directly from cultures of Penicillium brevi-
compactum had a specific optical rotation [a] = +124°, and a CD spectrum
with Cotton effects of exactly opposite sign to that of the synthetic and semi-
synthetic materials. The fact that the optical rotation of natural (+)-breviana-
mide B was of equal magnitude and opposite sign to that of semi-synthetic and
totally synthetic (-)-brevianamide B suggests that the natural metabolite is

Fig. 3. Epidithiapiperazinedione proposal of Birch [15]
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optically pure; the significance of this will be discussed in more detail below.
This rather unexpected finding mandates that the absolute configuration of
brevianamide A and brevianamide B are enantiomorphic with respect to the
bicyclo [2.2.2] moiety but that each metabolite has the (R)-absolute configu-
ration at the sprio-y-indoxyl stereogenic center; these relationships are sum-
marized in Scheme 7.

Based on this unusual finding, Williams et al. proposed a biogenetic pathway
that could accommodate the formation of the two enantiomorphic bicyclo
[2.2.2] ring systems in the respective natural metabolites as shown in Scheme 8
[18]. Reverse prenylation of brevianamide F as outlined by Birch to deoxybrevi-
anamide E followed by two-electron oxidation of the tryptophyl moiety and
enolization of the proline residue would provide an achiral azadiene. Cycload-
dition can, in principle, occur from either face of the azadiene system, thus
yielding the racemic (or partially racemic) hexacyclic indole cycloaddition
products. Since both natural brevianamides A and B have the (R)-absolute ste-
reochemistry at the indoxyl spiro-center, the involvement of an (R)-selective
indole oxidase which only recognizes the binding orientation of the 2,3-disub-
stituted indole was invoked to effect the “resolution” of the hypothetical racemic
Diels-Alder adduct into two optically pure, diastereomeric hydroxyindolenines.
Subsequent pinacol-type ring contraction in a stereospecific manner would thus
furnish the respective optically pure (+)-brevianamides.

To test this hypothesis, Williams et al. synthesized the hypothetical Diels-
Alder cycloadduct in racemic form bearing a *C label at the tryptophyl methy-
lene carbon [19]. Biosynthetic feeding of this potential precursor suspended in
DMSO to cultures of Penicillium brevicompactum yielded both brevianamides A
and B but, within the limits of experimental error, there was no evidence for the
incorporation of the labeled precursor into either metabolite by NMR and/or
mass spectral analysis (see Scheme 9). In addition, culture filtrates and mycelia
from Penicillium brevicompactum were extracted and examined for the presence
of the hypothetical Diels-Alder cycloaddition product, yet evidence for the exis-
tence of this substance was not obtained.

Although these results do not rigorously exclude the possibility of the hexacy-
clic indole as a biosynthetic precursor to the brevianamides (poor solubility, cell
penetration, uptake, kps, etc. may limit the access of the labeled, synthetic pre-
cursor to the biosynthetic machinery in the cells) enough doubt had been cast
on the pathway depicted in Scheme 8 such that alternatives were pursued.

The synthesis of [8-methylene->H,]deoxybrevianamide E was carried out by
Williams et al. [19] to probe the intermediacy of deoxybrevianamide E in the
biosynthesis of brevianamides A, B, and E. It was found that this substance,
when fed to cultures of Penicillium brevicompactum, was very efficiently incor-
porated into brevianamide E, brevianamide A, and brevianamide B. The data is
reproduced in Table 3.

When radioactive brevianamide E was re-fed to the cultures, there was no sig-
nificant incorporation into either brevianamide A or B, clearly indicating that
brevianamide E is a dead-end, shunt metabolite. Based on the available data,
these workers proposed the biosynthetic pathway illustrated in Scheme 10
that can accommodate the formation and stereochemistry of all of the relevant
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4

inilli i o)
Penicillium brewcompactum: (+)-brevianamide A

0% incorporation by nmr & ms

(+)-brevianamide B

Scheme 9. Biosynthetic feeding of the hexacyclic indole [19]

Table 3. Incorporation of [8-methylene-*H,]deoxybrevianamide E into brevianamides A, B,
and E [19]

Metabolite % Specific incorporation % Total incorporation
brevianamide A 12.1 7.8
brevianamide B 1.4 0.9
brevianamide E 38.5 24.9

metabolites. Thus, reverse prenylation of brevianamide F (cyclo-L-Trp-L-Pro) to
deoxybrevianamide E followed by an (R)-selective oxidation at the 3-position of
the indole gives an (R)-hydroxyindolenine that suffers one of two fates: (1) irre-
versible nucleophilic addition of the tryptophyl amide nitrogen forming brevi-
anamide E or (2) a stereospecific pinacol-type rearrangement to an as yet,
unidentified p-indoxyl (Scheme 10, box). This hypothetical substance was envi-
sioned to constitute the penultimate intermediate that must undergo three final
reactions to the brevianamides: (1) two-electron oxidation of the tryptophyl
a-carbon, (2) enolization of the prolyl methine, and (3) intramolecular Diels-
Alder cycloaddition from two of the four possible diastereomeric transition
states to yield brevianamides A and B.

Based on the existence of numerous hydroxamate-containing secondary
metabolites such as mycelianamide, it can be further proposed that the trypto-
phyl oxidation proceeds through a hydroxamic acid intermediate (shown in
Scheme 10). This functionality, an excellent chelator of (a non-heme) Fe(III), for
instance, could further function to assist the elimination of water to form the
imino portion of the azadiene. Since the prolyl methine (pKa>30) must also be
removed at the active site of an enzyme, a metal-coordinated amide might also
be essential to lower the activation barrier for the deprotonation step. Finally, the
intramolecular Diels-Alder cycloaddition might enjoy a catalytic effect of aza-
diene-metal coordination.
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Table 4. Calculated potential energy barriers and relative energies (kcal/mol) for TSA, TSB,
TSA and TSB’

3-21G/3-21G 6-31G*/3-21G

AEa AErel AEa AErel
TSA 31.81 0.00 38.68 0.00
TSB 39.42 7.61 45.03 6.35
TSA 44.17 12.36 49.71 11.02
TSB’ 47.07 15.26 51.41 12.73

In order to gain some insight into the putative biosynthetic Diels-Alder cyclo-
addition, Domingo et al. carried out ab initio calculations on the four possible
transition structures from the azadiene as summarized in Scheme 11 [20]. The
calculations were performed with analytical gradients at ab initio 3-21 G and
6-31 G* basis sets within Hartree-Fock procedures. This Diels-Alder reaction
appears to be controlled by frontier molecular orbitals HOMO gieneophite)/
LUMO ,4diene)- All four diastereomeric transition structures were examined and
it was found that the lowest .}, energy transition structure is TSA which leads to
brevianamide A (see Table 4). The next highest energy transition structure is
TSB, which lies approximately 6 - 7 kcal/mol above TSA; this transition structure
would produce brevianamide B. An intramolecular H-bond was found in TSA
between the indoxyl N-H and the tryptophyl carbonyl group which can account
for a large fraction of the relative stabilization energy of this transition structu-
re. After TSB, the next highest energy transition structures are TSA” and TSB’,
which would lead to C-19-epi-brevianamide A and C-19-epi-brevianamide B,
respectively. Williams et al. have previously described the total synthesis of
C-19-epi-brevianamide A [17,21] and, using this authentic specimen, have been
unable to detect this substance as a metabolite of Penicillium brevicompactum
[22]. This theoretical study therefore predicts that the relative distribution of
brevianamides A and B from Penicillium brevicompactum is a direct manifesta-
tion of the relative energies of the four diastereomeric transition structures: bre-
vianamide A is the major metabolite, brevianamide B is a minor metabolite and
neither of the C-19-epi- structures are found.

© OH
| HaB. /g AAGE-~ 4 keal/mol
| __NH -

O

Scheme 12. Lewis acid activation of the proposed biosynthetic intramolecular [4+2] cycload-
dition [20]
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Domingo et al. also examined the effect of a Lewis acid (BH;) on the simpler
model system shown in Scheme 12. It was found that Lewis acid complexation
lowered the potential energy barrier by 3-5 kcal/mol relative to the parent
system. The speculation presented above regarding the complexation of the aza-
diene system to a non-heme metal, such as Fe(III), appears to be supported by
this theoretical insight.

Further work needs to be done to confirm the pathway outlined in Scheme 10
and in particular to elucidate the possible involvement of protein organization
and/or catalysis of the biosynthetic reactions culminating in the formation of
brevianamides A and B.

Very little has appeared in the literature concerning the biosynthesis of aus-
tamide. The occurrence of deoxybrevianamide E and deoxyaustamide in cultu-
res extracts of Apergillus ustus suggests the following biosynthetic pathway
(Scheme 13). Reverse prenylation of cyclo-L-Trp-L-Pro (brevianamide F) furnish-
es deoxybrevianamide E. Oxidative ring closure of the tryptophyl amide nitro-
gen across the isoprene-derived olefinic moiety and desaturation of the proline
ring would yield the eight-membered ring metabolite deoxyaustamide. Finally,
oxidation at the 3-position of the 2,3-disubstituted indole followed by a pinacol-
type rearrangement would provide the spiro yp-indoxyl austamide.

) N reverse prenylation
HN HN___+ -
H

cyclo-L-Trp-L-Pro

T

deoxyaustamide austamide

Scheme 13. Possible biosynthetic pathway to austamide

Harrison has suggested that fumitremorgin B and austamide may arise bio-
synthetically from an isoprene-derived imine such as that shown in Scheme 14
[23]. Cyclization of the imine either via path A or path B result in the formation
of the fumitremorgin B and deoxyaustamide ring systems, respectively.

A simple experimental system designed to test this hypothesis was conducted
as shown in Scheme 15 [23]. Condensation of L-tryptophan methyl ester and trypt-
amine with 3-methylbut-2-enal gave the corresponding imines which were recal-
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/7 Me
N

Scheme 14. Possible biosynthetic modes of ring closure to austamide and fumitremorgin [23]

HN NH, TsCl, py.
R = CO,Me Me VY
- Me
Scheme 15

citrant to cyclization under acidic or neutral conditions. The tryptamine-derived
imine was induced to undergo the Pictet-Spengler cyclization in the presence of p-
toluenesulfonyl chloride in pyridine to the tetrahydro-p-carboline derivative
(Scheme 15). In neither case were products derived by pathway B (Scheme 14)
detected and no subsequent work on the biosynthesis of austamide has been
published.

It might also be parenthetically noted that the absolute stereochemistry of
austamide was determined by X-ray analysis on 5-bromo-12S-tetrahydroausta-
mide [7] (obtained from austamide by hydrogenation followed by bromination)
and that the absolute configuration at the spiroindoxyl stereogenic center (C-2)
was determined to be S. This assignment was based on the hydrolytic liberation
of S-proline from 12,13-dihydroaustamide; the remaining stereogenic centers at
C-9 and C-2 (the spiro center) were assigned relative to that for C-12. This is in
marked contrast to brevianamides A and B which both possess the R-absolute
configuration at the corresponding spiroindoxyl stereogenic center. Assuming
that this assignment is correct, it is interesting that Aspergillus ustus must
therefore have a pro-S-selective indole oxidase and that Penicillium brevicom-
pactum utilizes a pro-R-selective indole oxidase.
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2.2
The Paraherquamides, Marcfortines, and Related Alkaloids

The paraherquamides, are a structurally complex family of alkaloids comprised
of two isoprene units, tryptophan, and various proline derivatives. Many mem-
bers of this family display potent anthelmintic and antinematodal activities and
have been under intensive investigation for use in veterinary medicine to treat
various intestinal parasites [24 -28]. The parent and most potent member, para-
herquamide A, was isolated from cultures of Penicillium paraherquei as first
described by Yamazaki and Okuyama in 1981 [29]. The simplest member,
paraherquamide B, plus five other structurally related paraherquamides C-G
were isolated from Penicillium charlesii (fellutanum) (ATCC 20841) in 1990 at
Merck & Co. [30] and concomitantly at SmithKline Beecham [31a]. Subsequently,
three additional related compounds, VM55596, VM55597, and VM55599 were
discovered by the same group at SmithKline Beecham from Penicillium strain
IMI 332995 [31Db]. Very recently, a Pfizer group [32] reported the isolation of
anthelmintic metabolites VM54159, SB203105, SB200437 along with the non-
tryptophan-derived metabolites possessing the common bicyclo [2.2.2] nucleus
aspergillimide (identical to asperparaline A [33]) and 16-keto-aspergillimide
from Aspergillus strain IMI 337664. This report and a recent paper by Whyte and
Gloer [34] describing the isolation of sclerotamide from Aspergillus scleroti-
orum constitute the first examples of paraherquamide derivatives isolated out-
side of the Penicillia.

The structurally related alkaloid marcfortine, first described by Polonsky et
al. in 1980 [35] is rendered from two isoprene units, tryptophan and pipecolic
acid. The structures of the members of this family of mold metabolites are pre-
sented in Fig. 4. The paraherquamides differ with respect to substitution and
oxygenation in the proline ring and the prenylated oxindole ring; paraherqua-
mide B is the simplest member of the paraherquamide family, being comprised
of the amino acids proline, tryptophan, and two isoprene units.

Finally, Zeeck et al. isolated the interesting substances aspergamide A and B
from Aspergillus ochraceus [36]. These metabolites, including VM55599, are the
only natural members of the paraherquamide family that do not have a spiro-
ring system but instead a 2,3-disubstituted indole-derived system.

The biosynthesis of marcfortine has been investigated at the Pharmacia and
Upjohn company [37]. Industrial interest in the biosynthesis of marcfortine A,
which does not display the potency that paraherquamide A possesses, is presum-
ably due to the report from the Pharmacia and Upjohn group demonstrating
that marcfortine A can be semi-synthetically converted into paraherquamide A
[38]. Kuo et al. found that marcfortine is derived from L-tryptophan (oxindole
moiety), L-methionine (via SAM methylation at the y-N; C29), L-lysine (pipecolic
acid residue), and acetate (isoprene units) (Scheme 16) [37].

These results clearly demonstrate that the isoprene moieties are of mevalo-
nate origin. The pipecolic acid moiety, being derived from L-lysine, can arise via
two biochemical pathways as shown in Scheme 17. In order to discriminate
between these pathways (A and B), Kuo et al. fed individually [a-'°N]- or [¢-°N]-
L-lysine to a marcfortine A-producing Penicillium strain UC7780 and found that
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[indole 2-'3CJ-L-Trp

[methyl- 3C]-L-Met T
[1-'3C) L-Lys

['3c] acetate

marcfortine A

Scheme 16. Biosynthetic constitution of marcfortine A [37]

on -2 J/j\ A J/j\
HNy CO2H HoN™ N, COH HN~  7~COH

L-lysine

Clvoos — Ol — CL
N H COzH N“TYCO,H N7 ~CO,H
H H

L-pipecolic acid

Scheme 17. Possible biosynthetic pathways from L-lysine to pipecolic acid [37b]

the a-amino group (pathway A) is lost in the biosynthetic production of the
pipecolic acid moiety [37b]. Specifically, it was found that [a-1°N]-L-lysine gave
incorporation at the a-, #-, and y-nitrogen atoms with a rate of 1.8%, 13 %, and
9%, respectively. Incorporation of [e-'°N]-L-lysine at the a-, -, and y-nitrogen
atoms gave incorporation rates of 54%, 2.7%, and 3.9%, respectively. The
enrichments were measured by FAB-MS, '"H NMR and HMBC experiments. The
authors state that this is the first example of the HMBC technique being success-
fully employed to quantitate the enrichment of an isotope. The low levels of '°N-
enrichment at the other positions (- and y-) was attributed to lysine catabolism
and reconstitution.

The origin of the f-methylproline moiety present in paraherquamide A and
several congeners has recently been investigated. Examination of the absolute
stereochemistry of paraherquamide A, which possesses the (S)-absolute stereo-
chemistry at C-14, led Williams et al. to speculate that the methylated proline
may be derived from L-isoleucine as opposed to proline and S-adenosylmethio-
nine (SAM) and this possibility was experimentally tested in Penicillium felluta-
num (ATCC 20841) as shown in Fig. 5 [39]. The position of 1*C incorporation in
paraherquamide A was determined using 1*C NMR and the percentage of the
labeled amino acid incorporated was also determined using *C NMR.

These workers found that 1-['3C]-L-tryptophan was incorporated as expected
(2.5%) with the label at C-12. The methyl-[*C]-methionine was not incorpora-
ted in the B-methyl-proline ring but rather only at C-29, the N-methyl position
of the monoketopiperazine ring (0.6 %). Feeding of 1-[*C]-L-isoleucine to Peni-
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B¢ (isoleucine)
'3C (tryptophan)
=% (methionine)

v
| |
*

[1-"%Cl-L-lle-[1-3C] -L-Trp - [1-"3C] -L-Trp-[1-'C}-L-lle  cyclo-[2-13C) -L-Trp-[2-'3C]-L-lle

Fig. 5. Biosynthetic derivation of the -methyl proline moiety of paraherquamide A [39]

cillium fellutanum (ATCC 20841), followed by harvesting the cells and isolation
of paraherquamide A revealed that the labeled L-isoleucine was incorporated
into the monoketopiperazine ring system in high isotopic yield (3.3 -3.7 %) with
the label at C-18.

Since L-isoleucine forms the f-methylproline ring of paraherquamide A,
cyclo-L-Trp-L-B-methylproline or cyclo-L-Trp-L-Ile are plausible precursors.
There are numerous possible sequences of events that might occur in the for-
mation of the final B-methylproline ring system. Formation of the dipeptides
NH,-L-Ile-L-Trp-COOH or NH,-L-Trp-1L-Ile-COOH and dehydration to cyclo-L-
Trp-1-Ile followed by oxidation of the terminal carbon of L-Ile and cyclization to
form the f-methylproline moiety would result in cyclo-L-Trp-L- f-methylproline.
Another possibility involves oxidation of the r-Ile followed by cyclization and
reduction to afford f-methylproline followed by coupling to L-Trp to give cyclo-
L-Trp-L- f-methylproline. Many other possibilities exist that would involve for-
mation of the f-methylproline ring at a later stage.

Williams et al. investigated the simplest of these possibilities by synthesizing
and feeding doubly labeled NH,-1-[!*C]-L-Ile-1-[**C]-L-Trp-COOH; NH,-1-
[1*C]-L-Trp-1-[**C]-L-Ile-COOH and 2,5-["*C,]-cyclo-L-Trp-L-1le to P. fellutanum
[39]. After growing and harvesting the cells, 1.2 - 1.8 % incorporation at C-18 and
0.4-0.9% incorporation at C-12 was evidenced by *C NMR. The *C NMR spec-
tra of the paraherquamide A so produced did not provide compelling evidence
for site-specific incorporation of both labels from the intact dipeptides and
there was no significant incorporation of 2,5-['*C,]-cyclo-L-Trp-L-Ile. This low
level of incorporation is more consistent with dipeptide hydrolysis, re-incorpo-
ration of the individual amino acids presumably coupled with additional meta-
bolic degradation, and reconstitution of *C-enriched building blocks. Based on
these observations, it seems likely that f-methylproline is formed prior to con-
jugation to tryptophan although other possibilities exist.
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Oxidative cyclization of the nitrogen atom onto the C-5-methyl group of iso-
leucine appears to be a unique biosynthetic transformation. Two reasonable
pathways, depicted in Scheme 18 would involve 4-electron oxidation of the distal
side-chain methyl group to an aldehyde followed by cyclization and loss of
water to produce an iminium species; subsequent reduction (or in the case of
VM55597, oxidation) furnishes the S-methylproline derivative. Alternatively,
direct functionalization of the C-5 methyl group, for example, by chlorination
and closure can also be envisioned to lead to f-methylproline; a related example
of this type of reaction has been observed by Arigoni and Looser [40] in the bio-
synthesis of victorin C.

It is also interesting to note that -methylproline residues can be found in
several peptide antibiotics such as bottromycin, scytonemin A, roseotoxin B in
addition to several members of the paraherquamide family. Arigoni and Kellen-
berger [41] have recently shown that the methyl group in the -methylproline in
bottromycin, a metabolite of Streptomyces bottropenis, is derived from S-adeno-
sylmethionine via methylation of proline (Scheme 19) and have proposed a radi-
cal mechanism for this reaction.

oMe N—K e
Me
— - COH Streptomyces bottropenis ~
) \/ﬁr\; B HN\F N o)
2 Me—" N~ ™ _-Me
L-methionine \\Me o HMe/YAe Me
Scheme 19 bottromycin

The identification of L-isoleucine as the biosynthetic building block of para-
herquamide A has posed an interesting stereochemical paradox with respect to
the origin and stereochemistry of the f-methylproline in the natural metabolite
VM55599 which is produced by a paraherquamide-producing fungi, Penicillium
strain IMI332995. The relative stereochemistry of VM55599 was determined by
"H NMR nOe experiments by a Smith-Kline Beecham group [31b] but the abso-
lute stereochemistry has not been determined. Significantly, the methyl group in
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the B-methylproline ring of VM55599 is disposed syn- to the bridging isoprene
moiety whereas, in paraherquamides A, E, F, G, VM55596, VM55597, VM 55595,
VM54159, SB203105, SB200437, and the aspergillimides, the methyl group of the
PB-methylproline ring is disposed anti- to the bridging isoprene moiety of the
bicyclo [2.2.2] ring system.

Using the assumption that the absolute stereochemistry at C-20 of VM55599
is S- (the same as that found in the paraherquamides), the stereochemistry at
C-14 was assigned as R-, which is the opposite to that found in paraherquami-
des. The side-chain stereochemistry of L-isoleucine is preserved in the biosyn-
thesis of paraherquamide A with hydroxylation at C-14 proceeding with net
retention of configuration. If L-isoleucine is also the precursor to the f-methyl-
proline ring of VM55599, it must follow that the bicyclo [2.2.2] ring system of
this compound must be enantiomorphic to that of the paraherquamides (see
Fig. 6). Alternatively, VM55599 may be derived from L-allo-isoleucine; this
would result in the (R)-stereochemistry at C-14 and would accommodate the
same bicyclo [2.2.2] ring system absolute stereochemistry as paraherquami-
de A. Finally, since the methyl group of the f-methylproline ring of VM55599
is syn- to the isoprene unit comprising the bicyclo [2.2.2] ring system, this
implies that the putative biosynthetic Diels-Alder cyclization to form this
system occurs from the more hindered face of the azadiene system. The ste-
reochemical paradox posed by VM55599 raises numerous interesting ques-
tions concerning the biogenesis of these substances: is VM55599 a biosynthetic
precursor to various paraherquamide family members or is VM55599 a minor
shunt metabolite with the opposite absolute stereochemistry of the bicyclo
[2.2.2] ring system? The mechanism of formation of the bicyclo [2.2.2] ring
system in both series continues to pose an interesting stereochemical and
enzymological puzzle.

In the course of isotopic labeling studies aimed at examining the origin of the
isoprene units in the paraherquamide structure, Williams et al. discovered an
unexpected stereochemical distribution of the geminal methyl groups derived
from DMAPP [42]. These workers carried out feeding experiments in Penicillium

L-allo-lle

Fig. 6. The VM55599 stereochemical paradox [39]
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fellutanum with [U-*Cg]-glucose and [!*C,]-acetate which aid in distinguishing
between the classical mevalonate and deoxyxylulose pathways. Specific incor-
poration of intact C, units was observed in agreement with the mevalonic acid
pathway. However, in the first C; fragment (C19 to C23) the observed couplings
mean that C19 is coupled to C20, while C21 is coupled to C22 or C23 but not to
both simultaneously. For the second C; unit (C24 to C28) the coupling constants
show that C24 and C25 are coupled, while C26 is coupled to C27.In this case, al-
though C-28 shows *C enhancement, C28 shows no coupling. It is significant that
in the C; fragment formed by carbons C24 to C28, carbon C28 shows no coupling
with C26, while C27 does (Fig. 7). This means that the methyl groups in DMAPP
are not equivalent in the biosynthesis of the geminal methyl groups at C-21 of
this metabolite. In contrast, in the other C; fragment, formed by carbons C19 to
C23, both methyl groups show coupling with C20, although not simultaneously.
The stereochemical integrity of DMAPP in forming the dioxepin ring system is
thus left intact.

This unexpected result was interpreted to mean that the reverse prenyl
transferase presents the olefinic m-system of DMAPP in a manner in which
both faces of the m-system are susceptible to attack by the 2-position of the
indole moiety. The simplest explanation is to invoke binding of the DMAPP
in an “upside down” orientation relative to “normal” prenyl transferases
which permits a facially non-selective Sy” attack on the m-system as shown in
Scheme 20. It was speculated that in this situation the pyrophosphate group is
likely anchored in the enzyme active site with the hydrophobic isopropenyl
moiety being presented in a conformationally flexible (A 5 B) disposition with
respect to the tryptophan-derived substrate (Scheme 20). This is in contrast
to the normal mode of prenyl transfer where the nucleophilic displacement at
the pyrophosphate-bearing methylene carbon occurs with inversion of stereo-
chemistry at carbon with the hydrophobic tail of DMAPP buried in the en-
zyme active site.

In contrast, the methyl groups in the other C; unit (dioxepin moiety) are
clearly differentiated; therefore, it is quite likely that this C5 group (carbons 24 to
28) is introduced in the molecule via direct alkylation with DMAPP by a normal
prenyl transferase followed by a stereospecific net oxidative addition to the ole-
finic system.

A plausible mechanism of several possibilities for the formation of this ring
system, is via face-selective epoxidation followed by ring-opening and dehy-
dration. Since this isoprene unit is introduced without loss of stereochemical
integrity, it was deemed unlikely that the Penicillia sp. has a mechanism for
scrambling the DMAPP via a dimethyl vinyl carbinol-type intermediate which
would necessarily provide stereochemically scrambled isoprene equivalents to
the cell’s cytosolic pool of DMAPP.

These experiments clearly indicate that the Cs units in paraherquamide A are
introduced in stereofacially distinct manners. Since it has been established that
prenylation of the indole moiety in the biosynthesis of the structurally related
brevianamides occurs in an analogous fashion to that postulated for paraher-
quamide A [19], the prenyl transferase that installs this Cs unit must display
DMAPP to the 2-position of the indole in a m-facially indiscriminate manner.
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This work demonstrates the first case where both a non face-selective and a
face-selective addition to the tri-substituted olefinic portion of DMAPP has
occurred within the same molecule. A related observation with respect to the
loss of stereochemistry in the reverse prenylated indole alkaloids echinulin
and roquefortine have been reported and are discussed elsewhere in this
article.

3
Roquefortine

Roquefortine (Fig. 8) is a neurotoxic mold metabolite produced by Penicillium
roqueforti that was first isolated by Polonsky et al. 1976 [43]. Roquefortine is also
produced by Penicillium crustosum and Penicillium oxalicum. This substance is
derived from the oxidative cyclization of tryptophan, histidine, and dimethylallyl
pyrophosphate.

Barrow et al. [44] described the incorporation of [2-!4C]-labeled mevalonic
acid, [methylene-'*C]-labeled tryptophan and [2-!'*C]-labeled histidine into
roquefortine in 0.08 %, 0.15 %, and 1.12 %, respectively, utilizing cultures of Peni-
cillium roqueforti (Scheme 21). Although the incorporation of mevalonate is
somewhat low, later work by Gorst-Allman et al. [45] demonstrated the incor-
poration of [1,2-1*C,]-labeled acetate, thus confirming the mevalonate origin of
the isoprene unit.

The authors speculate about the incorporation of the “reverse” prenyl unit in
this and related molecules such as echinulin, lanosulin, oxaline, austamide, and
the brevianamides and infer the rearrangement of the N-prenyl to the “reverse”
2-prenyl structure as shown in Scheme 22. These workers investigated the invol-
vement of the 2-position of the indole by deuterium labeling using an auxotro-
phic mutant strain of Penicillium roqueforti that was apparently deficient in
anthranilate synthetase.

Utilizing multiply deuterated tryptophan it was found that, of the original
>95% deuterium label at the 2-position in the starting tryptophan, <5% deute-
rium was observed in the isolated roquefortine at C6 (Scheme 23).

Based on this result, these workers speculate the involvement of the “reverse”
prenylated diketopiperazine A, that subsequently undergoes a [1,2]-migration
of the prenyl unit to the 3-position giving structure B (Scheme 24) which subse-
quently suffers cyclization and oxidation to roquefortine.

