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Preface 

"Bioorganic Chemistry" has developed into a major area of scientific investiga- 
tion located in the force field at the interface of Organic Chemistry, Biochem- 
istry, Medicinal Chemistry and Biology. This is a logical consequence of the 
general tendency of increasing overlap in all of the sciences, such that re- 
searchers can no longer isolate themselves in a limited environment, in which 
they, for example, continue to develop new methods. The question how to 
create an alternative or even better method has always to be followed by the 
question"why?", and it is certainly not good enough anymore to address this by 
a superficial one-sentence introduction. This naturally leads to interfaculty 
collaborations which expand the horizon of all those involved. 

Novel scientific contributions in the broad field of Bioorganic Chemistry can 
be found not only in typical broad-based scientific and chemical or organic 
chemical journals, but also in numerous specialized journals dealing with 
synthetic organic chemistry, natural product chemistry, phytochemistry, bio- 
chemistry, bioconjugate chemistry, medicinal chemistry, microbiology, mole- 
cular biology, etc. Thus it is harder for anybody working or interested in this 
field to maintain an overview, and to "see" novel and promising tendencies. 
Advanced textbooks and monographs are useful introductions, but often cover 
only one aspect of such a broad field (e.g., biomimetics or biosynthesis or 
natural products) and cannot be expected to present the forefront of any given 
research area. Comprehensive review articles, on the other hand, can fill the gap 
and give the interested reader a comparably short and easy introduction or a 
progress report. 

This book contains three comprehensive review articles about special, 
current topics in the broad field of Bioorganic Chemistry. However, they are 
interrelated and complement one another nicely. In all three contributions, 
the general theme "biosynthesis" plays a prominent or even dominating role. 
Furthermore, synthetic methods and strategies for important classes of natural 
products are highlighted in general, with special emphasis on one of the most 
varied (with regard to the structural diversity and biological activity) and most 
abundant groups of natural products, the polyketides. The review articles on 
deoxysugars and on non-template based multienzyme systems are the most 
topical and comprehensive ones written to date; the review about angucyclines, 
the largest subgroup of aromatic polyketides, contains the most comprehensive 
presentation of syntheses in this field and indicates the direction of current 
developments. 



VIII Preface 

Although this book is the second volume under the heading "Bioorganic 
Chemistry ", it is much more than a sequel to the previous volume; it contains 
other important facets of this broad field of interdisciplinary science. The editor 
whishes to express his thanks to all contributors and critical reviewers of the 
articles who have made this book possible. 

G6ttingen, January 1997 Jiirgen Rohr 
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Deoxysugars and the oligosaccharides derived from them belong to one of the most impor- 
tant, but often most neglected, group of biological compounds. As a result of important recent 
progress in their chemical synthesis as well as insights into their various biochemical aspects, 
one can expect a major boom in the amount of research devoted to this promising field. In this 
chapter,.the most significant aspects of the biochemistry and chemistry of deoxysugars and 
deoxysugar-containing oligosaccharides are discussed: (1) biosynthetic, biochemical, and 
molecular biological studies, including deoxygenation mechanisms, glycosyl transfer, and 
genes involved in biosynthesis; (2) recent experiments aimed at determining how mono- or 
oligosaccharide moieties of bioactive natural products contribute to biological activity, i.e., 
the mode of action of these compounds; and (3) synthetic aspects such as chemical glycosi- 
dation and enzymatic methods for the construction of deoxysugar oligosaccharides. The 
information presented here is based on literature published until mid-1996. 

Keywords: Deoxysugars, deoxysugar oligosaccharides, biosynthesis, deoxygenation mecha- 
nisms, glycosyl transfer, combinatorial biosynthesis, genetics, enzymes, antibiotics, antitumor 
compounds, bioactive natural products, hybrid natural products, DNA interactions, glyco- 
sidation methods, oligosaccharide syntheses, enzymatic syntheses, enzymatic glycosidations. 
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1 
Introduction 

Carbohydrates are the most abundant group of natural products and the role of 
sugars and deoxysugars as energy and biosynthetic resources (glycolysis, 
pentose phosphate cycle, shikimate pathway, etc.), "energy storage devices" 
(photosynthesis) and key structural elements in the formation of biological 
backbones (2-deoxyribose for DNA or N-acetylglucosamine for murein), is 
general knowledge [1-6]. Carbohydrates and carbohydrate-containing struc- 
tural moieties are also involved in more active biochemical and bioorganic pro- 
cesses. They are important elements of recognition and specificity in cell-cell 
interactions [7, 8], for example, as cell surface oligosaccharides [9, 10], e.g., 
tumor associated antigens [11, 12], lectins [13, 14], glycoproteins, glycolipids, 
and immunodeterminants.  They also play a part in the mode of action of many 
drugs as they contribute to a variety of processes, including active trans- 
membrane transport [ 15, 16], stabilization of protein folding [ 17], and enzyme 
inhibition [18, 19]. 

Deoxysugars are frequently found, either as single structural elements or, 
more frequently, as components of oligosaccharides, in antibiotics and anti- 
cancer agents such as anthracyclines, angucyclines, aureolic acid antibiotics, 
avermectins, cardiac glycosides, enediynes, macrolides, pluramycins and others 
(for some examples, see Sects. 2, 4). A large number of the so-called bioactive 
carbohydrates in lipopolysaccharides as well as several antibiotics are deoxy- 
sugars [ 1], especially if one also takes amino sugars, i. e., those carbohydrates in 
which an oxygen has been replaced by a nitrogen, into consideration. In this 
article deoxysugars are defined as all carbohydrates in which one or more of the 
normally (e. g., in glucose) occurring oxygen atoms are deleted (i. e., replaced by 
hydrogen) or replaced by any other heteroatom or heteroatomic group, such as 
sulfur (thiosugars), halogen, nitrogen (aminosugars) or NO x (nitro- and nitro- 
sosugars) (Fig. 1 a). 

More than 13 years ago, Kennedy and White, in their excellent monography 
on bioactive carbohydrates [1], listed over 100 different naturally occurring 
deoxymonosaccharides or monosaccharide derivatives present, e.g., in lipo- 
polysaccharides or antibiotics. Several more have been discovered since then, for 
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example, D-rhodinose, L-amicetose, L-aculose, L-cinerulose, D-kerriose, and 
L-angolosamine (for additional examples see [19, 20] and the chapter on the 
angucycline group of antibiotics). Nevertheless, little is known about the bio- 
activity of the deoxysugars themselves or that of deoxysugar-containing oligo- 
saccharides. As components of bioactive natural products, their contribution to 
the mechanism of action is also poorly understood [21]. Furthermore, with the 
exception of deoxyribose [22] and the 3,6-dideoxysugar ascarylose (see below), 
there is little information available regarding the biosynthesis of single deoxy- 
sugars or oligosaccharides. Finally, it should also be noted that deoxysugar 
moieties pose unique difficulties in chemical syntheses, in particular in glyco- 
sidation reactions of 2-deoxysugars, in which a control element in the neigh- 
boring 2-position is missing (see Sect. 5). 

The goal of this chapter is to provide a brief insight into the chemistry and 
biochemistry of deoxysugars, starting with an overview of the biosynthetic steps 
(Sect. 2) leading to formation of single bioactive deoxysugars and oligosaccha- 
rides and a discussion of the genes that code for the enzymes controlling these 
biosynthetic steps (Sect. 3). This is followed by a discussion of several important 
deoxysugars and oligosaccharides and their function in some of the bioactive 
drugs containing these elements. (Sect. 4). Finally, recent developments in oligo- 
saccharide synthesis, including enzymatic methods, with particular emphasis 
on 2-deoxysugars, will be presented, further exemplified by selected highlights 
in the preparation of complex deoxygenated oligosaccharides (Sect. 5). 

2 
Biosyntheses of Deoxysugars and Deoxysugar-Containing 
Oligosaccharide Moieties of Natural Products 

This section reviews some of the biosynthetic studies carried out on biologically 
active natural products possessing a deoxysugar-containing carbohydrate 
moiety in which biosynthesis of the latter was examined, at least to some extent. 
Although the contribution of deoxysugars to biological activity is well recog- 
nized, our knowledge concerning the biosynthesis of deoxysugars and their sub- 



A. Kirschning �9 A. Bechthold �9 ]. Rohr  

sequent assembly into oligosaccharide moieties is still very limited [21,23 -25]. 
While many schemes have become generally accepted, they nonetheless remain 
highly speculative. However, important contributions have come from bio- 
chemical work (see below), and hopefully, there can be more expected from the 
analysis of genes that code for enzymes involved in deoxysugar biosynthesis 
(see also Sect. 3); several details have already been discussed in the excellent 
review of Liu and Thorson [21]. 

2.1 
Deoxygenation Mechanisms 

Nearly everything organic in nature starts with glucose, since the photo- 
synthetic system of plants yields this sugar as a result of conversion of solar light 
energy into chemical "storage" energy. Although the deoxygenation of glucose 
into deoxysugars may not have been an attractive field of research, the studies 
nevertheless yielded insight into a variety of biosynthetic mechanisms as well as 
into the molecular machinery of numerous organisms. However, the broader 
question, how D-glucose loses oxygen in order to be transformed into a highly 
deoxygenated sugar (Scheme 1), e.g., D-amicetose (1, 2,3,6-trideoxy-r~-erythro- 
hexopyranose), L-rhodinose (2, 2,3,6-trideoxy-L-threo-hexopyranose), L-daun- 
osamine (3, 3-amino-2,3,6-trideoxy- L-lyxo-hexopyranose) or L-tolyposamine 
(4, 4-amino-2,3,4,6-tetradeoxy-L-erythro-hexopyranose) [1,26, 27], is still large- 
ly unanswered. One major obstacle was the long-held dogma that incorporation 
experiments with putative intermediates were not possible (but see Sect. 2.3.3), 
since syntheses of the activated nucleoside diphosphate deoxysugars (NDP- 
deoxysugars), postulated as intermediates, are complicated. This is especially 

CH~OH 
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7 I 

CH~ O 

1 ~N 

OH 
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oH 2 

OH 
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Scheme 1. Deoxygenation mechan i sms  of  highly deoxygenated sugars are still 
widely unknown  
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true for those intermediates occurring further down in the deoxygenation 
cascade, for instance, when the 2-position is already deoxygenated, as will be 
further discussed in Sect. 5 [23, 28-32]. 

2.1.1 
6-Oeoxygenation 

The formation of NDP-6-deoxy-4-hexuloses (Scheme 2), e.g., NDP-6-deoxy- 
~-xylo-4-hexulose (5, NDP-4-keto-6-deoxy-D-glucose), has been the subject of 
intensive research for more than three decades. An NDP-4-keto-6-deoxy 
intermediate was first suggested by Kornfeld and Glaser, in the formation of 
L-rhamnose from B-glucose, and shortly afterwards by Ginsburg, for the forma- 
tion of L-fucose from I)-mannose [33-35]. The mechanism of NDP-4-keto-6- 
deoxyglucose generation (Scheme 2) was studied using model systems and the 
isolated deoxythymidinediphosphate-r)-glucose (dTDP-r~-glucose) oxidoreduc- 
tase [36-38]. The stereochemical course of the intramolecular H-shift was deter- 
mined mainly by Floss and coworkers [39] (see also furtherwork based on 
these fundamental studies [40-43]), who used dTDP-(6R)- and o(6S)-[4-2H, 

~'~,H.?~ o~\~o~176 
~ o . ~  ..~o .. _~ ~ o ~ _ ~  

HO~NDP HO3NDP 

N D P - D ~ I u ~  [ "H20 
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CH2 
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Stereochemical Course of the dTDP-Glucose Oxidoreductase Reaction: 

OH D 
~._: H T ~ H  C,~3/H2SO 4 o 
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HO~)dTD P dTDP 

5 ~[2-2H, 2-3H] ~ e  
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Scheme 2. Generation and stereochemical course of NDP-4-keto-6-deoxyglucose (5) 
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6-3H]glucose as substrate [39] with the enzyme from E. coli. The configurational 
analysis (using the enzymatic method of Cornforth and Arigoni [44, 45]) of 
chiral acetic acid, obtained by Kuhn-Roth oxidation of the resulting 6-deoxy- 
sugar nucleotide, confirmed that the H-shift from C-4 to Co6 occurs intramoleo 
cularly and showed that the migrating hydrogen replaces the 6-OH group with 
inversion of configuration. Later, this was also shown for the GDP-r~-mannose 
dehydratase [46 a] (the"mannose analog" of NDP-glucose oxidoreductase) from 
an unidentified soil bacterium as well as for the NDP-glucose oxidoreductase 
reactions in various Streptomyces [41-43] and in Yersinia pseudotuberculosis 
[40]. In contrast to other dehydratases, which possess a tightly bound NAD § the 
purified CDP-D-glucose-4,6-dehydratase from Yersinia pseudotuberculosis 
exhibits an absolute NAD + requirement for activity [40]. The substrate specifi- 
city of a dehydratase from Salmonella typhimurium LT2 expressed in E. coli has 
already been investigated (see Sect. 5.2.1.2, Scheme 48). These results suggest 
that members of this class of enzymes derive from a common ancestor whose 
mechanism and therefore stereochemical course has been preserved through- 
out the evolution of the diverse descendants [40, 46b]. 

2.1.2 
3-Oeoxygenations 

3,6-Dideoxyhexoses are frequently found in the lipopolysaccharide components 
of the cell walls of gram-negative colon bacteria [1]. These compounds have 
attracted attention due to their immunogenicity. Extensive biosynthetic inves- 
tigations on L-ascarylose were carried out to establish the general pathway 
leading to this class of deoxysugars. A component of this pathway, 3-deoxygena- 
tion has, in turn, been well-studied mechanistically [40, 47-54]. Removal of 
the 3-oxygen with retention of configuration is catalyzed by two enzymes 
and begins with CDP-4-keto-6-deoxyglucose. First, a pyridoxaminephosphate 
(PMP)-linked dehydrase attacks the 4-keto group to yield the imine, followed by 
a 1,4-elimination of water. The resulting CDP-6-deoxy-A3,4-glucoseen inter- 
mediate is then reduced by an FeoS cluster in the dehydrase (El) and the oxi- 
dized Fe-S cluster in the dehydrase is then reduced by the [2Fe-2S]-containing 
flavoprotein (E3). This follows from the finding that E1 alone can catalyze the 
entire deoxygenation reaction in the presence of an alternative e donor, e.g., dia- 
phorase of the reductase component of methanemonooxygenase. Cleavage of 
the pMpoenzyme yields the 3,6-dideoxy-4-ketohexose 6 which finally is then 
epimerized and reduced to CDP-L-ascarylose 7 (Scheme 3). 

Biosynthetic studies on the nucleoside antibiotic blasticidin S 8, using 
[2, 3, 4, 6, 6-2Hs]glucose, [3-2H]-D-glucose, NADp2H, generated in situ from 
[1,1-2H2] ethanol, and inhibitors of PMP-dependent transaminases revealed the 
deoxygenation sequence leading to the aminodeoxyhexuronic acid moiety 9 of 
8 [55]. Similar to the biosynthetic sequence depicted in Scheme3, 
an initial attack of the PMP cofactor at the postulated 4-ketoderivative induces 
elimination of first the 3- and then the 2-oxygen. The 2H atoms of glucose re- 
maining in 8 support the proposed reaction sequence (Scheme 4, see also the 
following section). 



Chemical and Biochemical Aspects of Deoxysugars and Deoxysugar Oligosar 

OPO~" 
H ~ . f ~ J  

~1.\ IJ....I PMP-Dehydrase 
HsC~ "<r'~ ",p-HN * CHs _ o ~ ,  . . ~_ ~ ~ 

H O ~ o N D P  EIZ'B';  H : ~ -  H~;NDP 
I ' 

N D P ~ e ~ - ~ g l u ~  

[2$-2Fe]-Ravoproteln (E3) 

F e S o x ~ ~  
opt- \ ) 

H~ ~ J . . . . . .  Fe-$-Cluster (E ~ ~'"0red ~-~ , 
~ ~ ~ ;  ~ 

0 ~ O N D P  

~ ~ N ~  _ ~-N~lm~m~ 
. 

OP 

0 . 0 .  

OH 

o~o~ 
~..~,~J 

.I 
H~c '~'-.=_N,L ~,H~ o 

& H~__~ 
HO~NDP 

2H 
=' H O ~ _ ~ O N D P  

7OH 
NDP-L-Ascarylose 

Stereochemlcal Analysis of the C-3 Deoxygenatlon: Retentlonl 

1) PMP-Oehydrase 
O CH~ O 2) [25-2Fe] Flavoproteln O,~.~(:), 

. 

NO ~ 

~ ~r ~ o ~  
~ ~ 

Scheme 3. 3-Deoxygenation of NDP-L-ascarylose (7) with a pyridoxamine phosphate (PMP)- 
dependent enzyme, and its stereochemical course 



A. Kirschning �9 A. Bechthold �9 J. Rohr 

.o. 

H.N ~NI " ~ " ~ . . ,  ~ N ~ - - - - N H .  
CH~ 

8 

OH 
DI 
ICD= O 

HC~o.~ ~ �9 COOH 
' -~D ~)H~OH I= R H N ~ R ,  

D 
[2,3,4,6,6-2H5]-D-Gluco~e 

H 
COOH PMP H.~ COOH 

O ~ \ ~ Q O  r Ar~-'-~N~---~\ ~O 
H ' o ~ C y t  ~ H + HO-.~"~ ' . .~C~ 

OH ~ OH 

~H 
+ H20 - PLP ~ ,..,COOH NAD(P)H 

�9 ArCH 2 ~N ~-------~ ~'~..Cyt ~1 �9 i 

etc.  "H20 

~ - H20 
H~I~ /"~ COOH 

Scheme4. Deoxygenation of the nucleoside antibiotic blasticidin S (8). A PMP (pyridox- 
amine phosphate) may control both the 3- and the 2-deoxygenation (both under retention of 
protons) from the 4-keto group. PLP, pyridoxal phosphate 

2.1.3 
2-Deoxygenation 

2,6-Dideoxysugars, sometimes along with 2,3,6-trideoxysugars, are frequently 
found in secondary metabotites of microorganisms, especially in those pro- 
duced by the genus Streptomyces. The conclusion that the pathway leading to 
2,6-dideoxysugars cannot be based on the 3,6-dideoxysugar biosynthetic 
pathway found in gram-negative colon bacteria (e.g., Yersinia, see Scheme 3) 
[53, 54] was based on two observations: (1) a comparison of the genes involved 
in ascarylose biosynthesis with those (see also Sect. 3) required for production 
of 2,6-dideoxy- and 4,6-dideoxysugar-containing antibiotics and (2) stereo- 
chemical arguments arising from incorporation experiments with stereospeci- 
fically isotope-labeled glucose derivatives. By extensive feeding experiments 
using 14C-, 3H- or 2H-labeled glucose samples on the granaticin producer Strep- 
tomyces violaceoruber Tfi22, biosynthesis of the 2,6-dideoxTsugar in granaticin 
10 was examined [42]. Again, the biosynthetic sequence is initiated by formation 



Chemical and Biochemical Aspects of Deoxysugars and Deoxysugar Oligosaccharides 

of NDP-4-keto-6-deoxyhexose. To determine the stereochemical course of re- 
placement of the 2-hydroxy group by hydrogen, two key experiments were 
carried out. Feeding of [3, 4-14C2, 2-3H]glucose showed that 2-H of glucose is 
retained, and feeding of [2-2H]glucose demonstrated that the 2oH of glucose 
ends up in the pro-S 2"-position of granaticin (10), i.e., the hydroxy group at 
C-2 in glucose is replaced by H with retention of configuration (Scheme 5 a). Sin- 
ce feeding studies with [3, 4-14C2, 3-3H]glucose revealed that the 3-H of glucose 
is lost during the biosynthesis of granaticin, a mechanism similar to 3-deoxy- 
genation [47, 48, 54] (see above) under control of a pyridoxamine cofactor-con- 
taining enzyme was originally favored. This requires initial formation of a 
3-keto intermediate, i. e., a shift from 4-keto-6-deoxy- to 3-keto-6-deoxyhexose. 
By contrast, the 2-deoxygenations that occur during formation of the 2,6- 
dideoxysugar (fl-D-olivose) moieties of chlorothricin (11) by Streptornyces anti- 
bioticus Tti99 proceed with inversion of configuration at C-2 [43] (Scheme 5b) 
when the 2-OH of glucose and dTDP-4-keto-6-deoxy-D-glucose is replaced by 
hydrogen. Thus it is likely that more than one pathway is used to achieve the 
2-deoxygenation and that, as mentioned above, a PMP-containing enzyme, as 
found in the 3-deoxygenation, which has been proven to operate under retention 
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Scheme 5a, b. Deoxygenation steps in the biosynthesis of 2,6-dideoxysugars in granaticin (10) 
and chlorothricin (11). Note that the 6-deoxygenation ocurs in both cases under inversion, 
while the 2-deoxygenation occus under retention (in 10) or under inversion (in 11) 
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of configuration at the 3-position (see Scheme 3) may not always be involved in 
the 2-deoxygenation step. Again, the studies on the 2,3,4-trideoxyglucuronic 
acid moiety 9 in blasticidin S (8) [55] showed retention of :H in both the 2- and 
3-positions, when [2, 3, 4, 6, 6-2Hs]- and [3-:HI-glucose were fed to Streptornyces 
griseochrornogenes. This clearly excludes a 2- or 3-keto intermediate, as is con- 
sidered necessary for a pyridoxamine cofactor-linked deoxygenase. Note that, in 
the case of the formation of 9, the pyridoxamine cofactor is suggested to control 
both the 2- and the 3-deoxygenation from the 4-position (Scheme 4). 

Feeding [1, 2, 3, 4, 5, 6, 6-2H7]glucose to the landomycin A (12) producer 
Streptornyces cyanogenus S-136 revealed that only the 2H-atoms in the 1- and 
6-positions are clearly retained in both the D-olivose and the L-rhodinose 
moieties [56]. This is indicated by ZH-NMR analysis, performed on both 
landomycin A and the a-methyl olivoside isolated after methanolysis of 12. 
Thus the 2H atoms seem to be removed from the 2-, 3- and 4-positions of 
[U-2HT]glucose during biosyntheses of these 2,6-dio and 2,3,6-trideoxy- 
sugars (Scheme 6a). Feeding experiments using [1-~3C]glucose always yielded 
better incorporation into the L-rhodinose than into the D-olivose moieties of 
the hexadeoxysaccharide chain of landomycin A (12), regardless of the time 
period during which the feeding was performed [56, 57]. From this, it has to be 
concluded that the 2,6-dideoxysugar NDP-D-olivose 13 cannot be a biosynthetic 
precursor of the 2,3,6-trideoxysugar NDP-L-rhodinose 13b, and the two 
pathways have to branch early, preferably as shown in Scheme 6b, or already at 
the NDP-4-keto-6-deoxy-]>glucose 5 step. The latter is also assumed to be the 
branch point in the biosynthesis of the two deoxysugars in erythromycin A (14), 
D-desosamine and L-mycarose (which will become L-cladinose through 
3-0 methylation at the very end of 14 biosynthesis, Scheme 7) [24, 53]. In sum- 
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Scheme 7. Hypothetical deoxygenation pathways to the two deoxysugar moieties in 
erythromycinA(14) 

mary, the 2-deoxygenation step in deoxysugar biosynthesis seems to proceed by 
different routes; however, mechanistic details remain to be elucidated. 

2.1.4 
4-Deoxygenotion 

4-Deoxysugars are found in a few antibiotics and other bioactive compounds, 
most notably in the antibiotics erythromycin A (14) [58, 24] and spectinomycin 
(15) [41] as well as in the a-glucosidase inhibitor acarbose (16, ring B), an 
important orally active natural antidiabetic agent [59, 60] (Scheme 8). 

As already shown for the 3- and 2-deoxysugars, a NDP-4-keto-6-deoxyglucose 
5 is assumed to be a precursor (Scheme 7) of D-desosamine and has been proven 
indirectly to be the precursor of 4,6-dideoxyhexose moiety of spectinomycin (15) 
[41], since stereochemical analysis showed that the configuration of the 
6"-CH 3 group in 15 is inverted when fed with stereochemically labeled (6R)- and 
(6S)-[6-14C, 4-2H, 6-3H]glucose. This inversion at C-6" points to the involvement of 
a dTDP-glucose oxidoreductase (see Sect. 2.1.1., Scheme 2). Since the 4,6-di- 
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Scheme 8. Spectinomycin (15) [41] and the a-glucosidase inhibitor acarbose (16) 

deoxysugar moiety (ring C) in spectinomycin carries a keto group at the 3-posi- 
tion (C-3", shown in 15 in the hydrate form),the 4-deoxygenation maybe catalyzed 
by a pyridoxamine-linked deoxygenase in a manner similar to the 3-deoxygena- 
tion in ascarylose biosynthesis (see Sect. 2.1.2). However, comparison of the genes 
for deoxysugar biosynthesis with those for biosynthesis of NDP-ascarylose (7) 
revealed no evidence for a homolog of NDP-6-deoxT-A3,4-glucoseen reductase in 
the erythromycin producer S. erythraea. This enzyme is required for the C-3 
deoxygenation mechanism found in the biosynthesis of 7 [53]. 

2.1.5 
5-Oeoxygenafion 

Since a 5-deoxygenation would preclude the formation of a pyranose ring, 
there are no "real" 5-deoxysugars. Noteworthy exceptions are the 5-amino- 
5-deoxysugars (piperidinoses), e.g. nojirimycin (17), 1-deoxynojirimycin (18), 
mannojirimycin (19) and galactostatin (20) [59, 61, 62] (Scheme 9). Typically, 
these "sugars" act as glycosidase inhibitors; 17 and 18 inhibit a-glucosidase, 
19 a-mannosidase, and 20 fl-galactosidase. Also, structural elements, such as the 
tetrahydropyrrol ring found in bulgecin A (21) [63, 64] or SQ 28504 [65, 66] may 
biosynthetically derive from glucose, and cyclopentanes, such as in pactarnycin 
[25] and the allosamizoline unit 22 in the chitinase inhibitor, allosamidine (23) 
[67-69], have been proposed or proven, respectively, to originate from the sugar 
pool. Thus, they can be viewed as a 5-amino-2,3,5-trideoxyhexonic acid and as 
1,5- (in pactamycin) or 2,5-dideoxysugars (22), respectively [25, 68, 59]. 

Biosynthetic studies on 1-deoxTnojirimycin (18) using various organisms 
revealed that the "5-deoxygenation" indeed is a 2-deoxTgenation, since 
B-glucose, the biosynthetic precursor of both 18 and 19 (mannojirimycin), 
undergoes a C-2/C-6 cyclization and subsequently is "inverted" during its 
processing to 19 and 18 [61, 62], i. e., label from C- 1 of glucose ends up in C-6 of 
18, and 19 was shown to be formed en route as the first aminosugar. The 
2-deoxygenation of glucose occurs through transamination after isomerization 
to fructose (Scheme 10). The pathway outlined in Scheme 10 is supported by in- 
corporation experiments with variously [2H]- and [13C]-labeled glucoses and by 
enzyme assays [61, 62]. 
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Extensive biosynthetic studies were carried out on various aminoglycoside 
antibiotics, typified by streptomycin (24), neomycin C (25), or spectinomycin 
(15), already mentioned above. This group of antibiotics (Scheme 11) consists 
entirely of moieties derived from carbohydrate metabolism, i.e., the molecules 
can be more or less characterized as "oligosaccharides" [41, 70-72] (for further 
information, see also Sect. 3). In this context, the biosynthetic formation of 
2-deoxystreptamine (27) is most important. This aminocyclitol core moiety of 
neomycin (streptamine 26 is the analogous aminocyclitol moiety of streptomy- 
cin) is biosynthesized entirely from D-glucose, and, within this biosynthetic 
sequence (Scheme 12), a formal 5-deoxygenation step occurs through trans- 
amination of the 3-keto group in the intermediate 2-deoxy-scyllo-inosose (28). 
Note, that the 3-position arises from C-5 of glucose! A similar transamination 
step also leads to the actinamine moiety of 15 via myo-inositol [41]. The con- 
clusions presented in the biosynthetic mechanism shown in Scheme 12 [71 a] 
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Scheme 11. The aminoglycoside antibiotics, typified by streptomycin (24), neomycin C (25), 
and spectinomycin (15) 
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tion of the intermediate 2-deoxy-scyllo-inosose (28). Note that C-5 of glucose becomes C-3 of 
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are based on several incorporation experiments with growing cultures of Strep- 
tomycesfradiae using variously labeled glucose derivatives [71 a, b] as well as on 
studies using cell-free preparations of the same organism [71 c]. Interestingly, 
this cyclization reaction resembles the dehydroquinate synthase reaction of the 
shikimate pathway [2]. 

2.2 
Glycosyl Transfer Steps and the Formation of Oligosaccharide Chains 

Antitumor antibiotics, e. g., anthracyclines and angucyclines, are often equipped 
with single deoxysugar moieties, such as the aminosugar daunosamine in 
daunomycin (29 = daunorubicin) and adriamycin (30 = doxorubicin). However, 
some cytostatics are even characterized by one or more di- to hexasaccharide 
chains. Impressive examples for the latter group are shown in Scheme 13 and 
include the anthracyclines arugomycin (31) [73 a] and viriplanin (32) [59, 73 b, 
73 c], the angucyclines landomycin A (12) and vineomycin A~ (33 = P1894B [74]), 
or the aureolic acid antibiotics [75] mithramycin (34) [75a, 75b] and UCH9 
[75 c] (35). Also other bioactive compounds, e.g., the above mentioned amino 
glycoside antibiotics, the pseudotetrasaccharide acarbose (16) or orthosomycin 
antibiotics, such as avilamycin A [76] (36, excluding the small polyketide- 
derived aromatic ring), can, from their structures, roughly be viewed as "oligo- 
deoxysaccharides" (for further examples see also the chapter on angucyclines in 
this issue [77]). Although some details of the biosynthetic formation of the 
monosaccharide building blocks and the genes coding for the enzymes con- 
trolling these processes (see above and in Sect. 3) are already known, much less 
can be said about the exact biosynthetic stage at which the glycosyl transfer 
steps occur. Moreover, hardly any data exist on the assembly of oligodeoxy- 
saccharide chains and the substrate specificity of the glycosyl transferases in- 
volved. For instance, how many glycosyl transferases are necessary for the con- 
struction of molecules like mithramycin (34) or landomycin A (12). ~ In general, 
it has been assumed that glycosyl transfer always occurs as the terminal step of 
a biosynthetic sequence, perhaps due to the ascribed lability of the glycosidic 
bond. This assumption has to be questioned, as briefly demonstrated below for 
selected examples of polyketide oligosaccharides (see Sect. 2.2.1), since in oligo- 
saccharide chain formation, it is believed that these structural moieties arise 
linearly through stepwise glycosyl transfer of one (completely elaborated) sugar 
building block after the other. 

2.2.1 
Exact Stages of 61ycosyl Transfer Steps in Biosynthetic Sequences 
of Polyketide Oligodeoxysoccharides 

Although there are remarkable exceptions (see below), it has nonetheless often 
been shown that glycosyl transfer happens always at the very end of a bio- 
synthetic sequence. For example, the biosynthesis of aclacinomycin A (37), a less 
cardiotoxic anthracycline than doxorubicin (30), proceeds via aldavinone (38) 
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the aglycon. A similar process occurs in the biosynthesis of pradimicin S (38 a); the glycosyl 
transfer steps occur after complete assembly of the polyketide aglycon moiety 



Chemical and Biochemical Aspects of Deoxysugars and Deoxysugar Oligosaccharides 19 

and the monosaccharide aklavin (39), i.e., the glycosylation steps follow the 
complete construction of the aglycon (Scheme 14) [65]. 

Also, recent studies on pradimicin S (38a), an antifungal dihydrobenzo- 
[a]naphthacenequinone antibiotic with anti-HIV activity from Actinornadura 
spinosa AA0851, revealed a similar picture [78]. Bioconversion experiments and 
the use of blocked mutants and enzyme inhibitors showed that the glycosyl 
transfer steps occur after complete assembly of the polyketide aglycon moiety, 
including all post-polyketide oxygenation and reduction steps, and after the 
amino acid side chain and an additional methyl group were attached (Scheme 
14, for further details see ref. [78]). 

For landomycin A (12), it was suggested that glycosyl transfer occurs prior 
to biosynthetic completion of the aglycon moiety landomycinone (40), since 
the 8oOH group of the naphthazarine chromophore system of 40 does not 
favor sugar transfer, as was shown by model glycosylation experiments [79]. 
In earlier biosynthetic studies it was demonstrated that the oxygens at C-6 and 
C-7 derive from molecular oxygen, although they are located at positions which 
are derived from the acetate carboxyl group of [80-82]. Why are these two 
oxygen atoms eliminated from positions, in which they later have to be re- 
introduced, if not to facilitate the biosynthetic glycosyl transfer? But recent 
bioconversion studies on landomycin A (12) using [14C]-labeled putative inter- 
mediates [81, 82] showed that landomycinone (40) is the ultimate substrate for 
the glycosyt transfer cascade to 12, and the reasons for the elimination and re- 
introduction of oxygen at the 6- and 7-positions remain obscure (Scheme 15, for 
further details, see also below, Scheme 20 a, and the angucycline chapter, Sect. 10 
in [77]). 

The C2 symmetrical macrodiolide elaiophylin (41) consists of two identical 
polyketide chains which are linked to a deoxyfucose at C-13 [83]. Here, it was 
assumed that macrodilactone formation is the last biosynthetic step, and only 
one glycosyl transfer step is necessary prior to lactonization. However, incorpo- 
ration experiments with the complete (glycosylated) octaketide half 42 failed. 
Later, after changing the fermentation parameters, the asymmetrical mono- 
glycosyl derivative 43 was isolated, indicating that the two glycosyl transfer steps 
take place after generation of the macrodiolide 44 [83- 85] (Scheme 16). 

Nevertheless, a few biosynthetic studies have shown that glycosyl transfer can 
occur much earlier, sometimes well before construction of the aglycon moiety is 
complete. In the perhaps best-known example, the biosynthesis of daunomycin 
(= daunorubicin, 29) and adriamycin (= doxorubicin, 30), glycosyl transfer of 
daunosamine is postulated to occur either at the aklavinone (38) stage [86], as 
in the biosynthesis of aclacinomycin A 37 (see above), or after 11-hydroxylation 
to E-rhodomycinone [87], i. e., six to seven biosynthetic steps prior to completion 
of adriamycin formation (30, Scheme 17) [88]. 

It may be argued that this unusual biosynthetic sequence is due to the unique 
composition and organization of the dps (dauno- or doxorubicinpolyketide synt- 
hase) genes of Streptotnyces peucetius [88]. But, also in more typical biosyntheses 
of polyketide oligodeoxysaccharides, for example, the macrolides erythromycin 
A (14) [24, 58, 89] in Saccharopolyspora erythraea and tylosin in Streptomyces 
fradiae [90], or urdamycin biosynthesis in Streptornycesfradiae Tii2717 [77, 91, 
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92], some glycosyl transfer steps by far precede the end of the biosynthetic 
sequence. In erythromycin A (14) biosynthesis (Scheme 18), the glycosylation 
step leading from erythronolide B (45 a) to mycarosylerythronolide B (45 b) and 
further to erythromycin D (45c) occurs prior to both C-12 oxygenation (C-12 
hydroxylation) and the methylation of C-3"-O of the mycarosyl residue [24, 58, 
89]. Similarly, for tylosin (46) biosynthesis (Scheme 18) it was found that the first 
sugar moiety (mycaminose) is already attached to tylactone (47) seven steps 
before the last O-methylation step from macrocin (48) to tylosin (46) [90]. 

The final product of the urdamycin biosynthetic sequence is urdamycin 
H (49) [93], which arises from decarbonylation of urdamycin C (50) [93, 94]. The 
latter is generated from tyrosine and urdamycin A (51) [95], a typical angu- 
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cycline-containing aquayamycin (52) as the aglycon moiety [77, 92]. The C-gly- 
cosylation step in the biosynthetic formation of aquayamycin (52) occurs prior 
to an oxygenation, a ketoreduction and a dehydration step through which the 
hydroxy group at C- 12 b and the 5,6odouble bond are introduced [91 ]. Thus, con- 
sidering the biosynthesis of the last metabolite of this sequence, urdamycin H 
(49), it is evident that the first glycosyl transfer occurs eight steps before the final 
ring contraction (50 to 49, Scheme 19; for more details see the chapter on 
angucyclines, Sect. 10) [77]. 

2 .2 .2  
Biosynthesis of Oligodeoxysocchoride Choins 

Acarbose (16, see also Sect. 2.1.4.), an a-glucosidase inhib.itor and hence widely 
employed as an important oral antidiabetic, is considered a pseudotetrasaccha- 
ride. The so-called pseudo- or carbasugars, like the above mentioned amino- 
cyclitol moieties of aminoglycoside antibiotics (see Sect. 2.1.5) or valienamine 
(53), entirely derive from the C6 backbone of glucose or arise through gluco- 
neogenesis. Thus, based on their biosynthesis, they have to be regarded as 
sugars. The pseudosugar moiety of acarbose (16), valienamine (53), as well as 
its presumed [25, 70] biosynthetic precursor valiolamine (54) are CT-Cyclitols 
with a-glucosidase inhibitory properties themselves; 53 is also found as an 
essential building block of the antibiotic validamycin A [25, 60, 70, 96, 97]. Bio- 
synthetic studies on validamycin and acarbose by several groups of investigators 
[25, 60, 98] revealed that the CTN backbone of valienamine arises through a 
[3 +2+2] condensation from carbohydrate metabolism (Scheme 20); the pro- 
posed intermediate is a heptulose phosphate. Originally envisioned was a deri- 
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vation of this CTN building block from the shikimate pathway, a hypothesis 
which was refuted following biosynthetic studies [60]. 

The entire pseudotetrasaccharide acarbose (16) derives from this obscure C7 
sugar and three molecules of glucose [60]. There is evidence from incorporation 
experiments with labeled maltose and with derived from the fermentation 
medium [U-13C3]glycerol that the rings C and D are attached as an intact maltose 
unit, i.e., as a disaccharide. This is an example, in which a tetrasaccharide is 
assembled in a more convergent fashion than the generally postulated linear 
stepwise formation (Scheme 20 a). 

The hexasaccharide unit of landomycin A (12) is particularly fascinating, as 
it contains two repeating trisaccharide units, D-Oliv-I-4-D-Oliv-I-3-L-Rho 
(Oliv ---- olivose, Rho = rhodinose). In this case it was reasonable to assume that 
the glycan chain is biosynthetically constructed in a convergent manner in 
which the trisaccharide Oliv-Oliv-Rho was supposed to be formed prior to its 
linkage, first to landomycinone (40) and then to the trisaccharide intermediate 
landomycin E (55). Instead, a (more) linear assembly process (Scheme 16b) was 
found. This was deduced from bioconversion experiments on Streptomyces 
cyanogenus S-136 with [14C]-labeled landomycins (labeled biosynthically from 
[1-14C]acetate): The landomycin A congeners possessing a shorter sugar chain, 
landomycin D (56, two sugars) and landomycin B (57, five sugars; see Scheme 
21), are indeed biosynthetic intermediates of landomycin A (12). Landomycin E 
(55) was recently isolated from a different organism, Streptomyces globisporus 
1912 [99]. Although 55 has been postulated as an intermediate of 12 formation, 
it was never observed in the culture broth of Streptomyces cyanogenus S-136, 
even not in trace amounts [81, 82]. The molecule is extremly labile, cannot be 
produced in liquid medium, and therefore was not available for bioconversion 
studies. The fact that neither the mono- nor the tetraglycosyl analogs occur in 
S. cyanogenus S-136 [57, 100, 101] may be indicative of transfer of a diolivoside 
during biosynthetic construction of the hexadeoxysaccharide chain. Alterna- 
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Scheme 20a, b. Disaccharide transfers are thought to be involved in the biosynthesis of acarbose 
(16, transfer of maltose) and landomycin A (12, transfer of diolivoside units) 
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tively, this may be rationalized by kinetic reasons, i. e., the olivosyl transfer may 
proceed much faster than the rhodinosyl transfer (see Scheme 20b and also 
refer to Sect. 10 in the chapter on angucyclines). 

From these examples it is clear that nature also provides convergent 
alternatives to the linear assembly of deoxysaccharides, as was, for example, 
observed in tylosin [90] or streptomycin (24) biosynthesis [72]. A linear 
strategy is certainly also true for other aminoglycosides, although in the case 
of neomycin biosynthesis, an alternative disaccharyl transfer has been dis- 
cussed [70]. 

2.2.3 
Specificity of 61ycosyltronsferoses and Their Possible Use 
for Combinatorial Biosynthetic Approaches 

Glycosyltransferases combine activated and already modified (deoxygenated, 
C-alkylated, etc.) sugar building blocks with an acceptor substrate, typically an 
alcohol, the so-called aglycon. The latter can be, of course, a sugar moiety itself. 
In many cases, these glycan units tremendously alter the structure and confor- 
mation of a molecule and often exert a major impact on the biological activity 
of the final natural product (see also Sect. 4). Only a few glycosyl transferases 
have been described thus far, most of them from higher organisms. They are res- 
ponsible for particular steps in primary metabolism and are thus highly specific 
[102, 103]. With respect to the design of novel hybrid natural products, or for 
combinatorial biosynthetic approaches [104-109], the less specific glycosyl 
transferases from secondary metabolism would be more valuable. The recently 
analyzed rngt genes from Streptomyces lividans, code for a glycosyl transferase 
that inactivates macrolide antibiotics through glucosylation. It is quite substrate 
flexible and is known to be able to glucosylate 12-, 14-, 15- and 16-membered 
macrolides [110]. Another glycosyl transferase known from Streptornyces is 
encoded by the SnoT genes of S. nodosus [103]. In our own studies aimed at 
understanding the substrate flexibility of glycosyl transferases, parts of the elm 
gene cluster of the elloramycin (57) producer S. olivaceus Tti2353 (25 kb in the 
host plasmid 16F4) were transformed into the urdamycin (A: 51) producer 
Streptornyces fradiae T/i2717 [111]. The resulting transformant produced a 
hybrid antibiotic, 8-D-olivosyl-8-demethyltetracenomycin C (58), which clearly 
contains structural elements of both elloramycin (the aglycon) and urdamycin 
(the sugar moiety), indicating that the glycosyl transferase, either from S.fradiae 
Tii2717 or in cosmid 16F4, possesses a broad substrate flexibility (Scheme 21). 

We favor the first alternative since further experiments with model substrates 
on S. fradiae revealed that presumably the same glycosyl transferase was able to 
C-glycosylate methylnaphthazarine (59). The resulting product, the olivosyl- 
naphthalinone 60, was also reduced by other enzymes of the urdamycin pro- 
ducer S. fradiae [81, 82]. The landomycin producer S. cyanogenus S-136, how- 
ever, studied for reasons of comparison, was not able to glycosylate but only to 
reduce 59 to 61 (Scheme 22). This is a surprising result, since substrate 59 more 
closely resembles landomycin than the urdamycin chromophore; in fact, it 
actually matches the "western half" of landomycinone (40). 



28 A. Kirschning �9 A. Bechthold �9 ]. Rohr 

C, Ha 
0 CHa OH 0 I 0 

H ~ C O ~  

O'8 v v Y~HY "OCH3 
HacoH~C~ 

OCH3 (~:DH~ 

H~C OH 

0 CH~ j.,o  
~%_o f" ~ ~T ~"o~ 

~ ~  
0 ~ H~C~o~ ~ 0 

~,.o F~ 57 H o ~ o  51 

~ OH 0 0 

H~COOC e/m - Polyketldimynthaie 
�9 Genel (in Plalmld 16F4) 

. o -  v v ~ y - ~  
O ~ 

57a 

L ~ , . , T ,  I j ~ .  - ' CH~ 0 lu . -~WSugarBl .n-  ~ 
�9 lm GT ? H O ~  ~ thole ~ n .  (In Hoet 

Stren T~ ~ 1 ~  
~OP III I I I I I I l l l l l l l l l l ] l l l l l l l l l l  

CH 3 OH 0 0 ~ 

CH3o ~.~.~ I '~ 
 ,oHy -ooH  

Hybrid Natural Produr fronl S. fmd l .e  T(~ 2717 (161=4) 
Sd~eme 21. The biosynthtic formation of the hybrid antibiotic 8-G-D-o|ivosy]-8-demethy]- 
tetracenomycin C (58) depends on genes from both parent organisms: The e]|oramycin (57) 
producer Streptomyces olivaceus T52353 provides the aglycon moiety (elm genes), the 
urdamycin (51) producer Streptomyces fradiae Tfi2717 the deoxysugar moiety (urd genes). 
The origin of the combining glycosyltransferase (GT) is unclear 

In other studies, the polyketide synthase genes of S. fradiae [112-114], res- 
ponsible for the production of the aglycon moiety of the urdamycins, were 
deleted (S. fradiae Tii2717AT) [115], and this strain was used to host again the 
16F4 genes of the elloramycin (57) producer. With this construct, S. fradiae 
Tfi2717AT(16F4), olivosyltetracenomycin (58), originally a minor product 
(yield: ca. 8 mg 1-1), became the major product (yield: ca. 80 mg 1-~). When, 
for comparison, the tcrn genes (pWHM1026) of the tetracenomycin producer 
S. glaucescens T~149 were used instead of the 16F4 genes, there was absolutely no 
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production of 58. This is surprising, since 8-O-demethyltetracenomycin C (57 a), 
the supposed substrate of the glycosyl transferase, is produced by cultures of this 
transformed strain, S. fradiae Tii2717A7 (pWHM1026), in high yield (Scheme 
23). Our interpretation of this finding is that the elm genes, which are respon- 
sible for the production of 57 a, akhough similar, are nonetheless not identical to 
the tcm genes coding for the same aglycon. Since elloramycin bears a sugar 
moiety (permethyl-L-rhamnose) at the 8-position, it can be assumed that the 
elm genes responsible for the formation of 57a also code for association of the 
glycosyltransferase/aglycon complex necessary for formation of 57 and the 
hybrid antibiotic 58. This implies that the aglycon has to be "prepared" for a gly- 
cosyl transfer during its biosynthesis (Schemes 23, 24) [115b]. If this "pre- 
paring" domain could be found and altered through its encoding genes, this 
would be a major step in the design of hybrid glycosides in general. Alternative- 
ly, a glycosyl transferase in cosmid 16F4 that is highly flexible regarding the 
sugar could be considered. 

These promising examples show that, at least some, if not considerable sub- 
strate flexibility exists for the alcohol (aglycon) moieties. Broad substrate speci- 
ficity, which is a prerequisite for using glycosyl transferases in combinatorial 
biosynthetic approaches, can be tested quite easily in vivo using organisms that 
provide glycosyl transferases associated with certain, i.e., not derived from pri- 
mary metabolism, deoxysugars such as olivose, rhodinose, and daunosamine. In 
such cases, it is not necessary [102] to make glycosyl transferase libraries and 
series of complementary deoxysugar nucleotide diphosphats for substrate spe- 
cificity tests. In this context, it would be even better if glycosyl transferases that 
were flexible in their complementary activated sugar could be found or tailored. 

2.3 
Miscellaneous 

So far, Sect. 2 of this article has generally dealt with biosynthetic studies on 
deoxysugars and deoxysugar-containing natural products. This last subsection 
provides a brief excursion into two aspects of carbohydrate metabolism that are 
important for biosynthetic studies of deoxysugars: (1) the pentose phosphate 
cycle in the metabolism of Streptomycetes and other microorganisms and (2) the 
"short activation pathway" of deoxygenated carbohydrates. 

It is occasionally stated that studies with radioactive or stable isotope-labeled 
substrates give only partial or even misleading information [103] and therefore 
may no longer be regarded as state-of-the-art research methodology. However, 
progress in the complex field of nature's pathways to complicated molecules can 
only be achieved by a multidisciplinary approach, and significant advances are 
most certainly to be expected from biosynthetic studies using labeled com- 
pounds. Important aspects of deoxysugar metabolism, such as deoxygenations 
and glycosyl transfer, can be understood only from genetic and enzymatic 
studies that are combined with incorporation studies using sophisticated 
syntheses of multilabeled precursors and analyses of their "biosynthetic fate" 
in organisms or enzymes through chemical degradation and/or NMR studies of 
the resuking products. 
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2.3.1 
Unexpected Results from Incorporation Experiments 
("Scrambling" Through the Pentose Phosphate Cycle) 

In several biosynthetic studies on deoxysugars, using either [t3C]-, [~4C]- or [2H]- 
labeled glucose or glucose derivatives (e. g., recent studies on 1-deoxynojirimycin 
(18) [62, 61] and allosamidin (23) [68]) or [U-13Cs]glycerol, (e.g., the studies on 
acarbose (16) [60] and urdamycin A (51) [ 116]), unexpected and intriguing incor- 
poration results have been obtained. For instance, a"randomization" of [ 1-1~C] glu- 
cose by S. subrubtilus and B. subtilis was observed along with an unequal labeling 
of C-1 and C-6 of 18 [62]. In a related investigation an unexpectedly large loss of 
tritium was detected in the carbohydrate moieties of 23 when experiments with 
Streptornyces sp. were conducted using mixtures of [6JH] - and [1J4C]-labeled 
glucosamine [68]. Furthermore, surprising observations were described [60b, 
116], in that, after feeding of [ UJ3C~]glycerol, carbons 1, 2 and 3 (the "top halves") 
of glucose-derived deoxysugar moieties were less enriched than carbons 4, 5 and 
6 (the "bottom halves"). This was rationalized by scrambling or by a rapid turn- 
over in sugar metabolism [68]. Alternatively, it was suggested [60, 116] that larger 
amounts of the label of [U-13C3]-labeled glycerol recycle via glycerol phosphate 
into phosphoglyceraldehyde than into dihydroxyacetone phosphate. These two 
central C~ building blocks of gluconeogenesis were postulated to not be in equili- 
brium, as they usually are (via triosephosphate isomerase). In general, glycolysis 
and gluconeogenesis are always been assumed to be the dominant metabolic 
pathways of microbial carbohydrate metabolism. 

These unexpected and intriguing results, obtained from the feeding experi- 
ments, may be understood if one takes the pentose phosphate cycle into con- 
sideration (Scheme 25). This may well be the dominant carbohydrate metabolic 
pathway in Streptomycetes and other organisms during the production phase of 
secondary metabolites [25, 103], especially for the de novo formation of glucose 
(instead of gluconeogenesis). This was first observed by Rinehart et al. as part of 
their studies on neomycin and validamycin biosynthesis [25, 98,117]. In this route, 
[ U-l~C3]glycerol only enters carbons 4, 5 and 6 of glucose 6-phosphate, i.e., they 
end up in the bottom half, if the sugar is drawn in the common Fischer projection 
(see Scheme 25). The unequal distribution of the [1-1~C]label in the biosynthesis 
of deoxynojirimycin (18) may be due to the breakdown of glucose to the 
triose phosphate pool via glycolysis, followed by partial channeling of this [3-~C]- 
labeled C~ building block into the pentose phosphate cycle, through which 
glucose, now [6J~C]-labeled, is "reconstructed:' In the cases observed, (more) 
directly [1J~C]-labeled glucose competes with (less) [6-1sC]-labeled glucose 
formed through the breakdown/reconstruction detour. The loss of the [6-3H] - 
label in the glucosamine moieties of allosamidin (23) may be explained by an 
"inversion" of glucose, which may proceed in a way similar to that found in the 
biosynthesis of deoxynojirimycin 18 (see Scheme 10) [62]. This is followed by 
partial dilution of so-formed [1JH]glucose through decarboxylation of C-1 via 
the pentose phosphate cycle. In contrast, the [ 1-14C] label of glucose is "converted" 
into a [6-14C] label and thus remains in the molecule. However it must be admitted 
that the explanation given here for the latter example is quite speculative. 
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2.3.2 
Short Activation of Deoxyhexoses 

For the biosynthetic formation of deoxyhexoses, it is generally accepted that 
the deoxygenation steps and various other transformations occur on NDP inter- 
mediates, which are the activated substrates for glycosyl transfer. The activation 
pathway always starts with a hexose-6-phosphate which is then rearranged into 
the corresponding hexose- 1-phosphate by a mutase, and is transformed into the 
activated NDP-sugar by a pyrophosphorylase, prior to all deoxygenation steps 
(see Scheme 6b for glucose). Since diphosphates are chemically labile, the risk is 
considerable that some of the activated sugar may be "deactivated" through 
hydrolysis anywhere during its long pathway to a tri-, tetradeoxy- or otherwise- 
modified sugar. These sugars would be lost for the final glycosyl transfer reac- 
tions if nature were not able to provide a possibility of"recycling;' best achieved 
via a "short activation" pathway. This was first recognized and shown by Bekesi 
et al. [118] for L-fucose, a 6-deoxysugar which normally arises as an activated 
guanosyl diphosphate (GDP) derivative from GDP-D-mannose (see Sect. 2.1.1). 
By contrast, when the short activation pathway is operative, I.-fucose is first 
converted into L-fucose-l-phosphate by a kinase and then further activated 
into GDP-x~-fucose through a pyrophosphorylase-mediated coupling reaction 
(Scheme 26). 

o .  ; . 

HO HO HO 

L-Fuco~e L-Fuco~-l-Pho~phate G D P - L - F u ~  

Scheme 26. "Short activation" of L-fucose 

Additional evidence for an alternative pathway for the production of L-fucose 
came from experiments in mouse lymphoma cell lines blocked in the conversion 
of GDP-D-[3H]-mannose to GDP-L-[3H]-fucose. Reitman et al. observed that the 
block could be bypassed by growing the cells in the presence of L-fucose [119]. 
That this short activation pathway may be a general salvage mechanism is also 
indicated by the fact that 6-deoxy-D-glucose derivatives could be incorporated 
into neomycin [71]. The existence of a short activation pathway was recently 
proven in our laboratories [120] by successful incorporation of L-[2, 3--~H2]- 
rhodinose [ 121 ] into landomycin A (12). In this experiment, 2H NMR spectros- 
copy of the product showed, that only the four protons of the two L-rhodinose 
moieties were labeled. In a control experiment, D-[2, 2, 3, 3-2H4]-rhodinose 
[121] was fed and, as expected, no incorporation into 12 was observed [120] 
(Scheme 27). 

These results pave the way for more convenient biosynthetic investigations 
into deoxysugar biosynthesis, since it is now possible to perform incorpora- 
tion experiments with isotope-labeled free deoxysugars whose NDP derivatives 
are postulated intermediates of certain deoxygenation pathways. For example, 
labeled L-aculose (62) is an important candidate compound that can be fed to 
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Scheme 27. Successful incorporation of [2, 3-2H2]-L-rhodinose [121] into landomycin A (12) 
provides evidence for a short activation pathway 

cukures of the landomycin producer S. cyanogenus S-136 to gain further insight 
into the formation of L-rhodinose (see Scheme 6, Sect. 2.1.1). A number of other 
opportunities arise from these findings. For example, it will be profitable to look 
for the activating genes involved in the short activation pathways, since the cor- 
responding enzymes may exhibit a broad substrate flexibility and thus may be 
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able to activate various deoxyhexoses, presumably at least all intermediates of a 
given deoxygenation cascade. In the future, such enzymes could serve as power- 
ful tools in combinatorial biosynthetic (pathway engineering) approaches 
[104-109]. 

3 
Molecular Biology and Enzymatic Aspects of Deoxysugar Biosynthesis 

In the era of gene technology, molecular biological methods support biosyn- 
thetic investigations in a very constructive way, since elucidation of the corres- 
ponding biosynthetic genes ideally complements incorporation experiments. 
For example, the existence of a specific biosynthetic step can be assumed if an 
ORF (open reading frame) or an ORF domain of the corresponding enzymatic 
activity can be recognized among the biosynthetic genes of an organism. This 
is often possible, since DNA and protein sequence data regarding biosynthetic 
enzymes/activities can be obtained from gene data bases. Another interesting 
approach is to selectively disrupt or delete certain genes and then look for the 
products that accumulate in the blocked mutant. Finally, it is already possible to 
a certain extent to modify or even reconstruct biosynthetic genes in order to 
design novel"unnatural" or hybrid natural products, a process that will become 
even easier as more biosynthetic pathways are elucidated in detail. This will 
allow all enzymes involved to be detected indirectly via their corresponding 
genes; the latter can then be sequenced and assigned unambiguously to their 
respective biosynthetic steps. In addition, discovery of the genes required 
for deoxysugar biosynthesis will ultimately facilitate production of sufficient 
amounts of the corresponding enzymes (glycosyltransferases, glycosylases, 
pyrophosphorylases, etc.), thereby enlarging the potential of enzyme-based 
oligosaccharide syntheses (see Sect. 5.2). 

As discussed in Sect. 2, current understanding of deoxysugar biosynthesis and 
the assembly of deoxysugar-containing oligosaccharide moieties is very limited. 
This may, in part, be due to the fact that deoxysugar formation takes place at the 
sugar nucleotide level. These sugar nucleotides are very difficult to isolate, because 
they do not accumulate under fermentation conditions and in many cases they are 
quite unstable. Due to this lack of potential substrates it has been very difficult to 
isolate proteins involved in the biosynthesis of deoxysugars or their assembly. 

Molecular cloning has allowed isolation of biosynthetic gene clusters required 
for the synthesis of many antibiotics from Actinomycetes as well as gene clusters 
encoding antigen-specific polysaccharide formation. The function of these genes 
was deduced by comparing the encoded amino acid sequences with those of pro- 
teins whose function had already been determined. Identification of potential 
substrate binding sites, cofactor binding sites and various other motifs in the 
deduced amino acid sequences provided information about the possible function 
of the as yet undiscovered biosynthetic protein. Nonetheless, in many cases the 
function of the genes remained unknown, because no homologies could be found 
between the deduced amino acid sequence and the sequences of known proteins. 

In recent years vector systems have been developed which allow the transfer 
of genes between Actinomycetes producing various antibiotics. By using these 
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vector systems it has been possible to move biosynthetic genes from 
one strain into another, resulting in the production of hybrid antibiotics 
(see Sect. 2.2.3). In addition, preliminary experiments to overexpress genes from 
Actinomycetes in E. coli for the production of enzymatically active proteins have 
been carried out successfully. It will not be very long until more or even all 
enzymes involved in deoxysugar formation are available following this 
approach. Once the functions of deoxysugar biosynthetic genes have been eluci- 
dated the corresponding proteins will be an important source for the industrial 
production of nucleotide-activated sugars (see Sect. 5.2). 

Presented below is an overview of known genes and gene clusters involved in 
the biosynthesis of deox-ysugars and deox-ysugar-containing oligosaccharide 
moieties of bioactive natural products. The discussion is based on literature 
available up until mid-1996. 

3.1 
Genes and Enzymes Involved in the Biosynthesis of Deoxysugars 

As decribed above, not many biosynthetic genes coding for proteins involved in 
the biosynthesis of deoxysugars have been identified via characterization of the 
corresponding gene products. In many cases gene function has been assigned by 
comparing the deduced protein sequence with sequences of known proteins. 
However, a few genes have been expressed in heterologous hosts. In these cases 
proteins were purified and biochemically characterized. In the following, the 
most important biosynthetic genes and proteins involved in deoxysugar forma- 
tion of antibiotics or of antigenic cell wall lipopolysaccharides in gram-negative 
bacteria are described. 

3.1.1 
Genes and Proteins Involved in the Conversion of Hexosel-Phosphate to NDP-Hexoses 

There is good evidence that genes coding for NDP-hexose synthetases (hexose- 
1-phosphate nucleotidyltransferases, NDP-hexose pyrophosphorylases) are in- 
volved in the formation of deoxysugars in various organisms. As was mentioned 
before (see Sect. 2.1; Scheme 6b), these enzymes catalyze the conversion of a 
hexose 1-phosphate to a NDP-hexose. 

Based on protein similarity, all NDP-hexose pyrophosphorylase genes, such 
as StrD, StrQ [72], GraD [122], RfbA, RfbF, AscA, RfbM [123] and GIgC, are rela- 
ted to each other [102]. An alignment of GlgC (adenosine-diphosphate-(ADP)- 
glucose synthetase) from E. coli, RfbF (glucose 1-phosphate cytidyltransferase) 
from Salmonella enterica LT2 and StrD (dTDP-glucose pyrophosphorylase) 
from S. griseus N2-3-II is presented in Fig. 1. Structural studies have been 
carried on an ADP-glucose synthetase which was isolated from E. coli. The NH2- 
terminal region of this enzyme has been postulated to be the activator binding 
site, whereas a region located in the center of the enzyme is thought to be the 
substrate binding site (Fig. 2) [ 124-127]. 

Recently, a glucose 1-phosphate thymidyltransferase from Salmonella 
enterica (strain LT2) has been characterized following expression of the gene 
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Fig. 1. Alignment of the amino acid sequences of h G~C ~ o m  E. coli; 2: R~F  ~ o m  S. typhi- 
murium; 3: StrD ~ o m  S. griseus. The amino acids present at least in 2 of 3 are defined as 
consensus."*" indicates a postulated actNator binding site and '%" indicates a postulated sub- 
strate binding site 
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Fig. 2. Phylogenetic trees are based on genetic similarities. The sequences were taken from the 
following sources: S. cinnamonensis (T~89) fragment 1 (EMBL X97834); S. cyanogenus $136 
(DSM 5087) (EMBL X97833); S. fradiae (Ti.i2717) (EMBL X97836); S. violaceoruber (T~22) 
(gpL37334); S. glaucescens (DSM 40716) (EMBL X97837); S. griseus (N2-3-11) (sp P29782); 
S. olivaceus (T(i2353) (EMBL X97838); S. cinnamonensis (Tfi89) fragment 2 (EMBL X97835); 
Amycolatopsis mediterranei (DSM 5098) (EMBL X97861); Saccharopolyspora erythraea (NRRL 
2338) (gp L37354); S. fradiae (T59235) (gp U08223); S. viridochromogenus (Tii57) (EMBL 
X98039); Bacillus subtilis (sp P39630); Neisseria gonorrhoeae (sp P37761); N. meningitidis 
(gp L09188); E. coli (gp U23775); Shigellaflexneri (sp P37777); S. typhimurium (sp P26391) 

rfbA in E. coli. Kinetic measurements indicate that the enzyme acts via a ping- 
pong mechanism. Several substrates such as deoxythymidine triphosphate 
(dTTP), uridine triphosphate (UTP), a-r)-glucose 1-phosphate and a-D-glucos- 
amine 1-phosphate and a-D-xylose 1-phosphate were accepted, indicating a 
broad substrate specificity of this enzyme [ 128] (see also Sect. 5.2.1.2). 

3.1.2 
Genes ond Proteins Involved in the Conversion of NDP-Hexose 
to NDP-4-keto-6-Deoxyhexose 

The transformation of NDP-hexoses to NDP-4-keto-6-deoxyhexoses is catalyzed 
by NDP-hexose 4,6-dehydratases (see Scheme 2, Sect. 2.1.1). Genes coding for 
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these dehydratases are highly conserved in Actinomycetes. DNA probes derived 
from strE from S. griseus N2-3-11 have been utilized to detect chromosomal 
DNA fragments that presumably contain genes encoding enzymes responsible 
for the formation of 6-deoxysugars in various Actinomycete strains [129]. In 
addition, a polymerase chain reaction (PCR) method has been developed 
which can be used for the rapid amplification of DNA fragments containing 
4,6-dehydratase genes from a wide range of Actinomycete strains. This approach 
allowed construction of a phylogenetic tree for the proteins deduced from the 
fragments obtained and for already known NDPoglucose dehydratases. From 
these studies it became evident that NDP-glucose dehydratases from Actino- 
mycetes are more closely related to each other than to dehydratases from species 
of other orders. This phylogenetic analysis also revealed a close relationship 
between dehydratases from strains that produce natural compounds with simi- 
lar deoxysugar motifs (Fig. 2) [130]. These results clearly show that dehydratase 
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PFERGLAETIEWYRDNRAWWEPLKSAPDGGK* .................. 350 
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Fig. 3. Alignment of the amino acid sequences of h GraE from S. violaceoruber (Tii22); 
2: Gdh from Saccharopolyspora erythraea; 3: StrE from S. griseus. The amino acids present at 
least in 2 of 3 are defined as consensus 
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genes can be used as targets for genetic screening experiments. An overview of 
the deduced protein sequences of different NDP-glucose dehydratases is de- 
picted in Fig. 3. 

3.1.3 
Genes ond Proteins Involved in the Conversion of NDP-4-keto-6-Deoxyhexose 
to NDP-3,6-dideoxy-4-keto-Hexose 

Two genes are involved in the biosynthesis of CDP-3,6-dideoxy-4-keto-glucose, 
an intermediate of the biosynthesis of ascarylose in Yersinia pseudotuber- 
culosis [53]. As was already shown in Scheme 3 (Sect. 2.1.2.), the conversion of 
CDP-4-keto-6-deoxyglucose is catalyzed by a dehydrase (El; gene product of 
ascC). An intermediate is then converted to dCDP-3,6-dideoxy-4-keto-glucose 
by a NAD(P)H-dependent reductase (E3; gene product of ascD). Based on the 
physical characteristics of AscC and AscD, a molecular mechanism for the 
C-3 deoxygenation has been proposed. AscC, a PMP-dependent enzyme, pro- 
duces a PMP-A 3' 4-glucoseen intermediate. The conversion of this compound to 
the final 3,6-dideoxyhexose is catalyzed by AscD via a radical mechanism [21]. 
Carefull characterization of AscC and AscD showed that both enzymes contain 
iron-sulfur cluster motifs, which are important for electron flow during C-3 
deoxygenation. 

Genes coding for proteins which are homologous to AscC have been found in 
a few biosynthetic gene clusters coding for antibiotics (see Sect. 3.1.4) [ 102,131]. 
The deduced protein sequences of rfbH and rfbI from Salmonella enterica LT2 
show particularly strong homology to AscC and AscD, respectively, indicating 
the same function for these proteins as for AscC and AscD [21]. 

3.1.4 
Genes and Proteins Involved in the Incorporation of Amino Groups 

As was just described, several genes coding for proteins showing strong homo- 
logy to AscC have been detected in antibiotic gene clusters. These genes are 
dnr], ery CI, tylB, strA, strC, strS and prgl [102, 131b]. Their deduced proteins 
show modest residue congruence to PLP-dependent aminotransferases [53]. 
Based on these homologies and on the fact that only a slight mechanistic diver- 
gence from the AscC-catalyzed dehydration would lead to a PLP/PMP-depen- 
dent transamination, all these gene products were considered to be aminotrans- 
ferases. It could be demonstrated that StrC is an aminotransferase involved in 
the biosynthesis of streptidin [103]. All these proteins have a conserved amino 
acid motifi Gx3Dx7AxsEDx~0Gx3Gx13Kx4_~geGGx19 G (Fig. 4) [102]. The con- 
served lysine (K), postulated as a pyridoxal-binding residue, is replaced by a 
histidine (H) in AscC or RfbH. An alignment of AscC, DnrI and EryC1 is given 
in Fig. 4. 
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MSQE ELRQQ IA~LVAQYAETAMAPKP FEAGKSVVPPSGKVI GTKELQLMV 50 

VSTYVW ..... QYLNEY ......... REER/d3ILDAVETVFES 50 

MDVPFL ..... DLQAAY ......... LELRSDIDQACRRVLGS 50 

MS L L A Y E R DI A V GS 

EASLDGWLTTGRFNDAFEKKLGEYLGVPYVLTTTSGSSANLLALTALTSP i00 

..... GQLILGTSVRSFEEEFAAYHGLPYCTGVDNGTNALVLGLPJhL--- i00 

..... GWYLHGPENEAFEAEFAAYCENAHCVTVGSGCDALELSLVAL--- i00 

GWL G N AFE EFAAY G PYC TV SG AL L L AL 

~CLGVRALKPGDEVITVAAGFPTTVNPTIQNGLIPVFVDVDIPTYNVNASL 150 

..... GIGPGDEWTVSNTAAPTWAIDAVGATPVFVDVHEENYLMDTGR 150 

..... GVGQGDEVIVPSHTFIATWLGV-PVGAVPVPVEPEGVSHTLDPAL 150 

G GPGDEVITVS TF TV VGA PVFVDV Y D L 

IEAAVSDKTKAIMIAHTLGNLFDLAEVRKVADKYNLWLIEDCCDALGSTY 200 

LRSVIGPRTRCLLPVHLYGQSVDMTPVLELAAEHDLKVLEDCAQAHGARK 200 

VEQAITPRTAAILPVHLYGHPADLDALRAIADRHGLALVEDVAQAVGARH 200 

E AI PRT AILPVELYG DL VR AD H L L EDCAQA GAR 
* * * ** 

1 201 DGKMAGTFGDIGTVSFYPA/~HI-TMGEGGAVFTQSAELKSIIESFRDWGR 250 

2 201 HGRLVGTQGHAAAFSFYPTKVLGAYGDGGAVVTPDAEVDRRLRRLRYYGM 250 

3 201 RGHRVGAGSNAAAFSFYPGKNLGALGDGGAVVTTDPALAERIRLLRNYGS 250 

consensus G VGT G AAAFSFYP K LGAGDGGAVVTDAEL RIRLRYG 
* * * **** * 

e 

1 251 

2 251 

3 251 

consensus 

1 301 

2 301 

3 301 

consensus 

1 351 

2 351 

3 351 

consensus 

1 401 

2 401 

3 401 

consensus 

DCYCAPGCDNTCKKRFGQQLGSL P FGYDHKYTY SHLGYNLKITDMQAACG 300 

GERY .............. YVVDTPGHNSRLDEVQAEIL 300 

KQKY ............... VHEVRGTNARLDELQAAVL 300 

K RY YV G N RLDE QAA L 

LAQLERIEEFVEKRKA/qFKYLKDALQSCADFLELPEATENSDPSWFGFPI 350 

RRKLRRLDAYVEGRRAVAKKYEEGLGDLDG-LVLPTIAEGNDHVYYVYVV 350 

RVKLRHLDDWNARRTTLAQHYQTELKDVPG-ITLPETHPWADSAWHLFVL 350 

R KLRRLD VE R A A Y L D G L LPE E D W FV 

TLKEDSGVSRIDLVKFLDEAK~GTRLLFAGNLTRQPYFHDVKYRVVGELT 400 

..... RHPERDRILEALTAYDIHLNISYPWPVHTMSGFA-HLGYGP-GDLP 400 

..... RCENRDHLQRHLTDAGVQTLIHYPTPVHLSPAYADLGLPP-GSFP 400 

R RD L LT A V T I YP PVH P FADLGY P G LP 

NTDRIMNQT FWIGIYPGLTHDHLDYVVSKFEE FFGLNF ............ 450 

VTERLAGE I FSLPMY PSLRPDAQEKVI DAVREVVG- SL ............ 450 

VAE SLAGEVLSL P IGPHLSREAADHVIATLK---A-GA ............ 450 

VTERLAGE FSLPIYP L DAD VI E G 

Fig. 4. Alignment of the amino acid sequences of h AscC from Yersinia pseudotuberculosis; 
2: DnJ from S. peucetius; 3:EryC1 from Saccharopolyspora erythraea. The amino acids present 
at least in 2 of 3 are defined as consensus. A postulated amino acid mot i f  is given as *. T indi- 
cates a possible pyridoxal-binding site in CnrJ and EryC1 
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3.1 .$ 
Genes and Proteins Involved in Epimerization 

Genes coding for possible epimerases have been detected in several gene 
clusters and some of them have been expressed in heterologous systems. 
dTDP-rhamnose was enzymatically synthesized from dTDP-glucose using 
extracts of E. coli harboring plasmids containing different parts of the rfb gene 
cluster of Salmonella enterica LT2. In theses studies rfbC was identified as the 
gene coding for an epimerase and rfbD as coding for a reductase [132]. A simi- 
lar reaction has been shown to take place in the biosynthesis of CDP-ascarylose 
in Y. pseudotuberculosis and CDP-abequose and CDP-paratose in different Sal- 
monella species [21]. 