Fig. 8
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Scheme 21. Primary metabolite incorporations into roquefortine [44]
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Scheme 22. Possible mechanism for introduction of the “reverse” prenyl substituent [44]
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In a particularly provocative study, Gorst-Allman et al. fed [1,2-1*C]-labeled
acetate and [2,3-13C]-labeled mevalonic acid lactone to cultures of Penicillium
roqueforti and Penicillium crustosum [45] The *C NMR spectrum of the roque-
fortine showed that both C(26) and C(27) were coupled to C(23) (Fig. 9). This
interesting result mandates that, during the incorporation of dimethylallyl pyro-
phosphate, the methyl groups become quasi-equivalent.
To rationalize this data, these workers speculate the intermediacy of the N-
prenylated indole derivative A (Scheme 25); an aza-Claisen-type rearrange-
ment would furnish B and a stereorandom [1,2]-migration of the isoprene

moiety would result in the loss of the stereochemical integrity of the label in
C-26 and C-27. An alternative pathway involving direct alkylation at C-3 of the

[} [ ]
Me Me

Scheme 25

indole by dimethylallyl pyrophosphate in a non-face-selective manner was also
proffered. It was also observed that with [1,2-1*C,]-labeled acetate as the pre-
cursor, the satellite resonances at § 22.9 are approximately twice the intensity of
the signal at 6 22.5; it was further pointed out that this ratio was reversed when
mevalonic acid lactone was used as the precursor. The authors interpreted this
data to mean that, the carbon atom resonating at 6 22.9 arises from C-3" of
mevalonic acid lactone and the resonance at § 22.5 corresponds to C-2 of meva-
lonic acid lactone.

This data can also be interpreted to accommodate a mechanism where there
is a partially non-face-selective transfer of the isoprene moiety from putative
intermediate B or, alternatively, that the introduction of the isoprene unit occurs
directly at C(3) of the indole ring via a partially non-face-selective Sy2” attack on
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dimethylallyl pyrophosphate as proposed by Bhat et al. [46,47]. A similar expla-
nation has also been proposed by Williams et al. regarding the biosynthesis of
paraherquamide A [42].

Bhat et al. [46, 47] re-investigated the fate of the C(2) hydrogen of the indole
moiety of tryptophan in the biosynthesis of roquefortine in cultures of Penicil-
lium roqueforti and the related metabolite aszonalenin in cultures of Aspergillus
zonatus by using deuterium NMR and mass spectral analysis. These workers
point out that in the study reported by Barrow et al. [44], where 'H NMR was
used to assay for deuterium by difference, that this method is likely to be insen-
sitive to the presence of biosynthetically significant traces of deuterium at the
C(6) position of roquefortine. Thus, feeding of 1-[2,4,5,6,7-*H;] tryptophan to
cultures of Penicillium roqueforti and Aspergillus zonatus provided roquefortine
and aszonalenin, respectively (Scheme 26). In both cases, significant incorpora-
tion of deuterium at C(6) was observed by deuterium NMR and mass spectral
analysis further revealed the presence of the d; species (8 % for roquefortine and
3% for aszonalenin). This study stands in stark contradiction to the results and
attendant interpretations of Barrow et al. [44] described above. In particular, the
retention of the deuterium at C(6) rules out the involvement of a 2,3-disubstituted
indole intermediate such as A (Scheme 24).

Scheme 26

In addition, Bhat et al. [47] point to the unlikely intermediacy of the enzyme-
bound 2-substituted intermediate A (Fig. 10) which undergoes a thio-Claisen
rearrangement followed by reductive removal of sulfur first proposed by Bycroft
and Landon [48].

These workers therefore concluded that the simplest and most direct mecha-
nism for the introduction of the dimethylallyl moiety,a simple Sy2” alkylation at
C(3) of the indole with dimethylallyl pyrophosphate, appears the most appeal-
ing based on all the available data. These authors cite the observations that both
diastereotopic methyls of the 1,1-dimethylallyl group in roquefortine [45] and
echinulin are derived in unequal amounts from the methyl group of mevalonic
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acid. These observations are rationalized to occur via poor discrimination of the
enzyme for the two orientations (B and C, Fig. 10) of dimethylallyl pyrophos-
phate.

The stereochemistry of the dehydrogenation of histidine into the dehydrohis-
tidine moieties of roquefortine and oxaline, a related mold metabolite isolated
from Penicillium oxalicum, was studied by Vleggaar and Wessels [49]. Feeding
(28, 35)-[3-*H] histidine (a) and (2S, 3R)-[3-*H] histidine (b) to the respective
Penicillium sp. in the presence of (2S)-[ring-2’-1*C] histidine as an internal stan-
dard to give comparable *H:!C ratios was carried out (Scheme 27). These work-
ers observed good incorporations (1-4%) of the labeled histidines into the
natural products.

Me Me OMe
N

Ri 2 com
Penicillium oxalicun . 2

S "
4 (28){ring-2-14C] histidine  "\\_pp NH2
MeO !
HO S
oxaline =N a, Ry =%H, Ry = H

b, Ry, =H, Ry =3H

Penicillium roqueforti

(28S)-[ring-2'-'4C] histidine

Scheme 27. Stereochemistry of histidine desaturation of -

roquefortine and oxaline [49] roquefortine \NH

The incorporation data shown in Table 5 clearly demonstrates that in both
cases the pro-S-hydrogen is the one lost. Since the stereochemistry of the dehy-
droamino acid unit in both roquefortine and oxaline are of the E-configuration,
a net syn-elimination of the 3-pro-S hydrogen and H(2) must occur during the
biosynthesis of the dehydrohistidine unit (Scheme 28).

Steyn and Vleggaar [50] have also studied the biosynthetic relationship be-
tween roquefortine and oxaline. The co-occurrence of roquefortine and oxaline
in cultures of Penicillium oxalicum led these workers to speculate that roque-
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Table 5. Incorporation of [3-*H]-histidine into roquefortine and oxaline [49]

Configuration 3H:!1C ratio 3H:!C ratio (roquefortine) 3H:!4C ratio (oxaline)
28,38 (a) 6:50 0:30 (4.6%)° 0:30 (4.6%)
2S,3R (b) 6:50 6:12 (94.2%) 6:24 (96.0%)

@ Figures in brackets are % *H retention.

3
H, ;i NH syn-elimination H HN/‘LS’
N-NH - ~ NH O
Scheme 28 N=/

fortine is a biosynthetic precursor to oxaline and proposed the biosynthetic
transformations shown in Scheme 29. Feeding of (2RS)-[indole-2-1*C, 2-1°N]
tryptophan admixed with (2RS)-[benzene ring-U-1*C] tryptophan (to provide
an independent measure of dilution) to cultures of Penicillium roqueforti provid-
ed the labeled roquefortine (6.1% incorporation; dilution of 8.7). The origin of
N(14) of oxaline was ascertained by feeding of (2RS)-[indole-2-13C,2-1>N] tryp-
tophan admixed with (2RS)-[benzene ring-U-'*C] tryptophan to cultures of
Penicillium oxalicum (the C precursor was efficiently incorporated (3.0%)
with low dilution (20.5) into oxaline).

e ="3C roquefortine
v ="5N

Me Me o

oxaline \=N

Scheme 29. Proposed biosynthetic relationship between roquefortine and oxaline [50]

These workers observed that in these feeding experiments a significant
amount of the ®N-label from the (2SR)-tryptophan is lost under the conditions
of the feeding experiment. This was attributed to the conversion of the (2R)-
tryptophan into indolylpyruvic acid and then to (25)-tryptophan.
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The intermediacy of roquefortine in the biosynthesis of oxaline was estab-
lished next using [benzene ring-U-*C, 6-1*C, 5-1°N] roquefortine obtained
from cultures of Penicillium crustosum supplemented with (2RS)-[indole-2-13C,
2-15N] tryptophan (incorporation 4.3 %, dilution 10.1). The labeled roquefortine
was very efficiently incorporated into oxaline (24.3%) but the relatively high
dilution of 29.8 precluded the observation of the one-bond (**C-'°N)-coupling
for the C(2) resonance in the *C NMR spectrum.

Mantle et al. investigated the biosynthesis of the complex alkaloids, the peni-
trems, and roquefortine in Penicillium crustosum using [2-'*C]-labeled mev-
alonic acid lactone [51]. The important finding in this study relevant to the
biosynthesis of roquefortine, was the lack of scrambling of the label in the iso-
prene units of penitrem A (Scheme 30, Fig. 11). This rules out the possibility that
the stereochemical integrity of the label is scrambled at the level of dimethylal-
lyl pyrophosphate biosynthesis in the cellular pool. This finding indirectly gives
additional credence to the Sy2” alkylation mechanism with poor facial discrimi-
nation for introduction of the reversed prenyl unit as proposed by Bhat et al. (see
Fig. 10B, C) [47].

o}
O _ Penicillium roqueforti
HO
Me
[2-140]-mevalonic acid lactone penitrem A
o= 14C

Scheme 30
4
Echinulin

Echinulin is a triisoprenylated cyclic dipeptide isolated from Aspergillus
amstelodami and Aspergillus echinulatus (Fig. 12) [52]. Birch et al. established
that the biosynthetic precursors to echinulin are L-tryptophan, L-alanine, and
mevalonic acid [53] by feeding radioactive precursors to Aspergillus amsteloda-
mi. In these experiments it was found that [1-*C] sodium acetate, pL-[1-'*C]-
alanine, DL-[1-!*C]-tryptophan, [2-'*C]-mevalonic acid lactone, and [1-'*C]-gly-
cine were incorporated into echinulin with incorporation rates of 4.25%, 0.12 %,
1.36%, 0.74 %, and 0.84 %, respectively (Scheme 31).

In addition, it was further established by Slater et al. that cyclo-L-alanyl-L-
tryptohan are precursors to echinulin in vivo (Scheme 32) [54]. In this instance,
the radioactive precursor cyclo-L-alanyl-L-[methylene-'*C]-tryptophan was fed
to cultures of Aspergillus amstelodami and gave echinulin with high levels of
incorporation (9-16%).
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H
° Me 002"* :_CO,H
me~ CO2H NH
2

[1-'*Cl-acetate  dI-{1-'*C] alanine dI-[1-14C] tryptophan [2-'#C]-mevalonic acid lactone

e ="C
®
o
Me Me

Aspergillus amstelodami

Scheme 31. Primary metabolites incorporated into
echinulin [53] ®

H o)
| ¥~ "NH Aspergillus amstelodami
HN HNT\)E‘M e
o H Me
cyclo-L-Trp-L-Ala e ='"C
Scheme 32. Incorporation of cyclo-L-Trp-1-Ala into echinulin [54] echinulin

A similar experiment was later reported by Marchelli et al. [55], wherein
doubly labeled cyclo-L-[U-'*CJalanyl-L-[5,7-*H, ] tryptophan and cyclo-L-[U-*C]
alanyl-p-[5,7->H,|tryptophan were synthesized and fed to cultures of Aspergillus
amstelodami. A series of echinulins were isolated and showed incorporations as
follows: neoechinulin A (88%), neoechinulin B (43 %), neoechinulin C (43 %),
neoechinulin D (34%), and neoechinulin (43%) respectively, relative to the
radioactivity recovered in echinulin. The L,b-cyclic dipeptide was very ineffi-
ciently incorporated into the natural metabolites thus further confirming cyclo-
L-alanyl-L-tryptophyl as a key biosynthetic precursor to this family of natural
substances.

In 1973, Allen demonstrated that the monoprenylated cyclic dipeptide cyclo-
L-alanyl-2-(1,1,-dimethylallyl)-L-tryptophan was incorporated into echinulin
in cultures of Aspergillus amstelodami [56]. In this study, the reverse prenylated
cyclic dipeptide was doubly labeled with *H and '*C by treating a partially
purified prenyl transferase obtained from Aspergillus amstelodami with cyclo-L-
Ala-1-[3-1*C]-Trp and [1-*H]-3-methyl-2-butenyl 1-pyrophosphate (Scheme 33)
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cell-free extract of

Aspergillus amstefodami'

3
Scheme 33 H  echinutin

[56a]. Feeding and incorporation of the doubly labeled substrate gave echinulin
that, when recrystallized to constant specific activity, had the same *H/"C ratio
as the precursor, thus confirming this substance as a metabolic intermediate.
This study demonstrates the important initial sequence of reactions that occur
in the biosynthetic pathway with respect to isoprenylation. The first isoprene
residue is incorporated in a “reverse” manner to the intact dioxopiperazine,
cyclo-L-Ala-L-Trp; the subsequent “normal” isoprene transfer reactions occur by
electrophilic aromatic substitution on the mono-isoprenylated product culmi-
nating in echinulin.

Shortly after the studies reported by Allen, Casnati et al. reported the fate of
the aromatic protons in the indole ring during the subsequent isoprenylation
steps [57]. This study was undertaken to investigate the possible role of arene
oxides and the diagnostic NIH shift that was discovered in the early 1970s.

As shown in Scheme 34, [4,6-°H,]-tryptophan and [5,7-°H,]-tryptophan
were synthesized and fed to cultures of Aspergillus amstelodami. The [5,7-°H,]-
tryptophan was incorporated into echinulin and neoechinulin B with 2% and
103% retention of tritium activity, respectively. The [4,6-*H,]-tryptophan was
incorporated into echinulin with 1029% retention of tritium activity and into
neoechinulin with 48 % loss of tritium activity. These experiments are comple-
mentary and clearly demonstrate that the introduction of the isoprene units go
via a direct electrophilic aromatic substitution reaction mechanism. It should
also be noted that Fuganti et al. isolated cryptoechinulin from Aspergillus
amstelodami during the course of their biosynthetic work on echinulin [58].
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The stereochemistry of the a,-desaturation of cryptoechinulin was reported
by Fuganti et al. and is summarized in Scheme 35 [59]. These workers prepared
L-tryptophan stereospecifically labeled with tritium in the f-methylene position
from labeled serine, indole, and fibre-entrapped tryptophan synthetase obtain-
ed from E. coli. When (3'R)[3’-*H; 3’-1*C]-L-tryptophan was fed to Aspergillus
amstelodami, incorporation into echinulin and cryptoechinulin took place with
95% and 98% retention of tritium activity, respectively. Feeding of (3’S)[3’-°H;
3’-1C]-L-tryptophan to Aspergillus amstelodami gave incorporation into echi-
nulin and cryptoechinulin with 96% and 5% retention of tritium activity,
respectively. Thus, in the desaturation reaction the pro-S hydrogen is stereospe-
cifically removed.

Barrow et al. investigated the stereochemistry of the C-C bond-forming reac-
tion in the aromatic isoprenylation in echinulin biosynthesis utilizing [(5R)-*H]
and [(5S)-*H]-mevalonates [60]. In addition, feeding of [1,2-13C,]-acetate to
Aspergillus amstelodami, showed that the (E)-methyl groups in the isoprene
moieties are derived only from C-2 of mevalonic acid (Scheme 36). The (E)-
methyl group was found to be enriched but not coupled to the adjacent olefinic
center.

Aspergillus amstelodami
8CH,="3cO,Na g >

Scheme 36 echinulin

Net inversion at the allylic pyrophosphate carbon of dimethylallyl pyro-
phosphate was demonstrated by chemical degradation of the echinulin pro-
duced from feeding the [(5R)-H] and [(5S)-*H]-mevalonates as shown in
Scheme 37 [60]. The isoprenyl units of echinulin were reduced with diimide
and the reduction products were oxidized with fuming nitric acid giving
isocaproic acid in ~5% overall yield. The isocaproic acid was converted into
isopentylamine and oxidized with pea seedling diamine oxidase. Battersby has
shown that this enzyme is completely stereospecific in the removal of the
pro-S hydrogen from benzylamines, and the Barrow group confirmed this on
independently synthesized stereospecifically labeled isopentylamines. The
degradation product obtained from echinulin biosynthesized with added
[(5R)-*H]-mevalonate lost >90% of the tritium activity. Based on this result
and those described above on aromatic isoprenylation, these workers conclude
that the isoprenylation of the 5- and 7-positions of the indole ring occurs by
direct electrophilic attack on dimethylallyl pyrophosphate and does not occur
by rearrangement.
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Grundon et al. examined the possibility that the “reverse” prenyl unit was
introduced via an indolic N-prenylated precursor followed by aza-Claisen
rearrangement and 1,2-migration as shown in Scheme 38 [61]. These
workers synthesized 1-([1-*H]-3,3-dimethylallyl)-L-tryptophan and cyclo-L-
alanyl-1-([1-°H]-3,3-dimethylallyl)-L-tryptophan and fed these labeled sub-
stances to cultures of Aspergillus amstelodami and found that neither com-
pound was incorporated in radiochemically significant amounts into echinulin.

A similar mechanism was also postulated by Barrow et al. for the incorpora-
tion of the “reversed” isoprene unit at the indolic 3-position of roquefortine (see
Schemes 22 and 25) [44]; to date there is no experimental support published in
the literature for the notion that the “reverse” prenyl unit at either the 2-position,
as is found in echinulin, or the 3-position, as is found in roquefortine, is intro-
duced indirectly at the indole nitrogen (or some other position) followed by
migration. All evidence, both direct and indirect, points to the direct Sy attack
of the pertinent indole carbons on dimethylallylpyrophosphate.

Perhaps one of the most intriguing studies on the biosynthesis of echinulin
was that reported by Harrison and Quinn concerning the introduction of the
“reverse” isoprene unit [62]. This group noted that there are two interesting ques-
tions that can be posed concerning the 1,1-dimethylallyl group: (1) which of the
two diastereotopic methyl groups (Mey or Meg) in the “reverse” isoprene unit
(the 1,1-dimethylallyl group) of echinulin is derived from the methyl group of
mevalonic acid, and (2) which of the two diastereotopic vinyl hydrogens (Hj or
H,) is derived from the 5-pro-R-hydrogen of mevalonic acid? This study, report-
ed in 1983, experimentally addressed the first question and they were able to
demonstrate that the pro-S methyl group of the 1,1-dimethylallyl group of echi-
nulin was derived primarily (89%) from the methyl group of mevalonic acid.
The technique employed to answer this question (1) was secured via the admi-
nistration of [Me-?H;]-mevalonic acid lactone to cultures of Aspergillus amstelo-
dami and harvesting the echinulin isolated from this feeding experiment. The
’H NMR spectrum of the echinulin produced showed two overlapping signals at
61.57 and 6 1.69 ppm of approximately equal intensity that were assigned to the
labeled methyl of the 1,1-dimethylallyl group and the Z-methyl groups of the
3,3-dimethylallyl groups, respectively. The deuterated echinulin sample was sub-
sequently degraded as shown in Scheme 39 to furnish labeled 2,2-dimethyl-
butan-1-ol. Utilizing the chiral shift reagent Eu(hfbc)s, these workers were able
to assign unequivocally the deuterated methyl group as being derived from the
pro-S-methyl group.

Fuganti et al. studied the fate of stereospecifically labeled leucine incorpora-
tion into echinulin as shown in Scheme 40 [63]. Both the pro-S and pro-R 3C-
labeled leucines were synthesized from (2RS)[1-*C]2-methyl-4-phenylbutyric
acid. It was found that the label derived from the pro-R position, gave enhance-
ments (in parentheses, the % enhancements are the results of two feeding expe-
riments) to the signals assigned to C-2b (180%, 140%); C-5b, C-7b (190%,
160%); C-2d (80%, 40%); C-5e, C-7e (130 %, 50%); C-5d, C-7d (70 %, 50%). In
the case of the feeding experiments via the pro-S-derived label, the enhance-
ments were as follows: C-2b (30 %, 40%); C-5b, C-7b (70 %, 40%); C-2d (120 %,
160%); C-5e, C-7e (50%, 60%); C-5d, C-7d (160 %, 210%).
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(0]

(0] Aspergillus amstelodami

HO=
2H,C

[Me-2H3]-mevannic acid lactone
echinulin

Me

1. Hy/ PtO, 1. HBr, H,0
—_— _— Ho/\s‘(\Me
2. HOAc Me 2. LAH, Et,0 Meé Meg
Scheme 39

Me, COH  Aspergilius amstelodami
Mo~ Yo -

H NH,
M%ZN%OZH Aspergillus amstelodami . H
B 4 NH ¥ NH
\ \[H‘ Me
Mae 7d \M?N\h{lne N\ o H
Scheme 40 2d echinulin

This data was interpreted to indicate that, within the intrinsic limitations of
this method, the pro-R-derived methyl group from leucine is incorporated into
the Z-methyl group of the isoprenyl units (C-5d, C-7d) via the C-3 methyl group
of mevalonic acid. The pro-R-derived methyl group is incorporated into the
2-position of the isoprenyl chain arising from C-4 of mevalonic acid. These work-
ers interpreted this incorporation data via the pathway outlined in Scheme 41.
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Stereospecific a,f-desaturation of isovalerylcoenzyme A derived from the oxi-
dative degradation of leucine would yield a f-methyl crotonylcoenzyme A with
retention of the pro-R/pro-S-labeled leucine-derived stereochemistry as shown.
Subsequent cleavage of B-hydroxy-pB-methylglutarylcoenzyme A into acetyl
CoA and acetoacetate followed by intact incorporation of the acetoacetate into
mevalonate can account for the observed labeling propensities.

In order to confirm the above pathway, Fuganti et al. performed a second
experiment using a doubly labeled leucine derivative to examine the fate of posi-
tions 2 and 3 of leucine (Scheme 42) [64]. In the first experiment, (4S)-[5-*H]-L-
leucine admixed with (45)-[5-*C]-L-leucine was fed to cultures of Aspergillus
amstelodami yielding echinulin with ~30% loss of tritium. In a second experi-
ment, (45)-[5-*H]-L-leucine admixed with [2-'4C]-L-leucine (*H:!“C ratio =
1.25:1) was fed giving echinulin with a *H:'C ratio = 3.75:1. This result clearly
indicates significant loss of the C-2 carbon of leucine during the metabolic
incorporation into the isoprenyl units of echinulin and provides additional, sup-
porting evidence for the pathway depicted above in Scheme 41.

5
Verruculogen, Fumitremorgins, and Cyclotryprostatins

Verruculogen is a mold metabolite obtained from Penicillium verruculosum and
is the prototypical structural example of a growing class of related secondary
metabolites found in both the Penicillia sp. and Aspergillus sp. (Fig. 13). Verru-
culogen was isolated by Cole et al. from cultures of Penicillium verruculosum in
1972 and the relative structural assignment was determined in 1974 by X-ray
crystallography [65]. The absolute stereochemistry was subsequently determined
through the hydrolysis of (S)-proline from the related metabolite fumitremor-
gin A [65, 66]. Fumitremorgins A and B were isolated by Yamazaki et al. from
cultures of Aspergillus fumigatus in 1971 [66]. Verruculogen and several related
tremorgens in this family are mycotoxic alkaloids that are capable of eliciting a
sustained tremoring response in vertebrates and has been the subject of investi-
gation of animal neurological disorders. These substances are fashioned from r-
tryptophan, L-proline, L-methionine (the source of the aromatic methyl ether
carbon), and one or more isoprene moieties derived from mevalonate [67]. The
co-existence of verruculogen and fumitremorgin B in cultures of Aspergillus
caespitosus suggests a biosynthetic relationship between these substances [68].

More recently, the tryprostatins A and B [69], the spirotryprostatins A and B
[70], and the cyclotryprostatins A-D [71] were isolated from Aspergillus fumi-
gatus by Osada et al. and have been shown to be mammalian cell cycle inhibitors
interfering with the cell cycle at the G2/M phase [72]. It should be noted that at
least three different numbering systems have been used in the literature for this
family of alkaloids and the numbering system adopted here is the one original-
ly assigned by Yamazaki et al. [66] and most recently adopted by Osada et al.
[69-71].

Willingale et al. investigated the biosynthetic incorporation of the known
metabolite TR-2, isolated from Aspergillus fumigatus, into verruculogen in cul-
tures of Penicillium raistrickii [73a]. TR-2, a minor metabolite observed in cul-



R. M. Williams et al.

144

O3

H =Y ‘D uiblowaiywniAxoyiswep
SO = Y ‘0 ulbiowaiywny

sunjeysord£n pue ‘surdrouranwng ay) ‘usSo[noniiaa Jo sarnonag ‘gl *biy

g unejsosdAsjonds

@ uneysoldAnooho

EZoN V2
SN

O (@] 9L /1
g uibowaipwny

62 8 on
N aN
N

H =Y ‘g unejsoidAsy
v unelsosdAnjoads 9NO = Y ‘v unelsoidAn

unelsoidAiojoho
unejsosdAuoho

¢

d
v

O3

v uibiowalywny

o o

SN O/O \V\

it



Biosynthesis of Prenylated Alkaloids Derived from Tryptophan 145

tures of Aspergillus fumigatus by Cole et al. [65¢c], was prepared biosynthetically
using [U-*C]proline and [2-*C]mevalonic acid (organism vector not specified).
Feeding of this substance to Penicillium raistrickii gave radioactive verruculo-
gen and fumitremorgin B (co-migrating on PTLC). Further HPLC purification
of each natural product was performed and the incorporation into verruculogen
was estimated at 35% of the ['*C]TR-2 initially fed.

The authors propose a biosynthetic pathway as depicted in Scheme 43. It was
noted that the yield of purified [*C]fumitremorgin B was less than the usual
ratio of these two metabolites produced by Penicillium raistrickii and suggested
that fumitremorgin B spontaneously gives verruculogen upon addition of oxy-
gen. The authors state: “This implies both that fumitremorgin B can be derived
from TR-2 and that in aerobic culture some may become converted into verru-
culogen, mediated at least partly through a non-biological mechanism. Alt-
hough it does not necessarily follow therefore that verruculogen is an artefact,
it may not derive entirely from fungal biogenesis.” Further work is needed to
clarify the genetically pre-determined vs the adventitious production of verru-
culogen from fumitremorgin B or some other, as yet unidentified, metabolite.

A temporal picture of verruculogen biosynthesis was suggested by Mantle
and Shipston in Penicillium simplicissium by feeding [2-*H]mevalonic acid and
[U-C]proline on days 2, 3, 4, 5, or 6 and monitoring the change in *H:!*C ratio
[73b]. It was found that the *H:!*C ratio changed from 2.0:1 to 9.5:1 over the
period of administration. This suggests that diketopiperazine formation precedes
the isoprenylation steps although this study cannot discriminate between the
isoprene moiety that is involved in the formation of the heterocyclic ring be-
tween the tryptophyl a-amino nitrogen and the peroxyl-containing ring. The
findings of this study are consistent with the more penetrating TR-2 incorpora-
tion studies detailed in Scheme 43.

Horak and Vleggaar studied the stereochemical course of the peroxide ring-
forming process as shown in Schemes 44 and 45 [74]. These workers first esta-
blished that the oxygen atoms at C-18, C-12, C-22, and C-25 (Yamazaki number-
ing system) are derived from dioxygen through the biosynthetic production of
verruculogen from Penicillium verruculosum grown under an atmosphere of
180,. The '80-labeling pattern at C-12/C-13 was rationalized through the agency
of a (138, 12R)-oxirane precursor that subsequently suffers ring-opening and
attack by water on the Re-face of a conjugated iminium species at C-13
(Scheme 44).

Feeding of [1,2-°C,]acetate and examination of the one-bond *C-*C cou-
pling constants revealed that the 23-pro-Z methyl group (C-25) and the 27-Re
methyl group (C-29) comprise intact acetate units [74]. Therefore, the 23-pro-E
(C-24) and 27-Si methyl group (C-28) must be derived from C-2 of mevalonate.
These workers found that the C-28 and C-24 signals were enhanced in the
B3C NMR spectrum (enrichment factors of 9.6 and 8.8, respectively) and that the
signal for C-29 was also enhanced (enrichment factor of 3.3). A similar pheno-
menon was observed for fumitremorgin B isolated from the same [1,2-1°C,]ace-
tate feeding experiment. Feeding of (3RS)-[2-!*C]mevalonic acid lactone labeled
the 23-pro-E methyl group (C-24; enrichment factor 6.8) of fumitremorgin B
but, curiously, the 27-pro-Z methyl group (C-28) is enriched (enrichment factor
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MeO

Scheme 45. Mechanism of peroxide ring formation as postulated by Horak and Vleggaar [74]
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of 6.5). It was also observed that the signal for the 27-pro-E methyl group was
enriched (C-29, enrichment factor of 2.0). Thus the stereochemical integrity of
the diastereotopic methyl groups at C-27 (C-28 and C-29) is lost in the formation
of fumitremorgin B and is inconsistent with direct Sy2 displacement on the
methylene group of dimethylallyl pyrophosphate as the exclusive route for
introduction of this isoprene unit.

In a second series of labeling studies, [1-13C, 2-*H;]acetate was fed and incor-
porated into verruculogen. The deuterium atoms retained at C-26 and C-21 of
verruculogen were assigned based on the characteristic f-isotope shifts of deu-
terium atoms two bonds removed from *C resonances and revealed in each case
that the C-26 and C-21 hydrogen atoms are derived from the 4-Re position of
mevalonate. Two-dimensional long-range ('H, *C) chemical shift correlation
spectroscopy was used to assign the relative stereochemistry of the deuterium
atom at the diastereotopic C-26 position and it was found that the deuterium
atom resided in the C-26-Re position. Based on these assignments, a biosynthetic
pathway for the formation of the eight-membered ring peroxide in verruculo-
gen was proposed as shown in Scheme 45. The authors propose a dioxygenase-
mediated reaction on fumitremorgin B, envisioned to occur by one-electron
oxidation of the C-26, C-27 olefin to form a radical cation. Subsequent NADPH
reduction furnishes a C-27 radical that reacts with enzyme-bound O, to give,
after a further one-electron reduction and protonation, the peroxide. Two-elec-
tron oxidation of the indolic N-prenyl group to the corresponding iminium
species followed by nucleophilic addition of the peroxyl group furnishes the
eight-membered ring peroxide. The isotopic labeling studies require that the
overall addition of hydride ion and dioxygen must occur in an antarafacial man-
ner; i.e., the 265i,27Re- and the 26Re, 27Si-face, respectively to yield the observ-
ed prochirality at C-26 and C-27 in verruculogen. The authors concede that the
ring-closure step could, in principle, occur by either an ionic or a radical mecha-
nism. The possibility that intramolecular transfer of a hydrogen atom from C-21
to C-26 at the 2681, 27Re-face of the olefin in the ring-closure step was excluded
based on the incorporation of (3RS)-[5-*H,]mevalonic acid into verruculogen.

In a subsequent study, Vleggaar et al. studied the process by which stereo-
chemical integrity of the C-28/C-29 methyl groups are lost during the biosyn-
thesis of fumitremorgin B and verruculogen [75]. These workers fed variously
?H/"C-labeled mevalonic acid lactones to Penicillium verruculosum to establish
the origin and fate of the hydrogen atoms at C-29. The use of deuterium in con-
junction with *C as a reporter nucleus utilizing both a- and B-isotope shifts
in the ¥C NMR spectra provided the necessary accounting. As shown in
Scheme 46, feeding of (3RS)-[6-H3, 3-1*C]mevalonic acid lactone (> 98 atom % *H,
99 atom % *C) to Penicillium verruculosum provided verruculogen whose NMR
spectrum revealed that three deuterium atoms are retained at both C-29 and C-25.

It was observed that there was a single S-shifted 1*C signal for C-27 in the
BC['H] NMR spectrum; this observation is inconsistent with a mechanism
involving an sp>-hybridized intermediate at C-29. This was further corroborated
by an observed a-isotope shift in the *C[?H, 'H] NMR spectrum of verruculogen
obtained from feeding (3RS)-[6-*H;, 6-'*C]mevalonic acid lactone (99 atom %
3C) containing ¥C, 2H;-(55 mol%) and 3C, ?H,-labeled (45 mol%) species at
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2 0] Penicillium verruculosum
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Scheme 46

C-6. It was reported that the relative intensities and magnitude of the two a-iso-
topically shifted signals for C-29 were basically the same as those for the C-25
resonance. Since no deuterium loss occurs from C-25 during the biosynthesis,
this signal served as an internal reference for the above experiment confirming
the B-isotope shift experiments. Similar a-isotopically shifted signals for C-28
were observed, also indicating that during the biosynthesis an sp*-hybridized
intermediate at C-28 can also be excluded. Confirmation of the above data was
secured through the feeding of [2-*Hj, 2-'3C]acetate which, upon incorporation
into verruculogen, clearly revealed that C-24 and C-25 retain two and three deu-
terium atoms, respectively.

In order to explain the observed loss of stereochemical integrity of the
diastereotopic methyl groups (C-28, C-29) at C-27, these workers proposed an
intermediate allylic carbocation during the formation of the C-ring of fumitre-
morgin B as shown in Scheme 47. “Normal” prenylation of the indole N-1 and
C-2 carbons with Walden inversion at the methylene carbon of DMAPP provides
the doubly dimethylallylated, hypothetical substrate depicted in Scheme 47. Loss
of one of the diastereotopic methylene hydrogens from C-3 provides the hypo-
thetical allylic carbocation which allows for free rotation around the C-26/C-27
bond, thus scrambling the C-28/C-29 methyl groups. Closure of the amide nitro-
gen atom from the Si-face by either a cationic or radical process provides the C-
ring of fumitremorgin B and verruculogen with the observed stereochemistry.

Since this group had previously established that one deuterium atom is retain-
ed at both C-3 and C-21 of verruculogen produced with (3RS)-[5-*H,]mevalonic
acid lactone [74], a second experiment with stereospecifically labeled meva-
lonate at C-5 was conducted to determine the stereochemistry of the oxidation
process at C-3 and C-21. Thus, (3RS, 55)- and (3RS, 5R)-[5-*H, 4-'*C]mevalonic
acid lactones were individually fed to Penicillium verruculosum and the verru-
culogen so produced was analyzed by *C NMR. It was found that deuterium was
retained at C-3 in verruculogen derived from the 5S stereoisomer as evidenced
by the S-isotope shift at C-26 whereas no isotope shift was observed at C-22.In
a complementary fashion, the verruculogen derived from the 5R stereoisomer
exhibited a f-isotope shift at C-22 whereas there was no shift observed at the
C-26 resonance. These data clearly indicate that during the biosynthesis of ver-
ruculogen the 5Si proton of mevalonate is retained at C-3 and the 5Re proton
of mevalonate is retained at C-21.

As of this writing, literature on the biosynthesis of the tryprostatins, cyclo-
tryprostatins, and spirotryprostatins could not be found. It can be reasonably
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fumitremorgin B

Scheme 47. Mechanism postulated by Vleggaar et al. for the loss of stereochemical integrity at
the C-27 gem-dimethyl groups [75]

safely assumed that the biosynthesis of the tryprostatins and cyclotryprostatins
closely parallels that of the fumitremorgins and verruculogen. Of particular
interest will be elucidation of the spiro-ring-forming process in the biosynthesis
of the spirotryprostatins. Based on metabolite co-occurrence and biogenetic
and mechanistic considerations, the construction of the spirotryprostatins can
be envisioned to arise via the pathway depicted in Scheme 48. Coupling of L-pro-
line, and L-tryptophan followed by “normal” prenylation with DMAPP yields
6-demethoxytryprostatin. Divergence of this substance to spirotryprostatins
A and B can occur via aromatic ring hydroxylation to tryprostatin B and S-
adenosylmethionine (SAM) methylation to tryprostatin A. Oxidative ring clo-
sure, presumably analogous to that described by Vleggaar et al. for verruculo-
gen [75] yields fumitremorgin C. Oxidation at the indole 2-position followed
by a pinacol-type rearrangement would furnish spirotryprostatin A. A similar
sequence of oxidative ring closure and spiro-ring-forming reactions from
6-demethoxytryprostatin and desaturation of the tryptophyl a,B-carbons
would furnish spirotryprostatin B.



151

Biosynthesis of Prenylated Alkaloids Derived from Tryptophan

g unejsoidAnonds

[xo]

v unesosdAnolds

9 uibiowaiwnjAxoylewep

sunjeysord{noxds oy 03 Aemyied onayyuhsorq 9[qIssod gy awadYdS

i T

HO=
9 uibiowasiwny

g unejysoidAn

ddviNd
ueydoydAi-
auyoid-q
ol F
Y ‘v uneisoidAuyAyiawsap u VS

BNO= Y ‘v uneisoidAn




152 R. M. Williams et al.

a-cyclopiazonic acid B-cyclopiazonic acid

Fig. 14. Structures of a- and B-cyclopiazonic acids

6
a-Cyclopiazonic Acid

a-Cyclopiazonic acid (Fig. 14) is a mycotoxin produced by Penicillium griseoful-
vum Dierckx (formerly called Penicillium cyclopium Westling) as reported by
Wilson et al. in 1968 [76]. A complete numbering scheme for a-cyclopiazonic
acid could not be found and the one shown in Fig. 14 was taken from Gorst-
Allman et al. (see below).

Holzapfel and co-workers carried out some preliminary biosynthetic work
and identified via “C-labeled precursor feeding studies that this substance is
fashioned from tryptophan, mevalonic acid, and acetate [77]. These workers
were able to demonstrate further that S-cyclopiazonic acid is a biosynthetic pre-
cursor to a-cyclopiazonic via biosynthetic radiolabeling of B-cyclopiazonic acid
and efficient incorporation of this precursor into a-cyclopiazonic acid. In addi-
tion, it was noted that S-cyclopiazonic acid is present in the mycelium at a stage
when only traces of a-cyclopiazonic acid can be detected. The concentration of
B-cyclopiazonic acid then rapidly decreases as the a-cyclopiazonic acid concen-
tration increases and seems to indicate clearly a temporal separation of the bio-
synthetic steps.

3HR NH2

CO,H  Penicillium griseofulvum Dierckx CSIR 1082

~ complete retention of tritium

Penicillium griseofulvum Dierckx CSIR 1082

~ complete loss of tritium

Scheme 49 o-cyclopiazonic acid
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Steyn et al. investigated the stereochemistry of proton removal from
the methylene position of tryptophan culminating in closure of the D-ring
[78]. To this end, (3R)-[3-*H]tryptophan and (3S)-[3-*H]tryptophan were
synthesized and fed to Penicillium griseofulvum Dierckx. It was found that
the 3R tritium was retained for both the (25)- and (2RS)-forms of tryptophan
and that for the (3S)-[3-*H]tryptophan almost complete loss of the tritium
was observed (Scheme 49, Table 6). A racemic mixture and the individual
stereoisomers of the labeled tryptophan were efficiently incorporated into
PB-cyclopiazonic acid, thereby indicating the integrity of the methylene group
during the early stages of the biosynthesis. Site-specific incorporation of the
tritium atom at C-4 was secured indirectly by base-catalyzed exchange of
the C-5 proton with no concomitant loss of tritium and through the feeding
of (2RS)-[3-*H,]tryptophan which showed site-specific incorporation of the
deuterium by NMR at C-4.

These workers [78] further established that the a-methine proton from
tryptophan is not lost during the biosynthesis through feeding of (2RS)-[2-
*H]tryptophan admixed with (2RS)-[3-'“C]tryptophan as an internal standard.
Subtracting loss of the (2R)-isomer via metabolism of the (2R)-isomer to indo-
lylpyruvic acid gave 97.5% retention of tritium at C-5 in a-cyclopiazonic acid.
These results are consistent with a mechanism for ring-closure that involves the
formation of the C-C bond at C-4 occurring from the face opposite to the side
that the proton is removed from.

Gorst-Allman et al. reported a study on additional stereochemical aspects of
the D-ring formation via labeled mevalonic acid derivatives [79]. A ping-pong
bi-bi mechanism was suggested for the cyclization reaction by Schabort and co-
workers [80] and involves the loss of the pro-S-hydrogen from the methylene
group of tryptophan (see Scheme 49). These workers prepared samples of ste-
reospecifically labeled [4-*H]mevalonic acid lactones and fed these with (3RS)-
[2-1*C]- and (3R)-[3-!*C]mevalonic acid lactone to Penicillium griseofulvum

Table 6. Incorporation of labeled tryptophan derivatives into a- and f-cyclopiazonic acids [78]

Conlfig. of Trp precursor SH:!C ratio SH:!C Ratios and retention of *H (%) in
a-cyclopiazonic  and  fB-cyclopiazonic
acid acid

(28, 2R)-[3-3H, 3-14C] 4.53:1 4.44 (98.0) 4.32 (95.4)

1.67:1 1.61 (96.4) 1.60 (95.8)

(2RS, 38S)-[3-°H, 3-14C] 4.60:1 4.52 (98.3) 0.21 (4.6)

3.99:1 - 0.20 (5.0)

2.41:1 - 0.14 (5.8)
(2RS,3RR)-[3-*H, 3-1C]  5.69:1 5.60 (98.4) 5.37 (94.4)

2.16:1 - 2.09 (96.7)

(2'S,3R)+(2R, 3RS)-
[3-H, 3-*C] 4.16:1 3.92(94.2) 2.09 (50.2)

(2RS)-[2-°H, 3-1C] 7.32: - 3.57 (48.8)

—_
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Table 7. Incorporation of labeled mevalonic acid lactones into a-cyclopiazonic acid [79]

Mevalonic acid lactone 3H:!*C Ratio of mevalonate 3H:!*C Ratio in
mixture precursor mixture a-cyclopiazonic acid

(3S,45)-[4-*H]+(3R, 4R)-

[4-3H]+(3RS)-[2-1*C] 2.35 2.44
(3S,45)-[4-*H]+(3R, 4R)-
[4-*H]+(3R)-[2-1*C] 1.67 0.83

Dierckx and examined the fate of these labels in a-cyclopiazonic acid. The
results of these experiments are collected in Table 7.

From this data it was concluded that the (3R)-isomer of mevalonic acid
lactone is incorporated into a-cyclopiazonic acid with retention of the 4-pro-
R-hydrogen atom.

In an effort to establish the stereochemical origin of the geminal methyl
groups in a-cyclopiazonic acid, Gorst-Allman et al. [79] assigned the diastereo-
topic geminal methyl groups by chemical degradation into a mixture of O-
methyldesacetylcyclopiazonic acid and the corresponding C-5 epimer by treat-
ment of a-cyclopiazonic acid with dilute sulfuric acid followed by etherification
with diazomethane (Scheme 50). Based on a conformational analysis and
chemical shift differences of the geminal methyl groups in the C-5 epimer, the
assignment for the C-22 and C-23 methyl groups was made.

1. 0.05M HpSO,, MeOH
2. CH,N, B

a-cyclopiazonic acid O-methyldesacetylcyclopiazonic acids

Scheme 50. Chemical degradation of a-cyclopiazonic acid into O-methyldesacetylcyclopiazo-
nic acids [79]

Using the above assignments, these workers fed [1,2-°C,]acetate to Penicillium
griseofulvum Dierckx and determined that the Z-methyl group (C-22) in
B-cyclopiazonic acid becomes the f-methyl group (C-22) in a-cyclopiazonic
acid (Scheme 51).

Although the detailed mechanism for the closure of the D-ring in a-cyclopia-
zonic acid via B-cyclopiazonic acid is not fully understood, it should be noted
that the oxidocyclase that effects this transformation has been studied by Scha-
bort and co-workers [80] and has been found to be a complex flavoenzyme
system consisting of five isoenzymes. It was found that each isoenzyme contains
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[1,2-19C, Jacetate Penicillium griseofulvurn Dierckx

a-cyclopiazonic acid

Scheme 51. Stereochemical origin of the geminal methyl groups in - and a-cyclopiazonic
acids [79]

a-cyclopiazonic acid

0 (o]
Me N
t L
N’go Me N H o)
( R

FAD)

(FADH,)
B-cyclopiazonic acid/oxidocyclase complex

Scheme 52. Proposed mechanism for f-cyclopiazonic acid oxidocyclase [80]

one covalently linked flavin per molecule and requires O, or artificial electron
acceptors for catalytic activity. Furthermore, pH-dependence studies suggest
the presence of two histidine residues at the active site. These studies, reported
by Schabort and co-workers have led to a mechanism for the ring closure as
shown in Scheme 52 [80].
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7
Ergot Alkaloids

The biosynthesis of the ergot alkaloids has been intensively studied over the past
40 years and comprises a large body of chemical literature. This family of alka-
loids are secondary metabolites of the parasitic fungi Claviceps sp. (Clavicipita-
les) and display a wide array of interesting biological activities. The history and
biosynthesis of the ergot alkaloids was reviewed in 1976 by Floss [81] and the
material covered in this excellent review will not be elaborated on further here.
In this section, only a few highlights of the initial prenylation of L-tryptophan
and formation of the C-ring of the ergot alkaloid skeleton will be discussed. The
biosynthesis of the D-ring system has already been extensively reviewed [81].
The later stages of ergot alkaloid biosynthesis and conjugation to the prolyl
peptide moieties will also not be discussed.

7.1
Chanoclavine-l, Agroclavine, and Elymoclavine

Current knowledge of the biosynthesis of the ergot alkaloids appears to follow
the pathway depicted in Scheme 53. Prenylation of L-tryptophan yields dime-
thylallyltryptophan (DMAT) which is N-methylated by S-adenosylmethionine
(SAM) followed by oxidation, cyclization of the C-ring, and decarboxylation to
give chanoclavine-I, the first isolable metabolite bearing the C-ring. In most of
the studies discussed below on the early stages of ergot alkaloid biosynthesis,
elymoclavine has been utilized to determine biosynthetic incorporation of fed
precursors since this substance accumulates in sufficient quantities in most Cla-
viceps spp. to allow for the determination of reasonably precise incorporation
levels.

To accomodate the observed partial scrambling of the '“C label between the
two isoprenoid methyl groups of elymoclavine, agroclavine and lysergic acid
(~90% at C-17 and ~10% at C-7) and the partial scrambling of the *H label of
pro-R and pro-S hydrogens from C-5 of mevalonic acid into various clavines,
Floss et al. proposed the mechanism shown in Scheme 54 [82]. In this mecha-
nism, a double Sy attack on DMAPP with partial rotation was invoked to
account for the observed loss of stereochemical integrity of the labels.

To test this hypothesis, feeding experiments were performed with (55)- and
(5R)-[2-'3C,5-*H,] mevalonate to cultures of Claviceps sp. strain SD58. Based on
the mass spectra fragmentation patterns of the elymoclavine produced under
these conditions the authors concluded that: “This experiment thus suggests
that the scrambling of *C from C-2 of mevalonate between C-7 and C-17 of
elymoclavine and that of ?H from C-5 of mevalonate between the two allylic
hydrogen positions of the the isoprenoid unit occur independently of each other
(although not necessarily in different reaction steps).”

Arigoni et al. had proposed that in Claviceps penniseti partial loss of stereo-
chemical integrity of the label from mevalonate must occur prior to or during
the biosynthesis of DMAPP [83]. This was also confirmed by Floss et al. by
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elymoclavine; C-17 label: ~ 90% ~90% ~10%

Scheme 54. Anomalous scrambling of label
from DMAPP to elymoclavine [82] elymoclavine; C-7 label: ~ 10%

showing that (Z)-[methyl-*H;]DMAT (97.2% Z, 2.8% E) generated from (Z)-
[methyl-*H;]DMAPP with DMAT synthase was converted into chanoclavine and
elymoclavine without loss of stereochemical integrity in Claviceps sp. SD58.

To rationalize these data, Floss et al. proposed the mechanism shown in Sche-
me 55 wherein a direct electrophilic aromatic substitution reaction from an
enzyme-bound DMAPP ion pair species alkylates C-4 of the tryptophan nucle-
us [82]. The minor product, where partial loss of stereochemical integrity is
sacrificed, was envisioned to occur via rotation around the C-1/C-2 bond of the
allylic carbocation species as shown in Scheme 55. Poulter et al. subsequently
published a mechanistic study on DMAT synthase that is fully consistent with
this interpretation [84].

The second step in the pathway is believed to be N-methylation of the trypto-
phyl a-amino group by S-adenosylmethionine. Support for this notion was
reported by Floss et al. as illustrated in Scheme 56 [85]. Synthesis and feeding of
[a-1°N, N*-Me-2H;]DMAT and ['°N, N-Me-*H;]dimethylallyltryptamine to cul-
tures of Claviceps sp. SD58 was conducted to test this hypothesis. It was found
that the labeled DMAT was efficiently incorporated into elymoclavine but, that
the labeled tryptamine derivative was not incorporated. This demonstrates that
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Me_ Me HO
| CO,H
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N
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Scheme 56. Incorporation of N-Me-DMAT into elymoclavine [85]

N-methylation precedes the decarboxylation step and provides support for N-
methyl-DMAT as a pathway intermediate.

The mechanism of cyclization to form the C-ring of the ergot alkaloid nucleus
has been the subject of much speculation. Floss et al. proposed the dihydroxyla-
tion of the isoprenyl unit of N-Me-DMAT followed by an intramolecular Sy’ cy-
clization coupled with a decarboxylation to yield chanoclavine-I (Scheme 57)
[86]. On the other hand, Pachlatko and co-workers proposed the formation of an
epoxide followed by a similar Sy’ cyclization coupled with a decarboxylation
[83]. To test the possible intermediacy of the diol, Floss et al. prepared [N*-Me-
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2H,] sample of the putative diol and fed this substance to Claviceps sp. SD58 and
examined for incorporation into elymoclavine. These workers found no signifi-
cant incorporation of the diol into elymoclavine lending credence to the inter-
mediacy of Arigoni’s proposed epoxide. Further support for this intermediate
was obtained when Floss and Kobayashi incubated cultures of Claviceps sp. SD58
in an atmosphere of '*0, gas and obtained 76 atom % '*0-enrichment of chano-
clavine I [87].Incorporation of molecular oxygen indicates a mechanism involv-
ing a possible carbocation at the benzylic position and a possible carbanion at
C-a. The intermediacy of the epoxide and the mechanism shown in Scheme 57
are in accordance with the experimental data.

To elucidate further the mechanism of closure for ring C, Floss et al. syn-
thesized the racemic amino acid shown in Scheme 58 [88]. Feeding experi-
ments with the N-trideuteriomethyl labeled compound showed a 33% specific
incorporation of the amino acid into elymoclavine. The high level and specifi-
city of incorporation (no M+1 or M+2 species were detected) clearly point
toward the intermediacy of the tertiary carbinol in the biosynthesis of the
tetracyclic ergoline ring system. On the basis of these results, Floss et al. pro-
posed the overall sequence shown in Scheme 53 for elaboration of the C ring
system [88].

OH
Mei Me

COzH
X Claviceps sp. SD58
NHC?Hg

N 33% specific incorporation
N
H

elymoclavine

Scheme 58. Incorporation of the proposed tertiary carbinol into elymoclavine

7.2
Clavicipitic Acid

In the course of their studies on the biosynthesis of ergot alkaloids, Robbers and
Floss isolated clavicipitic acid, a new indolic amino acid [89]. Based on the X-ray
crystal data of the major isomer and the assumption that the stereocenter at
C-5 retains its stereochemistry from L-tryptophan, the structure shown in
Scheme 59 was assigned [90]. By performing feeding experiments on Claviceps
sp. SD 58 with C clavicipitic acid (biosynthetically labeled), the laboratories of
Floss [90] and Anderson [91] independently determined that clavicipitic acid is
not a precursor to elymoclavine. Instead, Floss argues that it arises from: “... a
derailment of the metabolism leading to the tetracyclic ergolines between the
first and second pathway-specific steps, the isoprenylation of tryptophan and
the N-methylation of 4-(y,y-dimethylallyl)-tryptophan (DMAT).” Anderson and
co-workers isolated an enzyme, DMAT oxidase, from Claviceps sp. which catalyzes
the formation of clavicipitic acid from DMAT [92]. The enzyme, which requires
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0, but no reducing agent, may catalyze oxidative cyclization directly or catalyze
the 10-hydroxylation of DMAT which would then cyclize to clavicipitic acid
(Scheme 59).

Floss et al. also performed feeding experiments with *H and '“C labeled meva-
lonic acid to determine the fate of the C-5 pro-R and pro-S hydrogens of meva-
lonate (Scheme 59) [90]. There was complete retention of the pro-S hydrogen
when (3R, 55)-[5-*H] mevalonic acid and (3R, S)-[2-*C] mevalonic acid were
fed to cultures of Claviceps sp. SD 58. However, these workers observed a peculiar
result in the feeding experiment using non-stereospecifically C-5 labeled
mevalonate wherein there was 75% retention of tritium at C-5 derived from
mevalonate at C-10 in clavicipitic acid. Along with this result, they also found
that feeding experiments with (3R, 5R)-[5-*H] mevalonic acid and (3R, S)-[2-
1C] mevalonic acid retained half of the tritium from the C-5 pro-R hydrogen of
mevalonic acid. Floss suggested the following to explain this unusual observation:
“A possible explanation could be advanced if one assumes that the DMAT oxi-
dase reaction discriminates only partially between the two heterotopic hydro-
gens at C-10, replacing one at a rate which differs from that of the other, and that
the reaction involves a hydrogen isotope effect.”

8
Addendum: Biosynthesis of the Primary Metabolites L-Tryptophan
and Dimethylallyl Pyrophosphate

In this section, a brief and superficial overview of the biosynthesis of L-tryp-
tophan and the key C; building block dimethylallyl pyrophosphate is describ-
ed. The intent of this is to give a quick visual reference guide for the labeling
patterns intrinsic to the primary metabolites that are then re-cast in the
secondary metabolite structures that have been discussed throughout this
article.

8.1
Biosynthesis of L-Tryptophan

The aromatic amino acids, including phenylalanine, tyrosine, and tryptophan
are biosynthesized via the shikimate pathway as shown in Scheme 60 [93].

Tryptophan is constructed from a branch point in the shikimic acid pathway.
Chorismic acid is transaminated with L-glutamine as the nitrogen donor to give
anthranilic acid. Anthranilate is then enzymatically condensed with 5-phospho-
ribosyl-a-pyrophosphate to form N-(5’-phosphoribosyl)-anthranilate from
which two carbon atoms of the indole ring will be constructed. An Amadori-
type rearrangement on N-(5"-phosphoribosyl)-anthranilate catalyzed by N-
(5’-phosphoribosyl)-anthranilate isomerase furnishes enol-1-carboxyphenyl-
amino-1-deoxyribulose phosphate. Indole-3-glycerol phosphate synthase then
effects the decarboxylation and dehydration of enol-1-carboxyphenylamino-1-
deoxyribulose phosphate giving indole-3-glycerol phosphate.
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Indole-3-glycerol phosphate is the penultimate substrate which is fed into the
tryptophan synthase complex. This enzyme is composed of two subunits (as an
a,- and f,-tetramer) which utilizes substrate channeling to complete the con-
struction of this amino acid. The a-subunit catalyzes the formation of indole
from indole-3-glycerol phosphate and the -subunit catalyzes the condensation
of indole to a serine-derived aminoacrylate moiety bound to pyridoxal mono-
phosphate (PLP).

The mechanism for cleavage of the C-C bond of glycerol to the indole ring is
shown in Scheme 61.

OS—PO OHH"' 03=PO OH
——— H
HO N\_NH N
) HO N*H

N\ o) 3=po/\=/CHO

N * OH

H

Scheme 61 indole  glyceraldehyde-3-phosphate

The final assembly of tryptophan is shown in Scheme 62.

The biosynthesis of tryptophan poses an interesting challenge to the cell due
to the lipophilic nature of the indole ring. The indole heterocycle formed in the
first step would readily cross cell membranes and be lost to the cell if it were al-
lowed to diffuse away from the enzyme. Nature has solved this problem by con-
necting the two functional parts together. Tryptophan synthase has a channel
25 A long connecting the active sites of the two subunits. Thus, when indole is
made in the a-subunit, it is “passed down” the channel to the S-subunit where
the hydrophilic serine unit is connected. This is called “channeling” and in-
creases the catalytic reaction rate more than tenfold. The crystal structure of
tryptophan synthase, shown in Fig. 15, clearly reveals the two domains and the
channel down the center of the enzyme [94].

8.2
Biosynthesis of the Isoprene Building Blocks

The five-carbon isoprene skeleton constitutes a ubiquitous biosynthetic build-
ing block in all cells. Nature constructs a daunting array of primary and secon-
dary metabolites from the two basic precursors, dimethylallyl pyrophosphate
(DMAPP) and isopentenyl pyrophosphate (IPP) (Fig. 16) [95].
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Fig. 15. Two views of the crystal structure of tryptophan synthase. Side view showing both
domains and top view showing the “channel” [94]

C
>C—C—C skeleton of isoprene units
Cc
Chs g Q CHy o O
X P~ Re0- Pe~Re0-
HsC O-O' 0 HZC)\/\O_C,) 0O \O(-)
Fig. 16 dimethylallyl pyrophosphate isopentenyl pyrophosphate

8.2.1
The Mevalonate Pathway

The classical mevalonate pathway has long been recognized as one of the key
primary metabolic pathways leading to the formation of the branched five-car-
bon skeleton of the isoprene building blocks, isopentenyl pyrophosphate and
dimethylallyl pyrophosphate [95].

This biosynthetic path consists of the Claisen-type condensation of two
acetyl CoA units to form the four-carbon substance acetoacetyl CoA; a third
equivalent of acetyl CoA is then added in an aldol-type reaction giving, after
hydrolysis of one of the thiol esters, hydroxymethylglutaryl CoA (HMG-CoA).
HMG-CoA is then reduced by a net four electrons to mevalonic acid and is sub-
sequently phosphorylated to mevalonic acid 5-pyrophosphate (MVA-5PP). This
substrate is finally phosphorylated and decarboxylated with concomitant loss of
inorganic phosphate to give the five-carbon isoprenoid isopentenyl pyrophos-
phate (IPP). IPP is then isomerized to DMAPP by an isomerase.

Scheme 63 illustrates the labeling pattern that is observed when doubly *C-
labeled acetate is used as a precursor.

The alternate labeling pattern shown in Scheme 64 can be used as a guide
when singly labeled acetate or glucose is utilized.
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Scheme 64. The classical mevalonic acid pathway. Labeling pattern is via singly labeled acetate

8.2.2
The 1-Deoxy-p-xylulose Pathway

Recently, evidence has accumulated based on isotope labeling and feeding expe-
riments that there must be an alternative pathway in some organisms for the
formation of the isoprenoid building blocks [96-98]. Initially, it was proposed
that distinct and compartmentalized acetyl CoA pools could account for the
anomalous labeling patterns observed that were inconsistent with those expect-
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ed from the mevalonate pathway. These results have recently been reinterpreted
as resulting from a distinct biochemical pathway, named the deoxyxylulose
pathway.