The biosynthesis of CDP-tyvelose from CDP-paratose is catalyzed by a C-2 
epimerase [133, 134], the gene product of rfbE. Other epimerases (StrM, StrF, 
StrG, StrP, StrX) are suggested to be involved in the biosynthesis of streptomy- 
cin (24). The functions of these genes have been deduced from sequence simila- 
rities to known epimerases [72]. In addition, the gene product of strM was used 
in incubation reactions together with RfbD, affording L-rhamnose [103]. In spi- 
te of the studies described above, the exact mechanism of epimerization has yet 
to be elucidated. With the exception of an epimerase catalyzing the transforma- 
tion of GDP-4-keto-6-deoxy-D-mannose to GDP-L-fucose [135], it appears that 
commonly two proteins are required for this biosynthetic step in deoxysugar 
formation. When either AscE or AscF, both of which are involved in the biosyn- 
thesis of ascarylose, was used alone in an incubation reaction, no conversion of 
CDP-3,6-dideoxy-4-keto-o-glucose to CDP-ascarylose was observed. However, 
by employing the two enzymes together, CDP-ascarylose was produced [21] 

3.1.6 
Genes and Proteins Involved in Keto Reduction 

Stereospecific reductases are involved in the reduction of keto groups to secon- 
dary alcohols the desired endproducts of a deoxysugar biosynthesis. This has 
been shown for the biosynthesis of L-rhamnose and CDP-ascarylose (see Sect. 
3.1.4). The reduction of keto groups at C-4 have been proposed to be catalyzed 
by DnrV (daunorubicin 29), EryBIV (erythromycin 14), and StrL (streptomycin 
24) [21]. 

The function of the gene product of rdmF, located in the rhodomycin 
biosynthetic gene cluster from S. purpurascens [136], is still not known. Inte- 
restingly, this protein shows significant homology to a glucose-fructose oxido- 
reductase from Zymomonas mobilis (Fig. 5) [137, 138]. This protein is remark- 
able in that it is able to catalyze the oxidation of glucose to gluconolactone and 
the concommitant reduction of the second substrate fructose to sorbitol. During 
this process the pyridine nucleotide cofactor remains bound to the protein (Fig. 
6). The significant homology of RdmF with this enzyme strongly indicates that 
RdmF is involved in oxidation and/or reduction processes in the biosynthesis of 
sugar intermediates of the anthracycline antibiotic rhodomycin. 
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1 IPMPEH RQQRAL~GVIGT~IAIRRIMPV 50 

1 ATLPAGASQVPTTPAGRPMPYAIRPMPEDRRFGYAIVGLGKY~NQILPG 50 

P R G A IP 
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consensus 

51 LAAHDHVDLVAVASRDKAKAERVGAAFGCG ..... GVGDYAALVERDDLD I00 

51 FAGCQHSRIEALVSGNAEKAKIVAAEYGVDPRKIYDYSNFDKIAKDPKID 100 

A H A S A VA G D 

1 i01 AVYIPLPPGMHHEWALBALRSGKHVLVEKPMSDTYEKTLELMSTASELGL 150 
2 I01 AVYIILPNSLHAEFAIRAFKAGKHVMCEKPMATSVADCQRMIDAAKAA_NK 150 

consensus AVYI LP H E A RA GKHV EKPM A 

1 151 VLAENEMFLHHS-QHAAVRAMLDESVGELRLFSGSFAVPPLAPESFR--- 200 
2 151 KLMIGYRCHYDPMNBAAVKLIRENQLGKLGMVTTD-NSDVMDQNDPAQQW 200 

consensus L AAV G L 

1 201 -YQPALGGGALLDVGVYPLRAAQLYLTGELDVLGACLRVDETTGA---DV 250 
2 201 RLRRELAGGGSLMDIGIYGLNGTRYLLGEEPIEVRAYTYSDPNDERFVEV 250 

consensus L GGG L D G Y L YL GE V 

1 251 AGSVLLSDDRGVTAQLDFGFEHSYRST .... YA-LWGNRGRVSVRRAFTPP 300 
2 251 EDRIIW-QMRFRSGALSHG-ASSYSTTTTSRFSVQGDKAVLLMDPA---T 300 

consensus R L G SY T G A 

1 301 EQLKPVVRIE ..... QQDWTERSLPEDNQVFNAMDAFVKAALTNTGPLT 350 
2 301 GYYQNLISVQTPGHANQSMMPQFIMPANNQFSAQLDHI2%EAVINNKPVRS 350 

consensus Q P NQ D A N 

1 351 DTSAIQRQALLLDRV---RRAARLIGDPKSRPHDVLAQDTGLS* .... 400 

2 351 PGEEGMQDVRLIQAIYEAARTGRAVNTDWGYVRQGGY .... 400 

consensus L R R V D L 

Fig. 5. A l i g n m e n t  o f t h e  a m i n o  acid sequences  o f / :  RdmF ~ o m  S. pu~urascens and  2: 
GFOR ~ o m  Zymomonas mobilis 

c~o. c%o~ 

gluconolacton ~ o ~ glucose 

fl~ctose ~ ~ sorbitol 

~ ~1~,t 

~:~t. 6. Reaction of a glucose-fructose oxidoreductase from Zymomonas mobilis 
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3.1.7 
6enes Coding for 6lycosyltransferases 

Only a few genes coding for glycosyltransferases have been identified in anti- 
biotic gene clusters so far. For example, in Strep tomyces  l iv idans  the function of 
the Mgt protein product is transfer of mycosaminosyl or desosaminyl residues 
to the aglycone of macrolide antibiotics. The deduced protein sequences of 
several other genes identified thus far show low but significant homology to 
Mgt. Genes coding for glycosyltransferases have been detected in the biosynthe- 
tic gene clusters of the antibiotics daunomycin (29) [139, 140], amphotericin 
[103], granaticin (10) [122], oleandomycin [141], urdamycin A (51) and lan- 
domycin A (12) [122 b]. The degree of identity between the corresponding gly- 
cosyltransferases was also found to be significant. 

Several glycosyltransferase genes in the gene clusters of S. en ter ica  O-antigen 
(serogroup B, C2, El) biosynthesis have been reported. In theses studies 
mannosyl- and rhamnosyl transferase genes were identified and characterized 
[142]. Mannosyl transferases and rhamnosyl transferases form two separate 
families, but there was no relation between them nor were any conserved motifs. 

3.2 
Gene Clusters Involved in the Biosynthesis of Deoxysugar Moieties of Antibiotics 
and O-Antigen Specific Polysaccharides 

In recent years, genes coding for proteins involved in sugar biosynthesis have 
been cloned from several antibiotic-producing microorganisms (Table 1). 

Table 1. List of antibiotics and strains from which genes involved in deoxysugar biosynthesis 
have been cloned 

Antibiotic Strain Reference 

Amphotericin S. nodosus 103 
Avilamycyn S. viridochromogenes Tii57 130 
Chlorothricin S. antibioticus Tii57 122 c 
Daunomycin S. C5 139 

S. peucetius 140, 142 
S. griseus JA3933 147 

Erythromycin Saccharopolspora erythraea 24, 146 
Granaticin S. violaceoruber Tii22 122 a, d 
Hydroxystreptomycin S. glaucescens 72 
Landomycin S. cyanogenus $136 130 
Lincomycin S. lincolnenis 145 
Rhodomycin S. purpurascens 136 
Streptomycin S. griseus N2-3-11 72 
Tylosin S.fradiae 143 
Urdamycin S. fradiae Tii2 717 130 
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As with other antibiotic biosynthesis genes, these genes show a tendency to clu- 
ster. The arrangement of ORFs coding for proteins involved in deoxysugar bio- 
synthesis of several antibiotics or lipopolysaccharides is presented in Fig. 7. 

Genes coding for NDP-hexose synthetases and NDP-hexose 4,6-dehydratases 
have been found in the clusters of the antibiotics granaticin (10) [122], strep- 
tomycin (24) [72], hydroxy-streptomycin [72], amphotericin [103], tylosin (46) 
[143], daunomycin (29) [144], lincomycin [145], landomycin A (12) and urda- 
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mycin A (51) [122 b, 130]. In most cases, the stop codon of NDP-hexose synthe- 
tase genes overlaps the start codon of the NDP-hexose dehydratase genes sug- 
gesting that these genes form a transcription unit. 

However, the dehydratase gene is not always located in the biosynthetic gene 
cluster. The dehydratase gene gdh has been isolated from the erythromycin-pro- 
ducing strain Saccharopolyspora erythraea. Southern analysis indicated that 
S. erythraea contains only one copy of this gene. Surprisingly, this gene was not 
located within or near the known boundaries of the erythromycin cluster, while 
other genes governing the deoxysugar portion of the erythromycin biosynthetic 
pathway were shown to lie up to 15 kb upstream or downstream from the 
erythromycin resistance gene ermE [24, 146]. 

The dehydratase gene dnrM from S. peucetius is located in the daunorubicin 
biosynthetic cluster. Although the gene was believed to be required for the 
synthesis of daunosamine, a frameshift in the DNA sequence was detected 
which causes premature termination of translation. Inactivation of dnrM did 
not prevent daunorubicin production. The data indicate that the product of a 
second dehydratase gene detected outside of the biosynthetic gene cluster is 
involved in the biosynthesis of daunomycin (29) [144]. 

In all other cases investigated so far, the entire set of biosynthetic genes is 
located in one region of the chromosome. However, in contrast to polyketide 
biosynthetic genes, biosynthetic genes coding for sugars are not always tightly 
grouped in these clusters. In some cases biosynthetic genes for the same deoxy- 
sugar are distributed over a distance of more than 10 kb from each other. 

The 3,6-dideoxyhexose biosynthetic genes from Y. pseudotuberculosis (ascD, 
ascA, ascB, ascC, ascE, ascF) and S. enterica LT2 (serogroup B, C2) (rfbI, rfbF, 
rfbG, rfbH, rfbS, rfbE) provide another example of genes clustered on the 
chromosome. Based on the G/C content within these clusters, the presence of 
gene sets (for example, in Yersinia pseudotuberculosis: set 1: ascD; set 2: ascABC; 
set 3: ascEF) with different origins or histories has been suggested. Sets of genes 
with similar function in both strains show a similar G/C content, indicating 
either that the clusters were incorporated into both strains at the same time in 
evolution or that recombination events between the two strains must have 
occurred [21]. 

4 
Contribution of Mono- or Oligosaccharide Moieties 
to Biological Activity 

Although carbohydrate-containing antibiotics and other bioactive natural pro- 
ducts have been known for decades [148], except for the carbohydrate-based 
glycosidase inhibitors (see Sect. 2.1.5) little research has been devoted to the 
biological or pharmacological role of these sugar moieties. Clearly, the aglycon 
itself is not active in most instances, as was demonstrated for many antibiotics 
and antitumor compounds, erythromycin (14), daunomycin (29) and amphote- 
ricin B being prominent examples. Traditionally, the glycan chains of these 
glycoconjugates have been viewed as molecular elements that control the phar- 
macokinetics of a drug, such as absorption, distribution, metabolism and excre- 



48 A. Ki r schn ing  �9 A. Bechthold  �9 ~. Rohr  

tion. This notion, however, is beginning to change. The rigid character of the 
pyran rings along with the flexibility associated with the glycosidic linkages give 
them the ability of preorganization. A delicate balance between hydrophilic and 
hydrophobic domains is an additional feature of deoxygenated carbohydrates. 
Recent results clearly show that deoxygenated oligosaccharides in natural pro- 
ducts from microbial sources can actively contribute as recognition elements to 
the mechanism of action of the respective drugs. 

By far one of the best targets for testing interactions of a drug with its recep- 
tor is DNA. Firstly, many carbohydrate-bearing antitumor antibiotics are known 
to act at the DNA level and therefore a contribution of the deoxysugar moiety to 
cytostatic activity can be traced either to faciliated cell membrane permeability 
or to adhesion, i. e., binding to the DNA itself. Secondly, any self-complementary 
DNA fragment (palindrome) can be synthesized in amounts sufficient for expe- 
rimental studies. Finally, due to DNA's helical and relatively stable conformation 
in solution, DNA-drug complexes can conveniently be studied by high resoluti- 
on NMR-spectroscopy [149]. In contrast, no data on the role of carbohydrates in 
antibiotics that operate at the ribosomal level, such as erythromycin (14), are 
available so far. 

Structural evidence for a direct interaction between duplex DNA and a 
carbohydrate moiety of a gylcoconjugate came from crystallographic studies 
[150]. For example, daunomycin (29) was co-crystalized with the hexanucleo- 
tides d(CGATCG) and d (CGTAGC) and, consistent with similar cases [151 c], the 
crystallographic data unequivocally showed that the aminosugar daunosamine 
(see Scheme 28, 63) is located in the minor groove of the DNA duplex [151]. 
Here, the protonated amino group strongly contributes to the noncovalent bin- 
ding of daunomycin to the DNA fragment. Detailed analysis revealed hydrogen 

OR 

H~ NH3,~ -O2 (Cll) 

o 2  (T~O) 
63 

Me.O 0 

Meh"~O 

" •  major groove 
O_H ~ affinity 

h ~ ' ~ .  ~ 0 
Me02C"~ ~ ~ ~ 

HO T ~ I~ IT "~l H NMe= OMe 
O . ~ M e  .[~..,,OH 

. . . . . .  

Me- ~ Me 
~ - M e  ~ . , 

mi~ g ~ e  
P s o r o s p e r m i n  64  b A l t romycin  B 64  a affinity 

So;heine 28. The aminosugar daunosamine (63) is located in the minor groove of the DNA 
duplex. The disaccharide form of altromycin B (64 a)is located in the minor groove of the DNA 
palindrome. A parallel orientation of the xanthone ring structure to adjacent base pairs is 
favored by psorospermin (64b) 
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bonding between the NH~ group and the 0-2 of cytidine and a thymidine, 
respectively. Interestingly, electrostatic interactions between the negatively 
charged phosphate backbone and the positive charge on the trideox-y amino- 
sugar were not detected. In this daunosamine/DNA complex, the aminosugar, 
unlike its rigid aglycon, is subject to a pronounced conformational distortion. 

Altromycin B (64a), a member of the pluramycin family of antibiotics, is an 
antitumor agent which induces DNA cleavage. An important feature of 64 a is the 
two deoxysugar domains, both of which are attached via C-glycosidic linkages 
to the chromophore. Hurley and coworkers conducted NMR studies on the 
altromycin/DNA-complex [152a, b]. These studies in solution indicated that 
the disaccharide portion is located in the minor groove of the DNA palindrome 
[d(GAAGTACTTC)2] while the monosaccharide moiety is found in the major 
groove. The authors proposed that the orientation and binding of the glycan 
units are crucial for the observed DNA sequence specificity of altromycin B. 
Further support was gained from NMR studies of the psorospermin/DNA com- 
plex [152c]. Psorospermin 64b is a cytotoxic, DNA strand-breaking dihydro- 
furanoxanthone which, except for the missing deoxysugars, shows structural 
similarities to altromycin B 64a. However, instead of perpendicularly inter- 
calating with the axis of the tetracyclic chromophore between two base pairs, 
like 64a does, a parallel orientation of the xanthone ring structure to adjacent 
base pairs is favored in 64b, again demonstrating the role of carbohydrates in 
DNA-binding glycoconjugates. Related studies on the anthracycline antibiotics 
nogalamycin [153] and menogaril [154] led to similar observations and further 
supported the role of charged aminodeoxysugars in noncovalent binding in 
duplex DNA. 

By far the best studied glycoconjugate in this respect is calicheamicin ]z~ (65), 
a member of the enediyne antibiotics, which possesses high antitumor activity 
[ 155]. It consists of an aglycon core with a 1,5-diyn-3-ene unit, an allylic methyl 
trisulfide and an a,fl-unsaturated ketone, all of which are important for the 
ability of 65 to cleave both strands of DNA with a high degree of sequence 
specificity and hence to cause cell death. Furthermore, calicheamicin y~ contains 
a deoxyoligosaccharide chain 66 (depicted as the methyl glycoside) with an 
array of unusual and novel structural features. In NMR studies on the DNA/drug 
complex of 65, Kahne et al. [156] and others [157] found that the oligosaccharide 
unit is well embedded in the minor groove of duplex DNA, thereby positioning 
the enediyne moiety for cleavage. 

Nicolaou [158] and Danishefsky [159] and their coworkers went one step fur- 
ther by synthesizing the methyl glycoside of the calicheamicin oligosaccharide 
(see Sect. 5.1.2.1 ), thereby paving the way for studies on DNA/glycan complexes 
of glycoconjugates without interference by the aglycon. Various "contacts" be- 
tween DNA and glycan chain atoms were established by NMR-spectroscopy, most 
notably, as had been postulated from molecular dynamic calculations [160], be- 
tween the polarizable aromatic iodine and the exocyclic C-2 NH2 groups of two 
guanine residues [161]. Changes of the chemical shifts (/x6) of DNA protons 
induced by calicheamicin 69 [ 162] were compared with the corresponding chan- 
ges generated by the methyl glycoside 66 and were found to be close to identity. 
Furthermore, the agtycon calicheamicinone shows little affinity to DNA and 
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largely lacks binding specificity to the four sequences TCCT, TTTT, TCTC, and 
ACCT, which is a unique feature of 65 [ 163 ]. A fascinating property of the methyl 
glycoside 66 is its ability to inhibit DNA binding of a transcription factor 
whose recognition sequence includes the calicheamicin binding site. l~urther - 
more, 66 inhibits in vivo expression of a reporter gene controlled by that tran- 
scription factor, suggesting a strategy for the development of a class of novel bio- 
logical probes and therapeutic agents [164]. l~rom all these results it was conclu- 
ded that the primary role of the sugar domain of 65 is recognition and binding 
( K  D - 10 -6) in the minor groove of duplex DNA, with a high degree of sequence 
specificity. 

As an extension of these studies, a tethered head-to-head dimer 67 was 
designed [ 165 ] which exhibits a much higher affinity to duplex DNA recognition 
sites (KD= 10 -9) and shows a higher degree of sequence specificity [166]. 
I~urthermore, 67 inhibits binding of transcription factors to DNA with a signifi- 
cantly higher activity than 66 [167]. NMR studies with the B form duplex 
d(CGTAGGATATCCTACG) 2 revealed that the head-to-head dimer-DNA com- 
plex showed the same kind of contacts detected in the corresponding complex 
with 65 [168]. 

All these data suggest that carbohydrates are potentially able to generate DNA 
target specificity and may serve to control the function of nucleic acids. It is 
reasonable to assume that the affinity of a DNA-binding antibiotic for DNA may 
be determined by the structure and length of the sugar chain attached to the 
aglycon [165, 169]. 

5 
Synthetic Aspects of the Chemical and Enzymatic Construction 
of Deoxygenated Oligosaccharides 

The increased understanding of the role of carbohydrates in nature and the sub- 
sequent impact on the biological and pharmaceutical sciences has led to a re- 
newed interest in synthetic carbohydrate chemistry. Until recently, construction 
of oligosaccharides composed of deoxygenated hexoses has relied exclusively on 
chemical methods [10, 170]; lately, however, many elegant improvements have 
been made. In particular, the development of strategies for a one-pot reaction 
multistep construction of tri- and larger oligosaccharides, by exploiting the 
armed/disarmed principle [171], and the solid phase synthesis of oligosaccha- 
rides [ 172 ] are currently topics of great interest. With the improved understand- 
ing of the biosynthesis of secondary metabolites, including the deoxyhexoses, 
and better access to the corresponding enzymes using genetic engineering 
techniques, enzymatic oligosaccharide synthesis, including the preparation of 
deoxygenated glycosides, has emerged as a practical alternative to chemical syn- 
thesis. The use of glycosyltransferases avoids protection/deprotection sequences 
and usually guarantees a high stereo- and regioselectivity. However, in most 
cases nucleotide sugars are required as glycosyl donors for glycosyltransferases 
and the availability of the donor substrate and the corresponding enzyme is still 
the limiting factor in enzyme-mediated oligosaccharide synthesis. Nevertheless, 
biocatalysts involved in carbohydrate metabolism, such as phosphoglucomutase 
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and uridine diphosphoglucose pyrophosphorylase [32], dTDP-D-glucose- 
4,6odehydratase [ 173], and sucrose synthase [ 174] have recently been employed 
for constructing deoxygenated sugar nucleotide diphosphates in a prepara- 
tive scale. The use of these compounds in the synthesis of oligosaccharides in 
the presence of suitable glycosyltransferases is only beginning to be explored 
[175]. 

It is the intention of this section to present recent advances in the the art of 
modern oligosaccharide synthesis, with particular emphasis on methods for the 
stereoselective assembly of 2-deoxyglycosides. The strengths of the various 
chemical methodologies will be discussed in a selected number of examples. 
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Additionally, it will be shown that the use of enzymes holds great promise both 
for the enzymatic or chemoenzymatic construction of deoxygenated donor 
substrates of glycosyltransferases and for enzymatic oligosaccharide synthesis. 

5.1 
Chemical Glycosidation with Deoxysugars 

5.1.1 
Techniques for the Synthesis of 2-Deoxy-~- ond I3-61ycosides 

Glycosidation is one of the key reactions of life. As in nature, chemists usually 
perform glycosidations by abstraction of appropriate leaving groups at the 
anomeric carbon using specific promoters or catalysts in the presence of a 
glycosyl acceptor [170]. Chemical synthesis of 2-deoxyglycosides has been a 
particular challenge in oligosaccharide synthesis. The main problem associated 
with the construction of 2-deoxyglycosides is the absence of a neighboring 
group at C-2 that is able to contribute stereodirecting achimeric assistance in the 
glycosidation step. In addition, due to the lower stability of the glycosidic bond, 
2-deoxyglycosides are more difficult to handle; this is particularly true for 
2-deoxyglycosyl halides. Therefore, conventional Koenigs-Knorr glycosidation 
conditions have rarely been employed [176]. Alternatively the use of, more 
stable leaving groups, e. g., thioethers in thioglycosides 68 and fluorine, present 
in glycosyl fluorides 69, are examples of important recent achievements 
(Scheme 30). Both glycosyl donors were originally utilized for oligosaccharide 
synthesis with "conventional" sugars such as glucose and galactose but have 
lately found use in 2-deoxysugar chemistry [177]. An important advantage of 

X 
68,69 

l [A] 
ROH, or 

~ ROSiMe 3 ~ r 

68 

OR 70 71 

E =  H, I, SePh 

72 

�9 ROH or 
~ ~ / E  ROSnR3 ~ - ~ ~  

69 

X = SPh, SEt, SPy 
[A] = HgCI 2, Hg(OBz) 2, HgSO 4, PhHgOTf, CuBr2-Bu4NBr-AgOTf, 
AgOTf-Br 2, NBS, IDCP, NIS-TfOH, PhSeOTf, NOBF 4, Mel, 
MeOTf, MeSOTf. PhlOA% PhI(OCOCF3) 2 

74 73 OR 

I reductiw 
r~m~l ~ ~ 
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71 

X=F 
[A] = SnCI2-AgClO 4, TMSOTf(c~), Tf20, BF3OEt2, TiF4, SnF4, 
CP2MCI2-AgCIO 4 (M= Zr" or Hf) 

Scheme 30. Strategies for the chemical synthesis of 2-deoxy-~x-glycosides 



Chemical and Biochemical Aspects of Deoxysugars and Deoxysugar Oligosaccharides 53 

thioglycosides is that they provide starting material for glycosyl fluorides. 
Activation of these functional groups and formation of intermediate oxonium 
ion 70 can be achieved by very specific reagents. Thioglycosides are typically 
activated by metal salts based on palladium [178], copper [179], silver [180], 
mercury [ 181 ] or combinations of these promoters [ 182], or by positively polar- 
ized selenium [ 183],bromonium [184] or iodonium ions [ 185], alkyl compounds 
[186] as well as hypervalent iodine reagents [187]. Typical fluorophilic reagents 
are Lewis acids based on boron [188], tin [189], silicon [190], titanium [191], 
zirconium [191], [192], hafnium [192-194] and gallium [196], in some cases in 
combination with silver salts [192-195]. To a lesser extent anomeric acetates 
(X =OAc) [197], p-nitrobenzoates (X =pNO2BzO) [198], imidazolethiocar- 
bonates (X = OC(S)imid) [199], S-xanthates (SC(S)OEt) [200], silyl ethers 
(X = OSiR3) [201] and phosphites (X = OP(OCH2CC13)2, X = OP(OR)2) [202] 
have been employed for the construction of 2-deoxyglycosides. When no parti- 
cipating group at C-2 is present, with the exception of the triethyl phosphites 
[202b] which favor formation of fl-2-deoxyglycosides, all these methods give 
anomeric mixtures, with a-glycosides 71 predominating. Glycals 72 can be 
regarded as classic glycosyl donors for the construction of complex 2-deoxygly- 
cosides [205 a] and their use in this field is a continuing success story [170 g, h]. 
Just recently, glycals were employed by Danishefsky and coworkers for the syn- 
thesis of conventional oligosaccharides in solution [170g, h, 203 a] and on solid 
phase [170 h, 203 b]. In the synthesis of 2-deoxyglycosides, glycals have typically 
been activated by various electrophiles (E = H [204], I [205], Br [206] and SePh 
[208]). In the presence of an alcohol or stannyl ether [208] they afford 1,2-trans 
configurated glycosides 73 (E ~ H). Here, the electrophile regio- and stereo- 
selectively adds to the electron-rich enol ether double bond, leading to the inter- 
mediate oxonium ion 74. Thus, this strategy usually furnishes a-glycosides 73 
with high selectivity which may be further transformed into 2-deoxy-a-glycosi- 
des 71 by reductive removal of E. 

A novel and unique glycosidation strategy of glycals uses dienes with 
terminal heteroatoms in cycloadditions with glycals [209]. For example, 
diacylthione 75 regio- and stereoselectively adds to tri-O-benzyl-r~-glucal 76 to 
give cycloaddition product 77 (Scheme 31) [210]. After reductive removal of the 
sulfur atom by Raney Ni, the 2-deoxy-a-glycoside 78 becomes accessible. 
Although yields are only moderate for both steps, this approach will no doubt 
eventually prove to be useful. 

Regarding the synthesis of 2-deoxysugars, selective fl-glycosidation is still a 
major challenge. Typically, it is achieved by a neighboring group which is either 
a structural element of the glycosyl donor or is temporarily placed in the 
molecule. In fact, electron-donating axial substituents at C-3, e.g., in benzoic 
ester 79 or urethanes, can stabilize a charged anomeric center, as depicted in the 
1,3-acyloxonium ion 80, thus blocking the a-face in the glycosidation step 
(Scheme 32) [181d, 211]. 2-Deoxy-fl-glycosides 81 are predominantly formed, 
but this approach highly depends on the configuration at C-3 [212]. 

A number of alternative and more general approaches have been developed 
by Thiem and coworkers [213] as well as by the groups of Beau [214], Ogawa 
[215], Frank [216], Nicolaou [189] and van Boom [217].All of their methods rely 
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Scheme 31. Preparation of 2-deoxyglycosides using a cycloaddition strategy 
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Scheme 32. 2-Deoxy-fl-glycosides by 1,3 achimeric assistance 

on an equatorially installed C-2 heteroatom substituent that guides the stereo- 
chemical course of the glycosidation by achimeric participation and which is 
reductively removed to give fl-linked 2-deoxysugars. In the method introduced 
by Thiem et al., stereoselective introduction of two bromine atoms at C-1 and 
C-2 is the key step. 2-Bromo-2-deoxy-glycosyl bromides 83 are formed from ace- 
tals such as 82 (Scheme 33), and their glycosidation using AgOTf as a promoter 
predominantly yields fl-glycosides 84. Deblocking at 0-3 and reductive debro- 
mination gives 2-deoxy-fl-glycosides 85, as was successfully demonstrated in the 
synthesis of the aureolic acid oligosaccharides (see also mithramycin (34); Sect. 
2.2.) [213f]. 

Beau and coworkers prepared 1,2-trans-seleno acetates by addition of PhSeC1 
to electron-rich glycals 71 in the presence of AgOAc (Scheme 34; route A) [214]. 
Subsequently, these acetates 86 selectively gave fl-glycosides 87 a in the presence 
of TMSOTf as a promoter. Ogawa [215] and Frank [216] and their coworkers 



Chemical and Biochemical Aspects of Deoxysugars and Deoxysugar Oligosaccharides 55 

�9 O Br2CHOCH3' 

Me'~Me OUe ~]3 Brl~r 
82 ~ AgOTf 

1. MeOH, H ~ / 
2. B~SnH, AIBN 

~ 

Sege~e ]~. Br as the stereodirecting group in the preparation of 2-deoxy-~-glycosides 

Route A 

PhSeCI, 

~'- OAc 

~ 71 86 
SePh 

PhSOR, TMSOTf or ~ ~ TM$OTf 
Ph3S3SbCI 6, ROSnBu 3 

~ ROH ~ 
OR < 

E Se p ~  
$7a E = SePh 
87b E = SPh 

reductive ~ 
removal of E 

"~--~OR 
88 

Scheme 34. Routes to 2-deoxy-fl-glycosides from glycals 
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achieved a selective 1,2-trans addition to glycals in one step by using phenyl- 
sulfenate esters in the presence of TMSOTf and by employing phenylbis- 
(phenylthio)sulfonium salts and an alcohol or stannyl ether preferentially 
affording 2-thio substituted fl-glycosides 87b (Scheme 34; route B). Again, 
2-deoxy-fl-glycosides 88 were obtained after reductive removal of the seleno- 
phenyl and thiophenyl substituent at C-2. 

Nicolaou et al. showed that phenylthioglycosides 89 a undergo facile and highly 
selective 1,2-migration in the presence of diethylamino sulfur trifluoride (DAST) 
affording 2-deoxy-2-phenylthioglycosyl fluorides 90 (Scheme 35). SnC12-pro- 
moted glycosidation in dichloromethane preferentially gives a-glycosides, while 
under the same conditions the use of diethyl ether as solvent predominantly 
affords the corresponding fl-glycosides 87b [189]. Improvements in the selec- 
tivity of this process have been achieved by applying complex mixtures of pro- 
moters (SnC12-Cp2ZrC12-AgOTf) [218]. Similarly, in the presence of NIS/TfOH, 
phenyl-2-O-(phenoxythiocarbonyl)-l-thioglycosides 89b undergo 1,2-migra- 
tion of the phenylthio group to afford 2-phenylthio-2-deoxy-fl-glycosides 87 b in 
one step, as was reported by van Boom and coworkers (Scheme 35) [217]. 

R 

. ~  [A] ~ 

SPh 

8 9 a  R = H; [A] = DAST 
8 9 b  R = C(S)OPh; [A] = NIS-TfOH SPh 

8 7 b  

Scheme 35. Arylthio-migration of thioglycosides and fl-glycosidation 
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__~ ~0 I ROH, 
SnCl 2, Et20 ~ S ROH 

I 

Recently, Tatsuta and Toshima elegantly designed conformationally rigid 
2,6-anhydro-2-thio sugars 91a, b for the stereoselective preparation of 
2,6-dideoxy-O-glycosides[219]. These glycosyl donors can be employed in 
glycosidation protocols without considering the anomeric effect. Thus, ano- 
meric acetates 91a preferentially afford 2-deoxy-fl-glycosides 92 while the 
corresponding glycosyl fluorides and phenylthioglycosides 91b (activation see 
above) predominantly give 2-deoxy-a-glycosides 93. After desulfurization using 
Raney Ni or tributyltin hydride either 2-deoxy-fl-94 or 2-deoxy-a-glycosides 95 
are obtained (Scheme 36). 

5 .1 .2  

Recent Highlights in the Construction of Deoxygenated Oligosaccharides 

In the following, two examples highlight recent developments in this still rapidly 
growing field. 
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Scheme 36. Glycosidation of 2,6 anhydro-2-thio-sugars 

5.1.2.1 
Synthesis of the Oligosaccharide Portion of Calicheamicin ~ 

An exciting synthetic target in the field of glycoconjugates is calicheamicin y[  65 
(see Scheme 29) [155],whose DNA-binding properties were discussed in Sect. 4. 
As was pointed out, calicheamicin t'[ contains an oligosaccharide chain with an 
array of unusual and novel structural features such as a fl-linked hydroxylamine 
glycosidic bond, a 2,4-dideoxy-4-amino-L-threo pentose (ring E), a sulfur atom 
at C-4 of ring B and an iodinated, hexasubstituted benzoate (ring G). 

Both assembly of the methyl glycoside 66 (see Scheme 29) and coupling of the 
appropriately protected trichloroacetimidate derivative 96 with the calicheami- 
cinone Yl precursor 97 [222] (Scheme 37) using Schmidt's protocol [170c] were 
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achieved by the groups of Nicolaou [220] and Danishefsky [ 159, 221]. Synthesis 
of the oligosaccharide domain 66 required application of the entire repertoire 
of contemporary carbohydrate chemistry, including modern glycosidation 
methods. Nicolaou's group assembled the oligosaccharide portion of calichea- 
micin ~'~ from the bicyclic CD subunit and the BAE ring system [220], but, to set 
the stage for the key glycosidations, the monomers had to be generated in multi- 
step syntheses. While monosaccharide precursors for rings A 98 (Scheme 38a) 
and D 99a (Scheme 38b) were obtained by conventional carbohydrate chemis- 
try, construction of the building blocks for rings E 100 and B 101 (Scheme 38 a) 
required development of new synthetic sequences. For example, glycosylfluoride 
100 was obtained from L-serine methyl ester, as there was uncertainty about the 
absolute configuration of the ethylamino substituent when Nicolaou and co- 
workers started the project and both enantiomers of serine are readily available. 
B ring intermediate 101 is a 2,6-dideoxy-fl-glycoside with a N-O linkage to ring 
A. However, methodologies using an appropiately placed substituent at C-2 to 
obtain 2-deoxy-fl-glycosides (see Sect. 5.1.1) could not be employed here, due to 
the potentially problematic reductive removal of this heteroatom substituent 
in the presence of the easily reducible N-O function appeared. Therefore, the 
authors prepared enone 103 which after stereoselective reduction and intra- 
molecular acyl migration gave unsaturated pyranose 104 (a:~ ca. 7:1). Rapid 
transfer to the next reaction avoided an epimerization of the anomeric center in 
104, and a E-selective introduction of N-hydroxyphthalimide under Mitsunobu 
conditions, which proceeds through an SN2-type process with inversion of con- 
figuration at the anomeric center, was feasible. The synthesis of 101 (ct :fl ca. 6:1 ) 
is completed by hydrazinolysis of the phthalimide function. 2-Deoxyglycosyl 
donor 100 was coupled with 6-deox-y-glycoside 98 in the presence of the fluoro- 
philic Lewis acid AgC104/SnC12 to give disaccharide 102. Deprotection followed 
by oxidation afforded 4-ulose 105, which was coupled with the hydroxylamino- 
glycoside 101 to give oxime 106 (Scheme 38a). A five-step modification of tri- 
saccharide 106 led to thiol 107 which was set for esterification with acyt chlori- 
de 108b (Scheme 38b). The latter had been prepared from activated rhamnose 
99b and phenol 109 using Schmidt's trichloroacetimidate methodology to 
afford methyl ester 108 a, followed by a sequence of functional group manipula- 
tions. Under forcing conditions (Et3N, DMAPcat., CH2C12, 0 ~ 1 h) coupling of 
trisaccharide 107 with benzoyl chloride 108b established pentasaccharide 110. 
Sequential deprotection, stereoselective reduction of both the B ring and the 
oxime functionality yielded methyl glycoside 66. 