Based on a number of elegant experiments, Rohmer and co-workers sugges-
ted that dihydroxyacetone phosphate underwent an acyloin-type of condensa-
tion with an activated equivalent of acetaldehyde [96]. The resulting branched
chain carbohydrate was postulated to undergo a skeletal rearrangement consis-
tent with the “reshuffled” three-carbon fragment. On the other hand, Zenk and
co-workers proposed a head-to-head condensation of glyceraldehyde 3-phos-
phate with the two-carbon unit resulting from the decarboxylative condensation
of pyruvate with thiamine pyrophosphate (TPP) [97,98]. Experimental evidence
for the latter pathway was secured through the incorporation of 1-deoxy-D-xylu-
lose into ubiquinone in E. coli. The involvement of a reductoisomerase was
recently reported by Seto et al. in the rearrangement of 1-deoxy-p-xylulose into
the branched five-carbon aldehyde [99]. A mechanism for this pathway, based on
currently available experimental data is illustrated in Scheme 65.

R
Me NB HsC_o Me ® f‘i\ MeOH
| Yol ~r | Rl Sone
s o) OH (0]
TPP pyruvate
PPO PPO
R
R |
Me—NY_J'"° Me-PNMe OH o,
i );LOH - \ S>;K’\'
S H;—«SE HCS OP
CO, PPO 4 ) OP  PPO
glyceraldehyde-3-phosphate
Me op oH
?MOP OHC>(;\/ oP
i Ho ) reductoisomerase | 1O CH,
TPP D-1-deoxy-xylulose-5P

H. _H
I/\ D — I
—_
> . HeC OPP H3C/K/\OPP

IPP DMAPP
Scheme 65. The 1-deoxy-D-xylulose pathway to the isoprenoid building blocks
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8.2.3
Evolutionary Origin of the Two Biosynthetic Pathways

The taxonomic distribution of the pathways as currently known in the limited
number of organisms studied paints the following picture. Archaea appear to
utilize the mevalonate pathway and includes such species as Archaeoglobus ful-
gidus, Methanobacterium thermoautotrophicum, and Methanococcus janna-
schii. Orthologous genes for the mevalonate pathway have been found in the
genome of Borrelia burgdorferi. The photosynthetic bacterium Chloroflexus
aurantiacus, which represents the earliest known branch in the development of
eubacteria, was demonstrated to produce the diterpene verrucosan-2-ol via the
mevalonate pathway.

On the other hand, the eubacteria E. coli, Helicobacter pylori, Haemophilus
influenza, Bacillus subtilus, and the blue green alga Synechocystis sp. do not
appear to have genes coding for the enzymes of the mevalonate pathway. These
organisms contain putative orthologs of the dxs gene that presumably encode
for the biosynthesis of 1-deoxy-D-xylulose. Taking these limited genetic data, it
can be speculated that,in general, archaebacteria utilize the mevalonate pathway
whereas eubacteria utilize the 1-deoxy-D-xylulose pathway and both pathways
appear to operate, albeit in separate compartments, in higher plants. Thus, the
mevalonate pathway in higher plants operates in the cytosol and the 1-deoxy-p-
xylulose pathway appears to be compartmentalized in the plastids. There are no
known cases of fungi that utilize the 1-deoxy-p-xylulose pathway and these
organisms along with all higher animals are believed to utilize the mevalonate
pathway exclusively.

The evolution of the plastid structure in higher plants is generally believed to
have arisen by endocytosis and endosymbiosis of cyanobacteria. The genes
coding for the enzymes of the 1-deoxy-D-xylulose pathway were presumably
imported with the early endosymbiants and those genes relocated to the nuclear
chromosome. It is interesting that these enzymes still retain a plastid-targeting
sequence that has allowed the unusual compartmentalization of the two isopre-
ne biosynthesis pathways in plants. Very recently, Martin and Muller proposed
that eukaryotic cells originated from a methanobacterium that had incorporated
a eubacterium [100]. This ancient biochemical progenitor of eukaryotic cells
therefore gave birth to the cytoplasmic mevalonate machinery in plants and the
1-deoxy-D-xylulose pathway was later derived from the endosymbiotic cyano-
bacteria.
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Tropane alkaloids comprise a large group of bases occurring predominantly in the family of
the Solanaceae . Structurally they are esters of carboxylic acids with tropine (3-hydroxy-8-aza-
8-methyl-[3.2.1]-bicyclooctane) and are biosynthetically derived from amino acid and acetate
precursors. Despite the relative structural simplicity of the alkaloids, their biosynthesis is not
well understood from a mechanistic point of view. In this article the available information
pertaining to this question is summarized and discussed in context with the information that
is available from the analogous pelletierine class of alkaloids. A new proposal for the mecha-
nism of assembly of the acetate derived C, fragment of these alkaloids is introduced.
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1
Introduction

Some 80 years ago, Robert Robinson published his elegant synthesis of tropinone
from succindialdehyde, methylamine and acetonedicarboxylate [1]. Prompted
by his synthetic strategy he took up his speculations on the origin of natural pro-
ducts in Nature, among them the tropanes, which were published shortly there-
after [2]. A fascinating account of the history of these early ideas is presented by
A.J. Birch [3]. Ever since, the biological origin of tropine has held an important
position in our thinking about the biogenesis of alkaloids. Thus, when suitable
experimental tools, i.e. radiotracers, for the investigation of the biosynthesis of
natural products became available in the late 1940s and early 1950s, among the
alkaloids it was again the origin of the tropane nucleus that was one of the first
targets of investigations [4].

The current status of knowledge of the biosynthesis of the tropane alkaloids
is almost paradoxical: our understanding of the mechanisms by which plants
assemble the tropane nucleus (1) still leaves much to be desired whilst some of
the late events in the formation of one particular tropane alkaloid, scopolamine
(2),are understood in great detail. Applications of this knowledge in the sense of
“metabolic engineering” of medicinal plants have even been described [5].
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3 3 H 3 H
6 H 6 6

HO O_ CHOH O_ CHOH

1 O 7D
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Apart from the sizable primary literature on the biosynthesis of the tropanes,
a substantial number of reviews on this topic has been published. The two most
recent of these describe the work from the laboratory of the late Eddie Leete [6]
and the encouraging results that have been obtained on an enzymological level
[7]. Experiments aimed at elucidating the biosynthesis of the tropic acid moiety
present in many tropane alkaloids have been reviewed recently by workers in the
field [8] and will not be covered here.

The present review will focus on progress made in the elucidation of the bio-
synthesis of tropane and related alkaloids from a more chemical perspective and
will attempt to outline what in our current understanding is deficient and to
identify the remaining problems. For this purpose, the discussion will be divided
into two parts, dealing with the assembly of the amino acid derived C,N portion,
C-1,C-5,C-6,C-7,N-8, of the five-membered ring and then with the assembly of
the acetate derived C; fragment, C-2,C-3,C-4, and the formation of the azabicy-
clooctane system. A liberal definition of the term tropane will be used, so that
the biosynthesis of cocaine and some biogenetically related pelletierine-type
alkaloids may be included in the discussion. In the view of this author, results
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obtained in the latter group may have a bearing on our thinking about the bio-
synthesis of the tropanes in the customary narrow definition.

2
The Amino Acid Derived Fragment

One of the first experimental results on tropane biosynthesis with radiotracer
methodology in Datura stramonium [9] provided evidence that the C,N frag-
ment of the five membered ring of the tropane alkaloids is derived from orni-
thine (4) as had been envisioned by Robinson. This initial finding was subse-
quently confirmed by work from various groups in a variety of genera [reviewed
in 10]. In more recent studies, employing inhibitors of ornithine and arginine
decarboxylases, it has been suggested that arginine (5) rather than ornithine is
the preferred source of the C,N fragment C-1,C-5,C-6,C-7,N-8 [11, 12]. Because
of the close biogenetic relationship between ornithine and arginine via the urea
cycle this finding does not constitute a fundamental contradiction to the earlier
results but rather a refinement of the model.

The next question addressed first by Leete [13, 14], concerned the occurence
of a symmetrical intermediate on the pathway between ornithine and the alka-
loids. The feeding of [2-1*C]ornithine to Datura stramonium led to specific
incorporation of the label into only C-1, the stereocenter of (R) configuration in
the tropine moiety of hyoscyamine (3), which was excised in unambiguous
fashion. Leete concluded that an intermediate with C,, symmetry could not be
situated on the pathway between ornithine and the tropane alkaloids.

Several mechanistic interpretations have been put forth to explain this result.
The first one of these envisioned the intermediacy of 5-N-methylornithine on
the pathway from ornithine to the alkaloids. After decarboxylation of this non-
proteinogenic amino acid N-methylputrescine (6) would be obtained in which
the secondary amino group originates from N-5 of ornithine and the primary
one from N-2 of the amino acid. No convincing experimental evidence could be
accumulated to support this hypothesis and it was later abandoned in favor of a
scheme adapted from one first proposed by Spenser to account for the nonsym-
metrical incorporation of lysine into sedamine [15]. As formulated by Leete [16],
this hypothesis requires the removal of the carboxyl group of the amino acid and
the subsequent N-methylation to occur without a “free”, i.e. not enzyme-bound,
intermediate with C,, symmetry. This proposal mandates that the N-methyl
group of the resulting N-methylputrescine (6) is attached to the nitrogen atom
originating from N-5 of ornithine and that N-5 of the amino acid is incorporated
into the alkaloids (Path Al in Scheme 1). An attractive variant of this proposal
mentioned in passing by Leete, postulates that it may not be the N-methylation
subsequent to decarboxylation that results in a nonsymmetrical intermediate.
Instead, differentiation of the two ends of the bound putrescine on the putative
decarboxylase enzyme would be achieved by transamination of the nitrogen
atom from C-2 (ornithine numbering) subsequent to decarboxylation to yield
Al-pyrroline (Path A2). The usual mechanism of a-amino acid decarboxylases
[17] involves binding of the a-amino group of the amino acid to the pyridoxal
phosphate prosthetic group of the enzyme and delocalization of the negative
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Scheme 1. Possible pathways for the incorporation of ornithine 4 or arginine 5 into tropane
alkaloids

charge resulting from loss of C-1 into the aromatic ring of the cofactor (see the
intermediate in Path A2). After tautomerization an enzyme-bound imine is
obtained (see the intermediate in Path A1) which is then hydrolyzed to the bio-
genic amine. However, the first of these two intermediates can also be viewed as
an intermediate in a transaminase reaction. Hydrolysis at this stage would result
in formation of a carbonyl group at C-2 of the original amino acid and conco-
mitant loss of the amine nitrogen. The amine nitrogen could subsequently be
transferred via transamination to an a-keto acid to regenerate the aldehyde
functionality of the cofactor. This variant is conceptually particularly attractive
as it uses the pyridoxal phosphate prosthetic group common to amino acid
decarboxylases and transaminases to achieve the generation of the nonsymmet-
rical intermediate. In any case, either version of this elegant proposal rational-
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izes the experimental observation concerning nonsymmetrical incorporation of
ornithine into the tropane ring in Datura stramonium. It has remained experi-
mentally unsubstantiated on an enzymological level to this day, however.

A third proposal to rationalize the nonsymmetrical incorporation of the
amino acid precursor can be based on more recent experiments [11, 12] using
mechanism-based enzyme inhibitors. The results suggest that L-arginine (5)
rather than L-ornithine (4) is the central intermediate on the amino acid level
in the formation of the alkaloids. Recognizing the fact that in (5) the two amino
groups are differentiated, the model envisages that L-arginine is metabolized via
its biogenic amine agmatine (7) in which the two nitrogen atoms N-2 and N-5
of the amino acid remain differentiated by the presence of the guanidino func-
tion on the latter. After methylation of the primary amine derived from N-2 of
arginine to yield N-methylagmatine (8), the guanidino group could be removed
liberating the primary amine (6) originating from N-5 of arginine (Path B in
Scheme 1).1In a subsequent step, this nitrogen atom would be removed by oxida-
tion or transamination to yield aldehyde (9) in which the carbonyl carbon is
derived from C-5 of arginine. Agmatine (7) is indeed incorporated into the alka-
loids in root cultures of Datura stramonium [11,12]. Unfortunately, this study was
restricted to measuring incorporation of [U-*CJagmatine (7) into the alkaloids.
It was assumed that (7) would be metabolized via putrescine, i. e. an intermediate
with C,, symmetry, without rigorous experimental evidence to that effect.

The experimental verification of this last proposal by means of radiotracers
would require the use of a specifically labeled precursor and subsequent degra-
dation of the labeled (2) to establish the distribution of label within (1). As the
skills and patience required for such work are disappearing, it is unlikely that the
solution to this problem will come from work with radiotracers. However, the
two models still in contention for the rationalization of the incorporation of
L-arginine or of L-ornithine via a nonsymmetrical intermediate differ by the
origin of the nitrogen atom in the tropane nucleus as shown in Scheme 2.
Either variant of Path A in Scheme 1 results in the incorporation of N-5 into the
alkaloids and the loss of N-2. If desymmetrization proceeds via Path B on the
other hand, N-5 would be lost and N-2 would be incorporated.

This could be established in a straightforward way by using [5-*C,"*N]orni-
thine or [5-*C,*N]arginine and [2-'*C,'*N]ornithine or [2-1*C,*N]arginine, re-
spectively, followed by NMR analysis. It is most unfortunate that such a feeding
experiment with successful incorporation via a nonsymmetrical intermediate
into the tropane alkaloids has apparently never been reported. Yet it would be
most desirable to be able to correlate the result from Leete’s incorporation of
[2-'*C]ornithine with our current stable isotope methodology. This would esta-
blish which of the two nitrogen atoms, N-2 or N-5, of the amino acid is retained in
the alkaloids and differentiate between the two mechanistic proposals still in con-
tention for the rationalization of incorporation of the amino acid into the alkaloid
via a nonsymmetrical intermediate. A study reporting a feeding experiment with
[2-'*C,5-""N]ornithine in Datura metel would suggest that N-5 is retained in the
alkaloids [18]. In this work incorporation of *C into the alkaloid via a nonsym-
metrical intermediate was observed. Incorporation of ’N was determined by
mass spectrometry after degradation. An incorporation level of °N roughly in
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Scheme 2. The different isotopic labelling patterns resulting from the three possible paths in
Scheme 1

accord with that of C in this experiment was reported. It is not clear, however,
whether incorporation levels at a fraction of a percent could be reliably deter-
mined by means of this methodology at that time. For instance, standard errors
and detection limits were not provided or discussed. Moreover, some scrambling
of the 1°N label was also evident. Consequently, a confirmation of this result using
more contemporary methodology appears warranted, especially considering the
confusion that exists in the literature over the involvement of a nonsymmetrical
vs a symmetrical intermediate in tropane biosynthesis (see below).

Leete’s result that described the incorporation of [2-*C]ornithine into the
tropane nucleus in Datura stramonium in a nonsymmetrical fashion had been
obtained in a technically flawless manner and is beyond doubt correct. The
result was reproduced also in a root culture of Datura stramonium [19]. Never-
theless, work in other organisms, e.g. Hyoscyamus albus, suggests that this
pathway is not always operative and incorporation of ornithine into the tropane
nucleus via a symmetrical intermediate has been recorded [20, 21]. Similarly, we
have observed that [1,2-1*C,]acetate is incorporated in Datura stramonium [22]
not only into the C-2,C-3, C-4 fragment as expected (see below), but also into the
ornithine/arginine derived portion C-1,C-6,C-7,C-5,N-8 albeit only at less than
one tenth the specific incorporation observed for C-2,C-3,C-4 within the same
sample. This labeling pattern arises probably in indirect fashion from acetate
through the citric acid cycle via a-ketoglutarate and glutamic acid. The resulting
glutamate receives bond-label at C-4 and C-5 and ornithine derived from it may
be expected to be labeled in identical fashion. N-Methylputrescine derived non-
symmetrically from ornithine should thus only label the C-5/C-6 bond [23] after
incorporation into tropine (1) since C-2 of (4) labels C-1 of (1) exclusively [13,
14]. A very recent reexamination of the observed pattern appears to suggest,
however, that all four positions are labeled to an equal extent, indicative of a
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symmetrical intermediate between the amino acid and the alkaloid. This ob-
servation would not only be in direct contradiction to the result by Bothner-By
et al. [23] but also to that of Leete [13, 14].

Leete has rationalized the discrepancies between the incorporation of orni-
thine via symmetrical and nonsymmetrical intermediates as metabolic differences
between species [16], e.g. Hyoscyamus albus vs Datura stramonium. This may be
the case since there is no published report which describes nonsymmetrical
incorporation of an amino acid into (1) in Hyoscyamus. The available literature
on work done in that species is thus internally consistent. In contrast, the situa-
tion in Datura species is more complicated. Some investigators have concluded
based on isotope dilution experiments in root cultures of Datura stramonium
and Atropa belladonna that the pathway resulting in stereospecific incorporation
of (4) or (5) into the pyrrolidine ring of (2) is not of importance under so-called
“physiological” conditions [11, 12]. Nothing could be further off the mark since
the original observation of nonsymmetrical incorporation of [2-!*C]ornithine
in Datura stramonium was made in experiments with intact plants, arguably the
most “physiological” system imaginable. The differences can also not simply be
ascribed to the experimental systems being used, i.e. “intact” plants vs in vitro
material, as nonsymmetrical incorporation of ornithine into hyoscyamine has
also been reported to occur in root cultures of Datura metel [19]. Thus, the avai-
lable data for work in Datura species are not internally consistent. In the view of
the author the discrepancies between the results concerning the symmetry of
the intermediate in tropane alkaloid biosynthesis described in this species are
real. Some data to be discussed below, in their current interpretation, cannot be
reconciled with a pathway to (1) involving only nonsymmetrical intermediates.
Yet the studies which invoke nonsymmetrical incorporation are numerous and
appear to be solid. Unfortunately, we have so far failed to accept these discre-
pancies as a challenge for further study and for the design of experiments which
explain the observations made in the early feeding studies. Our ability to describe,
in mechanistic detail, the origin of the stereospecific incorporation of amino
acid precursors into tropine in Datura species will be one of the measures of the
maturity of our model of tropane biosynthesis. By comparison, the incorporation
of ornithine via a symmetrical intermediate, i. e. putrescine (1,4-diaminobutane),
as observed in a variety of other alkaloid classes, e.g. the pyrrolizidine alkaloids
[24] (see T. Hartmann, p. 207 -243), is the less interesting observation in that
the enzyme steps required are well known. Yet, ironically, it is this latter branch
of ornithine/arginine metabolism in tropane alkaloid-producing organisms
that has received the attention of enzymologists to date.

Precedent for the incorporation of a,-diamino acids into alkaloids of high-
er plants via nonsymmetrical intermediates exists in some pelletierine type
alkaloids which are derived from lysine (11). Thus, it has been reported that in
Sedum acre label from pL-[2-1*C]lysine and from pL-[6-1*C]lysine is introduced
in a regiospecific” fashion into the alkaloid sedamine (12). C-2 of (12) receives

" In the case of incorporation into tropine (1), which has a plane of symmetry, the word “stereo-
specific” has been used, but for a non-symmetrical alkaloid such as sedamine (12) the word
“regiospecific” has to be used as the isotopically labeled species are no longer stereoisomeric.
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label exclusively from the o carbon atom of (11) and incorporation of the € car-
bon atom of lysine is restricted to C-6 of (12) [25]. These results led to the pro-
posal that lysine was metabolized to Al-piperideine (14) without an intermedi-
ate of C,, symmetry [15]. It was this precedent on which Leete’s proposal for the
mechanism of incorporation of ornithine into (1) via a nonsymmetrical inter-
mediate[16] is based. Interestingly, the lysine derived diamine [1-'*C]cadaverine
(13) was also incorporated into sedamine (12) and N-methylpelletierine (23).
Both carbon atoms « to nitrogen in (12) and (23) were labeled with equal effi-
ciency as would be expected from the C,, symmetry of the precursor [15].

It is generally assumed that cadaverine is metabolized to A'-piperideine (14)
by the action of a diamine oxidase and the incorporation of cadaverine into (12)
and (23) suggests the presence of such an activity in Sedum species. Since the
only known source of cadaverine is the decarboxylation of lysine catalyzed by
lysine decarboxylase, evidence for the existence of the diamine oxidase suggests
that lysine decarboxylase activity may be present in the plant as well. The regio-
specific formation of N-methylpiperidinium ion by methylation of (14) rather
than via enzyme-bound cadaverine(13) and N-methylcadaverine in analogy to
Path Al in Scheme 1 is favored. The available evidence suggests that formation
of [methyl" C]N-methylcadaverine from [methyl'*C]methionine is not taking
place in plants which are actively producing [methyl'* CIN-methylpelletierine at
the time of the experiment [15]. In any case, the available data suggest that the
enzymatic machinery may exist within plants of the genus Sedum to effect
incorporation of the amino acid precursor lysine (11) regiospecifically as well as
non-regiospecifically. It is noteworthy, however, that in contrast to plants ela-
borating tropane alkaloids, no evidence has ever been obtained which would
suggest that both symmetrical and nonsymmetrical pathways are actually used
for the incorporation of lysine into alkaloids in Sedum species.

Thus in S. acre, for example, the rate of stereospecific formation of Al-piper-
ideine (14) from L-lysine (11) must far exceed the rate of its formation by decar-
boxylation of (11) to give the symmetrical diamine (13) followed by oxidation
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Scheme 3. Biosynthesis of sedamine 12. Incorporation of lysine occurs by the upper pathway
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by diamine oxidase, a pathway which would result in nonregiospecific labeling
of (14) (Scheme 3). Given the sensitivity of radioisotope methodology when
combined with rigorous degradation chemistry, a contribution from the latter
pathway at even the 5% level to the overall incorporation of labeled lysine into
sedamine (12) would have been easily detectable. Instead, complete regiospeci-
ficity within experimental error was observed.

It is peculiar that in Datura, on the other hand, experimental evidence for the
operation of both symmetrical and nonsymmetrical pathways of metabolism of
ornithine (4) exists. Furthermore, incorporation of (4) into (1) occurs with
either apparent complete stereospecificity [13, 14, 18,19, 23] or complete lack of
stereospecificity [21, 22]. This suggests that either path may be followed but
always at the exclusion of the other. Expression or operation of the enzymes of
both paths in parallel should result in the observation of partial stereoselectivity,
a result which has apparently never been reported.

As the preceding discussion shows, the literature which invokes the existence
of an intermediate with C,, symmetry between ornithine/arginine and the tro-
panes in Datura species commonly assumes that this intermediate is located on
the pathway between the amino acids and N-methylpyrrolinium salt (10). From
studies of the incorporation of more advanced precursors into tropine (1) to be
discussed in detail below, it is becoming apparent that this assumption may not
necessarily be warranted.

In plants such as Hyoscyamus species in which no evidence for stereospecific
incorporation of the amino acids into the alkaloids exists, putrescine is the gen-
erally accepted intermediate with C,, symmetry. A specific enzyme catalyzing
the methylation of putrescine to N-methylputrescine (6) has been detected from
plants of that species [26]. In Datura (6) appears to be an intermediate on the
pathway to (1) as well. Thus, [1-1*C,"*C, methylamino'>N]N-methylputrescine
(6) has been fed to intact plants of Datura innoxia and the scopolamine (2) iso-
lated from this experiment was specifically labeled in the carbon atom giving
rise to the downfield resonance corresponding to C-1/C-5 of the tropane nucleus
in scopolamine [27] (Scheme 4). This result suggests that if (6) is formed regio-
specifically from (4) or (5), this regiospecificity does not become scrambled in
later steps. Observation of stereospecific incorporation of (6) into (2) by NMR is
possible due to the presence of the chiral tropic acid residue of (S) configuration
which is bound to the oxygen at C-3 of (2). The pairs of carbon atoms C-1/C-5,
C-2/C-4 and C-6/C-7 in such esters are diastereotopic and their resonances have
different '*C chemical shifts. The interpretation of incorporation data, especially
in a quantitative fashion, requires a great deal of care, however, owing to the
facile racemization of the tropic acid moiety in scopolamine (2) and hyoscy-
amine (3).

Further metabolism of N-methylputrescine (6) involves the oxidative remov-
al of the primary amino function with concomitant formation of an aldehyde.
It is commonly assumed that this step is catalyzed by an amine oxidase activity
and some experimental evidence is available that would support this hypothesis.
Thus, an amine oxidase enzyme with favorable k,, for N-methylputrescine vs
putrescine and the homologous diamine cadaverine (13) has been detected and
partially purified from root cultures of Hyoscyamus niger [28]. A role for this
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enzyme in tropane biosynthesis is postulated based on the observed substrate
specificity. Moreover, it was observed that the specific activity of the enzyme
when determined as a function of culture age, rises in parallel with the accumul-
ation of the alkaloids by the culture. The aminoaldehyde product (9) expected
from this enzymatic reaction is in equilibrium with the tautomeric carbinol-
amine and the iminium salt (10) derived therefrom by elimination of water
(Scheme 2, Paths A1 and B).

We have observed non-regiospecific incorporation of deuterium from [2-
2H]pyrrolinium salt (10) into 63-hydroxytropine (15) in Datura stramonium.
This hydroxylated tropane derivative was chosen deliberately as the target alka-
loid since the symmetry inherent in (1) is broken in this structure and the two
bridgehead carbon atoms are different. Consequently, incorporation of label
into these two sites can be established easily by NMR. In the event, we observed
equal labeling of the two bridgehead positions H-1 and H-5 in this experiment
[22] (Scheme 4). This result would suggest that an intermediate with C,, sym-
metry is located on the pathway to (1) in Datura or, alternatively, that some other
mechanism exists which results in loss of stereospecificity. Significantly, this
symmetrization has to occur at some point on the pathway after the pyrrolinium
salt (10), whereas the discussion until then had surmized that the symmetrical
intermediate occurred between the amino acid precursors and the iminium salt.
However, it should also be noted that this result cannot be reconciled with the
observation of stereospecific incorporation of ornithine (4) and N-methylputres-
cine (6) into hyoscyamine (3) in Datura species, as observed by Leete [13, 14, 27].

All of the models discussed so far which attempt to rationalize the incorpo-
ration of precursors into the C-1,C-6,C-7,C-5,N-8 fragment of (1) with equal
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labeling of C-1 and C-5, invoke an intermediate with C,, symmetry on the
pathway before chiral centers are introduced into the skeletons of pathway
intermediates. Observations concerning the incorporation of [1,2-1*C,]acetate
into the acetate derived portion C-2,C-3,C-4 of (1), to be discussed in more detail
in the following section, suggest yet another explanation, namely the existence
of one or more racemic intermediates on the pathway to the alkaloids. Thus,
while the label from the amino acid precursor may well be introduced regiospe-
cifically into the iminium salt (10) by any of the mechanisms in Scheme 1, this
label might become scrambled further downstream in the pathway under some
experimental circumstances.

3
The Acetate Derived Fragment

3.1
The Role of Hygrine

It has been known for a considerable time that the three carbon atoms C-2 to
C-4 of (1) are derived from acetate [29, 30]. It is a testament to the power of
Robinson’s original hypothesis [2] that it was assumed, without much experi-
mental scrutiny, that the introduction of these carbon atoms was proceeding via
acetoacetate in a typical Mannich reaction with (10) in which C-1 of acetoacetic
acid (or its CoA ester) is lost. The product of such a condensation would be the
known alkaloid hygrine (16). Further transformation of this alkaloid was viewed
as being straightforward involving oxidation of the remaining methylene carbon
atom « to nitrogen to yield an iminium salt (17) which would cyclize by a sub-
sequent intramolecular Mannich condensation (Scheme 5). A “biomimetic”
model reaction forming tropinone (18) from (16) via (17) was interpreted as
supporting this proposal [31].
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Scheme 5. The “classical” proposal for the biosynthesis of tropine 1 via hygrine 16 and a bio-
mimetic reaction which supports it
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Evidence in support of this scheme was obtained with the demonstration that
["*C]hygrine was incorporated into tropane alkaloids [32,33] and even a stereo-
specific incorporation of the (R) enantiomer of hygrine into (3) in Datura inno-
xia was reported [34]. However, evidence incompatible with the intermediacy of
hygrine on the pathway to tropine has been accumulating over the last several
years and it is fair to say that at present there is little support for this classical idea.

The first evidence that challenged the accepted scheme came from the inve-
stigations by Leete of the biosynthesis of methyl ecgonine (19), the base portion
of cocaine (20). (19) had long been thought to arise from pyrrolinium salt (10)
in a fashion analogous to that shown in Scheme 5 for the formation of tropine.
It was assumed that the biogenetic differences between methyl ecgonine and
tropine biosynthesis were, firstly, the retention of C-1 of acetoacetate after con-
densation with (10) in the case of (19) and, secondly, the different stereochemi-
stry of the C-3 hydroxy group of (19) when compared to (1).

According to the classical hypothesis, the bridgehead carbon atom C-1 of (19)
is derived from C-2 of the pyrrolinium salt (10) (Path C, Scheme 6) and C-2
of (19) originates from C-2 of acetoacetate. Incorporation experiments with
[1-1°N,2-1*C]pyrrolinium salt (10) in Erythroxylon coca brought an unexpected
result [35]. It was observed that the carbon atom derived from C-2 of (10) was
not joined to C-2 of (19),located a to the carboxymethyl group, but was bonded
instead to C-4, the methylene group distal to the ester function. Thus, C-2 of (10)
becomes C-5 of (19). The authors deemed it unlikely that C-4 of acetoacetate
(or its CoA ester) had attacked the iminium carbon atom of (10) resulting in
4-(1-methyl-2-pyrrolidin)-3-oxobutanoate (22). Instead they suggested that the
observed regiochemistry of incorporation of 1-methyl-[1-°N,2-*C]pyrrolinium
salt into cocaine was compatible with the stepwise introduction of acetate de-
rived C, units into the ecgonine skeleton. Consequently, this hypothesis invokes
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Scheme 6. Classical (path C) and revised proposals (path D) for the biosynthesis of methyl
ecgonine 19 and thence of cocaine; the illustrated incorporation experiment with [°N,*C]10
supported path D
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the intermediacy of an equivalent of 1-methyl-2-pyrrolidineacetic acid (21) on
the pathway, as shown in Path D, Scheme 6. This intermediate has been detected
in several plant species [36,37,38] but attempts to effect incorporation of such an
intermediate in ester or thioester form have been unsuccessful [39].

3.2
The Biosynthesis of N-Methylpelletierine

Prompted by Leete’s finding which had significant ramifications for our
thinking about the formation of the tropane class of alkaloids, we examined the
formation of N-methylpelletierine (23) and of N-methylallosedridine (24) in
Sedum sarmentosum [40]. We chose to analyze the incorporation of [I,2-
13C,]acetate in admixture with unlabelled material into these alkaloids. The
experimental system seemed ideal in that the alkaloids are not symmetrical and
thus the regiochemistry of acetate incorporation could be readily analyzed.

In the event, we observed that the resonance assigned to the methylene group
o to the ketone carbonyl, C-1’, appeared as a singlet of increased intensity in the
13C NMR spectrum while the resonances for the carbonyl carbon atom C-2’ and
C-methyl carbon atom C-3’ were spin-coupled. This pattern was indicative, at
first sight, of condensation of two acetate units to acetoacetate and subsequent
incorporation of the C, compound (possibly as its CoA ester) via condensation
of the carbon atom C-2 with the lysine derived imine (14) and subsequent or
concomitant loss of C-1. The incorporation pattern into N-methylpelletierine
(23) and its reduction product (24) appeared to be compatible with the classical
Mannich scheme of Robinson, Path C1 in Scheme 8.

H31SC—1 3002Na - (j\(lk —_— =
N N

23 24

Scheme 7. Incorporation of [*C,lacetate into the C; unit of N-methylpelletierine 23 and
N-methylallosedridine 24 follows path C

Upon further reflection this pattern is compatible with another, previously
not considered path as well (Path C2 in Scheme 8) in which the acetate units are
introduced in a stepwise fashion. This latter alternative is less likely, however,
because it was found that the sodium salt of [1,2,3,4-13C,]acetoacetate is incor-
porated intact, yielding N-methylpelletierine carrying contiguous *C labels at
the three carbon atoms of its side chain. Path C2 demands cleavage of the C,
compound via a retroClaisen reaction and stepwise introduction of the resulting
C, units.

Thus, the results from these two experiments support the conclusion that (23)
isindeed assembled according to the classical Mannich scheme as envisioned by
Robinson. There is one fundamental problem in arriving at this interpretation,
however. It is well known that acetoacetate will condense with imines in aqueous
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Scheme 8. Four possible paths for the introduction of the acetate-derived C; unit of N-methyl-
pelletierine 23 and hygrine 16

buffer to yield f-amino ketones without catalysis by enzymes. Thus, the question
arises whether the labeling pattern observed in N-methylpelletierine (23) and
N-methylallosedridine (24) after administration of [1,2,3,4-1*C,]acetoacetate is
a consequence of such a non-biological condensation of the acetoacetic acid
supplied to the plants with an endogenous imine. Precedent for such an aberrant
reaction does exist with the observation of hygrine formation upon administra-
tion of acetoacetate to Nicotiana tabacum, a plant which normally does not ela-
borate tropanes [41]. A variety of control experiments were considered which
might support or refute such a notion but without success. For example, enan-
tioselectivity in the formation of such a product, usually a reliable indication of
enzyme action, may be expected to be wiped out completely before or during the
isolation of the reaction product owing to the facile racemization of -amino
ketones by reversible retroMichael cleavage to yield an a,f-unsaturated cw-amino
carbonyl compound (Scheme 9). Consequently, isolation of racemic product
would not be a reliable indicator of nonenzymatic condensation of the admini-
stered acetoacetate with A!-piperideine (14).

Whichever way the problem was approached, a completely conclusive ex-
periment that would settle, unambiguously, the question of nonenzymatic con-
densation of -ketoacids with imines under the conditions of in vivo feeding
experiments in Sedum was not forthcoming. We eventually decided to interpret
the results of the feeding experiments with [1,2-1*C,]acetate described above as
evidence that N-methylpelletierine and N-methylallosedridine were formed
according to the classical scheme of Robinson (Path Cl1). This interpretation
suggests that the acetate derived C; units of cocaine and the pelletierine alka-
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Scheme 9. Mechanism for the racemization of f-amino-ketones such as N-methylpelletierine

loids are assembled by two different mechanisms which accordingly we dubbed
the “cocaine” (Path D) and the “pelletierine” (Path C) mechanisms. This dis-
covery prompted us to investigate pelletierine biosynthesis in another plant in
which pelletierine acts as an intermediate in the formation of a more complex
alkaloid, lycopodine (27). These results will be discussed in Section 4.

3.3
Incorporation of Acetate into Tropine.

Four reports describe investigations of the incorporation of various isotopo-
mers of acetic acid labeled with stable isotopes into the tropane alkaloids. The
first of these, by Sankawa and Noguchi [42], reported the regiochemistry of
[1,2-1*C,]acetate incorporation into hyoscyamine (3) in Hyoscyamus albus. Sur-
prisingly at the time, it was found that the '*C resonances due C-2 and C-4 both
showed coupling to the resonance assigned to C-3. The authors concluded that
two labeled species were present in the sample, one in which an intact bond from
acetate was introduced in such a fashion that C-2 and C-3 were bond-labeled and
another one in which C-4 and C-3 were bond-labeled. The analysis of the 1°C
NMR spectra of other alkaloids, the 6 3- hydroxy derivatives of (3),isolated from
this experiment indicated an identical pattern of incorporation of acetate into
these substances as well.

We investigated the incorporation of [1,2-1*C,]acetate into the tropane alka-
loids independently and chose to work with Datura stramonium which produces
6p-hydroxytropine (15). In this alkaloid the symmetry of the parent azabicyclic
system is broken and all carbon atoms are represented by well separated signals
in the 3C NMR spectrum. In the *C NMR spectrum of (15) isolated from this
experiment a coupling pattern was observed which indicated that in this sample
as well two labeled species were present which were bond-labeled between C-
2/C-3 and C-3/C-4, respectively.

The most straightforward interpretation of this result invokes the formation
of the tropane nucleus via both Path C and Path D, the former possibly occur-
ring nonenzymatically as discussed previously. It should be noted that this ratio-
nalization of the observed labeling pattern still invokes a role for hygrine (16) in
the biosynthesis of (1) as outlined in Scheme 10. In accordance with experimen-
tal observations, two labeling patterns in (18) and, after reduction, in (1) would
result if (18) is formed by both pathways.

A second experiment with [1,2,3,4-13C,]acetoacetate in D. stramonium, per-
formed just as in the investigation of the biosynthesis of N-methylpelletierine
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Scheme 10. One possible explanation for the scrambling of the label from [!*C,]acetate: exis-
tence of two competing pathways

(23),1ed to an entirely different labeling pattern than had been observed in (23).
No trace of intact incorporation of [1,2,3,4-1*C,]acetoacetate was evident and all
the label that ended up in (15) had been derived via [1,2-°C,]acetate after
retroClaisen cleavage of the -ketoacid. When taken at face value, this result sug-
gests that the “pelletierine” pathway (Path C) is not involved in the formation of
the tropane nucleus. However, intact incorporation of [1,2,3,4-1*C,]acetoacetate
into any alkaloid skeleton can only be observed if the rate of condensation of the
intact C, unit with an imine partner is higher than the rate of retroClaisen cleav-
age of the C, compound. It is not unreasonable to assume that these two paths
may be in competition for the precursor and the observed labeling pattern may
be the fortuitous consequence of the relative rates of these competing reactions.
Nonetheless, we deemed it unlikely that all of the '*C, precursor should be cleaved
completely before being reassembled from the resulting acetate fragments and
interpreted our observation as being of mechanistic significance. We concluded
that the observed labeling pattern did not arise via contributions from both
Paths C and D and considered other interpretations.

Another potential explanation for the equivalent labeling of the C-3/4 and
C-2/3 bonds of (1) is the intervention, on the pathway, of a racemic interme-
diate. Thus it might be argued that either hygrine (16) on Path C or acid (21)
or f-ketoacid (22) on Path D (Scheme 10) is formed stereospecifically but that
it might accumulate for a sufficiently long time to allow racemization (as in
Scheme 9). After oxidation to the iminium salt, rac-(17) or rac-(25), and intra-
molecular condensation of the two enantiomers, two regioisomeric labeling
patterns in (1) would result; this is shown in Scheme 11 for the case of -keto-
acid (22).
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Based on an additional experiment, discussed in detail above, in which [2-
2H]pyrrolinium salt (10) was administered and scrambling of label into posi-
tions H-1 and H-5 of (15) was observed, we came to favor the interpretation
that a racemic intermediate on the pathway was involved. The same interpreta-
tion had been reached by Sankawa and Noguchi in the aforementioned, less
extensive experiments on hyoscyamine biosynthesis [42]. Another explanation
of the observed labeling pattern after administration of [1,2-*C,]acetate, not
conceived of at the time of our publication, will be discussed later after a
description of our results in a related system.
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Scheme 11. A second possible explanation of the scrambling of the label from [**C,]acetate:
existence of racemic intermediates, both enantiomers of which are utilized

A third study reporting a feeding experiment with acetate [43] attempted to
refute the view put forth by Sankawa and Noguchi [42]. In this experiment [1-
13C,2-2H]acetate was supplied to root cultures of Hyoscyamus albus and several
tropane alkaloids were isolated. The analysis of the *C NMR spectrum of (3)
indicated enrichment (approx. 3%) in only one carbon atom of the C; bridge,
C-3, as would be expected. Oddly, the analysis of the incorporation of 2H was
performed in an indirect way via the integration of the signals due to H-2ar and
H-4« in the 'H NMR spectrum of the sample rather than by acquisition of 2H
NMR spectra. An exact analysis of the data was not provided by the authors, but
visual comparison of the integrals for H-2 and H-4 in the '"H NMR spectra of
hyoscyamine as reproduced in the publication suggests that they differ by about
30%. The authors imply, without stating so outright, that this observation indi-
cates that H-4 receives more deuterium label than H-2 does. However, a quanti-
tative analysis of the data raises serious doubts concerning the quality of the
spectral data and the validity of their interpretation. A reduction of the 'H inte-
gral for H-4a by 30% compared to H-2a implies that at least 30% of the mole-
cules in the sample carry *H at H-4a. It is virtually impossible to propose a
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chemically rational mechanism to account for the purported observation that at
least 30 % of the molecules carry deuterium at H-4 when the specific incorpora-
tion of *C at C-3 is only 3%, approximately 10-fold lower. A higher specific
incorporation of *C than of *H from such a doubly labeled precursor is a com-
mon occurrence and is most often interpreted as arising through chemical
exchange of the “labile” deuterium atoms « to a carbonyl function. The reverse
(higher specific incorporation of 2H than of *C) is hardly explicable based on
common chemical experience, however.

A fourth report on incorporation of [1,2-1*C,]acetate into tropane alkaloids
[44] also describes equal labeling of C-2 and C-4 in (2) isolated from Datura
stramonium transformed root cultures to which this precursor had been
applied. These latest results are qualitatively identical to the studies of incor-
poration of acetate discussed previously [22,42]. Thus, three investigations
employing acetate labeled with stable isotopes agree in their experimental
observations and the interpretation of the data. The postulation of a racemic
intermediate on the pathway to (1) in Hyoscyamus albus [42] as an explanation
of the labeling pattern can readily be accomodated in the model that has been
developed for tropane biosynthesis in this species. The case is different, however,
with the observations made in Datura stramonium. Stereospecific incorporation
of labeled ornithine into (1) [13, 14, 19,23] can only be explained if it is assumed
that a single enantiomer of hygrine (16) or of alternative precursors such as (21)
and (22) are involved in the biosynthesis. Racemization of these intermediates
and incorporation of both enantiomers into (1) would result in labeling of both
bridgehead carbons. Yet, in terms of the models discussed so far (Scheme 8), the
labeling pattern from acetate of (1) and of (15) in Datura stramonium can be
rationalized only if a racemic intermediate on the pathway is invoked.

The only obvious difference between these latest studies [22, 42, 44] which
invoke racemic intermediates, and the earlier ones [13, 14, 19, 23] which report
stereospecific incorporation of amino acid precursors is one of methodology. In
the work reporting stereospecific incorporation, radioactive precursors were
administered at “tracer” levels in the low microgram range. In the more recent
work employing stable isotopes as analytical tools, substantial quantities of pre-
cursor were applied. This in itself is not unusual since it is almost an article of
faith that because of the lower sensitivity of stable isotope methodology when
compared to radiotracer methods, larger amounts of precursor need to be
applied. The reasoning behind this standard procedure appears to be based on
either one of two assumptions: firstly it is often assumed that the flux to product
can be increased by providing more precursor; alternatively, it is also assumed
that a larger fraction of the precursor molecules will be labeled if a larger
amount of labeled precursor is applied externally. However, both lines of reasoning
ignore the fact that one is dealing with a living organism with, among others, the
capability to regulate metabolite flow. The dangers inherent in this simplistic
view are illustrated in a recent study of galanthamine biosynthesis [45], follow-
ing previous successful feeding studies employing radiotracers. It was observed
that stable isotope-labeled precursors had to be administered in small amounts
at high dilution to effect incorporation into the target alkaloid. Administration
of precursor according to common practice resulted in inhibition of alkaloid
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formation under otherwise identical conditions. Thus, following blindly the pre-
vailing custom may have unintended and detrimental consequences.

The observation of stereospecific as well as nonstereospecific incorporation,
respectively, of precursors into (1) in Datura stramonium might similarly be
rationalized as being a consequence of the techniques being used. It is striking
that all bar one [27] of in vivo experiments employing stable isotopes have result-
ed in nonstereospecific incorporation into (1). All experiments in which ste-
reospecific incorporation has been proved, on the other hand, were done using
radiotracers (with the same one exception [27]). This leads to the admittedly
speculative interpretation that, possibly, racemization of an intermediate on the
pathway to (1) is observed only if this material accumulates in vivo. Such a
scenario might play out only under the conditions of an experiment with stable
isotopes in which an intermediate situated before the rate limiting step in the
pathway accumulates for a sufficiently long time to allow for racemization before
further metabolism occurs. Under true “tracer” conditions, on the other hand,
homeostasis is not disrupted and the rates of the individual steps of the pathway
are better matched. Accumulation of intermediates under these latter conditions
would not be significant and consequently racemization is not observed.

34
Incorporation of Advanced Precursors

Feeding experiments have also been performed with more advanced putative
precursors both for cocaine and tropane biosynthesis. In these experiments, the
role of (21) and (22) in cocaine and tropane biosynthesis was examined. No
incorporation of the ethyl ester derivative or of the N-acetylcysteamine thioester
derivative of (21) into either of the alkaloids, cocaine or scopolamine, was ob-
served [39]. However, isotope dilution experiments did provide evidence for the
presence of (21) in Erythroxylon coca [46]. In the case of (22), fed as its ethyl
ester, substantial specific incorporations into cocaine [47] and scopolamine [48]
were recorded. These results were interpreted as corroborating evidence for the
hypothesis that the acetate units in these alkaloids are introduced in a stepwise
fashion via Path D2 in Scheme 8 with (22) as an intermediate.

One recent report [44], however, favors Path D1 in Scheme 8 as a mechanism
for the introduction of the acetate derived C; unit, on the basis of the high spe-
cific incorporation of (22) into hyoscyamine (3) in Datura stramonium. It is,
however, not obvious what the logical connection is between the level of specific
incorporation of (22) into the alkaloids and mechanistic issues concerning the
formation of (22).

A second argument that was furnished for the hypothesis that (22) is formed
via the direct condensation of C-4 of acetoacetate with (10) stemmed from a
feeding experiment with [1,2-1*C,]acetate in D. stramonium in which a small
proportion of molecules of (3) carried contiguous *C label at C-2, C-3 and C-4.
However, this is simply due to the incorporation of two labelled acetate mole-
cules into the same molecule of (3), which could happen whichever pathway is
followed. The extent to which such multiple labeling occurs is solely determined
by the degree of dilution of the labeled precursor by natural abundance material
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before it is incorporated into the product. This may happen either by the inves-
tigator diluting the labeled sample with natural abundance material or by dilu-
tion with endogenous material present within the organism. It has been our
experience that the dilution of the labeled precursor with two parts unlabeled
carrier efficiently suppresses such intramolecular interunit coupling below the
limit of detection, given the relatively low specific incorporations usually observed
in plants.

Lastly, the postulation of a role of acetoacetate in the formation of (22) is not
supported by our observation that [1,2,3,4-1*C,]acetoacetate is cleaved comple-
tely prior to incorporation into (15) in the same organism [22].

The question of whether (22) is produced by Path D1 or D2 really amounts to
the question of whether an enzyme can form an enol or enolate of a methyl
ketone, e.g. at C-4 of acetoacetate or at C-3’ of hygrine (16). Current thinking on
the role of hygrine (16) in tropane alkaloid biosynthesis would suggest that this is
not possible. If one considers all four pathways of Scheme 8 and the subsequent
steps required to convert (16) or (22) into tropinone (18), shown in Scheme 10,
one can see that pathways C1, C2 and DI, respectively, involve enolization of a
methyl ketone, which is not nearly as easy as enolization of a S-dicarbonyl com-
pound. Only Path D2, which invokes (21) and (22) as intermediates, postulates
that all of the carbon-carbon bond-forming reactions receive the benefit of stabi-
lization of the nucleophile via a -dicarbonyl system (assuming the acetate units
are introduced stepwise via malonate or its CoA ester). The only experimental fact
not in accord with this last proposal is the failure so far to achieve incorporation
of (21) into (1) or (19). A new proposal for the formation of (22) which circum-
vents this problem will be introduced in Section 5 of this contribution.

Under the same experimental conditions under which incorporation of (22)
into the alkaloids at substantial levels was observed, no evidence could be gather-
ed for the incorporation of (16) into (2) or (3) in several plant species in several
laboratories participating in this study [ref. 23 in 48]. These experiments are the
strongest, albeit negative evidence available to date for the hypothesis that hy-
grine (16) is not an intermediate in the formation of (3).If correct, these negative
results would strongly suggest the mechanistic interpretation that a methyl keto-
ne such as (17) is not sufficiently reactive to undergo an intramolecular Mannich
reaction under physiological conditions. Instead, activation of the C-methyl
group of (17) by an additional electron-withdrawing substituent, such as an ester,
a carboxylate or a thioester, as in (25) is required to drive the Mannich reaction.

Mechanistic questions concerning the formation of (22) aside, inspection of
the structure of the hypothetical intermediate (25) suggests that the observations
concerning the incorporation of (22) should be viewed with a certain amount of
caution. A B-ketocarbonyl system such as (25) must be regarded as being highly
activated to undergo Mannich reactions spontaneously, particularly in an intra-
molecular fashion, to yield the bicyclic compound, tropinone (18) (Scheme 11)
after decarboxylation. Any nonspecific monoamine oxidase might be expected
to achieve the oxidation of (22) to (25). Subsequent isolation of compounds
related to or derived from tropinone might be viewed as a consequence of such an
adventitious reaction rather than the result of the action of enzymes specifical-
ly involved in tropane or cocaine biosynthesis. The hypothesis invoking a role of
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(22) or its Coenzyme A thioester in the formation of (1) is consistent with the
available experimental results but is accompanied by a sense of uneasiness
owing to the lack of good enzymological data. At the same time it has also to be
kept in mind that there is good evidence that in some biosynthetic pathways in
higher plants spontaneous reactions do play a role in the formation of complex
products such as ajmaline [49] and morphine [50]. Thus, the cyclization of (25)
to give (26) and (18) might just be considered to be another example of such
spontaneous reactions.

If, on the other hand, the ring closure of (25) is enzyme catalyzed, it is reas-
onable to assume that only one of the enantiomers would be used as substrate
by the enzyme. Consequently, the acetate derived C; chain of the resulting tropi-
none (18) should show only one labeling pattern from the incorporation of [1,2-
13C,]acetate either via (S)-(25) or via (R)-(25) (Scheme 11). Our observations
[22], those of Sankawa and Noguchi [42] and those of Robins et al. [44] on the
regiochemistry of incorporation of [1,2-13C,]acetate into (1) are not in agree-
ment with this prediction. Moreover, recent observations [44] that incorporation
of rac-[2,3-1*C,]-(22) into (3) results in equal labeling of C-2 and C-4 do not
conform to that prediction. With either acetate or (22) as precursor, two bond-
labeled species are actually observed within (1) instead of only one. Based solely
on the models discussed so far for the origin of the C; unit, these experimental
observations would suggest that the enzyme catalyzing the oxidation of (22) to
(25) can oxidize either enantiomer of the substrate. It is important to note that
the existence of a racemic intermediate on the pathway as postulated earlier
[22,42,44] is not in itself sufficient to explain the labeling pattern in (1) after
incorporation of [1,2-13C,]acetate or of [2,3-1*C,]-(21). This interpretation of the
observed labeling patterns can hold only if it is additionally assumed that at
least one step of the biosynthetic sequence lacks stereoselectivity with the result
that both enantiomers are converted to product.

Both paths to (1), via either (S)-(25) or via (R)-(25), result in the formation of
tropinone (18) as an intermediate which is a meso compound and not a suitable
object for further study of these questions. However, the isolation of (26) from
Datura stramonium has been reported recently [51]. An analysis of the stereo-
chemistry of (26) isolated from such a plant and the demonstration that (26)
serves as an intermediate in the formation of (1) would go a long way to putting
many of these conjectures on to firmer grounds. Unfortunately no further
details from this work have been published.

The situation is different in the case of methyl ecgonine (19) in which the car-
boxyl carbon of the putative intermediate (25) is retained. Methyl ecgonine iso-
lated from Erythroxylon coca plants is optically active, it is the (=) antipode of
(2R,3S) absolute stereochemistry, and for the purposes of this discussion we
shall surmise for simplicity that it is optically pure. Cocaine isolated from plants
to which rac-[1,2-1*C,,1-1*C]-(22) had been supplied shows only one 1*C labeling
pattern in its ecgonine portion [43] as would be expected.

This result suggests that only the (S) enantiomer of (22) serves as a precursor
for (-) methyl ecgonine. Unfortunately, the authors did not investigate the fate of
(R)-(22) in the plant during the feeding experiments. It remains unclear whether
the latter simply accumulates within the plant or whether it is oxidized to (R)-
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Scheme 12. Biosynthesis of cocaine via methyl ecgonine 19; only the (2R,3S)-enantiomer is
formed

(25) and cyclized to (25)-(26). In any case, in view of the large doses of precursor
(22) fed during those experiments and its facile racemization, this may techni-
cally not be trivial to establish.

Alternatively, the information might come from the seemingly trivial feeding
experiment with [1,2-13C,]acetate in E. coca which has apparently not been per-
formed. Thus, at present it is not clear that the labeling patterns from this pre-
cursor within (19) or (26) in E. coca and within (1) or (26) in Datura species will
be identical. Nonetheless, such an experiment would be provide valuable ex-
perimental evidence for or against the presumed biogenetic analogy between
(1) and (19). The results of a feeding experiment with acetate would also be
highly desirable for the purposes of a new proposal for the formation of the
acetate derived C; fragment of these alkaloids to be discussed below.

The discussion of the observed labeling patterns in the alkaloids so far has
focused on the interpretation of the data according to either only one or a com-
bination of several of the paths outlined in Scheme 8. Our investigation of the
biosynthesis of a seemingly related alkaloid, lycopodine (27), uncovered yet
another mechanism for the assembly of the C; fragments of the tropane- and
the pelletierine-type alkaloids. These results will be discussed in the following
section and the implications of this discovery for the biosynthesis of cocaine
and tropane will be discussed subsequently.

4
The Biosynthesis of Lycopodine

In an effort to investigate the generality of the classical scheme for the generation
of pelletierine-type compounds according to Path C1 in Scheme 8, we investigated
the incorporation of acetate into lycopodine (27). Based on extensive work with
radiotracers performed in the 1960s and 1970s predominantly by Spenser and
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MacLean, a model had been developed which envisaged the carbon skeleton of
lycopodine to arise via the dimerization of pelletierine (28) (Scheme 13 top),
which was indeed proven to be a precursor for lycopodine [52]. Curiously,
however, it served in this role only for the “left” half of the molecule C-9 to C-16.
A rational explanation was subsequently presented which envisaged the inter-
mediacy of 4-(2-piperidyl)-3-oxobutanoate (29), a molecule possibly biogeneti-
cally related to pelletierine, as the precursor for the “right” half of lycopodine,
C-1 to C-8 [53] (Scheme 13 bottom).

When we initiated our work using stable isotope methodology, we postulated
a variety of labeling patterns from [1,2-1*C,]acetate in (27) which might be
expected based on the models under discussion until then for the biosynthesis
of the acetate derived fragments of tropane- and pelletierine-type alkaloids.
Thus, for instance, the “left” half of (27) might be expected to show labeling
according to the Path C whereas the “right” half might arise by Path D via (29).
Alternatively, the pelletierine incorporated into the “left” half might arise via
decarboxylation of (29) and thus to show a Path D labeling pattern (Scheme 14).
An experiment with [1,2-1*C,]acetate was deemed to be capable of deciding be-
tween these possibilities.

16 O |8
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H
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28

27
COOH
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H
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28
29 27

Scheme 13. Biosynthesis of lycopodine 27; pelletierine 28 is only incorporated into the left half

On a practical level it required three years of effort to obtain the first usable
incorporation result. This was for the most part due to the sharply reduced sen-
sitivity of the stable isotope method in comparison to the radiotracer methodo-
logy employed in the earlier investigations, even if intramolecularly doubly
labeled precursors are applied. Secondly, this work had to be done in the field as,
to the best of our knowledge, nobody has succeeded in the culturing of any
member of the family Lycopodiaceae in the greenhouse. Furthermore, the appli-
cation of tracers to cuttings of plants, often a successful method, did not lead to
any detectable incorporation in this instance. Thus, our work was confined to
the months of July and August when blackflies and mosquitoes in the bush of
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Scheme 14. Possible labelling patterns in lycopodine derived from ['3C,]acetate; in fact all four
labelling patterns were observed

Northern Ontario were tolerable, night temperatures did not fall below freezing
and fresh growth at the tips of shoots was visible. Thirdly, the proper choice of
plant material was crucial as well. Successful incorporations were observed only
if young shoots at the ends of the above-ground rhizomes were used which
showed a relatively high proportion of fresh growth. By using this selected
plant material for the experiment, the small amount of labeled alkaloid formed
during an experiment of one week’s duration was not diluted by too large an
amount of the endogenous material from previous growing seasons. In this way
specific incorporations of 0.3-1.0% above natural abundance could be realized
routinely.

In the event, we observed an entirely unexpected labeling pattern after
incorporation of [1,2-13C,]acetate [54]. Analysis of the *C NMR spectra sug-
gested that the patterns expected from Paths C and D were superimposed on
each other in both acetate derived portions of the alkaloid. The two patterns
were observed in a ratio of 1:1, which did not change over several repetitions
of the experiment. In a separate experiment it was found that [1,2,3,4-13C,]ace-
toacetate was not incorporated intact but was instead first cleaved to acetate
and then incorporated, resulting in an identical labeling pattern to that which
had been observed when [1,2-13C,]acetate was fed. The results of these two
experiments on (27) were thus qualitatively identical to our observations
during the investigation of 6 -hydroxytropine (15) biosynthesis in D. stramo-
nium [22].