5.1.2.2 
Synthesis of the Oligosaccharide Portion of Ciclnmycin 

Lately, considerable, progress has been made in constructing tri- and larger 
oligosaccharides in one pot [223] by exploiting the armed/disarmed concept. 
First proposed by Fraser-Reid and coworkers [171], this concept takes into 
account that the electron-donating/withdrawing power of protective groups in 
carbohydrates has a profound impact on the reactivitiy of the anomeric center. 
Electron-poor substituents cause a decrease of reactivity, while electron-rich 
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groups enhance it. Thus, tuning of the relative reactivity of glycosyl donors by 
resident functional groups is possible, and multi-component oligosaccharide 
synthesis becomes feasible. 

A good application of this strategy was reported by Ragharan and Kahne 
[224] in the synthesis of the trisaccharide of the anthracycline antibiotic, cicla- 
mycin 0 111 (Scheme 39 a) [225]. The structure of this highly deoxygenated car- 
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bohydrate domain was established through chemical synthesis by Danishefsky 
and coworkers [226]. While they utilized glycals in a stepwise glycosidation 
approach, Kahne and coworkers elegantly prepared the trisaccharide 112 by 
sequential coupling of three monosaccharides in a single reaction. Their one- 
pot strategy utilized S-glycosides 113-115 which show dramatically different 
reactivities in glycosidation reactions when activated by triflic acid (Scheme 
39 b). Here, fine- tuning is achieved by the oxidation level of the sulfur and by the 
electronic properties imported by the aromatic substituent on sulfur, as well as 
by manipulation of the glycosyl donor properties (alcohol vs siiylether). Thus, 
the p-methoxyphenylsulfoxide 114 shows the highest degree of reactivity follo- 
wed by the sulfoxide 113 and the phenyl sulfide 115. Under these conditions the 
trisaccharide 112 was isolated as the major product (25 %), indicating that in the 
primary step 114 reacts with 115 to afford disaccharide 116 followed by desily- 
lation and coupling with the third component 113. 

5.2 
Enzyme-Mediated Oligosaccharide Synthesis 
As discussed above, complex blocking/deblocking strategies as well as cumber- 
some workup procedures which often accompany classical glycosidation methods 
may be circumvented by enzyme-catalyzed oligosaccharide synthesis. Chemists 
have pursued three different strategies for in vitro enzymatic oligosaccharide 
synthesis [175, 227]. One approach uses glycosidases or glycosyl hydrolases as 
catalysts in transglycosylations, thus reversing the normal mode of action of 
these enzymes [228]; however, this method results in a mixture of regioisomers. 
A second approach requires enzymes of the non-Leloir pathway and sugar 1-phos- 
phates as glycosyl donors [229]. But by far the most widely applied method relies 
on glycosyltransferases from the Leloir pathway (Scheme 40) [230]. These enzym- 
es act by transferring carbohydrates from nucleoside diphosphate sugars 117 
[231] to an acceptor 118 to afford glycoside 119 and nucleoside diphosphate 120. 

,o,\ o 8 
o;Pot:  �9 

117 OH OH(H) 

1 ~/ycos~ransferase 

I o\  o B 

119 OH OH(H) 

120 
Scheme 40. Enzyme-catalyzed glycosidation 
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In contrast to glycosylhydrolases, glycosyltransferases usually afford a single pro- 
duct with a high degree of regio- and stereoselectivity. 

l~or glycosyltransferase-mediated oligosaccharide synthesis, only a limited 
number of enzymes are currently available, of which galactosyl-, sialyl-, fucosyl-, 
N-acetylglucosaminyl- and mannosyltransferases are the most important 
examples. However, it should be noted that glycosyltransferases for mono- or 
multideoxygenated sugars have not been isolated, thus they have yet to be 
employed in enzyme-catalyzed oligosaccharide syntheses [232]. Furthermore, this 
strategy is hampered by the limited availability of nucleoside diphosphate-acti- 
rated deoxygenated sugars. In particular the 2-deoxy derivatives are extremly dif  
ficult to handle, as they are highly sensitive to hydrolysis and 1,2-elimination 
[233]. Both chemical as well as enzymatic methods have been pursued to obtain 
sufficient amounts of these activated sugars. In this section we shall focus on the 
use of glycosyltransferases for the synthesis of deoxysugars and on how the requi- 
site deoxygenated donor substrates can be provided with current techniques. 

5.2.1 
Synthesis of Nucleoside Diphosphate Sugars 

5.2.1.1 
Chemical Preparation 

Several laboratories have reported the chemical synthesis of sugar nucleotides 
117 that contain deoxygenated and otherwise modified sugars. All these syn- 
theses have a biomimetic feature in that commonly a glycosylphosphate 121 is 
used as the starting point. This compound is then coupled with a nucleoside 
monophosphate (NMP) 122 usually activated as an amidate, preferentially a 
morpholidate, thereby following or slightly modifying Moffat's original proce- 
dure (Scheme 41) [234]. In some cases, phosphinothioic anhydrides served as 
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Scheme 4"1. Chemical strategy for the preparation of nucleoside diphosphate sugars 
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activated nucleoside monophosphates [235]. Alternatively, a reversed coupling 
mode of both fragments has been achieved by use of a glycosylphosphoric 
imidazolide and UMP [236]. 

A number of strategies for the synthesis of glycosyl 1-phosphates have been 
devised (Scheme 42). Among other methods [237], phosphorylation of protect- 
ed sugars with diphenyl- [238] or 1,2-phenylene [239] phosphorochloridate to 
yield glycosyl-l-phosphates 123a-c, which are further transformed by hydro- 
genolysis into 121, has found wide acceptance. Recently, phosphoramidites have 
been employed to give the corresponding phosphite intermediates 124 a - c  [240, 
241] and related structures [242] which are further oxidized to the glycosyl 
phosphates 121. 
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cation O I OH 

H 
124(: 

5r 42. Strategies for the  synthesis  of  glycosyl 1-phosphates  

Trichloroacetimidates [170c, 243], glycosyl bromides [235c, 244a] and allyl 
glycosides [244b] have also been utilized for the synthesis of glycosyl phosphates 
123 and glycosyl phosphites 124, respectively. When glycosy1 chlorides are 
employed, silver dibenzyl [245] phosphate is usually needed as a phosphorylating 
reagent. Although deoxygenation at any position, in particular at C-2, of glyco- 
syl 1-phosphates leads to greater instability, all of the above mentioned methods 
are applicable to 3-,4-or 6-deox-ygenated sugar phosphates [240 d, 246]. However, 
they usually fail for the synthesis of 2-deoxyglycosyl 1-phosphates! 

Nevertheless, a few successful attempts towards the chemical synthesis of 
2-deoxy-glycosyl 1-phosphates have been described in the literature. G1ycosida- 
tion with 2-deoxyglycosyl chlorides in the presence of silver dibenzyl phospha- 
te or iodonium-promoted addition of dibenzyl phosphate to glycals either 
affords the desired 2-deoxyglycosyl phosphates in low overall yield or gives the 
2-iodo-2-deox-y derivatives 125 which are too labile for purification [247]. In 
fact, use of S-(2-deoxyglycosyl) phosphorodithioates [248] as glycosyl donors in 
iodonium cation-promoted glycosidations with dibenzyl phosphate is a very 
promising approach towards this class of glycosyl phosphates [247]. However, 
removal of the benzyl groups on phosphorous and coupling with an activated 
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nucleoside is equally troublesome and has only successfully been achieved in a 
few cases. 

For the important 6-deoxy nucleotide sugar GDP-fucose, various synthetic 
and a few enzymatic approaches have been devised (for a review see [227]). 
Hindsgaul and coworkers were the first to demonstate that nucleoside diphos- 
phates of 2-deoxyhexoses could be prepared by chemical means (Scheme 43) 
[249 a]. Their synthetic strategy avoided the use of acidic reaction conditions, 
as 1-O-phosphorylated 2-deoxyhexoses easily undergo elimination to afford 
glycals [233]. Deprotonation of the anomeric hydroxy group in pyranose 126 
followed by phosphorylation [249 b] yielded the corresponding phosphotriester, 
which was directly hydrogenated under wealdy basic conditions to give glycosyl 
phosphate 127. De-O-acetylation and conversion into the sodium salt followed 
by coupling with uridine 5'-monophosphate morpholidate 128 afforded the very 
labile UDP-2-deoxy-galactose 129. Using ion-exchange chromatography, 80% 
purity was reached. 

AcO OAc 

~ 
AcO ~ 

OR 25% 

a,b,c ~ 1 2 6 R = H  
25'4% 127 R = P(O)(ONa) 2 

O 
HO OH J ~ N H  

,o, ,o, 

129 0(~ 0 0 HO..~O H 

Reagents: 

a. n-Bul i, THF, -70"C, then addition of (BnO)2P(O)CI; 
b. Pd/C/Et.3N, MeOH, H2; c. 0.5M NaOH, purification 

on Dowex 50 X-8 (Na+); d. 128, pyr., 5d, rt, pudficatJon 
on Dowex X-2-200 (CI'), followed by adsorption on 
charcoal and chromatography on Dowex 50 X-8 (Na +). 

O 

F-~ N-H ,O, A .O~.~ 

o %-,P'o" "y 7 
~-- /  N-H r~  N . . _ , , ~ . ~  

. o  o .  

~ 

Scheme 43. First  chemical  synthesis  of  a NDP-2-deoxysugar  

Recently, Schmidt and coworkers presented an elegant synthesis of the 
activated 6-deoxy-a-D-ribo-3-hexulose 130 (Scheme44) [23]. Again the 
morpholidate methodology [234] was applied for the construction of the 
diphosphate unit. The stability of 130 is further decreased by the carbonyl group 
at C-3. The starting point of the synthesis was the ulose 131,which was converted 
into the pyranose 132 with an an exocyclic olefinic double bond at C-3 as a 
protective group. After formation of glycosyl phosphate 133, preparation of 130 
was achieved by two alternative routes, either liberating the keto group from 133 
or from 134 under mild ozonolytic reaction conditions. 
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Scheme 44. Chemical synthesis of dTDP-6-deoxy-D-3-hexulose (130) 

5.2.1.2 
Enzymatic Preparation 

In principle, there are two strategies for making nucleoside diphosphate 
sugars available by enzymatic means: (1) by in situ generation of activated 
sugars, thereby avoiding isolation steps [227a, 250], and (2) by large-scale 
preparation and isolation of nucleotide sugars [251]. Here, pyrophosphory- 
lases, which catalyze the formation of nucleoside diphosphate sugars from 
sugar 1-phosphates and nucleoside triphosphates, have played a key role. 
However, enzyme-mediated synthesis of deoxygenated glycosy1 phosphates 
and the corresponding nucleotide sugars is hampered by availability of the 
biocatalysts. Most kinases, pyrophosphorylases, glycosyltransferases and 
other enzymes from the metabolism of deoxygenated carbohydrates have 
not been described or isolated so far. Therefore, enzymes that usually accept 
conventional sugars as substrates have been employed for processing 
their deoxygenated counterparts, thus exploiting an inherent lack of sub- 
strate specificity. Indeed, in some cases this strategy turned out to be 
practical. 
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Scheme 45. Potato phosphorylase-catalyzed synthesis of 2-desoxy-D-glucose 1-phosphate 135 

Potato phosphorylase has successfully been employed for the enzymatic 
synthesis of 2-deoxyglucosyl 1-phosphate 135 (Scheme 45) [252]. r)-glucal 
136 was transferred onto maltotetrose 137 in the presence of the phosphorylase 
and catalytic amounts of phosphate to afford a modified maltooligosaccharide 
138 that contained 2-deoxy-r)-arabino-hexopyranosyl residues [253]. Formation 
of 2-deoxyglucosyl phosphate 135 can be explained by reverse phosphorolysis of 
the oligosaccharide 138. When soluble starch was employed as primer and an 
equimolar amount of phosphate was added, 2-deoxyglucosyl phosphate 135 was 
obtained in 50 % isolated yield on a preparative scale. 

However, the first enzyme-catalyzed synthesis of 2-deoxy-a-D-arabino-hexo- 
pyranosyl phosphate 135 was reported by Percival and Withers (Scheme 46) 



68 A. Kirschning �9 A. Bechthold �9 J. Rohr  

OPO: E) phospho- 
glucomutase OH 

H O H O ~ ~ O H  [EC2.7.5.1] ~ ~ H O ' ~  
q E) 

139 135 OPO~ 

uridine diphosphoglucose ~ 
pyrophosporylase 

[EC 2.7,7.9] 

OH 

P207 H3~ § H~IO" ~ 
inorganic OU{)P 2E) pyrophosphatase ~ 

{EC 3.6.1.11 14o 

2 x PO4H 2e 
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[32]. The starting point of their preparation was 2-deoxy-D-glucose-6-phos- 
phate 139, which can be obtained from D-glucose by hexokinase-mediated 
phosphorylation at C-6. The authors employed phosphoglucomutase to 
generate 2-deoxy-glycosyl 1-phosphate 135 in situ, which was directly trans- 
formed into UDP-2-deoxy-n-glucose 140 by uridine diphosphoglucose pyro- 
phosphorylase. In order to pull formation of 140 to completion, inorganic pyro- 
phosphatase was added thus removing pyrophosphate from the equilibrium. 
The reaction can be reversed to glycosyl lophosphate 135 by the same pyro- 
phosphorylase in the presence of a large excess of pyrophosphate. 

An interesting new enzymatic approach to nucleotide sugars has been des- 
cribed by Elling and coworkers [254]. They employed rice sucrose synthase 
[174], which catalyzes cleavage of sucrose 141, with nucleoside diphosphates, 
e.g., 2'-deoxyuridine-5'-diphosphate 142, to afford the corresponding activated 
sugar dUDP-D-glucose 143 along with D-fructose (Scheme 47). In addition, in 
situ transformation of 143 into dUDP-6-deoxy-a-D-xylo-4-hexulose 144 was 
performed in 49 % isolated yield by adding dTDP-glucose 4,6-dehydratase (see 
Sects. 2.1.1 and 3.1.2) to the reaction mixture. As an extension of this work, 
Elling and Klaffke showed [173] that wild-type dTDP-glucose 4,6-dehydratase 
not only accepts the natural substrate 145 a but can also successfully be employ- 
ed to transform the dTDP-sugars 145b, c into the corresponding 4-keto-6-deoxy 
derivatives 146b, c (Scheme 48). 

dTDPdalucose- 
OH 4,6-dehydratase 

HO [E.C 4.2.1.461 -~- 

24-54 % 

HO Od'rDP HO OdTDP 

1 4 5 t  R= OH 1 4 6 a  R= OH 
1 4 5 b  R= H 1 4 6 b  R= H 
1 4 ~ c  R = N 3 1 4 6 c  R= N 3 

Scheme 48. Substrate specificity of dTDP-glucose-4,6-deydratase 

5.2.2 
Enzymatic Glycosidation 

Several laboratories have reported chemical syntheses of sugar nucleotides that 
contain deoxygenated and otherwise modified sugars. Due to the current un- 
availability of glycosyltransferases from microbial sources that transfer deoxy- 
genated sugars (see Sect. 2.2), these modified donor substrates have mainly been 
transferred by galactosyl transferase (GalT). As part of a project to develop spe- 
cific glycosyltransferase inhibitors, the substrate specificity of fucosyl-(FucT) 
and N-acetylglucosaminyl-I-transferases (GnT-I) towards deoxygenated glycosyl 
acceptors has also been tested. In many cases it was shown that these enzymes 
indeed accept the glycosyl donors [235 c, 246 c, 255] and acceptors. However, the 
investigations further disclosed that glycosyltransferases may act with a high 
degree of substrate specificity and may show a low transfer rate for many deoxy- 
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genated sugar analogues and otherwise modified derivatives. Two variations of 
the glycosyltransferase-mediated construction of deoxygenated oligosaccha- 
rides have been pursued: Either suitable glycosyl donors, which were obtained 
by chemical or enzymatic synthesis, were employed in equimolar amounts with 
the corresponding NDP-derivatives or they were used as intermediates from 
enzymatic in situ generation. 

Fucosyl transferases (FucT) play an important role in the biosynthesis of 
those oligosaccharides which determine blood group and which are active 
parts of cell surface and tumor antigens. Guanosine 5'-diphospho-fl-L-fucose 
(GDP-Fuc) 147, the donor substrate for fucosyl transferases, has been prepared 
chemically [235 c, 256] as well as enzymatically [257]. Interestingly, non-natural 
GDP-fucose derivatives such as GDP-3-deoxy-fucose 148 and GDP-L-arabinose 
149 can be transferred onto suitable substrates of the Lewis a family, affording 
the corresponding trisaccharides 150 (Table 2) [235c]. 

Along these lines, Hindsgaul and coworkers also investigated the acceptor 
substrate specificity of a cloned a-(1 ~ 2 )  fucosyltransferase using structural 
analogues of octyl fl-D-galactopyranoside 151 [258]. This transferase is one of 
two that is responsible for assembling the 0 blood group antigen using GDP- 
fucose 147 (see Table 2) as glycosyl donor. The analogues employed differed 
from the natural acceptor substrate by having replaced the hydroxy groups at 
C-3, C-4 and C-6 individually with deoxy 152-154, fluoro-, acetamido- or amino- 
functionalities. The substrate specificities for the deoxygenated analogues 152- 
154 was in line with those found for the other modified substrates prepared. The 
results are briefly summarized in Table 3. Deoxygenation at C-6 gave analogue 

Table 2. Donorsubstrate  specificity of Lewis a-(1-~4)fucosyltransferase (Le-FucT) 

OHR2 OH " R R 1 Relative rate 
I%/ 

. DP I / ~  . 7  Me oH(o=ive) ,00 
, ,  , e  . 

147-149 ? H ~  14~ H OH 5.9 
OR 0 ~ ~ - 

H O ~  N ~ c  

OH 150 

"rable 3. Acceptorsubstrate specificity of a-(1-~2)fucosyltransferase 

R 2 R 3 R 2 R 3 

R OH 0(CI'~)7CH3 R CKCH2)7(;I"I 3 

I 

t 51-154 Me ~ O H  

/ 

I ~ H  
OH 

Relative acceptor 
activity (%) 

16t RI=R2=R 3"= OH (native) 100 
1~2 RI=R 2= OH; R3"=H 64 
153 RI=R 3"=- OH; R 2= H < 0.5 (Ki= 36.8 mM) 
154 RI=H; R2=-R 3=- OH < 0.5 (Ki= 12.8 mM) 
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Table 4. Substrate specificity of deoxygenated acceptors for a-(1 ---> 3/4)fucosyltransferase 

OH 

Me %OP 
147 

fucosylation 

~ _OH R1 

Ho~o,.~_ Ho ~ HA \ - o  L C_o ,OH/OH 
L\  _o _o---~.'X--~~ R ~  N ~  

H O ~  NNc R 3 

OH 155 156a~ 

K~ (pM) V~nax 
(pmol/min pl) 

1~$ R1-R 5= OH 640 1.8 
156a RI=H; R2-R 3= OH 400 1.6 
156b R2=H; R ~ , R3-R 5= OH 9.0 (Ki) 
156c R3=H; RI=R2=R4-=R 5= OH 730 3.2 
1~6d R4=-H; RI-R 3, R 5= OH 850 1.6 
156e R5=H; R~-R 4= OH 

152, which showed pronounced substrate activity. The 3-deoxy pyranoside 154 
is an inhibitor whereas the 4-deoxy analogue 153 is both a weak inhibitor and a 
substrate. 

Another FucT studied in this context is Lewis a(1--9 3/4)fucosyltransferase, 
readily available from human milk. It transfers fucose from GDP-fucose 147 to 
both fl-D-Gal (1-+3)-fi-D-Glc NAc 155 and the corresponding fl(1-94)-linked 
analogue of 155 (Table 4). In an extension of their work, the Hindsgaul group 
prepared five different acceptor analogues of 155, each of which had lost a dif- 
ferent hydroxy group to hydrogen [259]. Disaccharides 156 a - e  were kinetically 
evaluated as substrates as well as inhibitors of FucT. As listed in Table 4, deoxy- 
genation at C-6 results in a better ligand 156a for the enzyme, while removal of 
the 4-hydroxy group affords a disaccharide 156b that is not a substrate but a 
very weak competitive inhibitor. Furthermore, deoxygenation at either C-2" or 
C-4' (156c, d) results in substrates whose activities were similar to the native 
substrate 155. Only the C-6' deoxygenated analogue 156e was totally inactive, 
both as acceptor and inhibitor, indicating that the 6'-OH group in 155 is essen- 
tial for binding. 

Galactosyltransferases have intensively been studied in terms of donor/ 
acceptor substrate specificity [260]. Hashimoto and coworkers prepared two 
6-modified UDP-D-galactoses 158 and 159 and investigated the bovine fl(1--~4) 
galactosyltransferase-mediated transfer to N-acetyl-D-glucosamine or its methyl 
glycoside (Table 5) [255]. Comparison with the native glycosyl donor UDP-D- 
galactose 157 revealed a highly reduced transfer rate. Nevertheless, the 6-modi- 
fied N-acetyllactosamines 160b (R 1 = H) and 160c (R 1 = F) and other oligo- 
saccharides were synthesized enzymatically in 30 %-59 % yields. 

By following Whitesides' original concept [261], Thiem and Wiemann were 
the first to transfer an in situ-generated deoxy analogue of the natural donor 
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1"able 5. Donorsubstrate specificity of fl-(1-e4)galactosyltransferase 

R R 1 OH R 1 

HO 6UDP 

157-159 

OH 

HO 0 OH 

~ ~ 0 ~  
NI-~c 

160a~  

Relative rate 
(%) 

157 Me OH (native) 100 
158 H H 1:3 
159 Me F 0.2 

substrate which onto an acceptor by commercial fl(1-~4)-D-galactosyltransferase 
(GalT). They prepared 2'-deoxy-N-acetyllactosamine 161 by coupling UDP-2- 
deoxy-D-galactose 129 and N-acetylglucosamine 162 in the presence of GalT 
(Scheme 49) [262]. This example is particularly noteworthy, as here the glycosyl- 
transferase converts a 2-deoxygenated substrate analogue into a fl-glycoside with 
high efficiency and without the participation of a neighboring group (vide supra). 
In their strategy the labile 2-deoxy-l-phosphate 135 as well as the UDP-derivati- 
ves 129 and 140 are formed as intermediates of a cascade of enzyme reactions. 
Thus, 129 was prepared by epimerization of UDP-2-deoxy-D-glucose 140 in 
the presence of UDP-galactose-4-epimerase. Compound 140 was obtained from 

Pi 
i inorganic pyrophosphatase 

135 [EC 3.6.1.1] 
(see scheme 46) PPi 

~ 

UTP 
~ " c o ~  o u ~  ~ ~ ~pyruvate 140 ) kinase UDP-galactose- 

[EC 2.4.1.40] 4-epimerase [EC 5.1.3.2] OPO3H 
/-~'CO~H OH _OH UDP 

PEP ~ h ~ ~  

12~ OUl:~' ~(~ 

HO OH,~__=~ I" ~ ' ~  ~O _OH O AcHN OH [EC 2.4.1.22] HOHo~~N~c OH ~ O ~ H o  , 

I] \ O H  162 
161 

Scheme 49. Enzymatic Synthesis of 2'-Deoxy-N-acetyllactosamine 161 
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2-deoxy-D-glucose via glycosyl phosphate 135 according to Wither's work (see 
Scheme 46). To minimize inhibition effects and costs, uridine 5'-triphosphate 
(UTP) was constantly regenerated by use of phosphoenol pyruvate (PEP) and 
pyruvate kinase, thus closing the catalytic cycle. 

It was further demonstrated that the kinetic parameters of UDP-2-deoxy- 
galactose 162 are almost identical to those of the natural substrate UDP-galac- 
tose. These results were fully confirmed by others [249a] when UDP-2-deoxy-D- 
galactose 129 was employed in an equimolar ratio (see also Scheme 43). 

In a variant of the synthesis of 2'-deoxy-N-acetyllactosamine 161, Wong and 
coworkers introduced galactokinase (GK) and galactose 1-phosphate uridyl- 
transferase (Gal-I-P UT) as tools for the preparation UDP-2-deoxygalactose 129 
(Scheme 50) [263]. The multienzyme synthesis starts from 2-deoxy-D-galactose 
163. By this alteration, a more direct enzymatic route to glycosylphosphate 
164 is achieved, thereby avoiding an epimerization step. In addition, here 
UDP-glucose 165 can serve as a UMP transfer reagent which is regenerated from 
glucose 1-phosphate 166. 

OH _OH 

~ 63 o~ 

~ galactosekinase 
[EC 2.7.1.6] 

OH _OH 

1 6 4  OPO32E) 

OH _OH 
see 

scheme 49 

2E) ~ ~  129 OUDP 

e 

k/.OH [ E C 2 u r  ~~ .sT~lr~ e H O H o ~ H o  

165 O~u~ 2~ ~ 166 

UDP p ~ ~ l a s e  UTP ~ 
[EC 2.7.7,9] 

S(heme 50. ~od~ed enzymatic Eo~te to UDP-2-deso~-D-~a]actose 129 
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6 
Outlook 

The past few years have seen a tremendous surge of interest in enzyme-catalyzed 
synthesis. Nonetheless, assembly of deoxygenated carbohydrates by enzymes 
is still hampered by the limited availability of both the corresponding glyco- 
syltransferases and the activated nucleoside diphosphate sugars. Preliminary 
experiments showed that carbohydrate moieties are usually built up one by one, 
and reaction is carried out by a glycosyltransferase that forms a specific linkage. 
However, these studies were conducted exclusively with glycosyltransferases, 
such as galactosyl- and fucosyltransferases, which transfer conventional sugars. 
In a few examples, deoxygenated monosaccharides have been used as non-natural 
acceptor or donor substrates (see Sect. 5.2.2). To some extent glycosidases may 
hold promise to overcome these obstacles [264]; however, success in utilizing the 
enzymes of the Leloir pathway will ultimately come from glycosyltransferases 
from microbial sources which are responsible for transfer of deoxygenated and 
otherwise modified sugars. Molecular biology, in connection with biosynthetic 
studies, is and will continue to be the central tool to obtain sufficient amounts of 
these biocatalysts, by discovering and cloning the corresponding genes and 
heterologously overexpressed them, e.g., in E. coli. Enzyme-mediated oligo- 
saccharide synthesis, and thereby biosynthetic studies on deoxysugars, will 
clearly benefit from the possibility of applying nonactivated putative inter- 
mediates. The successful incorporation of L-rhodinose into landomycin A (12) 
has paved the way for such approaches, since it now appears to be very likely that 
a general short activation pathway exists (see Sect. 2.3.3). In the future, these 
incorporation experiments may also be performed with nonlabeled, i.e., non- 
deuterated, sugars, since sophisticated NMR methods allow differentiation in a 
natural product between the original H/D ratio of the source (the added sugar) 
and that of the biosynthetically modified sugar building block. Since natural 
organisms always clearly prefer H over D (kinetic isotope effect), the H/D ratio 
is always increased if an original proton was replaced by another one during the 
biosynthetic cascade. These effects of such site-specific natural isotope fractio- 
nation (SNIF)-NMR experiments can be measured if the compounds are availa- 
bel in sufficient amounts [265]. The most famous example in this context was the 
differentiation between glucose in wine which arose from natural biosynthesis 
(photosynthesis) in the plant and sugar which was added later to "improve" the 
wine's quality [266]. 

Enzymes involved in the short activation pathway, probably a kinase plus a 
pyrophosphorylase, should exhibit broad substrate flexibility. Such enzymes 
will be powerful tools for constructing activated deoxysugars which are needed 
when utilizing glycosyltransferases in enzymatic synthesis. 

Combinatorial biosynthetic approaches may soon also be extended to glyco- 
syltransferases. For example, transformation of glycosyltransferase encoding 
genes along with the genes controlling the biosynthesis of the required activated 
sugar building blocks may not be sufficient to obtain glycosylation of non- 
natural aglyca. Thus, genes responsible for proteins that support or even control 
glycosyl transfer of an activated sugar to an alcohol may be very useful by 
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helping to increase substrate flexibility (see Sect. 2.2.3). Regarding precursor-  
directed biosynthetic approaches [265], the genetically engineered micro- 
organisms with heterologously expressing genes of the short activation pathway 
and those genes supporting glycosyl transfer (glycosyltransferases, etc.) may be 
advantageous. Such an engineered organism need only to be fed with an arsenal 
of deoxysugars in order to produce a wide spectrum of glycosylated seminatural 
products. 

It is not only enzyme-mediated oligosaccharide synthesis that will soon help 
to bring glycobiology onto the center stage of biochemistry. In the future, che- 
mical oligosaccharide synthesis will undergo a dramatic change when metho- 
dologies for assembling these biomolecules on ploymer supports are developed 
[267]. Preliminary studies [268] indicate that methods to reach this goal, alt- 
hough still extremely uneven and problematic compared to solid phase petide 
or oligonucleotide synthesis, have been found. Oligosaccharide assembly on 
polymer  supports strategy has two very important  potential advantages over 
classical solution chemistry: (1) reduction of the enormous costs of purification 
after each glycosidation step and (2) the establishment of combinatorial carbo- 
hydrate chemistry, which will be able to provide libraries of oligosaccharides for 
the pharmaceutical  industry [269]. As larger numbers of oligosaccharides be- 
come available, their biological functions and therapeutic potential can be 
better studied and understood. 
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Polyketide synthases, fatty acid synthases, and non-ribosomal peptide synthetases are a 
structurally and mechanistically related class of enzymes that catalyze the synthesis of bio- 
polymers in the absence of a nucleic acid or other template. These enzymes utilize the com- 
mon mechanistic feature of activating monomers for condensation via covalently-bound 
thioesters of phosphopantetheine prosthetic groups. The information for the sequence 
and length of the resulting polymer appears to be encoded entirely within the responsible 
proteins. 

Polyketide and fatty acid biosyntheses begin with condensation of the coenzyme A 
thioester of a short-chain carboxylic acid "starter unit" such as acetate or propionate 
with the coenzyme A thioester of a dicarboxylic acid "extender unit" such as malonate 
or methyl malonate. The driving force for the condensation is provided by the decar- 
boxylation of the extender unit. In the case of fatty acid synthesis, the resulting fl-carbonyl 
is completely reduced to a methylene; however, during the synthesis of complex poly- 
ketides, the fl-carbonyl may be left untouched or variably reduced to alcohol, olefinic, or 
methylene functionalities depending on the position that the extender unit will occupy 
in the final product. This cycle is repeated, and the number of elongation cycles is a charac- 
teristic of the enzyme catalyst. In polyketide biosynthesis, the full-length polyketide chain 
cyclizes in a specific manner, and is tailored by the action of additional enzymes in the 
pathway. 

Several architectural paradigms are known for polyketide and fatty acid synthases. While 
the bacterial enzymes are composed of several monofunctional polypeptides which are used 
during each cycle of chain elongation, fatty acid and polyketide synthases in higher organisms 
are multifunctional proteins with an individual set of active sites dedicated to each cycle of 
condensation and ketoreduction. Peptide synthetases also exhibit a one-to-one correspon- 
dence between the enzyme sequence and the structure of the product. Together, these systems 
represent a unique mechanism for the synthesis of biopolymers in which the template and the 
catalyst are the same molecule. 
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1 
Introduction 

Polyketides are a large family of structurally complex and pharmaceutically 
important molecules synthesized by the polymerization of short chain 
carboxylic acids such as acetate, propionate, and butyrate [ 1]. The term poly- 
ketide was coined over 100 years ago to refer to natural products containing 
multiple carbonyl and/or hydroxyl groups each separated by a methylene car- 
bon [2]. Polyketides are typically nonessential molecules that are synthesized 
as secondary metabolites following the onset of stationary phase in the life 
cycle of an organism. Many polyketides are important therapeutic agents, 
including numerous antibiotics (e.g., erythromycin, tetracycline), anticancer 
agents (doxorubicin, enediynes), immunosuppressants (FKS06, rapamycin), 
antiparasitic agents (avermectin, nemadectin), antifungals (amphotericin, 
griseofulvin), cardiovascular agents (lovastatin, compactin), and veterinary 
products (monensin, tylosin). In addition to bioactivity, naturally occurring 
polyketides can also serve alternative functions, such as being spore or flower 
pigments [3, 4]. 

Within the past few years, several excellent reviews have appeared in the 
literature on the genetics [5 - 7] and chemistry [ 1, 8 - 11] of polyketide biosyn- 
thesis. The goal of this review is to summarize our current knowledge of the 
biochemistry of polyketide synthases (PKSs). Particular emphasis is placed on 
model systems in which the combined application of biological and chemical 
techniques yields new structural and mechanistic insights into PKS function. 

PKSs are enzymes that direct the biosynthesis of the carbon chain skeletons 
of polyketides using CoA thioesters as building blocks. Since the proposed 
mechanisms of PKS-catalyzed reactions are based largely on comparisons 
with the related fatty acid synthases (FASs), the structures and mechanisms 
of FASs are also reviewed here. Both polyketide and fatty acid biosynthesis 
initiate with the priming of the fl-ketoacyl synthase (KS) with an acyl 
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moiety "starter unit"derived from a corresponding CoA thioester (Fig. 1). 
Each cycle of chain elongation begins with the loading of a carboxylated 
"extender unit"(again, derived from a corresponding CoA thioester) onto 
the phosphopantetheine thiol of an acyl carrier protein (ACP). A decarboxyla- 
tive condensation reaction between the two enzyme-bound acyl groups 
follows, resulting in the generation of an intermediate possessing a reactive 
fl-carbonyl group. In the case of fatty acid biosynthesis, the fl-carbonyl of a 
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Fig. 1. The overall catalytic cycle of polyketide synthases. Within this biosynthetic scheme, 
different polyketide synthases can show variability with regard to the length of the poly- 
ketide chain, the choice of monomer incorporated at each step, the degree of reduction of each 
fl-keto group, and the stereochemistry at each chiral center. For example, the d a s h e d  a r r o w s  

illustrate how the degree of fl-ketoreduction can vary at any given carbonyl 
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growing chain is completely reduced into a methylene; in contrast, the fl-car- 
bonyl of a growing polyketide chain may either be left unreduced or it may 
be stereospecifically converted into a hydroxyl, olefin, or methylene func- 
tionality. Following condensation and reduction (if it occurs), the growing 
chain is transferred from the ACP to the reactive cysteine of the same or 
different KS in preparation for another cycle of chain elongation. Thus, the 
final chain length, the level of ketoreduction, the stereochemistry, and the 
initial cyclization pattern of the full-length polyketide chain are determined 
by the PKS. Following formation of the initial cyclized polyketide, additional 
enzymes can transform the carbon skeleton with modifications such as re- 
ductions, oxidations, glycosylations, and methylations. These downstream 
enzymes have been reviewed elsewhere [7] and will not be considered further 
here. 