In the interpretation of these experiments in Lycopodium tristachyum the
argument could be made, as had been in the case of (15), that the preference for
cleavage of the C, unit over intact incorporation was a consequence of higher
reaction rates for the former rather than the latter process. We had rejected this
explanation in the case of (15) on the basis of the argument that if an intact C,
unit was a precursor for the acetate derived C; fragment, it would surely not all
have been cleaved and at least some of the 1*C, precursor should have survived.
In the case of lycopodine, however, we did see an opportunity to probe the
status of acetoacetate as a precursor which did not require the feeding of a C,
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precursor. We settled on an experiment with [1,2-13C,,2-2H;]acetate and decided
to focus our attention on the acetate derived C; unit C-16,C-15,C-14 which ori-
ginates from pelletierine [52, 53]. We reasoned that the labeling pattern in this
portion of (27) suggested that half of the molecules were labeled according to
Path C in Scheme 8 and half according to Path D. We expected that lycopodine
molecules in which this portion is formed by Path C should retain at least some
deuterium from [1,2-°C,, 2-2H;]acetate at the C-16 methyl group. Specifically,
this methyl group is derived from the acetate starter unit used in the putative
Claisen condensation of acetyl CoA with malonyl CoA to yield acetoacetyl CoA.
Retention of deuterium at C-2 of acetate starter units of polyketides is well pre-
cedented. In the event, NMR analysis of a sample of lycopodine (27) from this
experiment showed that it carried only '*C and no trace of “H was observed. The
3C NMR spectra were qualitatively identical to those obtained after feeding of
[1,2-13C,]acetate. This unexpected result could not be reconciled with Path C1
and we focused our attention on finding an entirely different interpretation of
our observations.

We concluded from the outcome of our double label experiment with [1,2-
3C,, 2-?H;]acetate that the carbon atom destined to become the C-16 methyl
group of lycopodine had to be activated at some time during the biosynthetic
process to such an extent that facile deuterium/protium exchange was possible.
A derivative which would fulfil such a structural requirement might be malonic
acid (or its CoA derivative) or an analogous intermediate. Careful reexamination
of the NMR data from all the experiments indicated that the ratio of the two
labelling patterns in the acetate derived C; units of lycopodine was always exactly
1:1 (within the accuracy of *C integration). It was a conceptually crucial step
when we came to realize that the observed 1:1 ratio was probably not adventi-
tious. Instead, this ratio may be a necessary consequence of the mechanism by
which the acetate derived fragments of (27) were assembled. If the mixed in-
corporation patterns had been due to competition between two paths, some
variation in this ratio would have to be expected over several repetitions of the
experiment.

The most straightforward explanation for the two labeling patterns occurring
ina1:1 ratio is the presence of a symmetrical intermediate between acetate and
the immediate precursor for the C; unit, before the latter is joined to the imine
(14). The structural prerequisites for such a putative intermediate were: firstly, a
compound with C,, symmetry capable of delivering a C; unit equivalent to ace-
tone and, secondly, the two sites destined to become the methyl groups of this
acetone equivalent had to be sufficiently activated to undergo ready exchange of
the protons a to the keto group. These requirements are fulfilled by acetonedi-
carboxylic acid or its bisCoA thioester (30), Scheme 15.

Upon Claisen condensation of two molecules of malonyl CoA with one ano-
ther, a molecule of acetonedicarboxylic acid CoA ester would be formed which
could either be hydrolyzed to the free acid or further activated to its bisCoA
thioester. It is important that the derivative (30) have C,, symmetry to explain
the labeling pattern in (27). The monoCoA ester would not fulfil this condition!
After condensation of (30) with (14), the keto acid (29) would be obtained and
would show two distinct labeling patterns depending on which of the methylene
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carbon atoms of (30) formed the bond to C-2 of (14). After decarboxylation of
(29), or hydrolysis/decarboxylation, pelletierine (28) would be obtained, which
also would show two distinct labeling patterns. Combinations of the isotopo-
mers of (28) and (29) with each other according to Scheme 13 would then yield
the experimentally observed labeling patterns.

We were exceedingly fortunate that the quintessential proof of this idea,
namely the direct incorporation of acetonedicarboxylic acid into lycopodine
was indeed observed when [2,3,4-°C;]acetonedicarboxylate was fed to L. tri-
stachyum. In fact, the experiment was so successful when it was first attempted
that the resulting data were not easily interpretable. In order to achieve maxi-
mum sensitivity for the experiment, the precursor had not been diluted with
unlabelled material. This precaution proved to be unnecessary as a 1% specific
incorporation was observed. Careful analysis of the splitting patterns for C-15
and C-8 indicated that about 50% of the isotopically labeled molecules con-
tained two labeled C; units and thus showed interunit coupling. A repetition of
this experiment one year later with precursor properly diluted with unlabelled
material, again yielded labeled alkaloid and this time the coupling pattern was
readily analyzed and found to be consistent with our expectations.

The current proposal for assembly of the carbon skeleton of lycopodine (27)
[55] is as shown in Scheme 13 bottom. 4-(2-Piperidyl)-3-oxobutanoate (29) is
the central intermediate in this scheme. This material may suffer decarboxylation
yielding pelletierine (28) which is incorporated into the C-9 to C-16 fragment.
The keto group at C-15 (lycopodine numbering) of that fragment is then con-
densed in a Knoevenagel type reaction with the methylene group of the p-keto
acid function of 4-(2-piperidyl)-3-oxobutanoate to form the C-15 to C-8 bond.
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In an attempt to rationalize the underlying chemistry depicted in Scheme 13,
one is bound to arrive at the same conclusion that was reached when the suc-
cessful incorporation of (22) into tropane (1) was being considered. Apparently
activation of the C-3’ methyl group of pelletierine, destined to become C-8 of
lycopodine (27), as a methylene placed between two carbonyl groups is required
for successful formation of the C-15/C-8 bond.

5
A New Proposal for the Assembly of the Acetate Derived C3 Unit

At this point it is instructive to return to the discussion of the formation of
the azabicyclooctane skeleton of the tropanes and the mechanism by which
the acetate derived C; unit is assembled. The reader will have noticed that the
labeling pattern we observed in the acetate derived C; units of lycopodine (27)
and of tropane (1) after feeding experiments with [1,2-13C,]acetate is identi-
cal. In both cases two regioisomeric labeling patterns in a ratio of 1:1 are
observed. Hitherto the pattern in the tropanes has been rationalized by invok-
ing the existence of a racemic intermediate on the pathway between acetate
and (1) [22,42,44]. However, our results on the biosynthesis of lycopodine
and their interpretation do suggest another explanation for the labeling pat-
tern from [1,2-1*C,]acetate in (1): that in the tropanes the acetate derived C;
unit C-2,C-3,C-4 arises via acetonedicarboxylic acid or a derivative thereof,
Scheme 16, just as in Robinson’s original biomimetic synthesis. Analogously it
may be proposed that methyl ecgonine (19) is formed via condensation of (10)
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Scheme 16. New proposal for the biosynthesis of tropane alkaloids via acetonedicarboxylic acid
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with acetonedicarboxylate followed by loss of only one of the pendant car-
boxyl groups. The resulting (22) could then be processed to (19) as shown
(Scheme 16).

It is an attractive feature of this proposal that it establishes again a unified
conceptual framework for the biosynthesis of tropane and pelletierine type
alkaloids. According to this new hypothesis, tropane- and pelletierine-type alka-
loids fall into two groups. Group A comprises alkaloids such as N-methylpelle-
tierine (23), hygrine (16) and 2,4-dimethylindolizidine (31) in which the carbon
atom corresponding to C-3’ of (16) or of (23) is not bonded to another atom
other than C-2’. These alkaloids would be made by reaction of acetoacetate with
the appropriate cyclic imine or iminium ion (Path C1). Alkaloids such as ecgo-
nine (19), tropine (1), cuskhygrine (32) or p-pelletierine (33), on the other hand,
belong in group B. These latter alkaloids in which the analogous C-3’ carbon
atom 1is linked not only to C-2’ but also to another carbon atom, would be
formed via a double Mannich condensation of acetonedicarboxylate with (10)
or (14).Ketoacids (22) and (29) are postulated as intermediates in the formation
of alkaloids belonging to group B.

. Me\N
LD OIS0 g
N i
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The experimental data accumulated so far for the origin of the acetate deriv-
ed C; chain of (1) are in agreement with this proposal. The presence of two
bond-labeling patterns in (1) after administration of [1,2-1*C,]acetate has been
interpreted hitherto as evidence for the presence of a racemic intermediate. This
necessitated the postulation of a nonstereoselective enzymatic oxidation of (22)
to (25) as discussed in detail above. However, this postulate in the face of the
complete lack of enzymological data in its support, is not entirely satisfying. In
contrast, the postulation of acetonedicarboxylic acid, or a derivative thereof, as
a pathway intermediate does explain simply the labeling pattern in the C; side-
chain of (1) and a precedent has now been found in the biosynthesis of (27).
Moreover, the hypothesis also explains why (21) is not incorporated into tropane
alkaloids.

Unfortunately, the new hypothesis does not eliminate all of the apparent con-
fusion surrounding the question of a symmetrical vs a nonsymmetrical inter-
mediate between ornithine and/or arginine and (1) in Datura species. The new
model would, however, allow the occurrence of two labeling patterns from [1,2-
13C,]acetate in the C; fragment of (1) to be explained even if nonsymmetrical
incorporation of ornithine (4) or arginine (5) is observed. Thus, the apparent
contradiction between the results of the early feeding experiments of Leete
[13,14,27] and of the Halle group [19] on the one hand and the results from the
acetate feeding experiments [22,42,44] on the other can be resolved. The scram-
bling of the labeling pattern when (22) is incorporated into tropine (1) can still
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only be explained by supposing that both enantiomers of the administered (22)
are converted into (1). Nonstereospecific labeling of (1) from the amino acids
could still be rationalized either by invoking putrescine as an intermediate on
the pathway or by postulating racemization and subsequent incorporation of
both enantiomers of an intermediate.

This analysis suggests that experiments aimed at proving the acetonedicar-
boxylate route to (1) in Datura will have to assess the stereospecificity of incor-
poration of (4) and (5) into (1) and the pattern of incorporation of [1,2-13C,]ace-
tate into (1) simultaneously. A further challenge will be to design and carry out
successfully an experiment which will allow one to decide whether the C; unit in
the tropanes is elaborated via Path D or the acetonedicarboxylate pathway even
if racemic intermediates are involved. It will be crucial to avoid the use of pre-
cursors that are as highly activated as the f-keto acids fed by Leete [47,48] and
Robins [44] and coworkers. This is because of the serious risk that subsequent
incorporation of such putative precursors will be overinterpreted as being of
mechanistic significance when in actual fact the result of an artefact is being
observed. Thus for instance, feeding labeled acetonedicarboxylic acid to intact
plants of the genus Datura or root cultures derived therefrom will not be the
appropriate way to prove this notion. Under such circumstances we may expect
that a Robinson type condensation may occur if a sufficient amount of (10) and
a monoamine oxidase activity are present within the plant. Such a partially non-
biological sequence would be expected to yield (18) which is also an interme-
diate in the biological sequence to (1). A comparison of the specific incorporation
of (22) into cuskhygrin (32) (9% above natural abundance) vs (2) (2% above
natural abundance) during a recent feeding experiment in Datura stramonium
[44] may serve as a cautionary tale.

The situation in our work on lycopodine (27) was different and a feeding
experiment with acetonedicarboxylic acid could be more easily justified. Firstly,
more meaningful tracer evidence from incorporation of acetate into (27) was
available which was suggestive of a role of acetonedicarboxylic acid in the
pathway to lycopodine. Secondly, a “biomimetic” formation of lycopodine from
acetonedicarboxylic acid and imine (14) in the presence of ubiquitous enzymes
such as a monoamine oxidase cannot be readily envisaged given the greater
structural complexity of (27) when compared to (18). For this reason we are con-
fident that the incorporation of acetonedicarboxylic acid into (27) reflects the
biological process in Lycopodium species.

6
The Reduction of Tropinone

The reduction of tropinone (18) to tropine (1) has been subject to several studies
in cell-free systems derived from intact plants and from root culture systems. In
early studies of this step an enzyme was detected which reduced (18) to an alco-
hol with 3a-stereochemistry, namely (1) [56]. Subsequently, in Hyoscyamus
niget, a plant which predominantly forms alkaloids with 3a-stereochemistry, an
enzyme was found which reduces (18) to y-tropine (34) with 3f-stereochem-
istry [57] (Scheme 17). Other workers observed varying ratios of (1) and (34)
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Scheme 17. The two dehydrogenases acting on tropinone 18 found in Datura and Hyoscamus

being formed in enzyme systems derived from roots of D. innoxia and conclud-
ed that two enzymes were involved, each of which stereospecifically formed
one of the two products [58]. This view is supported by two studies which
accomplished the separation of two such specific, NADPH dependent enzymes
from Datura stramonium [59] and Hyoscyamus albus [60] root cultures. Type I
enzymes produce (1) whilst Type II enzymes form (34) exclusively. Enzymes
belonging to these two classes show marked differences in their physical prop-
erties such as pH optima and Ky values. The two enzymes from D. stramonium
were studied in more detail on a genetic level [61] and were found, surprisingly
in view of their kinetic differences, to be related to each other (64 % identity on
the amino acid level) and to be members of a family of short-chain dehydroge-
nases. Within this class of enzymes the cofactor binding site resides on the ami-
no-terminal fragment of the protein and binding of the carbonyl substrate is
thought to occur on the carboxy-terminal part. This suggests that the cofactor
binding of enzymes of Type I and of Type II is identical and the two enzymes
producing (1) and (34), respectively, from (18) would differ by the orientation of
the substrate (18) within the binding site relative to the nicotinamide ring of the
cofactor. This idea was put to the test by the construction, expression and assay
of chimeric enzymes which resulted from shuffling of short stretches of genetic
material between genes encoding Type I and Type II enzymes, respectively [62].
In this fashion it was possible to convert a Type I enzyme which forms (1) exclu-
sively, into an enzyme yielding predominantly (34) as product. In accord with
the domain model for this class of enzymes, it was observed that moving long
stretches of DNA encoding the central and carboxy-terminal portion of the
protein resulted in such a reversal of the stereoselectivity of reduction. Thus
binding of the carbonyl containing substrate and its orientation within the
active site are predominantly determined by the carboxy-terminal portion of
the protein.
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7
Conclusions

As the preceding discussion shows, our understanding of the biosynthesis of the
tropane nucleus has advanced considerably in the past decade through molecu-
lar genetics and enzymology as well as more chemically oriented work. Despite
these advances our model of tropane biosynthesis is still deficient in key aspects.
Several reasons may be offered for the present state of affairs. Some of the prob-
lems are certainly due to the fact that different laboratories are using different
species and genera of plants as experimental material. It is tempting to the orga-
nic chemist, post-Robert Robinson, to impose a unifying framework on biosyn-
thetic pathways for a given natural product, regardless of producer species, and
this point of view is fully justified in most groups of natural products. However,
in the case of the biosynthesis of the tropane alkaloids Nature may not be co-
operating and the chemist’s simplification may be misleading. Thus, for instance,
there remains little doubt that one key aspect of the biosynthesis of (1), stereo-
specificity of the incorporation of amino acids, is different in Hyoscyamus from
Datura. To make matters worse, results concerning the same issue of stereospe-
cificity in the latter genus are contradictory. What appears to be lacking first and
foremost for the resolution of these inconsistencies is fruitful collaboration of
chemists and enzymologists. Regretably, Leete’s important early finding concern-
ing the stereospecific incorporation of ornithine into (3) has not yet been taken
up by enzymologists as an observation in want of a biochemical mechanism.

The central portion of the pathway to (1), the joining of the acetate derived and
the amino acid derived portions of the alkaloid skeleton, remains an active area of
investigation as well. The increased use of bond-labeled precursors with vicinal 1*C
labels in the 1990s has brought significant progress. In retrospect it is surprising
that this powerful method had not been brought to bear on the problem of tropa-
ne biosynthesis in a rigorous fashion earlier than it was. The origin of the acetate
derived C; unit must be better defined than it is at present before enzymological
work can be attempted with any hope of success. All of the competing laboratories
appear to agree that (22) has a central role as an intermediate in the formation of
(1) and of (19). In this contribution a new, experimentally testable hypothesis for
the mechanism of assembly of the acetate derived C; fragment has been introdu-
ced and work is ongoing in this laboratory to substantiate it. The authors hopes
that it will stimulate further experimental work in other laboratories as well.
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Pyrrolizidine alkaloids (PAs) encompass a typical class of plant secondary compounds.
During recent years PAs have proved to be an excellent choice to exemplify various mechanistic
and functional aspects of plant secondary metabolism. PAs appear to play an important role
in constitutive plant chemical defense, particularly, in plant-herbivore interactions. Biochem-
ical and physiological aspects of PA biosynthesis, allocation, and accumulation are reviewed
with particular emphasis on key enzymatic steps and chemical diversification of PA backbone
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1

Introduction

Pyrrolizidine alkaloids (PAs) are typical constitutively produced plant secondary
compounds. PAs exist in a great diversity of some 370 chemical structures [1-3].
They are assumed to have evolved as chemical defenses under the selection
pressure of competing herbivores. This is evidenced by a number of insect herbi-
vores from unrelated taxa which have developed adaptations not only to over-
come PA-mediated plant defense, but also to sequester and utilize these alkaloids
for their own defense against predators. PAs are an excellent choice to exemplify
mechanistic and functional aspects of plant secondary metabolism [4, 5].

This chapter summarizes recent research in the field of PAs. It intends to com-
bine chemical, biochemical, and functional aspects of these alkaloids not only in
the producing plant species but also in the specialized insect herbivores which,
in the course of their adaptation to PAs, have developed specific biochemical
means to safely handle and utilize these defensive compounds for their own
benefit.

There are a number of excellent recent monographs and reviews dealing with
various aspects of PA research: chemistry and toxicology [1, 2, 6], biosynthesis
[7-9], insect-plant interactions (chemical ecology) [5, 10-12] and general
aspects [3].

2
Classification and Distribution of PAs

Pyrrolizidine alkaloids are ester alkaloids composed of a necine base (amino
alcohol) mostly esterified with a branched aliphatic necic acid (Fig. 1). Extend-
ing Culvenor’s chemosystematic suggestions [13] and including biogenetic
aspects [3], PAs can be classified into five structural types (Fig. 1). Macrocyclic
diesters of the senecionine type are abundant in species of the tribe Senecioneae
(Asteraceae). More than one hundred structures are known and they all contain
a branched C,;-necic acid, which is derived from the Cs-carbon skeletons of two
molecules of isoleucine or rarely leucine. The related open-chain diesters of the
triangularine type still possess two Cs-units but they are not linked. Triangula-
rine-type PAs are found in species of the Boraginaceae and in a number of
Senecio species. Macrocyclic diesters (senecionine type) and open-chain dies-
ters (triangularine type) are never found together, but they sometimes occur in
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Fig. 1. The five major structural types of PAs

closely related species such as S. nemorensis (senecionine type) and S. fuchsii
(triangularine type). Next to the senecionine-type PAs, alkaloids of the lycops-
amine type with more than 100 structures represent the most diverse class of PAs.
They are characterized by a unique branched C,-necic acid with the carbon ske-
leton of 2-isopropylbutyric acid. PAs of the lycopsamine type occur in species of
the tribe Eupatorieae (Asteraceae) and in the Boraginaceae. All lycopsamine-
type alkaloids contain at least one C,-necic acid and this is occasionally accom-
panied by a second necic acid. The few PA-containing species of the Apocynaceae
typically produce lycopsamine derivatives in which two C;-necic acids form
macrocyclic triesters such as parsonsine [3]. A small group of closely related
eleven-membered macrocyclic diesters are the monocrotaline type, produced
by the alkaloid-containing species of the large genus Crotalaria (Fabaceae).
The great majority of the individual structures belonging to one of the four
PA types so far mentioned have two features in common: (i) they contain the
1,2-unsaturated retronecine as the most abundant necine base; (ii) they are
present as alkaloid N-oxides. The importance of these two general features will
be discussed later in more detail.

Simpler structures such as the orchid PAs are classified as the phalaenopsine
type. They do not possess a 1,2-unsaturated necine base and they are often este-
rified with an aryl-, aralkyl-, or alkylnecic acid. The recently described ipangu-
lines found in Ipomoea hederifolia (Convolvulaceae) also belong to this group of
PAs [14, 15]. The orchid PAs are only partially N-oxidized [16] whereas the ipan-
gulines are not at all [15].

Within the plant kingdom PAs are only found in the angiosperms. Here they
occur quite scattered and often sporadically in phylogenetically unrelated taxa
[3]. Major sources for PAs are the Asteraceae tribe Senecioneae (>230 species),
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the Asteraceae tribe Eupatorieae (>25 species), the Boraginaceae (> 150 species),
the Fabaceae genus Crotalaria (>81 species), and a few related genera (ca. 40 spe-
cies), as well as the Orchidaceae (35 species). Sporadic occurrences of PA-con-
taining species are known from the Apocynaceae (8 species), Celastraceae (1),
Convolvulaceae (3), Ranunculaceae (2), Rhizophoraceae (2), Santalaceae (1),
and Sapotaceae (4).

3
Biosynthesis and Maintenance of PAs in Plants

Pioneering tracer studies carried out in the laboratories of D. J. Robins and
I. Spenser had demonstrated that the carbon skeleton of the necine base origi-
nates from ornithine or arginine via putrescine. Extension of these studies in the
1980s using precursors labeled with stable isotopes confirmed that retronecine
is derived from putrescine via a symmetrical intermediate such as homosper-
midine [17-19]. The formation of the necic acids is less well understood. Early
tracer-studies primarily carried out by D.H.G. Crout and collaborators revealed
that the carbon skeletons of all aliphatic necic acids so far studied are derived
from branched-chain amino acids, i.e., isoleucine, and less frequently leucine
and valine [see 17].

The results of the tracer studies including the elucidation of the stereochem-
istry involved, provided a firm basis for a biochemical approach to PA biosyn-
thesis, i.e., characterization of the enzymes that catalyze biosynthetic key steps
and the specific mechanisms involved in translocation, subcellular accumulation,
and metabolism of PAs. Early tracer work was carried out with intact plants to
which tracers were applied for days or weeks. Meanwhile, in vitro plant systems,
such as cell cultures and root-organ cultures of PA-producing plants are avail-
able. Root cultures were found to be excellent systems for biochemical and en-
zymatic studies of PA biosynthesis [20-22]. Dedifferentiated cell cultures do not
synthesize PAs, but retain the ability to accumulate PAs. They are excellent
systems to study the membrane transport of PAs and to identify the subcellular
storage sites.

3.1
Biosynthesis of the Necine Base

Root cultures of Senecio vulgaris and related species such as S. vernalis and
S. erucifolius were used to study PA biosynthesis. These cultures produce sene-
cionine N-oxide as the major alkaloid [23,24]. Tracer experiments with radioac-

-
-

Fig. 2. Biogenetic links between A primary metabolism and B the alkaloid-specific pathway.
CAP, N-carbamoylputrescine; GABA, 4-aminobutyric acid. Inhibitors: DFMA, a-difluorome-
thylarginine, HEH, $-hydroxyethylhydrazine. Enzymes: I,arginine decarboxylase; 2, agmatine
iminohydrolase; 3, N-carbamoylputrescine amidohydrolase; 4, diamine oxidase; 5, pyrroline
dehydrogenase (NAD*-dependent); 6, spermidine synthase; 7, a putrescine-producing poly-
amine oxidase (HEH-insensitive); 8, homospermidine synthase; 9, an HEH-sensitive polyamine
oxidase
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tively labeled biogenetic precursors such as arginine, ornithine, putrescine,
spermidine, and isoleucine yielded senecionine N-oxide as the only labeled bio-
synthetic product [23]. No biosynthetic intermediates were detected either with
precursors of the necine base moiety or with isoleucine as a precursor of the
necic acid moiety. In any case the alkaloids were found to be synthesized in the
form of their polar N-oxides. The pre-alkaloid pathway (Fig.2 A) which provides
the ultimate alkaloid precursors was studied by feeding *C-labeled precursors
and applying metabolic inhibitors. In the presence of a-difluoromethylarginine
(DFMA), a suicide inhibitor of arginine decarboxylase, the incorporation of
both arginine and ornithine was completely blocked, whereas the application of
a-difluoromethylornithine (DFMO) did not affect the incorporation of the two
amino acids [25]. Senecio root cultures are devoid of ornithine decarboxylase
and the formation of putrescine from both ornithine and arginine proceeds via
the arginine-agmatine path (Fig. 2). A participation of diamine oxidase in the
formation of a symmetrical C,-N-C, intermediate such as homospermidine
from two molecules of putrescine as implicated by early tracer studies [17-19]
could not be confirmed. Radioactively labeled Al-pyrroline was not incorpo-
rated into senecionine N-oxide and in feeding experiments with ['*C]putrescine
labeled homospermidine was trapped in the presence of S-hydroxyethylhydra-
zine (HEH), a potent inhibitor of diamine oxidase [26]. This confirmed the
suggestion that a diamine oxidase may be involved in the oxidation of homo-
spermidine [17-19] but makes participation of a diamine oxidase in the
formation of homospermidine from putrescine unlikely (Fig.2). Labeled homo-
spermidine which accumulates in the presence of HEH is readily incorporated
in senecionine N-oxide, when HEH inhibition is released. The only fate of
homospermidine is its incorporation into the alkaloids. In contrast to putrescine
and spermidine, this endogenously formed homospermidine does not undergo
oxidative degradation [26]. Homospermidine is the first pathway-specific inter-
mediate of PA biosynthesis (Fig. 2B). This pathway leads to a product that, other
than transformation of its backbone structure (Sect. 3.4), does not undergo
turnover [24, 26]. Thus, formation of homospermidine is a key reaction in PA
biosynthesis. It not only combines two building blocks of primary metabolism
but also controls the substrate flow into the alkaloid-specific pathway. The focus
of the subsequent work was on the elucidation of the biochemical and molecular
mechanism of this key step.

The enzyme catalyzing the formation of homospermidine was identified as a
homospermidine synthase [26], an enzyme previously described from two bac-
terial sources [27, 28] and seedlings of Lathyrus sativus [29]. None of these spe-
cies produces PAs. One of the bacterial enzymes [28] has been purified. Bacterial
homospermidine synthase was suggested to catalyze the following reaction:

NAD*
putrescine + putrescine ———————» homospermidine + NH, (1)

Homospermidine synthase (HSS) activity was detected in root cultures of
four Senecio and two Eupatorium species. The enzyme was partially purified
from root cultures of E. cannabinum, the source with the highest specific activity
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(i.e., 1.2 pmol - s! - mg™) in crude extracts [26]. A detailed characterization of
the partially purified enzyme revealed that the enzyme also accepted spermidine
as a substrate[30]. The same was demonstrated for the bacterial homospermidine
synthase from Rhodopseudomonas viridis [30, 31]. The two enzymes are very
similar in their molecular and kinetic properties and the following common
reaction mechanism was suggested [30]: an aminobutyl group derived from
putrescine or spermidine is transferred to a putrescine; ammonia or diamino-
propane, respectively, are released; in a stoichiometric manner, NAD* functions
as a hydride acceptor in the oxidative formation of the aminobutyl moiety and
as a hydride donor in the reduction of the assumed imine intermediate (Fig. 3).
Recently, the genes encoding bacterial homospermidine synthase from Rhodo-
pseudomonas viridis and the plant enzyme from roots of Senecio vernalis were
cloned, sequenced, and overexpressed in Escherichia coli [32, 33]. Surprisingly,
no sequence homology was found between the two genes. The bacterial cDNA
sequence has no detectable similarity with known sequences on the nucleotide
or amino acid level [32]. On the contrary, the plant cDNA sequence showed a
very high homology to genes encoding deoxyhypusine synthase, an enzyme that
catalyzes the post-translational modification of the eukaryotic translation
initiation factor eI[F-5 A (Sect. 6). A reinvestigation of the kinetic properties of
recombinant plant HSS revealed another essential difference between bacterial
and plant HSS. In the plant enzyme spermidine was found to be the exclusive
donor of the aminobutyl group that is transferred to putrescine [34]. The pre-
vious suggestion that either putrescine or spermidine may function as donor of
the aminobutyl group [30] has to be revised for the plant enzyme. This has been
overlooked in previous studies with the native enzyme because the very labile
enzyme could only be stabilized in the presence of spermidine [26]. Even sper-
midine-free enzyme preparations may have contained nonspecifically bound
spermidine in amounts sufficient to allow homospermidine formation with

BACTERIAL HOMOSPERMIDINE SYNTHASE PLANT HOMOSPERMIDINE SYNTHASE
HN A~ ~NH,
H,N NH.
or H, \/\/\u’\/‘NH2+ HN ST HZN\/\/\H’\/‘NH“- HZN’\~/\/NHz
L J l )
NH NAD* NAD*
or H;N~~~~NH, H;N"~"NH,
NADH NADH
HN A~ sN~A~NH: l HN o~ AN~ NH, l
NADH NADH
NAD* NAD*
HzN\/\/\n’\/\/NHZ HN ~ ~N~~NH;
H
Homospermidine Homospermidine

Fig. 3. Reactions catalyzed by bacterial and plant homospermidine synthase
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Fig. 4. Isomeric 1-hydroxymethylpyrrolizidines, the specific biogenetic precursors of necine
esters. Most PAs are retronecine esters

putrescine as the only exogenous substrate. The specificity of homospermidine
synthase for spermidine as aminobutyl donor is in accordance with the docu-
mented molecular relationship between the enzyme and deoxyhypusine syn-
thase [33] (Sect. 6). In conclusion, homospermidine and thus the necine base
moiety of PAs is half derived from spermidine (aminobutyl group) and half
from putrescine.

The reaction step leading from homospermidine to the necine base moiety
has not yet been characterized on an enzymatic level. Most likely an interme-
diate dialdehyde (Fig.2) is formed by an enzyme with diamine oxidase activity
as indicated by tracer and inhibitor studies [17-19, 26]. The cyclization of
the carbon skeleton of the intermediate iminium ion may lead to four stereo-
isomers of 1-hydroxymethylpyrrolizidine; all of them have been identified as
necines in naturally occurring PAs [1-3]. In isotope tracer experiments three
isomers were shown to be formed as specific biosynthetic precursors of PAs
(Fig.4). (-)-Trachelanthamidine is the specific precursor of retronecine, by far
the most widespread necine base of PAs [35, 36]. (-)-Isoretronecanol is speci-
fically incorporated into the rare 2-hydroxylated PAs such as rosmarinine
[36-39]. Orchids such as Phalaenopsis hybrids which contain both trache-
lanthamidine and isoretronecanol esters incorporate the two stereoisomeric
necines into the respective alkaloids [16]. Cynaustraline one of the very rare
examples of a PA with 8f-stereochemistry was shown to be formed via lin-
delofidine [(+)-isoretronecanol] in Cynoglossum officinale [40]. Epimeriza-
tion of either trachelanthamidine or lindelofidine appears not to take place at
the alkaloid level. Thus, the pathways probably diverge during cyclization of
the iminium ions (Fig. 2), prior to the formation of the pyrrolizidine-alcohols,
which in all the examples shown in Fig. 4 are efficiently incorporated into the
PAs [41].



Biosynthesis and Metabolism of Pyrrolizidine Alkaloids in Plants and Specialized Insect Herbivores 215

3.2
Biosynthesis of the Necic Acids

Complete biosynthetic labeling patterns have been obtained for the carbon ske-
letons of the necic acids of the two major classes of PAs, i.e., the senecionine type
and the lycopsamine type. The biosynthesis of the senecic acid was studied by
feeding [3,4-13C,]-2-aminobutanoic acid and [3,4-2H;]-2-aminobutanoic acid to
hairy root cultures of Senecio vulgaris and plants of S. pleistocephalus [42]. The
labeling patterns of the senecic acid moiety of senecionine isolated from S. vul-
garis are shown in Fig. 5C. The same patterns were found in rosmarinine (1,2-
dihydro-2-hydroxysenecionine) isolated from S. pleistocephalus. The labeling
patterns confirm that in the two species senecic acid is formed from two units of
2-aminobutyric acid. The C-13 and C-20 positions of senecionine came from the
C-3 of 2-aminobutanoic acid, and the C-19 and C-21 positions were originally
C-4 of the amino acid. The labeling pattern is consistent with the metabolism of
the labeled precursors via 2-oxobutanoic acid and the pathway of isoleucine
biosynthesis, from which the necic synthesis branches off at the stage of 2-oxo-
isocaproic acid. The Cs-unit of senecic acid may be formed by oxidative de-
carboxylation of 2-oxoisocaproic acid (Fig. 5A, reaction 2).

A different technique was applied to establish the complete biosynthesis of
2-isopropylbutanoic acid, the carbon skeleton of the unique necic acids of the
lycopsamine-type PAs [43]. Glucose containing 5% [U-'’C4|glucose was fed to
root cultures of Eupatorium clematideum which synthesize trachelanthamine
as the major alkaloid. The *C-labeling patterns of the alkaloid and several bio-
synthetically related amino acids isolated from the cellular protein were quanti-
tatively established by NMR techniques (Fig. 5D). The *C abundance of each
carbon atom and the distribution of multiply *C labeled isotopomers were
determined. The labeling patterns of central cellular metabolites, i. e., hydroxy-
ethyl-TPP (“activated acetaldehyde”), pyruvate, and putrescine were recon-
structed from the labeling pattern of amino acids on the basis of established
mechanisms of amino acid biosynthesis in plants. The origin of the alkaloid car-
bon skeleton was then analyzed by a pattern-recognition approach using the
labeling patterns of amino acids and central metabolites for comparison. This
retrobiosynthetic approach has been successfully applied in biosynthetic stu-
dies of primary and secondary metabolites in a variety of organisms [44-46].
The !*C-labeling pattern of the necic acid moiety of trachelanthamine is com-
pletely in accordance with the biosynthetic route outlined in Fig. 5B. Carbon
atoms 1/,2%,5,6",and 7’ reflect accurately the labeling pattern of valine and car-
bon atoms 3" and 4’ reflect the labeling pattern of “activated acetaldehyde”
(hydroxyethyl-TPP) (Fig. 5D). The labeling pattern of the necic acid is therefore
best explained by the transfer of a hydroxyethyl moiety to the carbonyl group of
the 2-oxoisovaleric acid yielding the branched C, carbon skeleton (Fig. 5B)
which can be reduced to give the typical 2,3-dihydroxylated necic acids such as
(+)-trachelanthic acid (2’S,3’R) or (-)-viridifloric acid (2°S,3’S). These two acids
are the most prominent necic acids found in lycopsamine-type PAs [3]. This
result confirms Crout’s early idea [47] that the C,-necic acids may be derived
from valine and a two-carbon fragment possibly inserted as “active acetaldehyde”.
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From a biochemical point of view, the transfer of the hydroxethyl group to 2-
oxoisovalerate (Fig. 5B, reaction 3) should proceed analogously to its transfer to
pyruvate and 2-oxobutyrate in valine and isoleucine biosynthesis (Fig. 5A, B,
reaction 1) which is catalyzed by acetolactate synthase. One just has to assume
an extension of the substrate specificity of the enzyme [43].
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3.3
Site of Synthesis, Translocation and Storage of PAs

All PA-producing species of the family Asteraceae so far studied synthesize PAs in
the roots [23, 25, 48]. In Senecio species which produce PAs of the senecionine
type, senecionine N-oxide is the primary product of biosynthesis. This backbone
structure is distributed within the plant and chemically modified to yield the spe-
cies-specific PA pattern (Sect. 3.4). PAs are transported in the form of their polar
N-oxides. Root-to-shoot translocation of PA N-oxides occurs exclusively via the
phloem-path. This was demonstrated physiologically by stem-girdling experi-
ments [48] as well as with the help of phloem-feeding aphids which store in their
bodies PAs acquired with the phloem sap [49]. Long-distance transport via the
living sieve-tubes requires specific phloem loading and unloading. Plants which
do not produce PAs are incapable of translocating PA N-oxides via the phloem
[48]. Within the shoots the PA N-oxides are channeled to the preferential sites of
storage. PAs are found in all plant tissues, however, in a flowering S. vulgaris plant
60 to 80 % of total PAs are located in the inflorescences (flower heads) and within
the flower heads more than 90 % are concentrated in the tubular flowers [50]. The
subcellular localization of the alkaloids was studied with cell suspension cultures
of various Senecio species. These cultures lost the ability to synthesize PAs but
retained the ability to accumulate the alkaloids [51]. This PA accumulation is
specific and cell cultures of plants that do not synthesize alkaloids are incapable of
accumulating PAs. A membrane carrier was identified and characterized from
S. vulgaris cell suspension cultures that specifically catalyzes the translocation of
PAs via the tonoplast into the vacuole [52,53]. This carrier translocates both forms
of the alkaloid, the tertiary alkaloid and its N-oxide, but storage of the N-oxide is
more efficient than that of the free base. Vacuoles pre-filled with radioactively
labeled PAs, easily lose the tertiary alkaloid during the isolation of vacuoles where-
as the respective N-oxide is quantitatively retained within the vacuoles [53].

.
-

Fig. 5. Two approaches chosen to establish the biosynthesis of the necic acids of PAs of the
senecionine type (A, C) and the lycopsamine type (B, D). A = Pathway of isoleucine biosyn-
thesis; the Cs-unit of senecic acid branches off by oxidative decarboxylation of 2-oxoisoca-
proic acid (reaction 2). B = Pathway of valine biosynthesis; the carbon skeleton of trache-
lanthic acid is synthesized by transfer of an “activated acetaldehyde” to 2-oxoisovaleric acid
(reaction 3). C = Labeling pattern of the necic acid moiety of senecionine isolated from a root
culture of Senecio vulgaris after 14-days growth with *C- and ?H-labeled aminobutanoic acids
[42]. D = 3C labeling pattern of trachelanthamine, valine and arginine from root culture of
Eupatorium clematideum after 16-days growth with [U-'3C¢]glucose [43]. Isotopomers with
2 or 3 contiguous carbon atoms incorporated en bloc are indicated by bold lines (squares)
adjacent to the structures. The numbers accompanying the lines indicate the fraction of the
respective signal in % of the total signal intensity. The square widths reflect the relative con-
tribution of the respective isotopomers. Arrows indicate multiple bond *C couplings. Isoto-
pomer patterns which were transferred to trachelanthamine are differentially shaded. Due to
the molecular C, symmetry of putrescine, its labeling pattern reflects the average of the con-
tributing skeletal elements of arginine. The coupling patterns of pyruvate and hydroxyethyl-
TPP were reconstructed retrobiosynthetically from the labeling patterns of valine on basis of
established biosynthetic mechanisms. The labeling pattern of putrescine was predicted from
that of arginine assuming established pathways
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Not all PA-containing species synthesize the alkaloids in their roots. There is
old evidence that Crotalaria species (Fabaceae) produce PAs in the shoots [54]
and more recently it was shown that root cultures of C. scassellatii do not pro-
duce PAs [21]. Within the Boraginaceae the sites of PA biosynthesis may vary
between species. Heliotropium indicum [16] and H. spathulatum [55] synthesize
PAs in young shoots. Symphytum officinale synthesize PAs in the roots but not
in shoots [16], whereas in Cynoglossum officinale both the roots and the shoots
are able to synthesize PAs [16, 56]. In PA-producing orchids such as Phalaenop-
sis the alkaloids are synthesized in young root tips [16], whereas Ipomoea hede-
rifolia (Convolvulaceae) again the shoots are the site of PA biosynthesis [57].In
any case PAs appear to be synthesized in very young growing tissues (i.e., root
tips, shoots tips, and growing root cultures) [16, 24, 25].

34
Chemical Diversification of PA Backbone Structures

Senecionine N-oxides can be regarded as the backbone structure of many, if not
most, macrocyclic PAs of the senecionine type [3]. Tracer studies with root cul-
tures of Senecio species having different PA patterns, synthesize senecionine
N-oxide as the first common alkaloid [21, 58]. To a limited extent roots are able
to transform senecionine N-oxide into species-specific derivatives. These trans-
formations proceed slowly and are separated in time and space from senecionine
N-oxide synthesis [21, 24, 58]. In studies with five Senecio species shoots were
found to be the major sites of species-specific alkaloid transformation [59]. In
all species tested, leaves, stems, and inflorescences catalyze the transformation of
senecionine N-oxide yielding the species-specific alkaloid patterns. The trans-
formations proceed slowly and may vary between shoot organs in their efficiency
and even specificity. All transformations established by tracer techniques repre-
sent specific reactions that proceed in a position-specific and stereoselective
manner (Fig. 6). The stereospecificity and the fact that different Senecio species

O-Acetylation

15,20-Epoxidation

18-Hydroxylation
21-Hydroxylation

13,19-Dehydrogenation 12,13-Epoxidation

Otonecine formation 19-Hydroxylation,

O-Acetylation

Fig. 6. Chemical diversification of the backbone structure (senecionine N-oxide) by species-
specific transformations established for five Senecio species as documented in Table 1
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Table 1. Species-specific transformations of radioactively labeled senecionine N-oxide in
shoots of five Senecio species including two chemotypes. Nine steps of transformation create
ten compounds and six species(population)-specific PA patterns [59]. The backbone structure
of senecionine N-oxide is present in all species in proportions varying between trace-amounts
and >50% of total alkaloids

Transformations S.vul S.ver S.ja-A S.ja-B S.eru S.ina
18-Hydroxylation 1 1 1
19-Hydroxylation 2 2
21-Hydroxylation 3 3
15,20-Epoxidation 4,8 5,10
12,13-Epoxidation 2 2
12-0-Acetylation 5
19-0-Acetylation 6 6
13,19-Dehydrogenation 7 7 7,8 7 7
Otonecine formation 9 5,10

S.vul = S. vulgaris; S.ver = S. vernalis; S. ja-A = S. jacobaea jacobine chemotype; S.ja-B = S.
jacobaea erucifoline chemotype; S.eru = S. erucifolius; S.ina = S. inaequidens.

1 = retrorsine (1); 2 = erucifoline (2); 3 = eruciflorine (1); 4 = jacobine (1); 5 = florosenine (3);
6 = acetylerucifoline (2); 7 = seneciphylline (1); 8 = jacozine (2); 9 = senkirkine (1); 10 = oto-
senine (2). The numbers in parentheses give the steps of transformations needed to synthesize
the compound.

transform senecionine N-oxide into unique products strongly indicate that the
individual PA bouquets are brought about by genetically-controlled specific
enzymes (Table 1). Transformation of senecionine N-oxide by indiscriminate
enzyme activities as often postulated to be responsible for chemical diversifica-
tion of secondary pathways [60] can be excluded. Most of the transformation
products listed in Table 1 are formed from senecionine N-oxide by simple one-

HO_ o
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Senkirkine Emiline
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RO o;) RO o
—_ D N o, \ N
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Fig. 7. Transformation of senecionine N-oxide into senkirkine [58] and emiline (A). Suggested
mechanism for the conversion of the retronecine moiety into the otonecine moiety (B) [61]
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step or two-step, rarely three-step, reactions. The only more complex transfor-
mation is the conversion of the retronecine moiety of senecionine N-oxide into
the otonecine moiety of senkirkine. Root cultures of S. vernalis transform sene-
cionine N-oxide into senkirkine (Fig. 7A) without occurrence of detectable
intermediates [58]. In Emilia flammea retronecine is an efficient precursor of
emiline (Fig. 7A) the major PA of the plant [61]. The formation of otonecine
was suggested to proceed by hydroxylation at C-8 and N-methylation of a
retronecine ester followed by ketone formation with concomitant cleavage of the
C-N bond (Fig. 7B) [61]. The origin of the N-methyl group of senkirkine from
S-adenosylmethionine has been demonstrated [62].

In comparison to the macrocyclic PAs of the senecionine type structural
diversification of PAs of the lycopsamine type follows a different strategy. The
backbone structure is represented by trachelanthamidine the simplest necine
base (Fig. 2) esterified with stereoisomeric dihydroxylated 2-isopropylbutanoic
acids (Sect. 3.2). The most abundant isomeric necic acids are (+)-trachelanthic
acid (2’S, 3R configuration) (Fig. 8) and (-)-viridifloric acid (2°S, 3’S). Necine
esters with (-)-trachelanthic acid (2’R, 3’S) or (+)-viridifloric acid (2’R, 3’R)
have been described but they are rare [3]. In PA-producing species of the family
Boraginaceae [16,56] and species of the tribe Eupatorieae [63] of the Asteraceae,
diversification of the backbone structures is initiated by a common sequence of
consecutive reactions:

Intermedine N-oxide (7R OH)

Trachelanthamine N-oxide (2'S,3'R) ——3» Supinine N-oxide ——» Rinderine N-oxide (7S OH)

Lycopsamine N-oxide (7R OH)

—

Viridiflorine N-oxide (2'S,3’'S) ——» Amabiline N-oxide ———» Echinatine N-oxide (7S OH)

()

The first step is the formation of the 1,2-double bond followed by a stereo-
selective hydroxylation at the C-7 converting the necine base moiety into either
retronecine (7R) and heliotridine (7S) (Fig. 8). These structures may be further
modified by introduction of a second necic acid (i.e., esterification at C-7) and
additional modification of the necic acid moieties (i.e., hydroxylations, acetyla-
tions, etc.). The majority of the PAs of the lycopsamine type are monoesters or
diesters of retronecine and heliotridine [3].

3.5
Plasticity and Variability of Individual Alkaloid Patterns

As discussed in the preceding section, the formation of unique species-specific
PA patterns is achieved in two consecutive steps: (i) synthesis of the backbone
structure and (ii) its structural diversification. From a biochemical point of view
there are two additional important metabolic features: PAs do not undergo any
degradation or turnover and they are slowly but steadily distributed within the
plant. These features have been intensively studied with Senecio roots cultures
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Fig. 8. Formation of the esters of supinidine, retronecine and heliotridine from trachelantha-
mine N-oxide, the backbone structure of the PAs in root cultures of Cynoglossum officinale
[16]

[24, 25] and plants [59]. Radioactively labeled PAs obtained in pulse-feeding
experiments with labeled senecionine N-oxide or distant biosynthetic precur-
sors such as putrescine, remained entirely stable in root cultures over growth
periods of up to three weeks [24]. In a typical experiment with S. vulgaris root
cultures a “population” of radioactively labeled PAs was quantitatively recovered
after 10 days of root growth, although during this period the root fresh weight
and the amount of total alkaloid increased 6.1-fold and 6.4-fold, respectively
[25]. In the same root cultures labeled PAs were found 10 days later distributed
all over the root, even in tissues newly grown days after the labeled alkaloids had
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been produced. The results obtained with the root cultures were confirmed in
studies with whole plants. Again no substantial degradation or turnover was
found over periods up to four weeks [59]. Moreover, PAs were slowly but steadily
distributed within the plant independently of their “biogenetic age”, i.e.,labeled
PAs were detected in roots, leaves, and flower heads that developed weeks after
formation of the labeled alkaloids. Despite this spatial mobility PAs are not
equally distributed within the plant; there are sites of preferential alkaloid accu-
mulation as discussed in Sect. 3.3.

Taking all biochemical and physiological aspects of PA metabolism in a Sene-
cio plant into account, we are facing an extremely variable and adaptive system,
well suited to cope with the demands of a continuously changing environment
(Fig.9) [5]. The backbone structure of senecionine N-oxide is synthesized in the
roots under a stringent metabolic regime that controls the plant’s total level of
PAs. This part of alkaloid metabolism appears to be highly conserved across spe-
cies producing PAs of the senecionine type and thus apparently is under strong
functional constraint. Genetic variability affecting the synthesis of senecionine
N-oxide would alter PA biosynthesis quantitatively. Senecionine N-oxide, in
turn, is subjected to chemical diversification to yield the alkaloid pattern unique
to individual populations. This diversification brought about by specific one-
step to three-step reactions (Table 1; Fig. 6) is highly plastic. It represents a dynam-
ic equilibrium between a number of interacting processes such as the rate of
supply of de novo synthesized backbone structure, the specificity and efficiency
of the enzymatic transformations, continuous alkaloid distribution, and tissue
specific alkaloid accumulation and vacuolar storage. Due to the lack of turnover,
any genetic variation affecting this segment of alkaloid biosynthesis, par-

HERBIVORE PHASE

Herbivores
Selection pressure
Efficiency is affected by:
- differential herbivory
- local herbivores
- variability of plant
defense

---------------------- Individual Alkaloid Bouquet |- -------eerraeemreennes
PLANT PHASE

Variability is affected by:

- enzymatic transformations
- allocation

- accumulation

- tissue specificity

- lack of turnover

Senecionine N-oxide
Structural diversification

High plasticity T Shoots

Senecionine N-oxide
. Backbone structure
High constraint Biosynthesis Roots

Fig. 9. General hypothesis of structural diversification of senecionine N-oxide under selection
pressure of local herbivory
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ticularly the transforming enzymes, would thus tend to modify the PA pattern
without affecting its overall quantity. This view of strategy of PA biosynthesis
predicts that the intraspecific PA patterns between populations should be ex-
tremely variable. This was recently demonstrated for Senecio vulgaris and S.
vernalis [64] and S. jacobaea and S. erucifolius [65]. The relative abundance of
the single components of PA patterns is highly variable between populations of
species and their chemotypes. A genetic analysis of S. jacobaea populations
revealed that the large phenotypic variation in total PAs contents and the rela-
tive amounts of the individual PAs are largely due to genetic variation [66].
Therefore, it was suggested that natural selection may undergo variation in PA
concentration and composition in populations of S. jacobaea. Thus, biochemical
and genetic evidence indicate that two discrete segments of PA biosynthesis
exist with specific ecological roles: backbone supply and backbone derivatization
[5,59] (Fig.9).

4
Biochemistry of Plant-Derived PAs in Specialized Insect Herbivores

Ecological evidence for a protective role of PAs in plant defense against herbi-
vores is sparse. Young leaves of Cynoglossum officinalis which are rich in PAs are
avoided by all generalist herbivores tested, whereas older leaves with low levels
of PAs are eaten [67]. Almost all pure PAs were found to be strong feeding deter-
rents against many herbivorous insects [68-70]. It is well known that the
majority of PAs causes serious diseases in domestic animals and humans
through liver bioactivation [1, 6] (Sect. 5). Grazing animals, however, usually
avoid PA plants unless there is shortage of other herbal food, apparently because
of their deterrent taste [10]. The importance of such effects is difficult to assess
empirically; often the most specific observation is that abundant generalist her-
bivores do not feed on PA plants. Convincing evidence favoring an important
role of PAs in plant-herbivore interactions comes from specialized insect herbi-
vores. A number of species from different insect taxa has developed adaptations
not only to overcome the defensive barrier of PA-protected plants, but also to
sequester and utilize these PAs for their own defense against predators [3, 10,
11]. Many butterflies and moths (Lepidoptera) and certain chrysomelid leaf
beetles (Coleoptera) are known to store and utilize plant-acquired PAs for
defensive purposes. All species which store plant acquired PAs in their bodies
advertise their unpalatability to potential predators by conspicuous warning
coloration (aposematic signals). Besides Lepidoptera and Coleoptera, individual
species that sequester PAs from their host plants are known from the Orthop-
tera, i.e., the grasshopper Zonocerus variegatus [71-73] and the Homoptera,
i.e., the aphid Aphis jacobaeae [49]. In the latter case ladybirds (Coccinella sep-
tempunctata) grazing on the aphids accumulate the plant-derived PAs from the
aphids. The ingested PAs may reach 50% of the beetle’s load of endogenously
produced Coccinelidae alkaloids [49]. There is a flow of plant-produced defen-
sive compounds through three trophic levels, i.e., from Senecio spp. via the her-
bivore to its predator. In the following sections mechanistic aspects of PA
uptake, storage, metabolism in lepidopterans and leaf beetles are reviewed.
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Alkaloid-storing Lepidoptera and leaf beetles are excellent models to study and
compare the biochemical mechanisms developed most likely independently in
the two taxa in the course of their adaptations to sequestration of PAs from
plants.

4.1
Lepidoptera

Species which store plant-derived PAs are found among the moths of the fami-
lies Arctiidae (12 genera) and butterflies of the subfamilies Danainae (4 genera)
and Ithomiinae (38 genera) [3,74].

4.1.1
Sequestration and Defense

PAs are taken up either by larvae, as in most Arctiidae, or by adults as in most
Danainae and almost all neotropical Ithomiinae. All species that sequester PAs
as larvae retain the stored PAs through to the adult stage. Larvae receive PAs with
their herbal food whereas adult butterflies developed a special behavior. They
are pharmacophagously attracted by PAs and ingest the alkaloid with nectar or,
most frequently, from dead parts or withered twigs of PA plants. They wet the
decaying plant material with fluid from their proboscis and then reimbibe it
with the extracted PAs. By definition, pharmacophagous species search for plant
secondary compounds (e.g., PAs), take them up, and utilize them for a purpose
other than nutrient supply [10, 11, 75]. The average amounts of PAs sequestered
pharmacophagously by Ithomiinae butterflies from their PA sources, i.e., Bora-
ginaceae and Eupatorium sp. (Asteraceae), are 2-7% of dry weight but may
reach 20% as in Scada spp. [74, 76]. All butterflies that sequester PAs seem to be
well protected against predators. They are rejected, for instance, by the giant orb
spider Nephila clavipes that cuts out any PA-storing butterfly unharmed from its
web, whereas freshly emerged Ithomiinae butterflies that are still devoid of PAs
are readily eaten [77-79]. Larvae of the arctiid Utetheisa ornatrix raised on a
PA-free diet proved consistently palatable to wolf spiders, whereas larvae and
adults containing PAs were rejected [80].

Pyrrolizidine alkaloids not only protect larvae and adults but also the eggs
that are the perhaps most endangered stage in the life cycle of an insect. This is
exemplified by the most complete study carried out by Eisner and Meinwald [81]
with the arctiid moth Utetheisa ornatrix. Larvae of the species sequester PAs
from their host plant Crotalaria (Fabaceae) and retain the alkaloids through
metamorphosis into the adult stage. Both adult males and females provide PAs
for egg protection. The female receives PAs from the male during copulation and
transmits the alkaloids together with her own load to the eggs [82, 83]. The
mating behavior is controlled by the PA-derived male courtship pheromone
hydroxydanaidal (Sect. 4.1.3; Fig. 11), which signals the male’s PA load to the
female. The pheromone is emitted from a pair of androconial brush-like organs
called coremata which are everted from the abdomen during close-range preco-
pulatory interactions with the female. The amount of pheromone in the coremata
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of males correlates with his systemic level of PAs [83]. The female possesses
antennal chemoreceptors highly sensitive to the pheromone [84]. Males reared
on a laboratory diet devoid of PAs have fully developed coremata but produce no
pheromone. These males are not able to stimulate female behavior and as a con-
sequence are substantially less successful in courtship [85]. Field data indicate
that Utetheisa males differ broadly in their systemic PA content, which ranged
from 0 to 1010 ug per individual [83]. By mating preferentially with males
endowed with the pheromone, females may ensure their acquisition of an alka-
loidal gift. Laboratory studies with males raised on a diet containing monocro-
taline and females raised on an usaramine-containing diet revealed that after
mating and oviposition the eggs contained both PAs. The male’s nuptial gift
accounted for about 30% of total PAs [82]. Thus, both parents bestow upon eggs.
The eggs are efficiently and long-term protected by their PA endowment (on
average 0.8 ug per egg) against insect predators such as ants and coccinellid
beetles [82,86], but not against entomopathogenic fungi [87]. Similar biparental
contributions to egg defense seem to exist in life cycles of the Asian arctiid Crea-
tonotos [88], the queen butterfly Danaus gilippus (Danainae) [89], and most
Ithomiinae [76, 90].

4.1.2
Mechanisms of PA Uptake and Storage

The uptake of dietary PAs, their storage and their tissue distribution have mainly
been studied in larvae of arctiids such as the South Asian Creatonotos transiens
and the European cinnabar moth Tyria jacobaeae. Tracer studies revealed that
orally fed '*C-labeled senecionine and its N-oxide are taken up with the same
efficiency by larvae of the two species. With both tracers the ingested alkaloid
accumulated exclusively as the N-oxide [91, 92]. Ingested PAs were found to be
distributed in all larval tissues. The major proportion of total PAs was always
associated with the integument [88, 93]. A comparison of the alkaloid concen-
trations revealed an almost equal distribution between hemolymph and integu-
ment, indicating a rather nonspecific tissue distribution of the accumulated PA
N-oxides [92, 94]. In Creatonotos male and female adults translocate the stored
PAs in a differential manner. In females, about 50 -80% of total PA N-oxides are
transferred to the ovaries, whereas in males ca. 40% are passed to the spermato-
phore and another 10-30% is allocated to the coremata where the alkaloids are
utilized as pheromone precursor (Sects. 4.1.1 and 4.1.3) [88].

How the free bases and their N-oxides are taken up from the gut into the
hemolymph? A first answer to this question was provided by uptake kinetics
with Spodoptera littoralis (Noctuidae). Larvae of this lepidopteran feed freely on
PA plants, they tolerate but do not sequester PAs. During feeding on radioac-
tively labeled senecionine and its N-oxide substantial levels of senecionine, but
never of the N-oxide, were temporarily built up in the hemolymph. The absorb-
ed senecionine was rapidly excreted. If the two tracers were injected into the
hemolymph, the two forms remained stable but again were rapidly excreted.
These results suggest an efficient reduction of ingested PA N-oxide in the gut
and passive uptake of the lipophilic free base [92]. The experiments were repeat-
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Fig. 10. Reaction catalyzed by senecionine N-oxygenase found in the hemolymph of arctiid lar-
vae. The soluble enzyme is specific for PAs with the following structural features: A, 1,2-double
bond; B, esterification of the allylic OH group at C-9; C, free or esterified OH group at C-7

ed with larvae of C. transiens applying doubly labeled [**C]senecionine N-
['®0]oxide. FAB-MS analysis of the absorbed senecionine N-oxide isolated and
purified from the hemolymph showed that the 80 was completely replaced by
160. The same result was obtained with another arctiid (Arctia caja) and the
taxonomically unrelated grasshopper Zonocerus [92]. Thus, in adapted PA-stor-
ing arctiids and Zonocerus, dietary PA N-oxide is reduced in the gut, taken up as
free base, and again N-oxidized in the hemolymph. There is no evidence for a
specific carrier-mediated uptake as claimed previously [95].