-- Although precise physicochemical data concerning the structure and 
stoichiometry of PKSs are rather limited, cloning and DNA sequence analysis 
of numerous FASs and PKSs have revealed four major architectural paradigms 
(Fig. 2). Bacterial and plant FASs [12] and the PKSs responsible for the 
biosynthesis of bacterial aromatic polyketides, such as actinorhodin [13], 
granaticin [14], and tetracenomycin [15], are comprised of a relatively small 
set of (typically less than ten) active sites. Each active site is individually 
encoded as a distinct polypeptide. In contrast, fungal [16, 17] and animal 
FASs [18-21] as well as fungal PKSs, such as the 6-methylsalicylic acid syntha- 
se [22], are encoded as one or two polypeptides in which individual active 
sites occur as domains. In both types of multienzyme systems there are 
considerably fewer genetically distinguishable active sites than the total 
number of enzymatic reactions in the overall catalytic cycle; therefore, it 
has been proposed that some active sites are used iteratively in the biosyn- 
thesis of one molecule of the product. This biosynthetic strategy can be 
contrasted with that of the complex or "modular" PKSs, which are involved 
in the biosynthesis of macrolides such as erythromycin [23, 24], avermectin 
[25], and rapamycin [26]. Modular PKSs consist of one genetically distinguis- 
hable active site for each enzyme-catalyzed step in carbon chain assembly and 
modification. Active sites are clustered into modules, with each module 
containing a full complement of sites required for one condensation and 
associated reduction cycle. Finally, plant PKSs, such as the chalcone and 
stilbene synthases [27], are comprised of one protein which lacks any ob- 
vious sequence similarity to any of the above types of FASs or PKSs. Thus, not- 
withstanding similarities in the overall pathways, they appear to be an 
evolutionally unrelated branch of enzymes. 

Both FASs and PKSs are structurally and mechanistically related to another 
class of multifunctional enzymes called nonribosomal peptide synthetases. 
These enzymes activate amino acids as aminoacyl thioesters, which sub- 
sequently undergo condensation via formation of amide bonds, leading to bio- 
synthesis of peptide natural products. Enzyme-bound phosphopantetheinyl 
groups also play a central role in the peptide assembly process. For comparison, 
the genetics and biochemistry of peptide synthetases are also briefly reviewed 
here. 
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Fig. 2a-d. The major architectural paridigms of fatty acid and polyketide synthases. Rela- 
tionships between genes encoding: a bacterial aromatic polyketide synthases, b eukaryotic 
fatty acid synthases and fungal polyketide synthases, c modular polyketide synthases, and 
d plant polyketide synthases 
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2 
Fatty Acid Synthases 

Fatty acids are an essential component of all living cells [28] and are used in 
several major cellular functions. Their structural roles include use in biological 
membranes, facilitating the compartmentalization that is a major feature of 
cellular organisms. Here, hydrophilic alcohols including choline, ethanolamine, 
and serine are esterified with fatty acids to create amphipathic molecules which 
are the primary components of biological membranes. Proteins may be acylated 
with fatty acids as a means of targeting these proteins to membrane-bound loca- 
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tions. In a quite different role, fatty acid esters of glycerol, triacylglycerols, are 
used as long-term storage molecules. From here, fatty acids may be oxidized to 
release energy, ultimately available in the form of ATP. Finally, some fatty acid 
derivatives, such as the prostaglandins, are used as paracrine hormones. In this 
case, there is an obvious parallel between fatty acid-derived hormones and bio- 
logically active polyketides. 

The pathways for the synthesis and degradation of fatty acids are distinct, a 
typical biological strategy which allows the two pathways to be regulated in- 
dependently. Similar to other metabolic pathways, NADPH is the primary redox 
cofactor during fatty acid biosynthesis, while NAD + is used during their degra- 
dation. In addition, during synthesis the growing lipid chain is processed as a 
thioester of a small phosphopantetheinylated protein, the ACP, while the degra- 
dative pathway uses thioesters of coenzyme A, a phosphopantetheinylated 
nucleotide cofactor. The enzyme activities necessary for fatty acid biosynthesis 
are known collectively as fatty acid synthases (FASs) [ 12, 29- 31]. The basic reac- 
tions and associated catalytic activities in the first round of fatty acid synthesis 
in most organisms are shown in Table 1. Subsequent rounds of condensation 
and reduction involve transfer of the butyryl-ACP intermediate back to the 
active site thiol in the KS. 

The metabolic significance of fatty acids implies that the enzyme activities 
involved in their synthesis are ancient and must have evolved under the selective 
pressure of the numerous advantages possessed by organisms with efficient fat- 
ty acid biosynthetic pathways. It is therefore no surprise that bacteria, fungi, and 
animals have evolved increasingly elegant solutions to the problem of co- 
ordinating these enzyme activities (Fig. 2). As summarized above, the genes 
encoding FASs from numerous bacteria, plants, fungi, and animals have been 
cloned and sequenced. Only the salient structural and mechanistic features of 
these enzymes will be reviewed here for comparison with PKSs. For further 
information and references, the reader is directed to recent reviews on the 
subject [12, 30-32]. 

~'al~le 1. Basic reactions of fatty acid biosynthesis 

Reaction Enzyme Activity 

Acetyl CoA + HCO; + ATP --) Malonyl CoA + ADP + Pi + H§ 
Acetyl CoA + KS ~--'Acetyl-KS + CoA-SH 

Malonyl CoA + ACP ~--' Malonyl-ACP + CoA-SH 

Acetyl-KS + Malonyl-ACP -o Acetoacetyl-ACP + KS + CO~ 

Acetoacetyl-ACP + NADPH ~---D-fl-Hydroxybutyryl-ACP + NADP + 

D-fl-Hydroxybutyryl-ACP ~ Crotonyl-ACP + HaO 

Crotonyl-ACP + NADPH + H + ---> Butyryl-ACP + NADP + 

Acetyl CoA carboxylase 
Acetyl CoA: 
KS Transacylase 
Malonyl CoA: 
ACP Transacylase 
~Ketoacyl- 
ACP Synthase (KS) 
fl-Ketoacyl-ACP 
Reductase 
fl-Hydroxyacyl- 
ACP Dehhydratase 
Enoyl-ACP Reductase 



The Chemistry and Biology of Fatty Acid, Polyketide, and Nonribosomal Peptide Biosynthesis 91 

Higher order structural information is emerging for a variety of FASs, and it 
is likely that future holds models of each of these enzymes at atomic or near- 
atomic resolution. Electron microscopy has been useful in defining the overall 
shapes of the yeast [33] and chicken [34] enzymes. The fact that these enzyme 
complexes may be directly visualized is a striking demonstration of the massive 
size of these complexes. While the overall structural organization of the various 
components of the bacterial FAS has not yet been elucidated, atomic resolution 
structures of several bacterial FAS components have been determined [35-37] 
and others have been crystallized [38]. 

2.1 
Acetyl CoA Carboxylase 

Acetyl CoA carboxylase catalyzes the carboxylation of acetyl CoA to yield 
malonyl CoA, thus activating the acetate group for decarboxylative condensa- 
tion onto a growing acyl chain. The activity of the bacterial enzyme is contained 
on four different polypeptide components, and the reaction may be divided into 
two half reactions, each of which requires two of these components [29]. CO2 is 
coupled to biotin in the first half-reaction, then transferred from carboxybiotin 
to acetyl CoA in the second half-reaction. The system has been reconstituted in 
vitro using high concentrations of the purified components [39, 40]. In contrast 
to bacterial acetyl CoA carboxylase, yeast cells encode a dedicated acetyl CoA 
carboxylase (the fas3 gene product) [29, 41] as a single polypeptide that forms 
an active tetramer which contains biotin, biotin carboxylase activity, and car- 
boxyl transferase activity. Likewise, the animal acetyl CoA carboxylase is also a 
homomultimer formed from 250 kDa subunits [29, 42]. Each subunit contains 
domains with functions analogous to the four necessary E. coli proteins. 

2.2 
Bacterial Fatty Acid Synthases 

The FAS from E. coli consists of numerous small proteins which must function 
together to carry out the reductive condensation of acetate units. Although the 
nature of the interactions between the full complement of protein components 
is not known, it is clear that various pairs of these enzymes must come into 
physical contact with each other during fatty acid synthesis. 

The ACP is the central chaperone of fatty acid synthesis and accompanies the 
growing chain through each cycle of condensation [43]. The E. coli ACP has 
been cloned and overexpressed [44, 45] and its solution structure has been 
determined by NMR techniques [35]. The structure shows the relatively small 
(Mr --- 8.8 kDa), acidic protein adopting an elliptical shape whose structure is 
dominated by several a-helices which run along the long axis of the ellipsoid. 
The ACP is modified at Ser-36 by a phosphodiester linkage to 4'-phosphopante- 
theine, the same moiety used to exchange thioesters of coenzyme A. Phos- 
phopantetheinylation of the ACP is necessary for its function and makes thio- 
ester transfer to and from the ACP chemically similar to transfer to and from 
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coenzyme A. This modification is accomplished by a holo-ACP synthase that 
obtains phosphopantetheine from coenzyme A [46]. 

Synthesis is initiated when an acetyl group is loaded on the fl-ketoacyl-ACP 
synthase (KS Ill, the fabH gene product). Although it was initially postulated 
that this loading reaction required a specific transacylase to catalyze the acyla- 
tion of KS Ill by acetyl CoA, it is now believed that KS III can perform this task 
in the absence of an additional gene product [47, 48]. Based on sequence com- 
parisons, KS III appears unrelated to other condensing enzymes from FASs and 
PKSs, suggesting that the enzyme might have evolved specifically for catalyzing 
the priming reaction. 

The synthesis of a fatty acid carbon chain is propagated using malonyl CoA, 
initially loaded on the phosphopantetheine moiety of the ACP, as an extender 
unit. Loading is accomplished through the action of the product of the E. coli 
fabD gene, a malonyl CoAoACP transacylase. The crystal structure of this 
enzyme was recently determined [36], and although the enzyme displays a 
unique a/fl secondary structure, the active site is reminiscent of other serine 
hydrolases. These enzymes share the common mechanistic feature of increasing 
the nucleophilicity of the active site serine oxygen through a "charge relay/ 
transfer" system in which a nearby histidine accepts a hydrogen bond/proton 
from the serine hydroxyl and donates a hydrogen bond/proton to a carbonyl 
oxygen (see [49, 50]). The transacylase mechanism involves the formation of a 
malonyl-enzyme intermediate that must resist hydrolysis by solvent water mole- 
cules. The malonyl-enzyme intermediate then docks to an ACP, which accepts 
the malonyl group onto its active site phosphopantetheine thiol, presumably by 
a similar nucleophilic displacement mechanism. Since atomic resolution struc- 
tures are known for both the ACP and malonyl CoA-ACP transacylase, it may 
now be possible to use molecular modeling techniques to study the interaction 
between these FAS components. 

E. coli encodes at least three (and possibly four) condensing enzymes, 
fl-ketoacyl-ACP synthases (KSs), which catalyze decarboxylative conden- 
sations between malonyl-ACP and a growing fatty acyl chain [12, 51]. The 
major difference between these isoforms appears to be their chain-length 
specificity and differential susceptibility to covalent inhibition by the antibio- 
tic cerulenin. As discussed above, KS III (fabH gene product) catalyzes the first 
condensation of malonate and acetate units to yield a C4 fatty acyl-ACP. KS I 
(thefabB gene product) accepts C2-C14 fatty acyl-ACP substrates, whereas KS 
II (the fabF gene product) utilizes substrates that are C~4 or longer. Recently, 
the existence of a fourth condensing enzyme, KS IV (the fabl product), has 
been proposed with a specificity between that of KS III and KS I [52]; however, 
another group has argued that KS IV and KS II are in fact the same proteins 
[53]. Some of these KSs also differentially accept various unsaturated fatty 
acyl-ACP substrates. 

The condensation reactions occur in two steps; first the growing fatty acyl 
chain is transferred from the phosphopantetheine group of an ACP onto a 
cysteine of the KS. Subsequently, the KS binds and decarboxylates a malonylo 
ACP, thereby generating a resonanceodelocalized carbanion. The formation and 
stability of this nucleophilic species could be promoted by electrostatic or 
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hydrogen bond interactions between the acyl carbonyl oxygen and basic groups 
on the enzyme [51, 54] (Fig. 3). This carbanion then attacks the carbonyl carbon 
of the fatty acyl-KS thioester, thus displacing the KS's cysteine sulfhydryl and 
forming a fl-ketoacyl-ACP thioester. The fl-keto group is then reduced (see 
below), following which a new round of elongation begins with the transfer of 
the growing chain back to the KS active site cysteine. KS I has been crystallized 
with the goal of obtaining its three-dimensional structure via X-ray crystallo- 
graphy [38]. 

The sequential action of three enzymes is required to reduce the fl-keto 
group of a growing fatty acid. These include the NADPH-dependent fl-keto- 
acyl-ACP reductase encoded by fabG, two fl-hydroxyacyl-ACP dehydratases 
(encoded by fabA and fabZ), and an NADH-dependent enoyl-ACP reduc- 
tase which is the product of thefabI gene [55]. These enzymes were recently 
purified and combined in vitro with KS III and ACP to reconstitute the first 
cycle of fatty acid synthesis [55]. The action of these five purified proteins 
was sufficient to result in the formation of butyryl-ACP from acetyl and 
malonyl CoA, demonstrating an understanding and ability to control the basic 
steps of fatty acid biosynthesis. Semiquantitative experiments using this 
reconstituted system demonstrated that the enoyl reductase is crucial in 
driving the cycle of reduction [55], since the dehydratase catalyzes an un- 
favorable equilibration between fl-hydroxyacyl-ACP and enoyl acyl-ACP and 
water (see Table 1). 

The crystal structure of the Mycobacteriurn tuberculosis enoyl acyl-ACP 
reductase bound to NADH was solved recently [37]. This enzyme is the 
target of the anti-tuberculosis drug isoniazid, and mutants of this enzyme 
are both deficient in their ability to reduce crotonyl-ACP and resistant to the 
activated form of this pro-drug. The core of this a/fl protein is similar to 
the dinucleotide-binding ("Rossman") fold frequently observed in other 
dehydrogenases [56]. Adjacent to the nicotinamide binding site is a deep 
cavity lined with hydrophobic amino acid residues that is proposed to be 
the lipid binding site. Again, since structures of both the ACP and the enoyl 
reductase are known, it may now be possible to use molecular modeling 
techniques to identify specific sites of interaction between these FAS com- 
ponents. 

0 0 0 O" 

I_LC~j~ ~, ~ ~ ~ p - -  ~ a n t - - S ~ C H 2  p a n t ~ S ~  O- pant~S CH2" 

pant = 4' phosphopantetheine 

Fig. 3. Decarboxylation of malonyl CoA to create the resonance-stabilized carbanion that is 
the nucleophilic species of the condensation reaction. A hypothetical interaction with a 
neutral (as shown) or positively charged basic group on the enzyme is indicated [51, 54]. 
Although the interaction is shown as a hydrogen bond, an equally feasible mechanism involves 
complete transfer of the proton 
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2.3 
Fungal Fatty Acid Synthases 

The activities involved in yeast fatty acid biosynthesis are covalently linked as 
separate domains of two multifunctional polypeptides, ot and 13, encoded by the 
fas2 andfasl genes, respectively (Fig. 2) [57, 58]. The functionalities associated 
with the 220 kDa ot subunit include 13-ketoacyl synthase activity, 13-ketoacyl 
reductase activity, and an ACP domain which bears a phosphopantetheinylated 
serine. The 208 kDa 13-subunit has acetyl and malonyl CoA transacylase, palmi- 
toyl transferase, 13-hydroxyacyl-enzyme dehydratase, and enoyl acyl-enzyme 
reductase activities. The two subunits can be readily dissociated, and the indivi- 
dual activities may be measured [57]. 

Following the discovery that the majority of the necessary enzyme activities 
are contained on two polypeptides, physical methods were used to determine 
the stoichiometry of the complex. Early suggestions that the active complex 
consists of six noncovalently linked copies of each of the two necessary proteins 
[59] were confirmed using ultracentrifugation [60] and electron microscopic 
[33, 60] approaches. These studies revealed an apparent molecular weight for the 
active, oq 136 complex of 2.4 million daltons, and molecular dimensions on the 
order of 200/~. Moreover, electron microscopy was able to actually visualize the 
cylindrical shape of the complex and suggest a model for the overall organiza- 
tion [33]. This model suggests that the basic unit of structural organization in 
the yeast FAS is an ot13 heterodimer which forms a heterotetramer through inter- 
actions of the a subunits (13c~at13). Three of these heterotetramers associate in a 
ring-like arrangement to form a complex that has both two- and three-fold sym- 
metry. 

The proximity of the 13-ketoacyl synthase and phosphopantetheine thiols was 
confirmed in studies using the bifunctional reagent 1,3-dibromo-2-propanone, 
where the two thiols could be effectively cross-linked by the - 5 k-long reagent 
[61, 62]. This reagent cross-linked the two reactive thiols in such a way that two 
ot subunits were concomitantly cross-linked. This important finding is the basis 
for the conclusion that the fl-ketoacyl synthase/ACP active site is formed from 
residues derived from two different ot subunits. 

Once the hexameric structure of the yeast FAS was established, the number of 
functional active sites still remained to be determined. Earlier studies had 
shown that the functional complex contains approximately six equivalents each 
of two prosthetic groups; 4"-phosphopantetheine [60, 63], necessary for the ACP 
functionality, and flavin mononucleotide [64], an essential component of the 
enoyl reductase activity. These studies provided an early indication that each of 
the six active sites in the complex has a full set of the chemical groups necessary 
for fatty acid synthesis. Nevertheless, conflicting reports appeared in the litera- 
ture as to the competence of six active sites. Whereas some reports suggested the 
possibility of "half-sites reactivity" (only three of the six sites are catalytically 
competent) [65, 66], others proposed that all six active sites could synthesize 
fatty acids [62]. Subsequent active site titration experiments were performed 
which quantitated the amount of fatty acyl products formed in the absence of 
turnover [67]. Single-turnover conditions were achieved through the use of 
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p-nitrophenyl thioacetate and thiophenyl malonate substrates, thereby depriving 
the FAS of CoA which is required for product release [68]. These experiments 
showed that each equivalent of the FAS synthesized six equivalents of fatty acyl 
product, indicating that the a6/36 FAS complex contains six (independent) che- 
mically competent sites of fatty acid synthesis. 

Three different transacylase activities are required for fatty acid synthesis in 
yeasts: (1) an acetyl CoA transacylase loads the priming acetyl group onto the 
enzyme; (2) a malonyl CoA transacylase loads malonyl extender units onto the 
enzyme; and (3) a palmitoyl transacylase unloads reduced acyl chains onto 
coenzyme A prior to their release from the enzyme.While the acetyl CoA trans- 
acylase activity is contained on a dedicated active site, malonyl and palmitoyl 
CoA are both transacylated via the same active site serine. Acetyl CoA is first 
loaded on to Ser-819 of the fl subunit of the synthase, while malonyl CoA and 
palmitoyl CoA arrive at and depart from Ser-5421 of the fl subunit [63, 69-72]. 
However, the S819Q(fl) mutation does not abolish the acetyl CoA transacylase 
activity, indicating that the malonyl/palmitoyl CoA transacylase activity is also 
capable of processing acetate units [69]. Kinetic evidence suggests the possibili- 
ty of negative cooperativity in acylation reactions which may account for early 
suggestions the yeast FAS is a"half-sites" enzyme [69]. Although each of the six 
FAS active sites is chemically competent to carry out fatty acid synthesis, the 
kinetics of loading the synthase with acetyl and malonyl units become less 
favorable as more sites are loaded. In this way, a partially loaded enzyme can 
reserve its remaining active sites for the processing of intermediates and pro- 
ducts. 

Following loading of acetyl and malonyl groups onto the fl subunit of the en- 
zyme, additional intramolecular transfers must occur to prepare the substrates for 
the decarboxylative condensation reaction which is catalyzed by the fl-ketoacyl 
synthase domain of the a subunit. The end result of these transfers is the thioo 
esterification of malonate by the phosphopantetheine thiol and of acetate by 
Cys-1305(a) of the floketo synthase active site. This cysteine has been shown to 
have a dramatically lowered pKa (< 5), which would encourage its reactivity [65]. 

Although transfer of the acetate group from its inital site, bound as a serine 
ester, to its reactive position on Cys-1305(a) can occur via an intermediate in 
which the acetate is attached to the phosphopantetheine thiol, evidence suggests 
that this reaction is not kinetically competent and that the biologically signifi- 
cant mechanism utilizes a direct transfer from Ser-819(fl) to Cys-1305(a) [73]. 
Transfer of the malonyl group from its initial position at Ser-5421(fl) to its reac- 
tive position as a phosphopantetheine thioester occurs directly [69]. 

Decarboxylative condensation of the malonyl-ACP onto the fl-ketosynthase- 
bound growing acyl chain is likely to be analogous to the corresponding reac- 
tion catalyzed by the E. coli fl-ketoacyl synthase. Once formed, the acetoacetyl 
derivative remains attached to the phosphopantetheine cofactor during sub- 
sequent steps of ketoreduction, dehydration, and enoyl reduction, before the 
growing fatty acid is transferred to the Cys-1305 thiol in preparation for another 
round of elongation. 

In the absence of acetyl CoA, FASs are capable of synthesizing fatty acids, sug- 
gesting that malonyl CoA can be decarboxylated and used as a starter unit (see 
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[74]). Elegant experiments, which capitalized on the ability of iodoacetamide to 
specifically alkylate the active site cysteine of the fl-ketoacyl synthase, were 
performed, which definitively proved the capability of the yeast FAS in decar- 
boxylating malonyl CoA [75]. Following alkylation, FAS activity is abolished; 
however, the enzyme still transacylates malonyl CoA to the phosphopantetheine 
thiol, where it is decarboxylated before being transferred back to CoA by the 
transacylase prior to its release as acetyl CoA. 

2.4 
Animal Fatty Acid Synthases 

The seven activities of animal FASs are encoded as separate domains of a single 
250 kDa polypeptide (Fig. 2) [30, 31]. These include a fl-ketoacyl synthase, 
malonyl/acetyl transferase, fl-ketoreductase, dehydratase, enoyl reductase, and 
an ACP domain with a phosphopantetheinylated serine. In addition to these 
activities, the animal FAS also includes a thioesterase domain which cleaves the 
product fatty acid from the enzyme. Proteolytic mapping of the polypeptide and 
genetic analysis have defined the location of the various domains in the primary 
sequence [30, 31]. 

Animal FASs are functional dimers [76]. While fl-ketoacyl synthase requires 
dimer formation for activity [77], catalysis of the remaining FAS reactions is 
carried out by the monomeric enzyme. This behavior is reminiscent of yeast 
fatty acid synthase, where the fl-ketoacyl synthase and ACP from different 
subunits also contribute to the same active site. Electron microscopy and 
small angle scattering experiments have further defined the structure of the 
functional complex [34, 78]. The overall shape of the molecule, as visualized by 
electron microscopy, is two side by side cylinders with dimensions of 
160 x 146 x 73/~ [34]. 

Similar to the yeast FAS, treatment of the chicken FAS with dibromo- 
propanone resulted in covalent dimerization of the polypeptide, with con- 
comitant inactivation of the enzyme [77, 79]. The enzyme groups cross- 
linked by dibromopropanone were shown to be cysteine and phosphopante- 
theine sulfhydryls from opposite subunits [79, 80]. While the fl-ketoacyl 
synthase domain is near the NH2-terminal of the polypeptide, the site of 
phosphopantetheinylation is within the ACP domain, near the enzyme's 
COOH-terminus. The proximity of these groups, as evidenced by their ability 
to be cross-linked, indicates that the two subunits of the dimer are arranged 
in a head-to-tail fashion which associates COOH-terminal domains from 
one subunit with NH2-terminal domains from the other subunit. The notion 
of a head-to-tail dimer containing two sites of synthesis was further sub- 
stantiated by an elegant experiment in which a hybrid dimer was formed 
which contained only a single competent active site [81]. Here, specific 
chemical modifications were performed to separately modify different 
reactive groups in two enzyme samples. Each of these modifications in- 
activated the enzyme; however, when the two chemically modified synthases 
were dissociated, mixed, and reassociated, FAS activity was recovered. 
This result demonstrates the validity of the model described above, in which 
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the animal FAS utilizes reactive groups from each subunit at each of the two 
active sites. 

Although the above experiments established the dimeric structure of the 
animal FASs, further work was necessary to establish that each of the two active 
sites is competent for the synthesis of fatty acids. Active site titrations, per- 
formed by inhibiting the thioesterase domain of the synthase and quantitating 
the bound fatty acyl products that accumulate as a result, indicated that 1 mole 
of fatty acyl product is formed for each mole of phosphopantetheine present 
[82]. Thus, each of the two subunits is chemically competent to perform all the 
necessary reactions of fatty acid synthesis. 

Coordination of the protein domains catalyzing the individual reactions is an 
important aspect of catalysis by muttifunctional enzymes. It has been suggested 
that the interdomain linker regions may have a role in the process of facilitating 
the movement of catalytic domains during synthesis [83]. These notions are 
partially based on fluorescence energy transfer experiments. While the phos- 
phopantetheine moiety has been envisioned as a "swinging arm" that appro- 
priately moves a growing acyl chain between the domains that catalyze the com- 
ponent FAS reactions, this moiety is only -20 A in length. Experiments were 
conducted in which individual active sites were labeled with fluorescent rea- 
gents and the distance between these labels was determined. The results showed 
that the various active sites are separated by distances substantially larger 
than 20 A. For example, the distance between the ACP and thioesterase domains 
is estimated to be 37-48 It [84, 85]; while the distance between the fl-ketoacyl 
reductase and enoyl reductase sites is > 49/~ [86]. In support of the head-to-tail 
model for organization of the overall structure, the distance between the two 
thioesterase domains of the dimer is >56 A [85]. Thus, it is likely that protein 
dynamics play an important role in fatty acid synthesis, in the form of confor- 
mational changes that move domains relative to one another during catalysis. 

A type I thioesterase domain is present at the NH2-terminal of the animal FAS 
and is responsible for catalyzing hydrolysis of the completed fatty acyl chain 
from the enzyme. The active site contains both conserved serine and histidine 
residues [87] and is thought to function via a mechanism similar to that of the 
serine proteases [50]; however, no conserved acidic residue is present to com- 
plete the "charge relay/transfer." A second variety of thioesterase (type II) is 
encoded as a separate protein and interacts with the multifunctional FAS to 
release medium chain fatty acids [88, 89]. This enzyme has a weak sequence 
similarity to the type I thioesterase, which includes the conserved active site 
serine and histidine residues. These enzymes are also homologous to proteins 
encoded by genes involved in the synthesis of peptide antibiotics [90, 91] (see 
below). 

In conclusion, the FASs are a well-studied class of enzymes which serve as 
models and points of reference for discussions of PKS structure and mecha- 
nisms. Each of the three classes of FAS has an analogous PKS class, and much 
of the detailed information concerning these PKSs is presumed through ana- 
logy to the corresponding FAS. While the iterative PKSs are analogous to bac- 
terial FASs, the fungal and modular PKS systems resemble the multifunctional 
animal FASs. 
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3 
Iterative Polyketide Synthases 

3.1 
Bacterial Aromatic Polyketide Synthases 

Bacterial aromatic PKSs [13-15], such as the actinorhodin (act) PKS, are analo- 
gous to the bacterial IzASs in that they are composed of several monofunctional 
(and possibly bifunctional) proteins (Fig. 2). Together, these proteins control the 
chain length [92, 93], regiospecificity of ketoreduction [92, 94, 95], and regiospe- 
cificity of the initial cyclization(s) [96-99] of the nascent polyketide backbone. 
A subset of three proteins, the fl-ketoacyl synthase/putative acykransferase 
(KS/AT), chain length factor (CLF), and acyl carrier protein (ACP), is essential 
for polyketide synthesis and comprises the "minimal" PKS [96]. The KS/AT and 
CL1 z are homologous to one another (although the CLF lacks the active site 
cysteine and serine, typically present in the KS and putative AT domains, 
respectively), and it is possible that these two proteins associate as heterodimers 
or heteromultimers. In addition, gene clusters encoding bacterial aromatic PKSs 
include open reading frames (ORlZs) encoding ketoreductases (KRs), cyclases 
(CYCs), and aromatases (AROs), which act on the nascent polyketide backbone 
to guide its folding into specific structures. 

The genes encoding aromatic PKSs were initially isolated on the basis of their 
ability to complement mutant strains that were blocked in their ability to pro- 
duce polyketides [100]. DNA sequencing of the tcm [15], gra [14] and act [13] 
PKS gene clusters revealed ORlZs with a high level of sequence similarity to 
the ACP and KS components of bacterial FASs. Likewise, the KR was initially 
recognized by virtue of its similarity with a bacterial ribitol dehydrogenase 
[101]. In contrast, the function of other PKS genes could not be deduced from 
sequence comparison studies. 

An experimental approach was developed to analyze the function of these 
and other PKS components. It involved heterologous expression of defined PKS 
gene sets in an engineered strain of Streptomyces coelicolor from which the 
entire act gene cluster was deleted. Spectroscopic and isotope labeling analysis 
of the reporter polyketide products yielded insights into properties of the 
recombinant PKSs [92]. These studies utilized homologous gene sets from 
several aromatic PKS clusters from different species, each of which directs 
biosynthesis of its own natural product intermediate. Analysis of products made 
by truncated PKSs as well as hybrid PKSs provided insights into the function 
and molecular recognition features of individual subunits. Specifically, the 
following catalytic properties (see, for example, Fig. 4) have been investigated 
using this approach: 

1. Chain length: Polyketide carbon chain length is dictated by the minimal PKS 
[92, 93, 96]. Within the minimal PKS, the ACP can be interchanged without 
affecting specificity, whereas the CLI: is crucial. Although some KS/CLF com- 
binations are functional, others are not, therefore, biosynthesis of a poly- 
ketide chain of specified length can be ensured with a minimal PKS in which 
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both the KS and CLF originate from the same PKS gene cluster. So far, chain 
lengths of 16 (octaketide), 18 (nonaketide), 20 (decaketide), and 24 carbons 
(dodecaketide) have been generated with minimal PKSs from the act, fren, 
tcm, and whiE PKS clusters, respectively.At least in the presence of a KR, some 
minimal PKSs, such as the fren and the whie minimal PKSs, show relaxed 
chain length control [93,102]. 

2. Ketoreduction: Ketoreduction requires a KR. The act KR (the only one studied 
so far) can catalyze reduction of the C-9 carbonyl (counting from the carbox-yl 
end) of any length nascent polyketide backbone studied so far [92, 93, 102]. 
Furthermore, the act KR is compatable with all the minimal PKSs mentioned 
above. Homologous KRs have been identified in other PKS clusters. These 
enzymes may also catalyze ketoreduction at C-9 since all the corresponding 
natural products undergo this modification. In unusual circumstances, C-7 
ketoreductions have also been observed with the act KR [93]. 

3. Cyclization of the first ring: Although the minimal PKS alone can provide par- 
tial control for the formation of the first ring, the regiospeciflc course of this 
reaction may be influenced by other PKS proteins. For example, when present 
alone, most minimal PKSs studied thus far produce a reporter polyketide 
with a C-7/C-12 cyclization; however, alternatively cyclized products are also 
observed. For example, the tcm minimal PKS alone generates both C-7/C-12 
and C-9/C-14 cyclized products [96]. The presence of certain accessory sub- 
units can result in considerable restriction of this variability in cyclization 
regiochemistry. For example, a KR with any minimal PKS restricts the 
nascent polyketide chain to cyclize exclusively with respect to the position of 
ketoreduction: C-7/C-12 cyclization for C-9 ketoreduction and C-5/C-10 
cyclization for C-7 ketoreduction [92, 93]. Likewise, use of the TcmN enzyme 
alters the regiospecificity to C-91C-14 cyclizations for unreduced polyketides 
of different lengths, but has no effect on reduced molecules [98, 99]. Finally, 
although the act ARO normally recognizes a reduced polyketide as a sub- 
strate, its presence with the minimal act PKS results in substantial enrich- 
ment of the C-7/C- 12 cyclized product over an aberrantly cyclized shunt pro- 
duct [103]. 

4. First ring aromatization: The first ring in unreduced polyketides aromatizes 
noncatalytically. In contrast, an aromatase is required for reduced polyketides 
[97]. There appears to be a hierarchy in the chain length specificity of these 
subunits from different PKS clusters. For example, the act ARO will recognize 
only 16-carbon chains, the fren ARO recognizes both 16- and 18ocarbon 
chains, while the gris ARO recognizes chains of 16, 18, and 20 carbons [104]. 

5. Second ring cyclization: C-5/C-14 cyclization of the second ring of reduced 
polyketides may be achieved with an appropriate cyclase [97, 104]. While the 
act CYC can cyclize octa- and nonaketides, it does not recognize longer 
chains. No equivalent C-51C-14 CYC with specificity for decaketides or longer 
chains has been identified, although the structures of natural products such 
as jadomycin and griseusin imply their existence. In the case of sufficiently 
long unreduced chains with a C-91C-14 first ring cyclization, formation of a 
C-7/C-16 second ring is at least partially influenced by the minimal PKS [96], 
and is further controlled by tcmN [98, 99, 105]. 
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CLF, and ACP is sufficient for the production of two 16-carbon polyketides, SEK4 and SEK4b 
both in vivo [ 103] and in vitro [ 107]. In the presence of the a c t  ketoreductase (KR), aromatase 
(ARO) and cyclase (CYC), the octaketide intermediate is converted into DMAC. DMAC can be 
converted into 8-methoxy DMAC both in vivo and in vitro through the S-adenosylmethionine 
(Adomet)-dependent action of the tcmO methyltransferase [207] 

An understanding of the mechanisms by which aromatic PKSs synthesize a 
highly labile poly-fl-ketone intermediate of precise chain length and guide it 
towards a regiospecifically reduced and cyclized product presents a formidable 
biochemical challenge. As summarized above, mutagenesis and heterologous 
expression of recombinant bacterial aromatic PKSs have provided some insight 
into the functions and molecular recognition features of the different protein 
components of these enzymes. However, our knowledge regarding the funda- 
mental mechanisms of aromatic PKS function remain rudimentary at best. In 
large measure this has been due to the absence of fully active cell-free systems 
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for the study of these enzymes. Recently however, the situation has changed 
[ 106,107], and these in vitro systems are expected to facilitate the purification of 
the responsible proteins, followed by their kinetic, physicochemical, and ultima- 
tely structural characterization. 

The work of Shen and Hutchinson on the tetracenomycin (tcm) PKS led to the 
development of the first cell-free system for aromatic polyketide biosynthesis 
[106]. These authors demonstrated the conversion of acetyl and malonyl CoA 
into Tcm F2, the first 20-carbon intermediate in the biosynthesis of tetra- 
cenomycin, in crude extracts prepared from a Streptornyces glaucescens host 
bearing plasmids expressing genes for the minimal tcm PKS, and either the 
tcmN or tcm] cyclases. Synthesis of Tcm F2 was authenticated by its conversion 
to Tcm F1 and Tcm D3 by the highly specific action of purified preparations of 
the Tcm F2 cyclase and Tcm F1 monoxygenase [108-110]. The results support a 
model in which the three proteins of the minimal PKS are responsible for 
synthesis of a nascent, enzyme-bound linear decaketide that is subsequently 
folded and cyclized by the tctnN and possibly tcm] gene products. 