The enzyme that catalyzes the N-oxidation of senecionine was isolated from
the hemolymph of T. jacobaeae larvae, purified, and characterized [92]. It is
a soluble NADPH-dependent mixed function monooxygenase (senecionine N-
oxygenase). The enzyme is a flavoprotein with a native M, of 200,000 and a sub-
unit weight of 51,000. It is specific for PAs with structural features that are essen-
tial for hepatotoxic or genotoxic PAs (Fig. 10). Twelve out of 20 PAs were found
to be substrates. Non-toxic free necine bases, monohydroxylated and 1,2-satu-
rated PAs as well as a great number of potential substrates other than PAs were not
N-oxidized. The substrate specificity of senecionine N-oxygenase indicates that
the enzyme must have been recruited and shaped from insect metabolism in the
course of adaptation of the insect to PA sequestration. A comparison of the sub-
strate specificity of the enzymes from three arctiids revealed a close relation to
the host plant selection of the arctiids. The enzymes from the two generalists
(i.e., C. transiens and A. caja) show a broader substrate efficiency than the
enzyme from the specialist T. jacobaeae that feeds only on S. jacobaea [92].

413
Transformation of Plant-Acquired PAs

Specialized lepidopterans not only sequester PAs from their host plants but also
transform them into insect-specific metabolites. The two best-studied examples
are the PA-derived pheromones and the so-called insect PAs.

A number of male courtship pheromones are known to be synthesized from
the necine base moiety of plant-acquired PAs by certain alkaloid sequestering
Arctiidae, Danainae, and Ithomiinae [75, 96] (Fig. 11). The giant white danaine
butterfly Idea leuconoe [97,98] and most ithomiine butterflies even use lactones
as pheromones derived from necic acids such as the (-)-viridifloric acid from
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Fig. 11. Pyrrolizidine alkaloid-derived pheromones identified from the hairpencils (coremata)
of PA-sequestering Lepidoptera. 1 = Hydroxydanaidal (Arctiidae, Danainae, Ithomiinae);
2 = danaidal (Arctiidae, Danainae); 3 = danaidone (Arctiidae, Danainae); 4 = nordanaidone
(Danainae); 5 = methyl hydroxydanaidoate (Ithomiinae); 6 = ithomiolide A, derived from
(-)-viridifloric acid (2’S, 3’S) (Ithomiinae); 7 = viridifloric S-lactone, (Danainae)

PAs of the lycopsamine type (Fig. 11) [96]. The behavior-modifying function of
PA-derived male pheromones has so far only been established in a few cases (see
Sect. 4.1.1). Male pheromone glands often contain complex mixtures of chemi-
cally diverse volatiles. The chemistry and behavioral biology of PA-derived
pheromones produced in the androconial organs are discussed in detail in a
number of excellent reviews [10, 11, 75, 96, 99].

Although it is well established that dietary PAs are transformed into the
respective pheromones, until recently the biosynthetic sequence was obscure.
Larvae of Creatonotos transiens easily convert monocrotaline with (R)-confi-
guration at C-7 (Fig. 1) into the (7R)-configurated hydroxydanaidal (Fig. 12).
Unexpectedly, feeding of the (7S)-configurated heliotrine also leads to hydroxy-
danaidal. Larvae fed with heliotrine always contain a mixture of the two 7-epi-
mers, indicating that larvae are capable of epimerization at C-7 [100]. The whole
biosynthetic sequence was established by feeding C-7 deuterated (7S)-heliotrine
and (7R)-heliotrine (epiheliotrine) (Fig.12) [101]. (7S)-Heliotrine is epimerized
at C-7 by a stereoselective oxidation-reduction process with the C-7 ketone as an
intermediate. As a consequence the deuterium is lost. Deuterated (7R)-heliotrine
is incorporated into the pheromone with retention of configuration and the deu-
terium label is retained. Epimerization of heliotrine takes place already in the
larval stage, whereas the further transformations (i. e., formation of the unstable
pyrrole, followed by cleavage of the ester group, and the final oxidation) occur
just prior to eclosion of the pupae. Utetheisa ornatrix which in nature appears
to have dietary access to PAs with only the 7R configuration (e.g., monocrotaline)



228 T. Hartmann - D. Ober

(7S)-[7-?H]Heliotrine

'/ <\Q

Hydroxydanaidal Hydroxydanaidal

Fig. 12. Biosynthesis of the male courtship pheromone hydroxydanaidal from C-7 deuterated
(7R)- and (7S)-heliotrine orally fed to larvae of Creatonotos transiens. Epimerization of the
(7S)-configurated alkaloid occurs in the larvae, whereas the further steps occur just prior to
eclosion of the pupae [101]

is not able to epimerize heliotrine [101]. Interestingly most Ithomiinae butter-
flies feeding on PAs of the lycopsamine type (Fig. 1) are able to epimerize PAs
with (S)-configuration at C-7 (e.g., rinderine and echinatine) as well as those
with (R)-configuration at the C-3” of the necic acid moiety [102]. Thus, all Itho-
miinae butterflies store lycopsamine as the major defensive PA, which has the
correct stereochemistry for the formation of the necine base and necic acid-
derived pheromones (Fig. 11).

Arctiids are able to esterify retronecine with insect-derived necic acids [91,
101,103]. Creatonotine and isocreatonotine (Fig. 13, 3 and 4) were isolated from
adults of C. transiens which as larvae had received dietary ester alkaloids or
retronecine [103]. These two major alkaloids were accompanied by small amounts
of callimorphine and isocallimorphine (Fig. 13, 1 and 2) and two further retro-
necine O9-esters, together with the respective O7-esters, as always (Fig. 13,5-8).
None of these retronecine esters has been reported from plants so far. With the
exception of callimorphine, the necic acid moieties of the new alkaloids are the
a-hydroxy analogues of isoleucine, valine, and alanine, respectively. Since free
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Fig. 13. Insect PAs synthesized in Creatonotos transiens by esterification of retronecine derived
from plant ingested PAs and necic acids produced by the insect [103]. Biosynthesis is restricted
to the early stages of pupation. All insect PAs are present as N-oxides: 1 and 2 = callimorphine
and isocallimorphine; 3 and 4 = creatonotine and isocreatonotine; 5 and 6 = 09- and O7-
(2-hydroxyisovaleryl)retronecine; 7 and 8 = 09- and O7-(2-hydroxypropionyl) retronecine

retronecine was found to be an efficient precursor of the creatonotines [101,
103] the esterification must have taken place in the insect. This was confirmed
by tracer experiments with the arctiid Tyria jacobaeae known to produce consid-
erable levels of callimorphine [104]. In pupae of T. jacobaeae which as larvae
had received *C-labeled retronecine, up to 40% of the absorbed radioactivity
was associated with callimorphine [91]. The radioactivity was restricted to the
retronecine moiety of the alkaloid. The same experiment carried out with
["*Clisoleucine revealed callimorphine labeled only in the necic acid moiety. In
C. transiens and T. jacobaeae the esterification of retronecine is restricted to the
very early stages of pupation. Larvae and mature pupae are not able to esterify
orally fed or injected retronecine [91, 103]. Moreover, in C. transiens retronecine
appears not to be a direct precursor of hydroxydanaidal [101]. The free necine
base needs to be esterified prior to pheromone formation. Feeding experiments
with dietary monocrotaline revealed that in C. transiens the hydrolysis of mono-
crotaline occurred in the gut. Free retronecine is taken up together with intact
monocrotaline. The retronecine is stored in larvae until re-esterification during
the early stages of pupation. Insect-stored monocrotaline N-oxide remained
stable through to the adult stage. Apparently no retronecine is formed from
plant-acquired PAs that are stored in the insect’s body [94]. Thus, the formation
of insect PAs appears to be a kind of a salvage pathway by which lost dietary PAs
are recycled into valuable defensive compounds and pheromone precursors.
Insect PAs can account for a considerable proportion of the alkaloid load of an
individual. Analysis of field-caught adults of C. transiens (Bali, Indonesia)
revealed in about half of the individuals the creatonotines as predominant PAs
(i.e., 50 to 100% of total PAs) [105].
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4.2
Chrysomelid Leaf Beetles

Four out of nineteen subfamilies of the Chrysomelidae (leaf beetles) possess
pronotal and elytral glands that produce and release defensive compounds
[106]. So far, only a few species of the genus Oreina belonging to the subfamily
Chrysomelinae are known to sequester PAs from their host plants [107]. Chemi-
cal defense in chrysomelines is primarily autogenous. Thus, Oreina species
feeding on Asteraceae, tribe Senecioneae appear to have moved secondarily to
host-derived defense [108].

4.2.1
Sequestration and Defense

Most Oreina leaf beetles known to live as specialist herbivores on host plants
that produce a great variety of deterrent or toxic secondary compounds, synthe-
size their own defensive compounds such as cardenolides [106, 108]. Only five
Oreina species (i.e., O. cacaliae, O. speciosissima, O. frigida, O. elongata, and O.
intricata) feeding on the PA-containing Asteraceae Adenostyles alliariae, Senecio
nemorensis, and S. fuchsii are able to sequester PAs from their host plants. O.
cacaliae is the only species that has completely lost the ability to synthesize auto-
genously cardenolides (host-derived defensive strategy). The other four species
are able to sequester PAs from their host plants but still retained the ability to
synthesize cardenolides (mixed defensive strategy) [107, 109].

Sequestration of PAs by adult leaf beetles was first recognized when seneci-
phylline N-oxide was isolated from the defensive secretion of O. cacaliae [110].
Subsequently, several further PA N-oxides acquired from the host plant were
identified in Oreina adults [109, 111, 112]. There are two different storage com-
partments, the exocrine defensive glands and the whole body. PA concentrations
of the secretions, released by the gland cells, are in the range of 0.1-0.3 mol - 1,
which is about 50- to 200-fold higher than the concentrations measured in the
hemolymph or carcass [109, 112]. The absolute amount of PAs in adult indivi-
duals of O. cacliae is ca. 75 ug (body) and ca. 6 pg (secretions). This gives a total
concentration (on a fresh weight basis) of ca. 0.1%. Oreina larvae that do not
possess defensive glands store PAs in their bodies in concentrations comparable
to those found in the bodies of adult beetles [113, 114]. Oviparous species like
O. elongata provide their eggs not only with cardenolides (ca. 0.35 pg per egg,
corresponding to 0.1% on dry weight basis) but also with high concentrations of
PAs if feeding on a PA plant (4.5 pg per egg/ca. 1.7%) [113]. In the larviparous
O. cacaliae no PAs were detected in neonate larvae just after birth before starting
feeding. However, after one day feeding on A. alliariae, the larvae contained
already PA concentrations similar to those found in late instar larvae [113].

The observed switch of Oreina leaf beetles from their original mode of
defense (i.e., autogenous production of cardenolides) to host-derived defense
(i.e., sequestration of PAs) intensified the discussion about the evolution of host
plant affiliation and chemical defense in leaf beetles [108, 115]. Evolutionary
scenarios favor the role of PAs as efficient defensive compound. Recently, it was
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demonstrated that PAs provide leaf beetles with a better protection from preda-
tion by birds than cardenolides [116]. Only 21% of adult O. cacaliae beetles,
which contained in their defensive secretion a total of 4.2 ug PAs (0.17 M), were
eaten by wild-caught redwinged blackbirds (Adelaius phoeniceus); the number
rose to 36 % if the defensive secretions has been physically removed. In contrast,
55% of O. gloriosa beetles, with a total of 25 ug cardenolides (0.27 M) in their
defensive secretion, were eaten; the number rose to 95% if the secretions were
removed. Thus, even a small quantity of highly concentrated PAs localized at the
surface of the beetle’s body afforded good protection against an avian predator.

4.2.2
PA Uptake, Storage and Transformation

Distribution studies with radioactively labeled senecionine N-oxide identified
the hemolymph and to a lesser extent the integument as major storage compart-
ments in adult beetles [117] and in larvae [114].In adult beetles the hemolymph
provides an important buffer for the refilling of the exocrine glands. Pulse-feed-
ing experiments with labeled PA N-oxide revealed that the radioactivity is
efficiently retained in the body over at least 25 days. During this period the dis-
tribution of radioactivity between body (ca. 80%) and secretion (ca. 20%) did
not change significantly in undisturbed beetles. However, if the defensive secre-
tions were removed there was an efficient refilling of the glands at the expense
of labeled PAs in the body [118]. In contrast to Lepidoptera, the leaf beetle O.
cacaliae takes up ingested dietary PAs as N-oxides. O. cacaliae is able to suppress
the reduction of PAs in its gut [117]. Chrysolina coerulans, a close relative of
Oreina, which feeds on mint plants and is not adapted to PAs, reduces ingested
PA N-oxides like other herbivores (Sect. 5). Larvae and adults of O. cacaliae are
not able to efficiently N-oxidize tertiary PAs [117, 119]. PA N-oxide uptake in
adults proceeds in a two-step mechanism. The first step is the absorption of the
ingested PA N-oxide from the gut into the hemolymph, the second step is the
transfer from the hemolymph into the specialized gland cells that produce the
defensive secretion. The two processes can be distinguished, the uptake into the
hemolymph is rather nonspecific whereas the transfer into the glands is highly
selective [109, 111, 112]. Thus, the N-oxides of the simple retronecine or platyn-
ecine monoesters, such as those occurring in Senecio fuchsii, are only detected
in the body (Fig. 14). Bulgarsenine N-oxide, the major PA of S. nemorensis, occurs
also only in the body whereas doronenine N-oxide, the respective 1,2-dehydro
derivative (Fig. 14), is further transferred into the secretions. PAs that do not
occur in the host plants such as monocrotaline N-oxide or heliotrine N-oxide are
easily absorbed into the body but they are never transmitted to the defensive
glands. The biochemical nature of the two carrier systems is still unknown
[117]. The specific alkaloid transfer from the hemolymph into the glands re-
quires an active component in order to maintain the concentration gradient
between gland cells and hemolymph.

The only transformation product of a plant-acquired PA N-oxide is oreine N-
oxide (Fig. 14, 12) which could be identified in the defensive secretions and body
of adults of O. elongata [112]. Oreine N-oxide most likely is formed by epoxida-
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Fig. 14. PAs identified in the body (B) and/or defensive secretion (S) of alkaloid sequestering
Oreina leaf beetles. The N-oxides of: 1 = 7-angeloylretronecine; 2 = 9-angeloylretronecine;
3 = 7-angeloylplatyphylline; 4 = 9-angeloylplatyphylline; 5 = doronenine; 6 = bulgarsenine;
7 = senecionine; 8 = integerrimine; 9 = seneciphylline; 10 = spartioidine; 11 = platyphylline;
12 = oreine; 13 = seneciphylline glucoside (detoxification product). The PAs are derived from
the following host plants: 1-4: Senecio fuchsii; 5, 6: Senecio nemorensis; 7-11: Adenostyles
alliariae; 12: insect metabolite of Oreina elongata [107, 112]

tion of seneciphylline N-oxide, the major PA N-oxide of Adenostyles alliariae. It
is not clear whether this derivative is formed in the gut or in the beetle’s body.
Further reactions like O-demethylation of heliotrine (not present in the leaf
beetles’ host plants) yielding rinderine and deacetylation of O-acetylseneciphyl-
line which, in contrast to seneciphylline, is not absorbed into the hemolymph,
most likely take place in the gut. These reactions may be regarded as phase I
detoxification reactions.

Adults and larvae of O. cacaliae transform up to 90 % of ingested radioactively
labeled senecionine free base into a polar metabolite that is stored in the body
but is not transferred into the defensive glands of adults. After feeding of sene-
cionine N-oxide the metabolite is only detectable in small amounts or traces.
The polar metabolite was isolated from leaf beetles fed with seneciphylline and
was identified by LC/MS as the respective O-glycoside. The sugar moiety is a
hexose, most likely glucose (Fig. 14, 13) [117]. The respective glycoside of sene-
cionine was also detected. Glycosylation of PA free bases appears to be an essen-
tial detoxification reaction in leaf beetles which sequester PA N-oxides and
which are not able to efficiently N-oxidize PA free bases.
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5
Free Base vs. N-oxide — the Two Faces of PAs

A unique feature of PAs is that they exist predominantly as their N-oxides. In
most plant taxa PAs are exclusively synthesized, distributed and stored as N-oxi-
des.In these species the detection of PAs as free base must be regarded as an arti-
fact. PA N-oxides are easily reduced during extraction and sample preparation
in the presence of weak reducing agents such as cysteine or other thiols that are
abundant in plant materials [23]. There are only a few exceptions. Seeds of the
legume Crotalaria scassellatii contain ca 2% PAs that are exclusively stored as
free bases, whereas all vegetative organs of the plant accumulate PA N-oxides
[120]. During the beginning of seed germination the free bases are rapidly
N-oxidized. Six-day-old seedlings already contain their PAs quantitatively as
N-oxides [120]. The enzyme responsible for the N-oxidation, a particulate
NADP-dependent monooxygenase, has been solubilized and characterized from
C. scassellatii seedlings [121]. The enzyme has almost the same substrate speci-
ficity as insect senecionine N-oxygenase from arctiids [92] (see Sect. 4.1.2;
Fig.10).It has been suggested that the free base may be better suited for storage
in the desiccated seed than the polar N-oxide which, in turn, is well adapted for
storage in the vacuolated plant cell [121].

Herbivores that are not adapted to PA plants reduce necessarily ingested
dietary PA N-oxides in their gut. The resulting pre-toxic lipophilic free base is
then passively taken up into the body. This has been demonstrated for vertebrate
[1] and insect [92, 117] herbivores. Adapted PA-sequestering Lepidoptera, Cole-
optera, and Orthoptera (i.e., Zonocerus) store PAs in their bodies exclusively as
N-oxides (Sect. 4). The toxicity of PAs in vertebrates, particularly in mammals,
has been intensively studied. It is now well established that the hepatotoxic and
pneumotoxic effects of PAs are caused by the free bases which are converted into
highly reactive pyrroles [1, 122, 123]. In vertebrates this bioactivation is cataly-
zed by microsomal cytochrome P450 oxidases (EC 1.14.14.1) which are part of
xenobiotic-metabolism (Fig. 15). Insects that have a similar xenobiotic metabo-
lism with microsomal cytochrome P450 enzymes [124,125] should be affected by
PAs in the same way as vertebrates. Recent studies confirmed the genotoxicity of
PAs in the Drosophila wing spot test [126]. In vertebrates and insects only PAs
with the following structural features are potentially toxic, i.e., can be trans-
formed into reactive pyrroles: (i) a necine base with a 1,2-double bond, (ii) este-
rification of the allylic OH group at C-9, and (iii) a free or esterified second OH
group. These are exactly the features that were found to be essential for the sub-
strates of insect senecionine N-oxygenase [92] isolated from PA adapted arctiids
(Fig. 10) (Sect. 4.1.2).

N-Oxidation of the free base is assumed to be the most important mechanism
of PA detoxification in vertebrates [127]. N-oxidation converts the potentially
toxic free base into a derivative that no longer can be transformed into an alkyl-
ating toxin. Guinea pigs, for instance, possess a microsomal multisubstrate fla-
vin monooxygenase (EC 1.14.13.8) which efficiently N-oxidizes absorbed PAs
(Fig. 15). This is the reason for the high resistance of guinea pigs to PA poisoning
[128]. On the other hand, rats that are highly susceptible to PA intoxication have
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Fig. 15. Fate of PA N-oxides ingested by vertebrates and insects. Following reduction of the N-
oxide in the gut and passive uptake of the alkaloid free base, bioactivation occurs in all orga-
nisms which possess cytochrome P450 enzymes. Detoxification by N-oxidation is possible in
vertebrates with an efficient multisubstrate flavin monooxygenase (FMO). Specialized herbi-
vorous lepidopterans apply the same strategy; they developed a substrate specific enzyme,
senecionine N-oxygenase (SNO) and keep the non-toxic PA-N-oxides for their own benefit

very low N-oxidation activity [129]. Thus, N-oxidation of PAs by a specific
enzyme in sequestering Lepidoptera appears to be an essential detoxification
mechanism and prerequisite for PA storage (Fig. 15). Leaf beetles store PAs as
N-oxides but they only possess an insufficient ability to N-oxidize the free base
(Sect. 4.2.2).Instead these beetles are able to suppress PA N-oxide reduction in
the gut and to take up the ingested N-oxides. Moreover, any PA present as free
base is efficiently converted into the respective O-glucoside that is assumed to be
a detoxification product [117]. Thus, PA-sequestering arctiids and leaf beetles
developed completely different biochemical strategies to guarantee a safe storage
of plant-acquired PAs in their bodies (Fig. 16).

The cytotoxic effects of PAs through bioactivation of the free base seem to
be the predominant if not the only toxic effect of PAs as defensive compounds.
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Fig. 16. Strategies of uptake, metabolism, and maintenance of PA N-oxides (PA-O) and
the respective free bases (PA) by alkaloid-sequestering arctiids (top) and leaf-beetles
(bottom). PA-G = PA glucoside. The site of PA glycosylation (i.e. gut or hemolymph) is still
unknown

In addition to these effects, neurotoxic effects of certain PAs have been demon-
strated in in-vitro receptor assays [130]. However, the relevance of these rather
sporadic effects in vivo needs clarification. In a broad screening in which the
interaction of many compounds from different classes of alkaloids with
various molecular targets were tested, in almost all cases PAs were found to
be inactive [131]. There are a few reports that indicate sporadic and weak
(i.e., EC5,>0.5 mg - ml!) antibacterial and antifungal activity [132-134] of
PAs. These effects do not indicate an efficient antimicrobial potential of PAs.
In this context it should be recalled that in plants PAs are constitutively for-
med; they seem not to be induced by wounding, herbivorous or microbial
attack [135-137].

The unique feature of PAs is that they exist in two interchangeable forms:
the polar, salt-like, non-toxic N-oxide and the more lipophilic, potentially toxic
free base (Fig. 17). As long as cells or organisms are able to maintain PAs in
the N-oxide state they are safe, however when the N-oxides become reduced,
a pro-toxin is produced. These “two faces of PAs” are utilized by sequestering
insects, they store PAs with the “good face” (N-oxide) and upon predation the PAs
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Fig. 17. The two faces of PAs. The non-toxic PA N-oxide is easily converted into the pro-toxic
free base in the gut of any herbivore or predator

with the “bad face” (free base) are necessarily generated in the predator’s gut.
Possibly this is also true for PA-producing plants that store the potentially toxic
PAs (e.g., retronecine esters) as N-oxides.

6
Phylogenetic Origin of PAs — First Molecular Evidence

From a phylogenetic point of view PAs appear to be a relatively young class of
secondary compounds. They are not known to occur outside the angiosperms.
Within the angiosperms PAs are found quite scattered and often solitarily in
taxonomically unrelated taxa [3] (Sect. 2). Where do PAs come from? Recently
obtained molecular data on homospermidine synthase, the first pathway-
specific enzyme in PA biosynthesis (Sect. 3.1), provide first answers to this
question [33]. The amino acid sequence of homospermidine synthase from
Senecio vernalis roots has a surprisingly high sequence homology to deoxy-
hypusine synthase, an enzyme engaged in a biochemical area that has absolutely
no connection to alkaloid biosynthesis. Deoxyhypusine synthase catalyzes the
first step of a post-translational activation of the eukaryotic translation initia-
tion factor 5A (eIF-5A) [138, 139]. Although the precise cellular function of
elF-5A is not known, it has been shown that eIF-5A and its post-translational
activation is vital for yeast growth and thus most likely for proliferation of
any eukaryotic cell [140-142]. eIF-5A and the two enzymes needed for its
activation (i.e., in addition to deoxyhypusine synthase, a deoxyhypusine
hydroxylase) are assumed to be ubiquitously existent in all eukaryotes and
Archaea but not in Bacteria [139].

The relationship between deoxyhypusine synthase and homospermidine
synthase becomes also evident by a comparison of their reactions. Deoxyhypu-
sine synthase transfers the aminobutyl moiety of spermidine to the e-amino
group of a single specific lysine residue in the eIF-5A (Fig. 18). Homospermidine
synthase catalyzes exactly the same reaction but uses putrescine instead of the
elF-5A as acceptor for the aminobutyl moiety (Fig. 18). All other mechanistic
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Fig. 18. Homospermidine synthase (A) and deoxyhypusine synthase (B) catalyze analogous
reactions. The two enzymes transfer an aminobutyl moiety from spermidine to a primary
amino group of putrescine and a proteinous lysyl residue of a protein, respectively

details of the reaction catalyzed by deoxyhypusine synthase are identical with
the reaction catalyzed by homospermidine synthase (Sect. 3.1; Fig. 3).

Deoxyhypusine synthase has been characterized from different sources
[143-145]. The enzyme is a homotetramer and the amino acid sequence of the
enzyme appears to be highly conserved. The alignment of the sequences of the
enzymes from four species (i.e., human, yeast, Neurospora, Methanococcus)
[138, 139, 143-145] are shown in Fig. 19 in comparison to the sequences of the
two recently cloned plant enzymes (i.e., from young shoots of Senecio vernalis
[33] and Nicotiana tabacum [146]) and homospermidine synthase from root
cultures of S. vernalis [33]. The two plant deoxyhypusine synthases, which
for the first time have been cloned and functionally characterized from plant
sources, fit precisely into the alignment of the highly conserved sequences of the
enzymes from very distant sources. Surprisingly, the sequence of homospermi-
dine synthase fits so well into the alignment that it is impossible to find sequence
motives that allow us to distinguish between the two enzymes. Substrate kinetics
revealed that homospermidine synthase does not accept eIF-5A as substrate
but deoxyhypusine synthase catalyzes aminobutyl transfer reaction with
both substrates eIF-5A and putrescine. Moreover, it catalyzes the formation of
homospermidine with a specific activity comparable to that of homospermidine
synthases [147]. Since homospermidine is a rare polyamine that is only occasion-
ally found in plants [148, 149] its formation by indiscriminate activity of
ubiquitous deoxyhypusine synthase seems not to be realized in vivo. However,
one may speculate that the origin of homospermidine synthase from deoxy-
hypusine synthase could have occurred by gene duplication and loss of its major
activity. Since the ability to synthesize homospermidine is a prerequisite for PAs
biosynthesis, such an event could have happened independently in the unrelated
taxa with PA-producing species. We now have the molecular tools to verify this
hypothesis.
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Fig. 19. Alignment of homospermidine synthase (HSS) amino acid sequence from Senecio ver-
nalis (Sv) in comparison to deoxyhypusine synthase amino acid sequences from six different
species. Sv, Senecio vernalis; Nt, Nicotiana tabacum; Hs, Homo sapiens; Sc, Saccharomyces
cerevisiae; Nc, Neurospora crassa; Mj, Methanococcus jannaschii. Black boxes denote identical
amino acid residues in all seven sequences, framed boxes conservative replacement

7
Perspectives

The PAs reviewed here are just one selected example out of hundreds of classes
of secondary compounds. As a group of biologically active molecules assumed
to be shaped during evolution of plant-herbivore interactions, PAs may have
model character for other classes of secondary compounds and other types of
chemical interactions between the plants and their environment. Plant secon-
dary metabolism harbors an inexhaustible diversity of chemical products, many
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- possibly most — of which were functionally shaped during evolution for
various purposes. As exemplified by the PAs, these molecules appear to be highly
valuable for specialized insects which utilize them for their own benefit. In the
same sense, humans have learnt to use various natural products, both empiri-
cally in traditional medicine and in a more rational sense as leads for the design
of novel biological active compounds valuable as medical drugs, herbicides, or
pesticides. Plant secondary metabolism can be regarded as the functional level
of the various interactions of the plant with its environment. These aspects are
the subject of the rapidly growing field of chemical ecology that addresses the
various interactions between organisms and their biotic and abiotic environ-
ment mediated by natural products. Chemical Ecology is highly interdiscipli-
nary, combining expertise from chemistry, plant science, entomology, microbio-
logy, ecology, and evolutionary biology. In general, future research in natural
product biosynthesis should be part of an interdisciplinary approach joining
mechanistic, functional, and evolutionary aspects.

In the field of PAs the main focus of future biosynthetic research may concern
the following major areas: (i) biochemical and genetic basis of chemical diversi-
fication of alkaloid backbone structures; (ii) cellular compartmentation and
regulation of the biosynthetic key enzymes such as homospermidine synthase;
(iii) phylogenetic origin and relationship of the alkaloid pathways existing in
unrelated taxa; (iv) detailed biochemical and molecular elucidation of the
mechanistic handling of PAs in specialized insect herbivores; (v) evolutionary
aspects of the adaptation of insect herbivores to PA plants. The progress in all
these fields will, without exception, greatly depend on the successful introduc-
tion of molecular biology into the field. Although molecular techniques have
already afforded great progress in some areas of alkaloid research [150, 151],
we are still at the beginning. The elucidation of biosynthetic sequences at the
gene level will permit not only a deeper understanding of the integration of
a secondary pathway into plant metabolism and its regulation, but will also
provide the tools needed to answer questions concerning the origin and evolu-
tion of the pathway and its products.
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