In addition to demonstrating the first cell-free PKS activity, early studies of 
the tcrn PKS provided information concerning the properties of isolated aroma- 
tic PKSs. The first suggestion that a PKS is capable of decarboxylating malonyl 
CoA to acetyl CoA for use as a starter unit came from studies which used ex- 
tracts containing the tcrn PKS. These extracts catalyzed polyketide synthesis in 
the absence of acetyl CoA with [~4C]malonyl CoA as the sole substrate.Although 
it remains possible that an additional enzyme present in the extract is respon- 
sible for this activity, decarboxylation of malonyl CoA for use as a starter unit 
has previously been demonstrated in purified FAS systems, as indicated above, 
and this result is the first indication that PKSs may also have this capability. 

More recently, similar experiments were reported using a system in which 
genes for the actinorhodin (act) PKS were expressed in a recombinant strain of 
S. coelicolor from which the entire act gene cluster had been deleted [107]. This 
work demonstrated the efficient conversion of acetyl and malonyl CoA into two 
aromatic polyketide products, SEK 4 and SEK4b, by cell-free preparations of the 
act minimal PKS (Fig. 4). Micromole quantities of polyketides were synthesized 
in vitro, indicating that the method may be useful for the synthesis of products 
that are not directly obtainable using fermentation methods. The system showed 
several similarities to the tcmPKS system described above: synthesis did not 
require acetyl CoA and occurred using [~4C]malonyl CoA as the sole substrate, 
suggesting that the act minimal PKS may also be capable of decarboxylating 
extender units for use as starter units. In addition, synthesis could be inhibited 
by the addition of cerulenin or reagents which specifically modify sulfhydryl 
groups. 

The activity of the complete act PKS has also been demonstrated. Extracts 
containing the act KR, CYC and ARO in addition to those of the minimal PKS 
catalyzed the synthesis of 3,8-dihydroxy-l-methylanthraquinone-2-carboxylic 
acid (DMAC), the primary in vivo product of the complete act PKS. The struc- 
ture of this product was verified by its enzymatic conversion into 8-methoxy 
DMAC by the tcmO O-methyltransferase, which was prepared from a separate 
strain which expressed this protein (Fig. 4). 



102 c.w. Carreras �9 R. Pieper �9 C. Khosla 

The purification of bacterial aromatic PKSs is likely to result in elucidation of 
at least some of the structural features of these enzymes. For example, knowl- 
edge of the stoichiometry of the protein components in the active complex 
could suggest possible physical mechanisms for the chain elongation steps and 
perhaps imply a mechanism for the role of the CLF in control of the chain lengths 
of polyketides synthesized by these enzymes. Towards this end, several ACP 
proteins have been overexpressed and purified to homogeneity [111, 112]. Like- 
wise, purification of KR, ARO, and CYC components and reconstitution of their 
activities with the act minimal PKS will be useful in answering questions re- 
garding their precise functions and the temporal sequence of the reduction and 
cyclization reactions, which may or may not occur before completion of the 
synthesis of the polyketide backbone. 

3.2 
Fungal Polyketide Synthases 

Cell-free systems capable of in vitro synthesis of 6-methylsalicylic acid (6-MSA) 
and a related tetraketide, orsellinic acid, were developed long before the advent 
of recombinant DNA technologies in the field of natural product biosynthesis 
[113-115] (Fig. 5). Since then, the biosynthetic mechanisms and molecular 
recognition features of 6-methylsalicylic acid synthase (6-MSAS) have been 
extensively studied. 6-MSAS initiates synthesis with an acetyl group derived 
from acetyl CoA, extends the polyketide chain to a tetraketide via three decar- 
boxylative condensations of malonyl CoA-derived extender units, and uses 
NADPH to specifically reduce one of resulting carbonyls to a hydroxyl group. In 
its natural producer, Penicillium patulum, the product, 6-MSA is subsequently 
glycosylated to form the antibiotic patulin [116]. 

More recently, a PKS involved in the biosynthesis of (4R)-4[(E)-2-butenyl]- 
4-methyl-L-threonine (Bmt), one of the constituent amino acids of the 
methylated undecapeptide cyclosporin A, has also been the subject of bio- 
chemical studies using ceil-free systems. Cyclosporin is produced by the fun- 
gus Tolypocladium niveum. Bmt is known to be one of the crucial residues for 
the interaction of cyclosporin A with its natural ligand cyclophilin [117]. 
~3C-labeled acetate was shown to be incorporated in vivo into Bmt in an 
~3C-enrichment pattern suggesting a polyketide pathway. Additionally, in vivo 
feeding with 13C-labeled methionine resulted in an enriched *3C-peak attrib- 
uted to the 4-methyl side chain in Bmt. This indicated the biosynthetic origin 
of the methyl group from S-adenosyl-L-methionine (AdoMet) [118]. The first 
phase of the biosynthesis of Bmt thus involves the assembly of a tetraketide 
intermediate including three cycles of reductive and dehydrative steps at the 
emerging fl-keto groups. This was confirmed by the isolation of 3(R)-hydroxy- 
4(R)-methyl-6(E)-octenoic acid via incorporation of [1-13C, ~sO2]acetate in 
vivo. In a cell-free assay, partially purified protein fractions from T. niveum 
were tested for polyketide synthase activity including the substrates malonyl 
CoA, [1-14C]acetyl-CoA, NADPH, and S-[~4C-methyl]AdoMet. 3(R)-hydroxy- 
4(R)-methyl-6(E)-octenoic and its C2-C3 dehydrated analog were isolated 
by HPLC and identified by LC-MS [119]. The enzymatic conversion of 
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3(R)-hydroxy-4(R)-methyl-6(E)-octenoic acid or its thioester into the 2-amino 
derivative remains to be analyzed. 

The 6-MSAS gene (Fig. 2) was isolated using an immunological screening of 
a genomic P. patulum DNA expression library [22]. Sequencing of the 5322 base 
pair (bp) ORF showed that it encodes a 190 kDa protein, in agreement with the 
molecular weight of purified 6-MSAS determined by SDS-PAGE. Comparison 
with the bacterial and animal FAS as well as aromatic PKS sequences revealed 
several homologous regions, tentatively identified as acyltransferase, fl-ketoacyl 
synthase, acyl carrier protein, and ketoreductase domains. The central and 
COOH-terminal portions of the 6-MSAS gene did not show homology to any 
FAS or PKS components and are currently of unknown function. The order of 
the functional domains is similar to the order of domains in animal FASs and 
modular PKSs, but different from the arrangement found in the yeast FAS. 
6-MSAS, bacterial FASs, animal FASs, and aromatic PKSs use their protein com- 
ponents in an "iterative" fashion, in which a single set of domains is capable of 
performing all of the necessary chain elongation steps. Unlike animal FASs, 
6-MSAS does not harbor a thioesterase domain. 

Gel filtration of purified 6-MSAS indicates that it is a 750 kDa homotetramer 
[120]. When treated with 1,3-dibromopropanone (DBP), 6-MSAS behaves simi- 
larly to animal FASs and inactivation occurs concomitantly with its cross- 
linking to a covalent homodimer. By analogy to the well-characterized DBP 
cross-linked yeast and animal FASs [61,62, 79, 80], DBP is suggested to cross-link 
active site sulfhydryl residues of the fl-ketoacyl synthase cysteine and the ACP 
pantetheine. This notion is supported by the observation that preincubation 
with either acetyl or malonyl CoA precludes cross-linking. Thus, the functional 
significance of the tetrameric assembly of 6-MSAS remains a mystery. 

6-MSAS from P. patulum was separated from the FAS via sucrose gradient 
centrifugation [ 121,122 ] and thus shown to constitute a distinct multifunctional 
enzymatic system. It was purified to homogeneity and found to be a 190 kDa 
multifunctional enzyme [22, 120]. The enzyme was more stable in the presence 
of its substrates and at mildly basic pH values. The pH optimum of the enzyme 
was 7.6 and apparent K m values for its substrates were 10 ]aM (acetyl-CoA), 7 ]aM 
(malonyl CoA), and 12 ]aM (NADPH) [115, 120, 123]. The rate for triacetate lac- 
tone formation in the absence of NADPH was determined to be ten-fold lower 
than for 6-MSA formation (Fig. 5) [ 120]. Analogous to FASs and peptide synthe- 
tases, 4'-phosphopantetheine is a covalently bound cofactor of 6oMSAS [124]. 
Likewise, iodoacetamide and N-ethylmaleimide were found to inactivate the 
enzyme, suggesting the presence of catalytic sulfhydryl residues in 6-MSAS 
[124]. Furthermore, in the presence of malonyl CoA and NADPH, low concen- 
trations of iodoacetamide convert 6-MSAS into a malonyl CoA decarboxylase. 
Without external addition of acetyl-CoA, 6-MSAS decarboxylates the malonyl 
group and the derived acetyl moiety is used as a starter unit for the formation of 
6-MSA [125]. 

Phenylmethylsulfonyl fluoride, a serine protease inhibitor which also inhibits 
the thioesterase function of animal FASs, does not inactivate 6-MSAS, implying 
a lack of a thioesterase function in 6~ 6-MSA release from the enzyme 
does not appear to follow a thioesterase (serine)-catalyzed mechanism [120], 
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nor is 6-MSA released from the enzyme as a CoA derivative [32]. Thus, a poly- 
ketide release mechanism similar to bacterial I~ASs and yeast I~AS, which contain 
a bifunctional transacylase for covalent activation of the malonyl group and for 
acyl transfer of the palmitoyl thioester product to. CoA, may be excluded. It is 
therefore unclear how 6-MSAS catalyzes the cleavage of the thioester bond to its 
final intermediate. (A similar question arises for other iterative PKSs.) In con- 
trast to 6-MSAS, however, the release of the Bmt-polyketide precursor occurs as 
a CoA thioester, which is reminiscent of I~ASs of fungal origin (see above). 

Propionyl CoA could be incorporated as a primer unit analog into 6-ethyl- 
salicylic acid at an eight-fold reduced rate, indicating relaxed starter unit speci- 
ficty [125]. Incorporation of additional starter unit analogs by 6-MSAS was also 
recently reported [126]. GC/MS analysis indicated that while the levels of buty- 
ryl-, crotonyl-, hexanoyl-, and heptanoyl incorporation from the CoA derivatives 
into the respective 6-MSA analogs were less than 5 % of acetyl incorporation, the 
yields of triketide lactones derived from the long-chain primer unit analogs, 
catalyzed by 6-MSAS in the absence of NADPH, were 14%-74%. A high speci- 
ficity of the/~-ketoacyl reductase, but a relaxed specificity of the acyltransferase 
and fl-ketoacyl synthase for chain length intermediates was deduced from these 
results. A triacetic acid ethyl ester, used as an intermediate analog, was shown to 
be a substrate for the 6-MSAS-ketoreductase [124], suggesting that ketore- 
duction occurs on the triketide intermediate. Triacetic acid ethyl ester is an effi- 
cient substrate for the ketoreductase site of 6-MSAS (Krn of 140 ~M). In an expe- 
riment to elucidate the order of reactions following the ketoreduction of the six- 
carbon intermediate, 5-oxo-2,3-hexenyl ethyl ester was chemically synthesized 
as a reference substance. If the elimination of the hydroxyl group occured imme- 
diately after ketoreduction, the 3H-labeled hexenyl ethyl ester might be formed 
incubating 6-MSAS with 3H-labeled NADPH and the triacetic acid ethyl ester. 
No hexenyl ethyl ester was detected, and it was inferred that the third conden- 
sation yielding a tetraketide intermediate with a C-5 hydroxyl group preceeds 
the C4/C5 dehydration reaction. It remains to be established, however, whether 
the ethyl ester analog of this intermediate is recognized by 6-MSAS. 

6-MSA does not contain any chiral carbon centers. Before the aromatization 
of the six-membered ring occurs, two prochiral carbons (C-2 and C-4 in the six- 
carbon intermediate) evolve, each of which loses a hydrogen in the process of the 
dehydratization/aromatization steps. In addition, C-3 of the six-carbon inter- 
mediate forms a chiral center when the ketone is reduced to a hydroxyl by a keto- 
reductase activity (Fig. 5). The chirality of this hydroxyl carbon is unclear since 
the intermediate has not been isolated. It is also unknown if this carbon retains 
its chirality in an eight-carbon intermediate or whether the hydroxyl is elimi- 
nated by dehydration prior to the third condensation reaction. The stereospeci- 
ficity at the prochiral C-2 and C-4 carbons in the reaction intermediates was 
addressed using chemically synthesized (R)- and (S)-[1-13C, 2-2H]malonate 
precursors which were enzymatically converted into CoA derivatives via 
succinyl CoA transferase [127, 128]. Thus, the prochiral methylene in malonyl 
CoA was "replaced" by chiral, double-labeled (S)- or (R)-[1-13C, 2-2H]malonyl 
CoA substrates in the reaction mixture with 6-MSAS. The condensation is 
expected to occur with inversion of configuration and the intact methylene 
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hydrogens are incorporated into the polyketide chain. The pattern of "heavy 
atoms" retained and mass spectroscopic analysis of the 6-MSA products support 
a mechanism in which the two hydrogen atoms (at C-2 and C-4 in the six-carbon 
intermediate, at C-3, C-5 in 6-MSA) with opposite absolute orientations are 
specifically removed during the processing of the intermediates by dehydration 
reactions. A coupled assay including purified 6-MSAS and succinyl CoA trans- 
ferase was found to minimize exchange (racemization) of the methylene hydro- 
gens of the chiral malonyl CoAs. (R)- and (S)-[1-~3C, 2-2H]malonate, converted 
to malonyl CoA by succinyl CoA transferase, were turned over in situ by 
6-MSAS. By replacing acetyl CoA with acetoacetyl CoA in the assay mixture and 
thus omitting one condensation cycle, only one of the two hydrogens (Co3 in 
6-MSA) is derived from isotope-labeled, chiral malonyl CoA and turned over by 
6-MSAS. Mass spectroscopic results suggested that the hydrogen retained at 
this position is derived from HRe in malonyl CoA, respectively Hsi in the inter- 
mediate (Fig. 5). 

Similar stereochemical studies have also been conducted on the orsellinic 
acid synthase from Penicillium cyclopium, a multisubunit enzyme composed of 
a 130 kDa protein [129, 130]. The catalytic cycle of this PKS is identical to the 
6-MSAS cycle, except that it lacks any ketoreduction or dehydration reactions. 
Unlike 6-MSAS, enolizations occurring during orsellinic acid biosynthesis are 
not stereospecific. 

Using stereospecifically tritiated NADPH enantiomers, it was demonstrated 
that only tritium from the [4-3Hsi]NADPH is incorporated into 6-MSA [32]. 
Presumably, the ketoreductase possesses stereospecificity for the Hsi of the 
dihydronicotinamide ring of NADPH and chain length specificity for the six- 
carbon ketide intermediate. 

Recently, the 6-MSAS gene has been reconstructed to facilitate optimal 
expression in S. coelicolor. Transformation of S. coelicolor with an expression 
plasmid carrying the 6-MSAS gene yielded strains that produced 6oMSA [131]. 
Manipulations of the 6-MSAS gene should lead to the analysis of the functions 
attributed to certain regions of the multifunctional enzyme on behalf of se- 
quence similarities. Site-directed mutagenesis of highly conserved residues 
might reveal mechanistic details during the catalytic processing of 6-MSA polyo 
ketide intermediates. 

3.3 
Plant Polyketide Synthases 

Chalcone and stilbene synthases are related plant PKSs [ 132]. Chalcones, such as 
naringenin chalcone, are produced as the biosynthetic precursors of flavinoids, 
while stilbenes are produced for their antifungal properties. Plant PKSs are like- 
ly to have evolved independently from any of the aforementioned PKS and FAS 
systems [133, 134] and are atypical in many respects. These homodimeric en- 
zymes consist of a single -40  kDa gene product (Fig. 2) [135]. The two active 
sites of the dimer function independently of one another [136]. Plant PKSs 
lack an ACP component, are not phosphopantetheinlyated, and act directly on 
CoA thioesters [134, 137]. 
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The peanut chalcone synthase and parsley stilbene synthases have been cloned, 
expressed in E. coli, and purified to homogeneity [135,137]. The enzymes appear to 
be mechanistically similar; each catalyzes the formation of a tetraketide from 
three molecules of malonyl CoA that are decarboxylated and condensed with a 
starter unit derived from p-coumaroyl CoA or a similar CoA thioester (Fig. 6). 
No reductions or dehydrations occur during either chalcone or stilbene synthe- 
sis, and some products spontaneously cyclize following their release from the 
enzyme. A major feature that distinguishes chalcone and stilbene synthases is 
that the latter perform an additional decarboxylation to remove a carbon atom 
that is present in chalcone products [132, 138]. The presence of this additional 
carboxyl group results in a different cyclization pattern for chalcone products. 
The precise mechanisms by which chalcone and stilbene synthases determine 
the fate of this carbon atom are not known. 

Substrates are processed directly through cysteine thiols, and cerulenin and 
iodoacetamide are able to inhibit the activity of plant PKSs by modifying sulf- 
hydryl groups of these residues [134]. Although chalcone and stilbene synthases 
do not share a high level of overall sequence similarity with FASs and PKSs, the 
cysteine that is modified by cerulenin is conserved, suggesting that the active 
sites may be structurally related [51]. 

0 0 0 
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Fig. 6. Reactions catalyzed by chalcone and stilbene synthases. Each enzyme condenses three 
malonyl CoA extender units onto p-coumaroyl-CoA. Stilbene synthases catalyze an additional 
decarboxylation, resulting in a different pattern of cyclization for chalcone versus stilbene 
products 
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Most biologically relevant reactions of chalcone and stilbene synthases use 
p-coumaroyl CoA as a starter unit for synthesis; however, CoA thioesters of ace- 
tate, butyrate, hexanoate, benzoate, cinnamoate and phenylpropionate are also 
accepted [137, 138]. Although the molecular details of the interaction of the 
synthase with starter units have not been elucidated, the identification of a 
single amino acid substitution that changes the starter unit specificity of a 
stilbene synthase suggests genetic engineering as a promising route to novel 
chalcone and stilbene derivatives [27]. 

The small size, availability of purified enzymes from several sources, and 
apparent simplicity of plant PKS systems make them ideal targets for detailed 
structural studies, including X-ray crystallogaphy. However, since these enzymes 
represent a unique solution to the problem of condensing CoA thioesters, it 
remains to be seen whether an improved understanding of the mechanisms of 
plant PKSs will aid the engineering of other PKS systems. 

4 
Modular Polyketide Synthases 

4.1 
6-Deoxyerythronolide B Synthase 

Erythromycin, a clinically important antibiotic, is a prominent example of a 
glycosylated macrocyclic polyhydroxyoxolactone (macrolide). Its aglycone, 
6-deoxyerythronolide B (6-dEB), reveals a regular structure of seven recurring 
three-carbon units, as originally postulated by Woodward and Gerzon [139, 
140]. Evidence for the origin of 6-dEB from propionate precursors was ob- 
tained by in vivo isotope-labeling studies in the erythromycin producer 
Saccharopolyspora erythraea [141,142]. Based on the polyketide paradigm, 
6-dEB was suggested to be synthesized via repetitive decarboxylative conden- 
sations between a propionyl-CoA primer and six methylmalonyl CoA exten- 
ders. Using a variety of 13C-, t80-, 2H-, and multiple-labeled substrates and 
advanced intermediate analogs, Cane and coworkers concluded that the bio- 
synthesis of 6-dEB involves a processive mechanism in which the final reduc- 
tion state and the stereochemistry of each of the carbons is set directly after 
the condensation reaction between the growing intermediate and a methyl- 
malonyl extender [143-147]. Notwithstanding these advances, direct insights 
into the structure and properties of the enzymes responsible for 6-dEB bio- 
synthesis did not emerge until the cloning and DNA sequencing of the 
erythromycin gene cluster [24]. 

6-dEB biosynthesis involves three contiguous ORFs of approximately 10 kb 
each, encoding three large multidomain proteins, designated deoxyerythrono- 
lide B synthase (DEBS) 1, 2, and 3 [23, 24]. Detailed sequence comparisons re- 
vealed that each of these proteins consists of eight to ten domains with consider- 
able sequence similarity to enzymes responsible for each of the individual steps 
of fatty acid biosynthesis. Moreover, these domains are arranged such that each 
protein contains two functional units or modules, each of which carries all the 
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requisite catalytic activities for one of six cycles of polyketide chain elongation 
and reductive modification of the resultant fl-ketoacyl thioester. The availability 
of the structural genes for 6-DEBS has provided the conceptual framework for 
the design of many of the most important experiments carried out on this truly 
remarkable multienzyme system. 

According to the now widely accepted model of Katz and coworkers (Fig. 7), 
the "loading" acyltransferase (AT-L) domain at the NH2-terminal of DEBS 1 
initiates the polyketide chain-building process by transferring the propionyl- 
CoA primer unit via the pantetheinyl residue of the first acyt carrier protein 
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(ACP-L) domain to the active site cysteine of the ketosynthase of module 1 
(KS1). The acyltransferase in module 1 (AT1) loads methylmalonyl CoA onto 
the phosphopantetheine thiol of the ACP domain of module 1. KS1 then cataly- 
zes the first polyketide chain elongation reaction by decarboxylative acylation of 
the methylmalonyl residue by the propionyl starter unit, resulting in the forma- 
tion of a 2-methyl-3-ketopentanoyl-ACP thioester. This intermediate is then 
reduced by the ketoreductase of module 1 (KR1), giving rise to enzyme-bound 
(2S, 3R)-2-methyl-3-hydroxypentanoyl-ACP. At this point, module 1 has finished 
its task and the diketide product is transferred to the active site cysteine of KS2, 
where it undergoes another round of condensation and reduction, resulting in 
the formation of the corresponding triketide. This process is repeated several 
times, with each module being responsible for a separate round of polyketide 
chain elongation and reduction, as appropriate, of the resulting fl-ketoacyl 
thioester. Finally, the thioesterase (TE) at the COOH-terminal of DEBS 3 is 
thought to catalyze release of the finished polyketide chain by lactonization of 
the product generated by module 6. The sequential order of active sites 
(domains) is in complete agreement with a model in which the growing poly- 
ketide chain moves along the enzyme template and is reminiscent of the thio- 
template model for nonribosomal peptide synthesis (see below). 

The DEBS proteins were initially purified from S. erythraea [ 148]. Their mole- 
cular weights agreed well with the predicted molecular weights of the DEBS pro- 
teins: DEBS 1, 370 kDa; DEBS 2, 380 kDa; DEBS 3, 330 kDa. NH2-terminal 
sequence analysis and polyclonal antibodies, raised against recombinant pro- 
tein fragments of COOHoterminal regions of DEBS 2 and DF.BS 3, were used to 
prove their identity. A truncated gene encoding COOH-terminal DEBS 3 dido- 
main, including the ACP6 and the thioesterase, was expressed in E. coli, although 
the ACP was found to lack a phosphopantetheinyl group. This was also found to 
be the case with the complete recombinant DEBS proteins obtained from an 
E. coli expression system; however, the E. coli-derived proteins could be acylated 
with propionyl-CoA and methylmalonyl CoA [149]. Remarkably, although both 
R and $ configurations are observed among the six methyl-branched centers of 
6-dEB, only the (2S)-enantiomer of methylmalonyl CoA was found to be an 
extender substrate for all condensation reactions during the pathway [150]. 
Thus, it was concluded that variations in stereospecificity at the methyl-bran- 
ched carbons must be introduced either immediately before fl-ketocondensa- 
tion at the methylmalonyl-thioester stage or after condensation, at the ketide- 
thioester stage. The active site and mechanism for the epimerization catalysis 
remains to be identified. 

Limited proteolysis with various proteases of the three DEBS proteins revealed 
that proteolytic cleavage occurs preferentially at domain boundaries. In the case 
of DEBS 1, for example, cleavage was observed between the loading domain 
(AT-L/ACP-L), the first two domains of module I(KS1/AT1), the following two 
domains of module 1 (KR1/ACP1), and the entire module 2 [151]. Similar 
patterns of intermodular cleavage were also seen in the cases of DEBS 2 and 
DEBS 3 [152]. Purified modules of D EBS 1, DEBS 2, and DEBS 3 obtained by limi- 
ted proteolysis were found to behave as homodimers in gel filtration and sedi- 
mentation equilibrium experiments. Furthermore, chemical cross-linking using 



The Chemistry and Biology of Fatty Acid, Polyketide, and Nonribosomal Peptide Biosynthesis 111 

the bifunctional sulfhydryl cross-linker 1,3-dibromopropanone resulted in the 
isolation of a cross-linked homodimer of module 5 [ 152]. In contrast, a protein 
fragment containing module 6 but lacking its ACP domain could not be cross- 
linked, suggesting that the ACP and the KS from a given module are likely to be 
juxtaposed in a head-to-tail fashion. Based on these results, a model has been 
proposed for the structure of the multifunctional three-protein DEBS complex 
in which the KSs, ACPs, and ATs form a rod-like core in a double helical assem- 
bly of modules [152]. 

Following the cloning and sequencing of the DEBS gene cluster, Katz and 
coworkers performed two important knock-out mutagenesis experiments. In 
one, the ketoreductase domain of module 5 was inactivated, and the predicted 
5-oxo-6-deoxyerythronolide B was isolated from the mutant strain [24]. From 
this, it could be inferred that the active sites within module 6 can recognize and 
process the 12-carbon oxo-intermediate. Likewise, mutagenesis of a conserved 
motif in the enoylreductase domain of module 4 resulted in production of the 
expected C6-C7 anhydro-macrolactone [153]. These pioneering experiments 
demonstrated the intrinsic tolerance of active sites in DEBS with respect to 
molecular recognition of advanced intermediate analogs. 

In a different approach, the DEBS gene cluster was expressed in a S. coelicolor 
based host-vector system [154]. The complete DEBS not only produced 6-dEB 
but also 8,8a-deoxyoleandolide, an analogous 14-membered macrolactone 
featuring a methyl side chain at C13 which is biosynthetically derived from an 
acetate starter unit (Fig. 7), indicating that the enzyme had a relatively relaxed 
specificity towards starter units. The three DEBS proteins could be isolated in 
significantly higher quantities from the recombinant strain than from wild-type 
S. erythraea. In contrast to the expression of DEBS enzymes in E. coli, post- 
translational modification of the ACP domains with the pantetheine cofactors 
was catalyzed in the heterologous host by a holo-ACP synthase activity. In an 
attempt to probe the individual function of DEBS 1 alone, the DEBS 2 and DEBS 
3 genes were deleted from this heterologous expression system. The resulting 
mutant produced (2R, 3S,4S, 5R)-2,4-dimethyl-3,5-dihydroxy-n-hexanoic acid 
6 lactone (Cg-lactone), the propionate-derived product expected from a lacto- 
nization reaction of a triketide intermediate [155] (Fig. 8). In order to investigate 
the thioesterase function with respect to its catalytic properties and recognition 
of polyketide intermediates, two groups successfully repositioned the thio- 
esterase from the end of module 6 to the end of module 2, thus constructing a 
fusion protein between DEBS 1 and the thioesterase designated DEBS I+TE 
[156, 157]. The recombined multienzymes, one engineered in S. erythraea, the 
other in $. coelicolor, were shown to synthesize the Cg-lactone. The increased 
yield of this product over the amount produced by DEBS 1 alone suggests that the 
thioesterase catalyzes lactonization of the truncated polyketide intermediate. 

A new 12-membered macrolactone, (8S, 9S)-8,9-dihydro-8-methyl-9-hydroxy- 
10-deoxymethynolide was isolated by fusing the ACP6-thioesterase didomain to 
the COOH-terminal end of KR5 (Fig. 8). In addition to demonstrating that the 
TE-catalyzed cyclization reaction involves regiospecific recognition of the same 
terminal hydroxyl on chains of different lengths, the experiment also illustrates 
the feasibility of constructing hybrid modules. In contrast, in the presence of the 
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Fig, 8. Polyketides produced by S. coelicolor strains expressing truncated forms of DEBS [ 157, 
158]. Structures were determined by isotope enr ichment  and NMR spectroscopy 

TE domain, the tetraketide intermediate from the third DEBS module gave rise 
to CK13a and CK13b as primary and secondary biosynthetic products [158]. 
CK13a is a 6-membered lactone whereas CK13b is a decarboxylated hemiketal. 
These results illustrate how intermediates of the 6-deoxyerythronolide B 
pathway that do not undergo DEBS-catalyzed macrolactonization can cyclize 
into structurally diverse products. Further manipulation of DEBS along these 
lines could help elucidate the mechanisms by which DEBS determines the ste- 
reochemistry of the chiral carbon centers, how polyketide chain transfer reac- 
tions are mediated, and the significance of linker regions between the conserved 
domains. 

The addition of in vitro methods to the above in vivo strategies for studying 
the mechanisms of modular PKSs has been a long sought-after goal. However, 
until recently, the challenge of synthesizing complex polyketides in vitro has 
represented a maior technical barrier in the field of polyketide biosynthesis. 
With the development of improved expression systems for DEBS and the avail- 
ability of genetic tools to truncate the DEBS gene cluster, cell-free studies on 
fully active DEBS multienzymes have recently become feasible. DEBS-catalyzed 
in vitro synthesis of 6-dEB and 8,8a-deox3roleandolide was recently demonstrat- 
ed using [1J4C]propiony1-CoA, methylmalongl CoA, and NADPH as substrates 
[159]. In vitro synthesis of the Cg-lactone, which required only DEBS 1 +TE, has 
also been demonstrated [159, 160]. In fact, it was more efficient as iudged from 
the unambiguous identification of the product via ~3C-NMR analysis, using 
[1J3C]propionyl-CoA as the labeled substrate [159]. Synthesis was completely 
inhibited by thiol inhibitors such as iodoacetamide, N-ethylmaleimide, and 
cerulenin, which are also known to irreversibly inactivate FASs. 
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DEBS I+TE was also shown to efficiently incorporate an advanced chain elon- 
gation intermediate, (2S,3R)-2-methyl-3-hydroxypentanoyl-N-acetylcysteamine 
(NAC) thioester, into the triketide lactone [159]. (2S,3R)-2-methyl-hydroxybuty- 
ryl-NAC is also turned over by DEBS I+TE and converted into the Cs-lactone, nor- 
mally derived from an acetate starter and methylmalonate extenders [ 161 ] (Fig. 9). 
Thus, it is evident that these NAC-thioesters are treated as diketide intermediates, 
not as starter substrates by the enzyme, suggesting that the substitution pattern 
and not the chain length is crucial for the recognition of substrates by DEBS. 

DEBS appears to have a fairly broad starter unit specificity. Butyryl-CoA and 
acetyl-CoA are incorporated into the respective C10- and Csolactones, although 
at significantly lower yields than propionyl-CoA [ 160, 161 ] (Fig. 9). Remarkably, 
DEBS 1 + TE can process unreduced and partially reduced intermediates as well. 
The AT-L in the NH2-terminal part of DEBS 1 covalently activates the starter 
units with comparable efficiency [ 161]. In contrast, malonyl CoA is not recogni- 
zed as an extender unit by acyltransferase domains (R. Pieper, unpublished). 
When NADPH is excluded from the reaction mixture, a pyran-2-one was syn- 
thesized by DEBS 1 + TE [161]. Consistent with this result, incubation of (2S, 3R)- 
2-methyl-hydroxypentanoyl-NAC thioester and methylmalonyl CoA with DEBS 
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Fig.9. Polyketide products generated via in vitro biosynthesis by the fusion protein DEBS I+TE. 
1 and 2, 14G-labeled alternate starter unit substrates were used to synthesize the Ga- and 
G~0-1actones, respectively. 3 and 4, (2S,3R)-2-methyl-3-hydroxypentanoyl-N-acetylcysteamine 
(NAC) thioester was used as an intermediate to synthesize the Gg-lactone and the 3-oxo analog, 
respectively. 5, In the absence of NADPH, a pyran-2-one is generated using propionyl-GoA and 
14C-labeled methylmalonyl GoA 
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I+TE in the absence of NADPH resulted in synthesis of the 3-oxo analog of the 
Cg-lactone [ 162]. These experiments reconfirmed the tolerance of condensation 
sites of DEBS for less reduced intermediates. 

The overall kca t for the synthesis of the Cg-lactone by DEBS I+TE was mea- 
sured to be 3.4 min -1 [163]. For 6-dEB synthesis by complete DEBS, an apparent 
kca t of 0.5 min -~ was determined. The measured kca t of DEBS I+TE indicates that 
this truncated PKS is highly active in a cell-free system and approaches catalytic 
activity comparable to in vivo levels. The apparent Km for (2S) methylmalonyl 
CoA consumption by DEBS I+TE is 24 ~M. Although starter units with shorter 
and longer side chains are incorporated into the respective triketide 6 lactones, 
DEBS I+TE has a 7.5-fold preference for propionyl-CoA over butyryl-CoA and 
a 32-fold preference over acetyl-CoA. In the absence of the primer propionyl- 
CoA, DEBS I+TE turns over (2S)-methylmalonyl CoA and NADPH at the same 
rate as in the presence of the starter unit. This suggests that DEBS I+TE decar- 
boxylates the extender unit, transfers the evolving propionyl group to its active 
site KS1, and thus initiates polyketide chain elongation. 

4.2 
Other Modular Polyketide Synthases 

Gene clusters (or parts thereof) controlling the biosynthesis of several other 
complex polyketides, including avermectin [25], rapamycin [26], oleandomycin 
[164], and soraphen [165], have been isolated and sequenced. In all cases, the 
PKSs have been found to be organized into individual modules with each mo- 
dule containing the appropriate sets of active sites. Thus, the modular hypothe- 
sis appears to be well-substantiated now in several model systems. Intriguingly, 
in the case of rapamycin, biosynthesis of the entire macrocycle involves activity 
of a 12-module PKS as well as a peptide synthetase module (see below). 

5 
Nonribosomal Peptide Synthetases 

Nonribosomal peptide synthesis is based on the catalytic activity of multi- 
functional enzyme systems that resemble FASs and PKSs. Like polyketides, non- 
ribosomally synthesized peptides are a structurally diverse family with an 
impressive range of biological activities. Peptide synthetases have been isolated 
from a variety of bacteria, filamentous fungi, and plants. Their products are 
synthesized in the late exponential phase under growth-limiting conditions. 
Observed structural variations include: (1) peptide chain lengths of 1 -20 amino 
acid components, (2) unusual precursors such as hydroxy acids, chromophores, 
o-amino acids, and L-amino acids not found in ribosomal proteins, (3) peptide 
modifications (N-methylation, acylation, glycosylation, epimerization reactions), 
and (4) overall structure (linear, cyclic, lactonized, branched-chain, depsi-, pepti- 
des) (Fig. 10). Biological activities range from antimicrobial agents (gramicidin 
S,/3-1actams), biosurfactants (surfactin), siderophores (enterobactin), to animal 
or plant toxins (HC-toxin) (for detailed overviews see [166-169]). Interestingly, 
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Fig. 10. Structures of nonribosomally synthesized peptides of bacterial origin (1-6) and 
fungal origin (7-9). Me, N-methylated peptide bond; Orn, ornithine; 4-MHA, 4-methyl- 
3-hydroxyanthranilic acid; Aad, aminoadipic acid; Aeo, 2-amino-9,10-epoxy-8-oxodecanoic 
acid; D-Hiv, D-hydrox-yisovaleric acid; Brat, (4R)-4-[(E)-2-butenyl]-4-methyl-L-threonine; 
Abu, a-aminoisobutyric acid; Sar, sarcosine. The boxes signify gene products for peptide 
synthetases composed of modules which activate and process the indicated amino acids 
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structurally diverse compounds like the undecapeptide cyclosporin A and the 
complex polyketide FK506 bind similar biological target molecules, the immunoo 
philins, and interfere with identical T cell signaling pathways. 

The catalytic mechanisms and molecular recognition properties of peptide 
synthetases have been studied for several decades [ 169]. Nonribosomal peptides 
are assembled on a polyenzyme-protein template, first postulated by Lipmann 
[170]. The polyenzyme model was refined into the thiotemplate mechanism 
(Fig. 11) in which the amino acid substrates are covalently bound via thioester 
linkages to active site sulfhydryls of the enzyme and condensed via a processive 
mechanism involving a 4"ophosphopantetheine carrier [ 171 - 173]. The presence 
of a covalently attached pantetheine cofactor was first established in a cell-free 
system that catalyzed enzymatic synthesis of the decapeptides gramicidin S and 
tyrocidine. As in the case of fatty acid synthesis; its role in binding and trans- 
locating the intermediate peptides was analyzed [174, 175]. 

The ACV synthetase gene was the first complete peptide synthetase gene to be 
isolated and sequenced [176, 177]. Sequence comparisons revealed that the ACV 
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Fig. 11. Reaction scheme for (I) substrate amino acid activations and dipeptide formation, 
(II) racemization, and (III) N-methylation. El and E2 are symbols for enzyme activities (from 
peptide synthetase modules) either on the same or separate proteins. R1 and R2 are amino 
acid side chains, where R1 is part of the first amino acid activated by the peptide synthetase 
indicates the linkage between 4"-phosphopantetheinylated enzyme and the substrate or pep- 
tide intermediate. AdoMet, S-adenosylmethionine; AdoHcy, S-adenosylhomocysteine 
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synthetase is composed of three regions sharing a high degree of sequence simi- 
larity with each other as well as with sequences of related enzymes, such 
as gramicidin S synthetase 1 (Grsl) [90], tyrocidine synthetase 1 (Tycl) [178], 
and several types of adenylate-forming enzymes. Furthermore, the number of 
regions in the ACV synthetase corresponds to the number of constituent amino 
acids in the product, 6-(L-aminoadipyl)-L-cysteinyl-D-valine. This was the first 
evidence for modular arrangement of peptide synthetases. Since then, the genes 
encoding several peptide synthetases have been cloned and sequenced (for 
review, see [169, 179]). In all cases this modular organization is preserved. 
Perhaps the most striking example of a multienzyme system is the cyclosporin 
synthetase, with a molecular weight of 1690 kDa, arranged in 11 modules and 
incorporating 11 amino acids into its product. As illustrated in Fig. 12, sequence 
comparison of individual modules also established the existence of conserved 
domains; the functions of these domains have been further analyzed by muta- 
genesis and heterologous expression. For example, Grsl, a single module poly- 
peptide (1098 amino acids) involved in gramicidin S biosynthesis, consists of a 
556 amino acid NHz-terminal domain that is sufficient for phenylalanyl adenyl- 
ation. An additional 100 amino acids downstream of this domain are required 
for L-phenylalanyl thioester formation, but not for racemization of the amino 
acid. Deletion of the COOH-terminal 291 amino acids in the module aborted 
phenylalanyl epimerization, suggesting that epimerization activity lies in this 
portion of a module [ 180]. Finally, N-methyltransferase activity, when present, is 
found in the central part of the module [181,182]. 

Each module in a peptide synthetase contains a conserved region of about 
600 amino acid residues, which is involved in adenylation and subsequent thio- 
ester formation of an amino acid (Fig. 12). The amino acid sequence around the 
pantetheinylation site also shows significant similarity to mammalian FASs and 
modular PKSs. Site-directed mutagenesis of the conserved serine in this region 
of Tycl (Fig. 12) resulted in loss of the covalent activation of its substrate L-Phe. 
This finding supports the idea that the serine is the crucial amino acid-binding 
site [183]. Thus, as in the case of mammalian FASs and modular PKSs, the 
domains in peptide synthetases harboring the pantetheine cofactor are parts of 
larger proteins. (An exception to this rule occurs in the case of D-alanine incor- 
poration into ~-alanyl-lipoteichoic acid, in which a distinct ACP protein cova- 
lently binds the substrate [184]; this is reminiscent of the dissociated aromatic 
PKSs. However, unlike the conserved active site cysteine in the fl-ketoacyl syn- 
thase domain of FASs and PKSs, peptide synthetases lack a second universally 
conserved thiol in their modules. 

An interesting variation on the theme of one pantetheine per extender unit 
might occur in the case of the enniatin synthetase, in which a third pantetheine 
binding motif has been identified via sequence comparison [185]. Since ennia- 
tin biosynthesis involves repeated condensation of a dipeptide intermediate, it 
has been postulated that the third pantetheine binding site represents a"waiting 
position" for peptidol intermediates, so that additional dipeptidol units can be 
formed using the two other pantetheine groups. 

Prior to their transfer to active site sulfhydryls, individual amino acids are 
activated by the corresponding modules as noncovalently bound adenylates. 
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Activation of carboxylic acids as adenylates at the expense of ATP also occurs in 
various other enzyme classes, including the aminoacyl-tRNA synthetases and 
acyl-CoA ligases (e.g., 4-coumaryl-CoA ligase, long chain fatty acid synthase, 
firefly luciferase). Whereas there is no apparent structural similarity to tRNA 
synthetases, sequence comparisons with acyl-CoA ligases have facilitated the 
definition of adenylate-forming domains spanning 500 amino acid residues in 
peptide synthetase modules [186] (Fig. 12). Consistent with this notion, point 
mutations in the corresponding domains of gramicidin synthetase 2 (Grs2), 
surfactin synthetase (SrfA-B), and Tycl have been identified which resulted 
in a reduction or abolition of adenylation activity [183, 187-189]. Likewise, 
tryptic Tycl peptide fragments, photoaffinity-labeled with the ATP analog 
2-azidoadenosine triphosphate, mapped to sequences within this domain [190]. 
In contrast to the adenylation domains of individual modules, the domains 
involved in the peptide bond formation or in peptidyl transfer have not been 
identified. 

The thiotemplate mechanism (Fig. 11) was originally proposed to account for 
three crucial observations: (1) individual amino acid substrates are activated as 
thioesters, (2) the number of active sites is consistent with the number of con- 
stituent amino acids in the peptide, and (3) a single phosphopantetheine moiety 
was postulated to act as a swinging arm, which connects the active sites and 
extends the peptide chain. Based on this model, a multidomain structure was 
postulated for peptide synthetases with substrate activation sites on separate 
domains. This mechanism, which was initially proposed for gramicidin S synthe- 
sis [166], was revised as a multiple phosphopantetheine carrier model [191,192]. 
In the revised model the constituent amino acids are activated as aminoacyl 
adenylates, with the hydrolysis of pyrophosphate from ATP being the driving 
force for the reaction.A sulfhydryl from phosphopantetheine is then acylated with 
the amino acid. Modifications such as the racemization or AdoMet-dependent 
N-methylation of an amino acid occur subsequently at a thioester-bound stage. 
Once the first and second amino acids are activated, dipeptide formation occurs 
via aminolysis of the first aminoacyl thioester by the free amine of the second 
amino acid. This cycle continues until the full length-peptide is assembled. The 
release mechanism for the peptide is not yet understood. Cyclization or hydroly- 
sis might occur spontaneously or be catalyzed by a thioesterase functionality. 

Like modular PKSs, peptide synthetases also epimerize some substrates 
and/or intermediates. For example, the starter substrate amino acid of cyclo- 
sporin A is D-Ala. Racemization of alanine is not catalyzed by an integrated sub- 
unit of cyclosporin A synthetase, but by alanine racemase. This is a separate, 
pyridoxal phosphate-dependent enzyme [193]. In contrast, Grsl and Tycl cova- 
lently activate L-Phe as a thioester and subsequently epimerize the amino acid 
[194]. D-Phe is the only epimer accepted as a substrate for dipeptide formation 
by Grs2 and Tyc2 [195, 196]. No racemization activity is detected in a pante- 
theine-deflcient mutant of Grsl [197]. Deletion mutagenesis pointed to the 
requirement of the COOH-terminal part of the module for epimerizing L-Phe to 
D-Phe [180]. In contrast, the biosynthesis of actinomycin D, a bicyclic chromo- 
pentapeptide lactone (Fig. 10), involves formation of the dipeptide 6-MHA 
(methylanthranilic acid)-L-Thr-L-Val prior to epimerization of the L-Val exten- 
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der to D-Val [198]. Using chemically synthesized p-toluyl-dipeptide analogs 
it was shown that dipeptide diastereomers including either L-Val or D-Val could 
be isolated as activated intermediates from the actinomycin synthetase. 

Some modules of eukaryotic peptide synthetases, such as the cyclosporin 
synthetase and the enniatin synthetase, catalyze the formation of N-methy- 
lated peptides using S-adenosyloL-methionine (AdoMet) as the methyl donor. 
N-methylation of amino acids occurs at the thioester-bound stage [199] and is 
catalyzed by integrated N-methyltransferase domains within the relevant modu- 
les [181,182,185].As shown in Fig. 12, the COOH-terminal region of the valine- 
activating module of enniatin synthetase includes a 430 amino acid region 
that does not show homology to bacterial peptide synthetase modules but to 
methyltransferases. Recombinant enniatin synthetase fragments expressing 
this domain in E. coli were shown to be photoaffinity-labeled with AdoMet. 
A proteolytic 45 kDa enniatin synthetase fragment photoaffinity-labeled 
with AdoMet exactly matched the region assigned to the methyltransferase 
domain [200]. 

In contrast to mammalian FASs and modular PKSs, thioesterase functions are 
not integrated parts of peptide synthetases. However, a 29 kDa protein encoded by 
a gene at the 5'-end of the grs operon (coding for gramicidin S synthetase) revea- 
led strong homology with thioesterase regions of PKSs [90]. Similar genes were 
found to be associated with the srfA operon (coding for the surfactin synthetase) 
and a gene cluster responsible for the biosynthesis of the tripeptide bialaphos [91, 
201 ]. Although the genes have been shown to be essential for in vivo production of 
the antibiotic peptides, the thioesterase proteins themselves do not have to be 
included in a cell-free peptide synthesis system. Rather, the synthetases alone ter- 
minate peptide synthesis effectively by cyclization or hydrolysis. 

Although most modules of peptide synthetases show a strict specificity 
towards natural amino acids, some modules can incorporate alternative amino 
acids into their products. For example, the enniatin synthetase shows a relative- 
ly broad substrate specificity for hydrophobic amino acids (L-Val, L-Leu, L-Ile). 
Both nonmethylated and methylated versions can be processed to generate de- 
psipeptides in a cell-free system [202]. Likewise, cyclosporins with a variety of 
alternative amino acids have also been synthesized from cell-free cyclosporin 
synthetase preparations[203]. Various enniatins and cyclosporins can also be 
isolated from fermentation broths [204, 205]. 

Finally, as in the case of PKSs, the feasibility of generating hybrid peptide synthe- 
tases via genetic engineering has been demonstrated recently. A strategy was devel- 
oped to substitute gene portions coding for individual modules of peptide syn- 
thetases into a distinct segment of the engineered peptide synthetase operon srfA 
[206]. The srfA gene expresses surfactin synthetase in Bacillus subtilis. Surfactin is 
an acyl-peptidolactone composed of a fl-hydroxy fatty acid side chain and seven 
amino acid residues, including a leucine at position 7 in srfA-C (Fig. 10). Modules 
of ACV and Grs2 synthetases were thus shown to replace the leucine-activating 
module of srfA-C, resulting in engineered biosynthesis of novel surfactins. 
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6 
Summary  and Perspectives 

In summary,  PKSs, FASs, and peptide synthetases are remarkable examples of 
related mult ienzyme systems that catalyze the formation of structurally diverse 
and complex organic molecules via building-block mechanisms. In each case a 
relatively small repertoire of reactions is used iteratively, and the structural  
features of each building-block as well as the growing intermediate are control- 
led with elegant precision. Although the overall process is reminiscent of the 
biosynthesis of nucleic acids and ribosomal proteins, Nature seems to have evol- 
ved a rather different strategy in these cases. Instead of modularizing a template 
molecule, the multifunctional enzymes themselves appear to be modularized.  

In contrast to template-based systems such as the replication, transcription, 
and translation machineries, our understanding of the structure and mechanisms 
of PKSs, FASs, and peptide synthetases is rudimentary at best. However, as re- 
viewed here, the past decade has witnessed a dramatic confluence of chemical and 
biological methods for studying these problems. This has resulted in not only a 
substantially improved understanding of these nontemplate enzymes, but in an 
increased ability to productively engineer these systems for the biosynthesis of 
novel products. While it may be early to predict the ultimate impact of these 
amazing biocatalysts in molecular science and engineering, given the rich history 
of natural products in biology, chemistry, and medicine, one can look forward to 
equally exciting opportunities with "unnatural" natural products. 
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1 
Introduction 

Resistance to antibiotics is an increasing problem and research on antibiotics 
has seen a renaissance both in the private and the public sectors [ 1]. Resistance 
against Staphylococcus aureus (hospitalism), killer bacteria, and the reoccurrence 
of plague in India are only some of the problems to be addressed in the impro- 
vement of known antibiotics and the search for new classes of antibiotics. An 
emerging new group of antibiotics are the quinoide angucyclines [2, 3], which, 
in contrast to the related linearly condensed anthracyclines, show not only anti- 
cancer activity but also a multitude of other interesting biological activities such 
as antibacterial or antiviral properties and enzyme inhibition (reviewed by Rohr 
and Thiericke [3]; for a review up to 1986 see [4]). Since 1991, approaches to the 
chemical synthesis of the angucyclinones have become relatively standardized, 
at least for the aromatic representatives, and many efficient methods have been 
developed. Nonetheless, there are still a number of unsolved problems, particu- 
larly in the preparation of natural products which are nonaromatic in ring A 
and/or B; these problems will be addressed here, in this first comprehensive 
review on chemical synthesis. Finally, in the final sections, interesting data on 
new angucycline structures, their biosyntheses, and their biological acitvity are 
discussed. 

In their review, Rohr and Thiericke classified the angucyclinones based on the 
degree of oxygenation and C-glycoside formation (Scheme 1) [3]. 

This classification is also very useful for synthetic analysis, but there are addi- 
tional structural features of importance for synthesis that will be demonstrated 
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tetrangomycin-type SS-228Y-type 
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urdamycin-type benzanthrin-type 

SF-2315-type 

T O 

aquayamycin-type 

Scheme 1. Classification of angucyclines according to Rohr and Thiericke [3] 
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CONHCHCOOH 

O HoHO"~'~ cH3 
C H 3 0 ~  

o 
~ ~  NHCH 3 

pradimicin A (5) H ~ 0 - - ~  
OH 

Scheme 2. A few representative examples of angucyclinones (review [3]) 

in Scheme 2 by some representative examples. Rubiginone B 2 (1) [5] is an ex- 
ample of a simple angucyclinone with an aromatic ring B but lacking the 
tertiary hydroxy group at C-3. This greatly facilitates synthesis. Despite the 
simple structure, the rubiginones have interesting vincristine cytotoxicity 
potentiating activity [6]. The first known examples of the benzo [a] anthraquinone 
antibiotics are represented by tetrangomycin (2) and tetrangulol (3), isolated 
by Kunstman and Mitscher in 1965 [7, 8]. Tetrangomycin (2) is missing the 
phenolic hydroxy group at C-6 but possesses a labile tertiary hydroxy group at 
C-3 that is easily eliminated by mild base or acid treatment to yield the simple 
1,8-dihydroxy-benzo[a]anthraquinone named tetrangulol (3). Similar elimina- 
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tion products may be artefacts produced during isolation and purification rather 
than genuine natural products. The introduction of this unstable hydroxy group 
at C-3 was one of the first major obstacles to be overcome in angucyclinone 
synthesis. In aquayamycin (4), a tyrosine [9] and dopamine hydroxylase inhibi- 
tor [10], a sugar (olivose) is attached in ortho-position to the phenolic group at 
Co8. By definition [3] it is also a member of the angucyclinones since it has no 
hydrolyzable sugar. It represents the parent compound for a very large group of 
glycosidic angucyclines such as many urdamycines [2, 11, 12], P-1894B [13] 
(a prolyl hydroxylase inhibitor) or PI-083 [14] (a platelet aggregation inhibitor). 
Additional structural features are the two cis-hydroxy groups at C-4 a and C-12 b 
and the C-5,6 double bond. To date, the introduction of the tertiary hydroxy 
group at C-12b remains to be solved! Finally, the antibiotics with a benzoo 
[a]naphthacenequinone skeleton, represented by the important antifungal [15, 
16] agent pradimicin [ 17], are also included, although they are not angucyclines 
in the strict sense and are not mentioned in the review of Rohr and 
Thiericke [3]. 

2 
Nucleophilic Reactions 

A key step in the synthesis of the simple aromatic bisphenol tetrangulol (3) 
by Brown and Thomson [18] was a Michael-type cyclization of a phenol to 
the chloronaphthoquinone moiety (Scheme 3). The starting material 8, connec- 
ting the naphthoquinone and the protected phenol, was prepared by an inter- 
esting radical alkylation of the chloronaphthoquinone 6 with a carboxylic acid 
7 in the presence of silver ions and persulfate with concomitant decarboxylation 
(Torsell reaction [19]) to yield the dihydrobenzo[a]anthraquinone 9. The 
synthesis of tetrangulol (3) was concluded by dehydrogenation in boiling nitro- 
benzene. 

Michael-type addition to naphthoquinones are common reactions but the 
anthraquinones as Michael acceptors are less well known. In connection with 
intramolecular addition of carbanions to anthraquinones such as 10 (compare 
Sutherland et al. [20], review [21]), we observed the formation of a naphthace- 
nequinone 11 [22] (Scheme 4). 

We wondered if this reaction might be exploited to construct the angularly 
condensed benzo[a] anthracenes. A problem was the aromatization of the initi- 
ally formed hydroaromatic ring A under the relatively drastic basic reaction 
conditions. The starting material 12 was synthesized in a stepwise manner from 
1-hydroxy-5-methoxy-9,10-anthraquinone [23]. The crucial cyclization can 
mechanistically be regarded as an intramolecular nucleophilic displacement of 
the methoxy group to afford a keto ester 13 with about 55 % yield (Scheme 5). 
Only a few nucleophilic additions to electron-deficient anthraquinones are 
known [20, 24, 25] and intramolecular reactions of this type are more facile [21, 
26- 30]. The subsequent ethoxydecarbonylation under acidic conditions to yield 
ketone 14 presented no problem. 

The 2-oxo-3-methylbenzo[a]anthraquinone (14) is an interesting and valu- 
able angucycline intermediate. To demonstrate conversion into the racemic 
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Scheme 3. Synthesis of tetrangulol (3) by Brown and Thomson [ 18] using a Michael reaction 
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Scheme 4. Formation of naphthacenequinone 11 by intramolecular nucleophilic 
substitution [22] 
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Scheme 5. Intramolecular nucleophilic addition to produce a dihydrobenzo[a]naphthoquinone 
(16) and transformation to rubiginone B2 (1) [23] 
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natural product rubiginone B 2 (1), we effected a transposition of the carbonyl 
group from C-2 to Col (Scheme 5). Thioacetalization of 14 with 1,2-ethane 
dithiol generated the thioacetal (15) that was desulfurized to afford 16 by treat- 
ment with Raney nickel. The final transformation into .(+)-rubiginone B 2 (1) was 
achieved by a novel photooxidation step (see Sect. 3.1). 

The analogue of 1 hydrox-ylated at C-6, e.g. 3-deoxyrabelomycin (20), was 
synthesized by Kraus and Wu using the excellent Michael acceptor properties of 
the extremely electron-deficient 3-acetyl-5-methox-y-l,4-naphthoquinone (17) 
[31, 32] (for related reactions of Eugster et al. compare [33]). The addition of 
5-methyl-l,3-cyclohexadione (18) proceeded at 20-25~ without catalyst to 
afford adduct 19 after methylation. The subsequent intramolecular Michael- 
type reaction followed by elimination of methanol afforded more drastic condi- 
tions (NaOH, MeOH, 140 ~ and gave relatively low yields (27%) of a tetracyclic 
intermediate which was demethylated in the usual manner with A1C13 to yield 
3-deoxyrabelomycin (20, Scheme 6). 

o H O ~ " ~  cH~ 
0 

2. K2CO3, Mel r- IT " ]  ~,k,.u 
- 

T T 
HaCO O O OH H~O OH O 

~ ~ ~ 

1. NaOH, MeOH, 14~*C _ O . ~ A  ~ ~ C H a  

2. AICI~ 

17% ~ O OH 
ZQ 

Scheme 6. Syntbes~s o~ 3-deo~rabeIomycJn (~0) usJ~ ~cbae] addit~ons [3I, 3~] 

3 
Electrophilic Substitutions 

Electrophilic reactions on the electron-deficient anthraquinone are normally 
not possible. However, in 1936 Marschalk described the facile alkylation of the 
anthraquinone nucleus by aldehydes after reduction of the quinone to the elec- 
tron-rich hydroquinone using dithionite [34]. This strategy might be called a 
"redox Umpolung", since the chemical reactivity of the anthracene core is rever- 
sed by the redox reaction. 

In connection with a synthesis of 11-deoxydaunomycinone [35] we did not 
observe the expected linear cyclization of the bromide 21, but rather the exclusive 
angular cyclization to the benzo[a]anthraquinone (22) [36]. This reaction 
was later exploited in the synthesis of a daunomycinone-rabelomycin hybrid 
24 which incorporated structural elements of both antibiotics [37]. The required 
bromide 21 was prepared by alkylation of a bromomethylanthraquinone 
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with acetylbutyrolactone followed by HBr treatment and acetalization. The 
anthrahydroquinone 21 underwent smooth cyclization to the angular system 
22 (Scheme 7). 

The final steps required the introduction of two oxygen atoms. The activa- 
ted position a to the carbonyl group was brominated with copper bromide 
(compare with [38]) and solvolysis with aqueous sodium hydroxide afforded 
the tert-alcohol 23. The oxygen atom at C-1 was introduced by the photo- 
oxygenation step as mentioned above to yield the ketone 24. In fact, the 
photooxidation reaction on the deoxygenated precursor was discovered by 
serendipity - by leaving an NMR solution of the cyclization product on the 
bench in diffuse sunlight [37]. The hybrid structure showed considerable cyto- 
toxicity in vitro without being a glycoside, a prerequisite in the anthracycline 
series. 

The nucleophilic displacement on an anthraquinone core and also the elec- 
trophilic substitutions described above are limited to the synthesis of angucy- 
clines with an aromatic ring B. 

I I O O O 

~ J ' ~ ' ~  Na2S204, 2. NaOH 

~ NaOH >O2 660/o . 

OH O OH OH O OH 
21 22 

0 0 

OH O OH OH O OH 
23 24 

Scheme 7. Electrophilic cyclization of 21 to 22 followed by the introduction of an oxygen atom 
in the synthesis of a daunomycinone-rabelomycin hybrid 24 [37] 

3.1 
P h o t o o x y g e n a t i o n  at G1 

As mentioned above, the photooxidation was discovered by exposure of com- 
pound 22 to sunlight. The reaction proved to be of great value for angucycline 
synthesis because the fl-hydroxy group present in most natural products which 
is easily eliminated under basic or acidic conditions (see Scheme 2) and the car- 
bonyl group at C-1 can thus be introduced under mild neutral conditions. We 
assume that the reaction is initiated by Norrish type II y-hydrogen abstraction 
of the excited carbonyl in 25 to yield a diradica126 as shown in Scheme 8 with 
1-deoxyrabelomycin (25) as the example [39]. The H-abstraction requires a very 
definite steric environment in which the benzylic protons have to be in prox- 
imity of the excited carbonyl group. Subsequent addition of the diradica126 with 
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singlet oxygen is supposed to yield a peroxodiradica127 which can cyclize to an 
unstable hydroxy-1,2-dioxane (28). This intermediate is then opened up by pro- 
ton abstraction to generate the C-1 carbonyl compound, e. g., rabelomycin (29). 
A mechanism involving triplet oxygen by Diels-Alder reaction with the meso- 
meric diene of the diradical structure 26 cannot be ruled out. 

The noteworthy N-demethylation of aclacinomycin A [40] or the oxidation of 
1-methylanth~aquinone [41] probably proceeds by mechanistically related 
photooxidation processes [42]. For the photooxidation of natural rubiginones 
(OH at C-1) see [5]. 

~'~ H~r'~ A A ,~CH3 
-,oN 

~ '  hv ~ 

(Norrish Typ II) 
OH O OH OH O OH 

25 26 

lO~ 

"C~ ~'~ ~,CH 3 H I~BE~ 
o o 

- - 

OH O OH OH O OH OH O OH 
27 28 rabelomycin (29) 

Scheme 8. Photooxygenation of 1-deoxyrabelomycin (25) to afford rabelomycin (29) [39] 

4 
Friedel-Crafts Reactions 

The first synthesis of ochromycinone (35) [43] and its corresponding methyl 
ether X-14881 C (34) [44] was realized by Katsuura and Snieckus [45, 46]. The 
construction of the basic skeleton was performed by a Friedel-Crafts reaction of 
a carboxylic acid to yield an anthrone (33) that was subsequently oxidized to a 
dihydrobenzo [a] anthraquinone. The decisive step determining the regiochemi- 
stry was the coupling of the dianion formed by directed metalation of tetralol 
30 with the benzaldehyde (31). The condensation product was not isolated but 
cyclized and dehydrated by treatment with acid to form the phthalide olefin 32 
(77%). The carbonyl group at C-1 was introduced by a series of steps including 
selenohydroxylation and chromium(VI) oxidation followed by radical deselena- 
tion. Easier solutions such as the photooxygenation (see Scheme 8) or the base- 
catalyzed oxygenations for 3-deoxyangucyclinones [47] were later developed for 
introduction of the oxygen at C-1 (vide infra). The final demethylation of 
X-14881C (34) to the phenolic ochromycinone (35) using aluminum trichloride 
proceeded without problems (Scheme 9). 

A related Friedel-Crafts reaction of a carboxylic acid derived from lactone 
38 to yield an anthrone 39 was employed by Uemura et al. [48, 49]. However, a 
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~ CH3_ . . . . . .  ~,- 

54% 
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33 

~ CH3 

1. Zn/OH G 
2. TFAA~ 
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~ CH3 

F{ = Me, X-14881 C (34) 
R = H, ochromycinone (35) 

Scheme 9. Synthesis of ochromycinone and X-14881 C by Katsuura and Snieckus [45, 46] 

(6-arene)chromium tricarbonyl complex 36 was used for the directed metala- 
tion. Subsequent coupling with the aldehyde 37 yielded lactone 38. The base- 
catalyzed air oxidation of the unsaturated anthrone to the corresponding 
anthraquinone proved difficult, but chromium(VI) oxidation converted the 
hydrogenated derivative to the anthraquinone and simultaneously introduced 
the oxygen atom at C-1 to afford the racemic 3-deoxyrabelomycin (20) after 
cleavage of the methyl ethers with A1C13 (Scheme 10). 
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~H3 ~H3 OH O OH 
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$(heme 10. S~nt~es~s o~ ~-~eo~a~e]o~c~n (20) ~ ~e~u~a e~ a]. [~ ,  ~9] 
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5 
Diels-Alder Reactions 

The Diels-Alder reaction is one of the most convenient ways to construct 
condensed six-membered ring systems. An early example of the construction 
of a hydrogenated benzo[a]anthraquinone 42 was given by Carothers and Coff- 
man in 1932 by reaction of naphthoquinone 40 with a 2-chloro-vinyl- 
cyclohexene 41 [50] (Scheme 11). In fact, this kind of disconnection between the 
rings B and C thereby forming ring B is the most frequently applied in angucy- 
dine syntheses using the Diels-Alder reaction. 

Related reactions of naphthoquinone (40) with styrene (43) as the diene com- 
ponent to yield the fully aromatized benzo[a]anthraquinone (44) are much 
more difficult and require long reaction times at elevated temperatures, as 
shown in Scheme 12 [51] (compare with [52]). 

Guingant and Barreto [53] published the pioneering paper describing the 
synthesis of ochromycinone (35) by a Diels-Alder reaction. The dienone (46) 
was prepared from 3-ethoxy-5-methyl-cyclohex-2-enone (45) in two steps 
(alternatively, a diene with SPh instead of OMe could be used). The Diels-Alder 
reaction with jugtone (47) was catalyzed with boron triacetate to overcome 
the somewhat poor reactivity of the electron-deficient diene 46. The primary 
adduct 48 could not be isolated but directly eliminated and oxidized to 
ochromycinone (35) (Scheme 13). 

The efficient procedure of Guingant and Barreto was used by Gould et al. [54] 
to prepare the aromatic tetrangulol (3) required for biosynthetic studies. As 
shown in Scheme 2, elimination of the tertiary hydrox y group of tetrangomycin 
(2) to form tetrangulol (3) is no problem. In the absence of this hydroxy group, 
conversion of ochromycinone (35) to the stereoisomeric mixture of the bromi- 
des 49/50 was required. Base-catalyzed quantitative elimination then produced 
the benzo[a]anthraquinone 3 (Scheme 14). 

o 

I o 0 
40 41 42 

Scheme 11. Construction of  a hydrogenated benzo[a]anthraquinone 
by Carothers and Coffman [50] 

[ ~  benzene, 85 ~ 

1 week, 12% 
0 0 

40 43 44 

Scheme 12. Synthesis of benzo[a]anthraquinone by Diels-Alder reaction 
using styrene as the diene [51] 
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Scheme 13. Diels-Alder approach to ochromycinone (35) [53] 
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00@,,~CH3 100% [ ~  cH3 
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49150 (cis:trans=1:5) 3 

Scheme 14. Aromatization of ochromycinone (35) to tetrangulol (3) via bromides 49 [54] 

In related investigations Valderrama et al. [47] studied the reaction of 
naphthoquinone (40) and juglone (47) with the ketene acetal 51. Using this 
oxidation state, the oxygen substituent in the product is always preserved at the 
terminal position of dienes (compare anthracycline chemistry [55]). Thus, the 
phenol ether 52 a (61%) and smaller amounts of the phenol 52b were smoothly 
formed after silica gel-promoted elimination and air oxidation of the primary 
Diels-Alder adducts. The authors also observed base-catalyzed air oxidation to 
the ketone 53, analogous to similar oxidations of benzylic carbanions (compare 
with [56]). 

[ ~  20 ~ 12 d, SiO~,~2 NaOH, ~O2 

L~OSiMe3 61% - Y Y Y 790/0 
OH O OEt OH O OR OH O OH 

47 51 52a: R = Et 53 
52b: R = H 

Scheme 15. Diels-Alder reaction using ketene acetal 51 and base-catalyzed air 
oxidation at C-1 [47] 



138 K. Krohn-l. Rohr 

The benzo[a]anthraquinone skeleton 56 was also formed in an interesting 
rearrangement of a spirodienone 55 prepared by Diels-Alder reaction of buta- 
diene with the spirooquinone 54 [57]. 

A different kind of disconnection (between rings B and C to construct ring C) 
was employed by Suzuki et al. [58, 59] (for related reactions compare with [60]). 
The arine 58 formed by treatment of iodotriflate 57 with n-BuLi reacted in a 
[2+4] cycloaddition with the siloxyfurane 59 to yield a mixture of the regio- 
isomers 60 and 61 (1:14). Dehydrogenation of the major regioisomer 61 to the 
benzo[a]anthraquinone 62 with air in the presence of diazabicycloundecane 
(DBU) was quantitative (Scheme 16; for conversion to the glycoside C 104 see 
Sect. 8). 

The synthetic scheme of Suzuki et al. [59] was based on the fact that adducts 
resulting from furan addition often rearrange to phenols (compare with [61]). 
In our group, we also investigated the reactions of naphthoquinones with siloxy- 
furans such as 64. However, instead of the expected [4+2] cycloaddition, a 
Michael addition that proceeded without catalyst occurred in the reaction with 
3-chlorojuglone (63) [39]. Interestingly, both the Michael acceptor 63 and the 
donor 64 reacted in a 1,4-reaction mode. The regio- and stereochemistry of the 
product 65 were confirmed by x-ray analysis (Scheme 18). 

A similar diene 66, prepared by reduction of the ketone 46 of Guingant and 
Barreto [53] (Scheme 13), was used by Larsen and O'Shea in the synthesis of 
the racemic rubiginone B] epimer (69) [62] and later (by a slight modification, 

.~. DD~ 
+ ~ 

0 0 0 0 
54 55 56 

Scheme 16. Rearrangement of a spirodienone 55 to a benzo[a]anthraquinone [57] 

H 3 C O ~ T / C H 3  

.=u,: i § o(;[L j 
~- v 761 

MOMO MOMO O~DMS 
57 58 5~ 

H3mm ~,, H3CO ~ CH,, H3Cq ~ ~CH 3 
~ ~'n3 O ' '~ O 

6 M ~ O  ~ ~ M O  0 
60 61 62  

~r 17. D i e l s - ~ r  r e ~ i o ~  of  ari~e 58 wi th  ~ e  s i I o ~ f u r ~ e  59 [58, 59] 
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o 

+ ~ 

CI 

OH O OSiMe3 OH O 
63 64 6~ 

Scheme 18, Michael addition of the siloxyfurane 64 to the naphthoquinone 63 [39] 

i.e., acetylation of 67) the racemic rubiginones [63] and emycin A [64]. The 
advantage offered by the diene 66 was that the adducts 67 with juglone 40 were 
relatively stable and did not spontaneously aromatize as observed by Guingant 
and Barreto [53]. Aromatization of 67 to 69 was induced by treatment with 
[(AcO)2B] 20 [63] or, in the case of the corresponding acetate, by DBU/air treat- 
ment [63, 64]. Oxidation of the hydroxy group at C-1 afforded the racemic rubi- 
ginone B 2 (2), and AlE13 demethylation ochromycinone (35) [64]. 

Interestingly, ring opening to the aldehyde 68 occurred on attempted aro- 
matization of adduct 67 with either acid or base. Similar ring openings have also 
been observed with several natural products (e.g., aquayamycin 4 [65]) and 
establish the link to related open chain natural products such as the fridamycins 
and vineomycin B 2 [3]. 

A kinetic resolution with respect to the racemic diene 66 could be achieved in 
the Diels-Alder reaction promoted by a chiral Lewis acid prepared from BH 3 in 
the presence of (S)-3,3"-diphenyl-l,l"-binaphthalene-2,2"-diol and juglone (47) 
in the synthesis of (+)-emycin A and (+)-ochromycinone (35) [66] (compare 
previous investigations by Kelly [67]). 

~ HO~...,r~CH 3 
+ L~) B(OAc~3 

73% 
OH O ~ ' ~  

47 66 OCH3 

0 

~ ~ ~ ' ~ ' C H O  
~ CH 3 

OH O 
68 

oHO..~.~,CH~ 

~ acid or  has: 

I I I ~ :  -=_ OH O OCH~ 
B7 / 

[(A~O)2BI20 / 2. Mel, NaOGH~ 1. a 48% ~ C H 3  ,~,, 

~ o  6~ 

Scheme 19. Synthesis of racemic epi-rubiginone B~ (69) by Diels-Alder reaction [62] 

In our group, we focused on the possible introduction of the labile hydroxy 
group at C-3. Keeping in mind that the C-1 carbonyl oxygen can be introduced 
at a later stage by photooxygenation under neutral conditions (see Scheme 8), 
juglone (47) and the diene 70 resulted from the retrosynthetic analysis of the 
Diels-Alder route to rabelomycin (29). 
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-- O~% ~ jCH3 O i " ' ~ , ,  oH3 

�9 

OH O '. OH OH O ~3SiO OEt 

29 47 70 

Scheme 20. Retrosynthetic analysis of rabelomycin (29) synthesis [68, 39] 

MeLi (Et20), HMPT 
Me3SiSiMe3 ~ 2 LiSiMe 3 + 2 Me3SiSiMe 3 

71 0 - 5 ~ 72 

~ 2 SiMe4 + LiSiMe2SiMe3 (73) 

Scheme 21. Formation of lithium pentamethyldisilane (73) by reaction 
of Si2Me6 (71) with LiMe [68, 39] 

We presumed that the required diene building block 70 would be relatively 
unstable and difficult to prepare. To solve the problem of the introduction of the 
labile tertiary hydroxy group, we decided to place a silicon atom at this position 
which can later be replaced by oxygen, as shown by the pioneering work of 
Fleming et al. [69]. The silicon serves two purposes: (1) it is a replacement for 
oxygen with a much decreased leaving group ability, (2) it directs regioselective 
deprotonation to generate the desired vinyl ketene acetal (see Scheme 24). Fle- 
ming proposed the dimethyl-phenylsilyl group as a precusor for the oxygen 
atom. Before testing this group we wanted to study introduction of the silyl 
group by use of the known trimethylsilyl lithium (72) prepared by Still by treat- 
ment of hexamethylsilyl lithium (71) with methyl lithium in HMPT [70]. How- 
ever, when conducting the reaction on a much larger scale (molar instead of  mil- 
limolar) we obtained the lithium pentamethyldisilane adduct 73 [68]. The 
formation of this species above 78 ~ was observed earlier by Hudrlik et al. [71]. 

The conjugate addition of lithium pentamethyldisilane (73) to cyclic enones 
is a general reaction (e.g., 74 and 76) and required no conversion to the corre- 
sponding copper species. The yields of the adducts 75 and 77 range from 50 % to 
60% [68]. 

R ~ R 2 R ~ R 2 R 1 ~ R2 

LiSiMe2SiMe 3 + > Si2Mes b H Me 
73 50- 60% ~ 75 c Me Me 

.Si2Me 5 

LiSiMe2SiMe3 + ~ ~ ~ 
ca. 50% ~ 

76 0 0 

5r 22, Co~u~ate ~ U o n  o~ ]~th~um pen tamc~ ]~s~nc  (7~) to c~c]~c c ~ o n r  [68] 
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,,/",,~,.. CH3 

+ 02, 24 h, 20 ~ 
x, 

R = H: 32% OH O Me3SiO OEt R = Et: 33% 
47 78 

.CH3 
I. AICI 3 ~ ~  
2. H20, H + OH 
3. F-, H202 by, 02 

~ ~ 

59% OH O OH 76% 
25 

Chh 
~S~zMe 5 

OH O OR 
79a,79b 

ON 

OH O OH 
~c-Rabelomycin (29) 

Scheme 23. Synthesis of rac-rabelomycin (29) using the silyldiene 78 in a 
Diels-Alder reaction [68] 

Ketone 75b was converted to the corresponding vinyl ketene acetal 78 simi- 
larly as shown below (Scheme 24) for the dimethylphenylsilyl adduct 75 d. Using 
this building block, the synthesis of racemic rabelomycin (29) was achieved as 
outlined in Scheme 23, including the conversion of the pentamethyldisilyl group 
of the adducts 79a and 79b into a hydroxy group by A1C13 cleavage of the Si-Si 
bond and cleavage of the ethyl ether of 79b followed byH202 oxidation in the 
presence of fluoride [compare with 72]. The carbonyl group at C-1 was introdu- 
ced by the photooxidation step of the 1-deoxyrabelomycin (25) described 
earlier (Scheme 8). 

Later, the dimethylphenylsilyl adduct 75 d was not only converted to the vinyl- 
ketene acetal 81 by a Wittig-Horner reaction via the ester 80, but also by reduc- 
tion of S0 to the aldehyde 84 followed by silylation of the corresponding anion to 
the silylenol ether 85. Vinylcyclohexenes without terminal substitution (e. g., 83) 
was prepared via an alcohol derived from 80 or 84 [73, 74]. The least substituted 
diene 83 was alternatively prepared from the triflate 82 in a Stille coupling 
with trialkylvinyl stannane [75] (Scheme 24), a reaction also used by Toshima 
et al. [76]. 

[~,CH3 ~ IO1 .CH3 (31"13 

"SiMe2Ph (EtO)=P""'u~OEt~ 80~~oEtSiMe~Ph --- 811~"SiMe2PhL~ OSiMe3 

O 75d 
0 ~1 OEt 

~t CH3 CH3 CH3 CH3 
[~"SiMe2Ph~ ~~'""SiM~e2.P..h.. ~ l  "~'SiMe~Ph ~ ~~"'"SiMe'Ph 

. -,o, 
Scheme 24. Preparation of various vinylcyclohexenes from the silylketone 75 d [73, 74] 
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With the required silyldienes 81, 83, and 85 in hand, the syntheses of most 
racemic angucyclines with aromatic ring B, such as rabelomycin (29) [39], 
tetrangomycin (2) and tetrangulol (3) [73] or the simple benzo[a]anthra- 
quinone derivatives MM 47755 (isolation [77]) or X-14881 E (isolation [44]), 
could be prepared similarly as shown in Scheme 23 [74]. As a rule, the adducts 
using the ketene acetal 81 tend to rapidly eliminate one siloxy or alkoxy sub- 
stituent generating a phenol or phenol ether. The allylsiloxanes derived from the 
enol ether 85 can also be aromatized, but the primary adducts are more stable. 
Finally, the primary Diels-Alder adducts derived from vinylcyclohexenes such 
as 83 are the most stable and perhaps also the most valuable for further conver- 
sion to non-aromatic angucyclines because the double bond can be oxygenated 
by various reagents (e. g., epoxidation, cis-hydroxylation, see below). 

At this point it is instructive to examine the regiochemistry of the Diels-Alder 
reactions of the substituted naphthoquinones 47, 87, and 89 with the dienes 
81 and 83 (Scheme 25) [74]. 

OH 0 <?- 
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OAc 0 

~ ~ r  
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RO OSiR3 

81 

~ H3 

"SiMe~,Ph ,.~ . . . .  ~ 
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~ H3 

'SiMe2Ph 

O 
8 6  

.CH3 
O A c  0 r ~ " % ,  . ~ - ,S~Me2P h 

O OH 
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~ = ~ P h  

OH O 

9 0  

Scheme 25. Regioselectivity of some Diels-Alder reactions [74] 

Ketene acetals such as 81 and juglone (47) form predominantly regioisomers 
derived from 1,8-dihydroxy-9,10-anthraquinone. This clearly follows previous 
experimental results [78, 79, 80] and theoretical frontier orbital considerations 
[81]. The regiochemical outcome results from an energetically favorable transi- 
tion state in which the two larger orbital coefficients of dienophile LUMO and 
diene HOMO overlap. In ground state terms: the nucleophilic site of the diene 
adds to the more electrophilic site of the dienophile. The highly regioselective 
reactions of the oxygen-free and much less reactive diene 83 are less easily under- 
stood. Evidently, steric factors are also very important and in these cases addi- 
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tion of the less hindered terminal site of 83 adds to the less hindered site of the 
halogenated quinones 87 and 89 to form the adducts 88 and 90, respectively [74]. 

For synthetic purposes it is important to take into account that elimination of 
hydrogen chloride or bromide from the primary Diels-Alder adducts starting 
from halogenated naphthoquinones is easy and the subsequent oxidative aro- 
matization thereby facilitated. The synthesis of tetrangomycin (2) (Scheme 26) 
may demonstrate the principle, but many more synthetic examples of natural 
and non-natural angucyclines show the generality of regioselective DielsoAlder 
reactions as well as the utility of the silicon-oxygen exchange and the photooxi- 
dation reaction. 

c~h 

"SiMe2Ph BF 3 Et20> 

OAc O OAc O 
91 83 92 

~ CH3 O CH3 

..... SiMe~F 1. F~ H202 OH 

2. hv, O~ 

OH 0 OH 0 

S3 tetrangomycin (2) 

Scheme 26. Synthesis of tetrangomycin (2) by Diels-Alder reaction [73] 

The Diels-Alder reaction is not only an excellent method for the synthesis of 
the aromatic angucyclines, but the double bond of the primary adduct (for 
example in 92) is a functionality for the introduction of new oxygen atoms. The 
oxygen-free diene (83) is best suited for this purpose to prevent easy aroma- 
tization of ring B by elimination. However, halogenated naphthoquinones must 
be used in combination with this diene to control regiochemistry (see above). 
The relatively stable adduct 92 can be oxidized to the cisodio194 using catalytic 
amounts of osmium tetroxide and N-methylmorpholine-N-oxide (NMO) as the 
oxygen source (Scheme 27) [82]. Interestingly, good yields of the phenol 96 are 
obtained upon treatment of 94 with acid (elimination of both hydroxy groups 
was expected). However, a methoxy group is introduced at C-6 if 94 is treated 
with sodium methoxide in the presence of air to form 95. This reactivity is 
explained via quinonemethides [82] that are also assumed in the reactions with 
molecular oxygen (Scheme 28) [83, 84] and NMO (see below Schemes 40, 41) 
[85, 86]. 

In model studies, Sulikowski et al. [83] investigated the reactivity of the Diels- 
Alder adduct 98 resulting from the reaction of bromonaphthoquinone 91 with 
the diene 97. Two major types of oxidation products, the epoxides 100 and 101, 
resulted from oxygenation in the presence of tetrabutylammonium fluoride 
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OAc O OCH3 OAc O 
95 96 

Scheme 27. Some reactions of the cis-dio194 [82] 

(TBAF) (the yields depend on the silyl protecting group at 1-OH). A quinone- 
methide radical is postulated to be the initial intermediate which is trapped by 
oxygen to give the hydroperoxy radical 99 [84]. The stereochemistry of the iso- 
lable oxidation products 100 and I01 depends on the stereoselective formation 
of only one stereoisomeric hydroperoxy radical 99. The major compound 101, 
with a triisopropylsilyl (TIPS) protecting group, was converted in a number of 
protection/deprotection and reduction steps into an analogue 102, which has the 
stereochemistry of the SF 2315 B ring system [84]. 

Boyd and Sulikowski published the first synthesis of an enantiomerically pure 
diene building block 107 starting from (-)-quinic acid [87] in a sequence of 
reactions analogous to previous work by Steglich et al. [88] (Scheme 29). The 
epoxide resulting from tosylate 103 was reduced with LAH to the dio1104. Mesyl- 
ation of the secondary hydroxy group followed by reductive fragmentation gave 

-nPSO 

1. 110 oc O2/TBAF, THF, 

91 + "~'J~ 2. DBU -78~ to 20~ ~ I~ 
67% t01: 16% 

97 OH O 98 102: 33% 

I 

 p.o,  g.o, _ 

~ O  ~ O  HO % 
0 OH" : 

+ H ....... ,. H 

OH O OH O OH O 
100 101 102 

Scheme 28. Stereocontrolled assembly of the SF 2315 B ring system by air 
oxidation of adduct 98 [84] 
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HO_ ,CH2OTs HO, ,CH 3 
[ ~  2.1"DBULAH> [ ~  1. MsCI, Et3N HO. ~ 0 H [ ~ 3 2 .  Na, NH3 
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1. PhCH(OMe)2 BnO, ,CH 3 1. (R)2Cu(CN)Li;z BnO ,,CH 3 
2. DIBAH [ ~  2. DDQ ~ 
3. TPAP. NMO 3. DIBAL ~ 0 ~ OH 
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Scheme 29. Synthesis of an enantiomerically pure diene building block 107 
starting from (-)-quinic acid [87] 

the allylalcoho1105. Protection of the more hindered tertiary alcohol of 105 was 
achieved by DIBAL reduction of the corresponding benzylidene acetal followed 
by oxidation with perruthenate to give ketone 106. Conjugate addition of a 
higher order vinyl cuprate, trapping as silyl ether, and immediate DDQ oxida- 
tion regenerated the double bond. Finally, DIBAL reduction yielded the fl-alco- 
hol 107 as the major isomer (9:1). 

The diene 107a was used in a total synthesis of the C-glycosidic urdamy- 
cinone B (182) and 104-2 (183) (see Sect. 8) but also in the synthesis and deter- 
mination of absolute configuration of (+)-SF 2315 A (111) [89] (isolation of SF 
2315 A see [90, 91]). Selective debenzylation of the Diels-Alder adduct derived 
from the quinone 91 and diene 107a by hydrogenation over palladium in the 
presence of potassium carbonate (which also effected dehydrobromination and 
saponification of the acetate) afforded the tertiary alcohol 108 (Scheme 30). The 
ct-epoxide 109 was isolated exclusively upon epoxidation with dimethyldioxiran 
followed by acetylation. The allylalcohot 110 was generated by epoxide allylalco- 
hol rearrangement using tetrabutylammonium fluoride (TBAF) as a mild base. 

O TIPSO,, ~,~ ,~CH3 TIPSO, ,OH3 ~ B r  "~ y-,.OBn 1. 110 *C (66%) , 
2. Pd(OH'2IH2 _ ~ "~,,,H ~J'~"OH 

L.L fl.J + ~-"r ~ 3.,2CO3 . ~ y y y  1. Me,CO2 
-T f 2. Ae2~ 
OAc O 107a ~ 

91 ~ O le~ 88% 

"nPSO _ CHa TIPSO.. .CHa ,O. O . y ~  
~1 " "~ 'OAc  ~ " O A c  ~ CH3 

~ 1. Ac:,O ,,, 
L~ I ~  I~./J::::O 2. TB_~AF ~ [ ~ L ~  "'OH ~- ~ [ . ~ ~ J " O H  

T [I - 76*/, 
OAc O OAc O OH O 

109 110 111 

Scheme 30. Enantioselective synthesis of (+)-SF 2315 A (111) by Kim and Sulikowski [89] 
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A number of protections/deprotections and one oxidation step gave the angucy- 
clinone 111 of the SF 2315 type (compare with [82]), establishing the absolute 
configuration of the natural product. 

Three successive [2+4] cycloadditions were used in the synthesis of the 
pentacyclic methyl ether of G-2N by Kraus and Zhao [92] and later, by a slightly 
modified procedure, also of the natural product G-2N (118) [93] (Scheme 31). 
Thermal reaction of the cyclobutanol 112 with acrylic ester gave the dihydro- 
naphthalene 113 which was demethylated by treatment with boron tribromide 
and converted into the exocyclic ketene aceta1114. This unstable diene was reac- 
ted in a second cycloaddition with 2,6-dichlorobenzoquinone (115) to afford the 
tetracyclic chloroquinone 116. In a last Diels-Alder reaction, ring E was anella- 
ted by treatment of 116 with 1-methoxy- 1,3-bis [(trimethylsilyl)oxy]- 1,3-buta- 
diene (117) to yield the pentacyclic natural product G-2N (118) [93]. 

Finally, Nicolas and Franck [94] attacked the problem of establishing the two 
cis-hydroxy groups on an aromatic core (Scheme 32).As in many of their papers, 

R O A C H 3 0  
H..C O ~ CH 3 H3CO ~ ~ ~CH 3 1. BBr3 -,. 1-~ IJ U 
�9 '~ 2. LDA, TMSCI 

"~/~"~H2=CHCO2Me H3C. ~ I ~ i, " ~ ' ~ +  ~'~"~ 
=" I o, 

NO MeCO~ ~" ~'~ 05 i~  u 
112 113 114 115 

Me3SiO.~,~ 

0 HO. , , , ] ,~C H3 , ~L~OSiMe3 0 HO'~"~' [  ~cH3 

HCI. SiO=..2 ~ 117 MeO 

O OH OH O OH 
116 118 

Scheme 31. Synthesis of G-2N (118) by three successive [2+4] cycloadditions [93]. 

OAI~/I [']]3DMSO ] 
O OMS 

, 

N~N P 95% ~ ~ 
CI 120 N 

119 

TBDM$O ] AI~ K~...,CHO 

~ . . . . .  

~ N . . ~  
122 ] 123 I~IHDNP 

~u~ o....-CH(OUe)~ ~~01"BDMS 

1~4 

Scheme 32. Synthesis of the protected enedio1124 by Bradsher cycloaddition [94] 
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they used the Bradsher cycloaddition reaction to construct the ring system. 
The iminium salt 119 reacted with siloxyvinyl ether 120 to form the aldehyde 
123 via the intermediates 121 and 122. Elimination of the amino substituent 
of 123 to form the protected enediol 124 was achieved after acetalization, 
saponification of the amide, and conversion to the methoiodide by exhaustive 
methylation. 

6 
Biomimetic-Type Syntheses 

Biosynthesis is presumed to occur via a hypothetical decaketide (Scheme 33). 
Rohr has recently presented a folding analysis of polyketides in terms of sequen- 
tial (E)- or (Z)-enolates [95]. 

However, it should be mentioned that Gould and Halley recently presented an 
alternative mechanism for PD 116198 involving a skeletal rearrangement [96]. 
We will later return to discussion of the problem of linear vs angular cyclization 
mode. 

oxidation _ ~ "  decarbox'ylation 
redu,~o,n ~ u~  ~'~ ~/O O O ,,~,CoHH3 

. . . . . . . .  

O O O OH O OH 
rabelomycin (29) 

Scheme 33. Postulated decaketide cyclization to angucyclines [3] 

The first biomimetic-type synthesis of (-)-urdamycinone B (131) (the enan- 
tiomer of the natural procuct) was realized by Yamaguchi et al. [97]. They initi- 
ally examined the strategy by synthesis of racemic tetrangomycin (2) (R = H in 
Scheme 34). In particular, they achieved the irreversible dehydration/aroma- 
tization to tetrangulol (3) (compare with Scheme 2) but finally found mild con- 
ditions (NaOH, MeOH, 25~ to prevent the unwanted aromatization (77% 
for 2, R = H). 

By a slight modification of the route, shown in Scheme 34, they also prepared 
the C-glycoside with ~.-olivose (132) (erroneously named rhamnose [97]) result- 
ing in the enantiomer 131 of the natural product. Based on their earlier investi- 
gations ofbiomimetic-type condensations of dianions to aromatic systems [98], 
they prepared the naphthalenediol 126 by successive condensation of glutaric 
ester 125 with acetoacetate and acetate anions. The aldehyde 127 was then 
prepared by a sequence of palladium-catalyzed dealkox-ydecarbonylation, base- 
catalyzed ring closure, protection as MOM ether, and DIBAL reduction. An 
important step was chain elongation of the aldehyde with lithiated acetylaceto- 
ne monothioacetal. The intermediate diketoalcohol spontaneously cyclized with 
concomitant elimination and aromatization to 128. The dithioacetal protection 



148 K.Krohn.J. Rohr 

group prevented further uncontrolled cyclization steps. Acid-catalyzed depro- 
tection, base-catalyzed air-oxidation to the anthraquinone, and removal of the 
dithiane protection group then generated the crucial diketo intermediate 129. 
Base-catalyzed cyclization afforded (-)-urdamycin B (131) (34%) together with 
the diastereomer 130 (37%) (Scheme 34). No asymmetric induction of the 
remote sugar could be observed on the newly formed chiral center at Co3. 

It is noteworthy that - in principle - other cyclization products can also result 
from the diketone 129. Evidently, conjugation to the aromatic ring stabilized the 
enolate formed by deprotonation of the acetyl side chain at Col of 129 in such a 
way that this anion reacted as the nucleophile in kinetically controlled aldol 
reactions. 

O ~ O | ~..L ..L 4 0 %  ~ . .  ~ .  ~ . . . . ~  1 . ~ ( o ~ ) = . ~ , ~  

/ ~ v ~ e  ~ ~ ~ ~ "C~R' 2. K2CO3 
H O ~  c~Et 2"LDA'CH3CO2R'. R ~ "  ~ / ~  O " ~ ~ "C~Me 3. MOMCI4. DIBAL 

R" ~C~Et 88% ~ ~% 
125 R' = CMe2CHCH2 126 

~ L ~  2. 02, Tdton B 
O ~ 3. NBS 

R 60% R ~ 
MOMO OMOM MO~ ~ 66% 

127 128 

OH O 
129 

MOMO ~ 
MOMO 

R = MOM-L-olivose (132) 

R1 

NaOH, MeOH ~ 
- 25  *C ~= HO 

OH O 

1 3 0 : R 1  = Me, R2 = O H  ( 3 7 % )  
131:R1 =OH, R2 = Me (34%) 

(-)-urdamycionone B 

Scheme 34. Biomimetic-type synthesis of (-)-urdamycinone B (131) by Yamaguchi et al. [97] 

In our work on biomimetic-type angucycline synthesis [86], we focused on 
the control of cyclization mode and on the isolation of nonaromatized inter- 
mediates in the aldol cyclization of the oligoketide intermediates to arrive at 
angucyclines of the SS-228Y- or SF-2315-type (see Scheme 1). The same deca- 
ketide precursor shown in Scheme 33 can potentially cyclize to the angular or 
the linear framework, depending on the folding mode that is determined by the 
enzyme. In chemical synthesis, the multitude of different condensations of the 
polyketide has to be restricted. One efficient way to achieve this end is the 
attachment of appropriate side chains at the ortho-position of ring systems, as 
shown in the Yamaguchi synthesis (Scheme 34) and as described by Harris in 
his review on biogenetic-type synthesis of polyketide metabolites [99]. In our 
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0 CO2H 0 .CO2CH3 
~ microbial Conversion ~ ~ 

O OH O Streptomyces ga/ileus O OH 
4-deoxyaklanonic acid (133) 4,7-dideoxyaklavinone (134) 
Scheme 35. Microbial conversion of 4-deoxyaklanonic acid (133) to 4,7-deoxy- 
aklavinone (133) [100] 

investigation on microbial anthracycline synthesis via aklanonic acid deriva- 
tives [100-102], a linear cyclization mode was desired. An essential point was 
the presence of a carbonyl group at C-1 of the CS-side chain to modify the C-H- 
acidities in such a way that linear cyclization resulted in kinetically controlled 
aldol reactions, as shown in Scheme 35, demonstrating the microbial conversion 
of 4-deoxyaklanonic acid (133) to optically active 4,7-deoxyaklavinone (134). 

The example shows that the nucleophilic centers have to be correctly opposed 
to the corresponding electrophilic carbonyl groups. To direct the cyclization into 
an angular mode, we decided to simplify the system by omitting the carbonyl 
group on the benzyiic position. The naphthoquinone dibromide starting mate- 
rial 138 can easily be prepared from 1,5-dihydroxynaphthalene (135) followed 
by acetylation and bromination to 2-bromo-5-acetoxy-l,4-naphthoquinone (91) 
[103] (Scheme 36). Radical methylation with dimethylsulfoxide catalyzed by 
Fenton's reagent gave the methylation product 136 in 62% yield [104]. Ester 
cleavage and methylation to 137 followed by NBS bromination then afforded the 
dibromide 138 [compare with 105]. The vinylic bromide serves two purposes: 
(1) it sterically prevents unwanted premature Michael addition of the ketoester 
to the quinone double bond and (2) it activates the vinylic position for attach- 
ment of the second side chain (see below). 

The attachment of a C5-side chain by SN2-alkylation at the intended benzylic 
position with the protected ketoester 139 as the nucleophile proceeded reliably 
and in good yield to form the alkylated ketoester 140 [86]. The second chain 
could also be coupled very efficiently by reacting the vinylic bromide 140 in a 
palladium-catalyzed Stille reaction [106] (review [107]) with the allyl tin 
compound 141 to afford the dialkylated naphthoquinone 142 (Scheme 36). 
Halonaphthoquinones have previously been coupled in a palladium/copper- 
catalyzed reaction by Echavarren et al. [108]. 

The reaction sequence was also conducted with other substituents on the 
naphthoquinone ring (e.g., OMe in 137 replaced by OH or H). Cleavage of 
the double bond in the side chain was the next step in our synthetic plan. 
Ozonolysis gave irreproducable results but the Lemieux-lohnson reaction 
(OsO4/NaIO4) cleaved the double bond of the side chain without affecting the 
quinone. The ester 143 was a good model to study the cyclization mode. On reac- 
tion with Lemieux-Iohnson reagent, a direct conversion into the linearly con- 
densed system 144 was observed. Evidently, the highly acidic position of the fl- 
ketoester immediately adds to the electrophilic carbonyl group generated by 
double bond cleavage in the opposite side chain (Scheme 37) [86]. Elimination 
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Scheme 36. Attachment of two side chains on the 1,4-naphthoquinone core [86] 
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Scheme 37. Linear cyclization of ketoester 143 [86] 

of water and methoxydecarbonylation was achieved by treatment of 144 with 
bis(n-tributyltin)oxide [109] to yield the decarboxylated derivative 145 of 
4-deox-yaklanonic acid. This presents a potentially valuable route to anthra- 
cyclines without a hydroxy group at C-5 in ring B, which are otherwise not 
easily accessible [21, 55, 110]. 

Methoxydecarbonylation of 143 and related derivatives 146 (R=OMe, OH) 
under neutral conditions using bis(n-tributyltin)oxide [109] gave the protected 
ketone 147 which could be cleaved in the side chain to the diketone 148 in good 
yields and without premature cyclization. Subjection of 148 to treatment with a 
very mild base (K2CO 3 in isopropanol) followed by clean cleavage of the ketal 
furnished the expected two stereoisomeric aldol products 149a and 149b (one 
in crystalline form) in which ring B of the angucycline is established and 



Angucyclines:Total Syntheses, New Structures, and Biosynthetic Studies 151 

(nBu3Sn)2 O,~, NalO4 

146 L~J  147 ~ ~ 
R = H, OMe, OH 

2. H + 0 

R O 
148 149a/b 

Scheme 38. Construction of ring B in the biomimetic-type angucycline synthesis [86] 

the substituents are positioned to form the angularly condensed ring A 
(Scheme 38) [86]. 

With the primary cyclization products 149a/b in hand, we next investigated 
the cyclization to form ring A of the angucyclines. In principle, aldol reaction of 
these intermediates should directly yield the products of the SF-2315 type 
(see Scheme 1). However, we were not yet able to cyclize these hydroaromatic 
precursors. Cyclization should be easier - as demonstrated by Yamaguchi et al. 
[97] - if the side chains are attached on a flat aromatic ring in which the reactive 
centers of the chains are forced to be much closer together in addition to the 
increased C-H-acidity of the acetyl side chain. Interestingly, in contrast to our 
expectation, the aldol products 149a/b proved to be quite resistant to fl-elimi- 
nation. One explanation could be that enolate formation might be energetically 
disfavored due to steric hindrance and electronic repulsion of the opposed 
angular oxygens on the sp2 centers. Finally, NMO was tried as an oxidative 
reagent on 150a/b. Not only the aromatization product 151 but also the corre- 
sponding phenols 152 were formed in the reaction (Scheme 39). The yield clearly 

O 
NMo 

2. SiO2 
H2SO4 R O 

R O 
150a/b 151 152 

_ O~.~ ~ ~CH~ 

"T T 
0.5% N~OH ~ nonn~tural: '1~:3 R = H, R' =H, ~ R = H, R' = OH 

- ~ :amraI :2R=OH, R'=H, 2 S R = R ' = O H  

naffiral: 155 R = OMe, R' =H, 156 R = OMe, R' = OH 
R O R' 

Scheme 39. Construction of ring A and hydroxylation at C-6 in biomimetic-type 
angucycline synthesis [86] 
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depended on the amount of NMO employed and up to 80%of the phenol 152 
was isolated using 10 equivalents of NMO! The reagent was first used by Suli- 
kowski et al. [85] in this context and, in accordance with his proposal, we also 
assume quinonemethide tautomers as reactive intermediates for NMO addition 
(see Scheme 40). 

The whole range of natural (2, 29, 155, 156) and also of the non-natural 
angucyclines 153 and 154 (not to mention their fully aromatized analogues) 
were now accessible by controlled aldol cyclization [86]. Our next goal will be 
the attachment of a C4 acetoacetic acid fragment onto the naphthoquinone core 
to arrive at partially cyclized precursors for biosynthetic studies similar to 
those performed with 4-deoxyaklanonic acid (133) [ 100]. 

• 
n_Pr4NRuO4 

NMO ~ ~, 

6O% 
OAc O 

157 158 

OAc O 
1~9 16~ 

Scheme 40. Mechanism of NMO-oxidation of tetrahydroanthraquinones 157/158 [85] 

As mentioned above, treatment of the aldol adducts 150a/b with NMO pro- 
duced the phenol 152. The interesting oxidation properties of NMO had pre- 
viously been investigated by Sulikowski et al. on the model compound 157 [85] 
(Scheme 40). They observed the formation of the hemiacetal 159 in 60% yield 
and assumed attack of the nucleophilic N-oxide on the quinonemethide tauto- 
mer 158 (or on the anion of 158). A related reaction was observed in our group 
in which the dio194 was methoxylated at C-6 to 95 by treatment with methoxide 
ions [82] (Scheme 27). An internal redox step is postulated to account for the 
reductive O-N-bond cleavage with concomitant oxidation of the hydroquinone 
back to the quinone. Without the presence of perruthenate, aromatization with 
formation of a C-5 phenolic hydroxy group was observed, a reaction later ex- 
ploited in the synthesis of angucycline 104-2 [87] (see Scheme 49). Thus, based 
on similar mechanistic principles, the chemical resuks of the NMO oxidations 
were quite different: compound 147 gave the C-6 phenol 152 [86] whereas 
157/158 were converted to the C-5 phenol 160 [85]. 
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7 
Transition Metal-Mediated Reactions 

The 1,4-naphthoquinone system is not only a good acceptor for stabilized 
carbanions, as exploited by Kraus and Wu [31, 32] (see Scheme 6), but also for 
radicals. The angular skeleton of the benzo[a]anthraquinone system is con- 
structed in an elegant one-step transformation by a manganese (III)-induced 
radical addition of a malonic ester derivative 161 to 1,4-naphthoquinone 40 
followed by addition of the newly generated radical to the benzene ring to form 
162 (Scheme 41) [ 111 ]. However, the principle has not yet been used in advanced 
syntheses of angucyclinones. 

0 Mn(OAc) 3/HOAc @. 
Me02 c 59% 

0 CO, Me e 
4O 161 162 

Scheme 41. Manganese (III)-induced radical addition to 1,4-naphthoquinone (40) [ 111 ] 

Gordon and Danishefsky [112] used the reaction of a chromium Fischer car- 
bene complex 164 with a cycloalkine 163 to build the naphthoquinone core 
165 (D6tz reaction, review [113]), a procedure often used for synthesis of 
the linearly condensed anthracyclinones (e.g., [114]). The quinone ketone 165 
has nucleophilic and electrophilic centers correctly positioned to furnish a ben- 
zo[a]anthraquinone. However, treatment with Nail or Triton B gave the spiro- 
compounds 166 as a mixture of two stereoisomers. These products evidently 
arose from Michael addition of the ketone enolate to the naphthoquinone double 
bond. But the weaker base DBU induced cyclization at ambient temperature to the 
benzo[a] anthraquinone 167 in 65 % yield (Scheme 42). The primary aldol adduct 
apparently eliminated water and the resulting dihydrobenzo[a]anthraquinone 
aromatized under basic conditions in the presence of air. This is an instructive 
example of the influence of the base on the cyclization mode. 

0 ~ 1.45 ~ ~ 0  ~ 2. CAN 
+ OCH3 =, 

_ _  89% 
OMe Cr(CO)3 

163 
164 DBU /' 0 165 

20 ~ | 65% 

Nail or O 
Triton B 

68% 
O O 

isomers 166 167 
Scheme 42. Use of the D6tz reaction (CAN = ceric ammonium mtrate) in the synthesis of 
benzo[a]anthraquinone 167 [ 112] 
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Kelly and coworkers concentrated on the synthesis of analogues of the impor- 
tant pentacyclic antifungal agent pradimicin (5) (structure: [17, 115, 116], bio- 
logical acitivity: [15, 117-120, review: 121]) and, e.g., G-2N and G-2A (171) (iso- 
lation: [122] revised structure: [123]). The tricyclic, chiral, B ring diol unit of 
pradimicin was prepared in model studies [124] and more recently the total 
synthesis of G-2N and G-2A (171) could be achieved [125] (Scheme 43). In a 
palladium-catalyzed Heck reaction, which required very elaborate special con- 
ditions, the vinyl-anthraquinone 168 was coupled with the iodide 169. The mix- 
ture of stereoisomeric coupling products were converted to the bistriflate 170 by 
reduction using Zn and concentrated HC1 in N-methylpyrrolidine (NMP) (77 %) 
followed by acid-catalyzed cleavage of the ketal and methylation of the resulting 
acid. The decisive intramolecular biaryl coupling was then accomplished in 
one operation through the agency of a palladium catalyst in the presence of 
hexamethyl tin for 7 days at 100 ~ (44%). Brief exposure to an AIC13/NaCI melt 
afforded G-2A (171), identical to an authentic sample [125]. The decarboxy- 
lation product G-2N was similarly obtained by fusion with pyridine hydro- 
chloride. 

In the work of Hauser and Carnigal [126], which led to revisal of the struc- 
tures of G-2N and G-2A, condensation using a sulphonylphthalide and the enone 
172 (see Scheme 44) followed by air oxidation of the primary adduct in DMF at 
100 ~ were used to construct the benzo[a]naphthacene-8,13-dione 173. 

1. Pd(CF3CO2)2/P(C6F5)3 
~ O . ~  Ph i-Pr2NH, CF3CO2Ag (95%) H3CO OTf I 

O _ _  Ar' 't--  2. H2SO4, 3. Mel (91%) 

H3CO 0 OCH 3 CH 3 0  
168 169 

CO~H 
O O H O ' ~  CH3 

H3CO... ~ ~ ~/OTf ~ ~M~e,3Sn~2' 
Y /  Y, ,Y ~T U I I ~ F F I I 3 ) 4 r u ,  ~ 0 _ U _  J ~ l  I 
I .  II II . I  I ~ H  7d, 100=C 

~ 3 2. AICI#NaCI 
H~CO O ~H3 

~ C ~ M e  40% OH O OH 
170 CH~ G-~ (171) 

S(heme 43. Synthesis of G-2A (171) usin8 ~eck and Sti]]e reactions [125] 

CH3 C.H~ 

OCH 3 ~ "OCH 3 
~ + 80% 

~H3 ~ O 
172 173 

Sr ~. Su]phonyi~t~al~de Eondensadon wit~ Cnonr ~72 to construct 
a benzo[~]nap~tha~enr ~7~ [~2~] 
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8 
C-Glycoside Syntheses 

Many angucycline antibiotics possess C-glycosidically linked deoxysugars (oli- 
vose is usually the first sugar attached to the quinone) [3]. An example in which 
the C-C bond to the sugar is introduced at a very early stage is shown in Scheme 
34 in the biomimetic-type synthesis by Yamaguchi et al. [97] (for attachment of 
the sugar see [127]). However, in most approaches to aromatic C-glycosides the 
potential electrophilicity at the anomeric center of the sugar is used for the 
coupling with the aromatic core which acts as the nucleophile (for reviews see 
[128-130]. Direct electrophilic substitution of cationic sugar intermediates are 
only possible with relatively electron-rich aromatic systems, as shown by Davis 
[131,132] and also Suzuki [133,134] in the synthesis of the gilvocarcin group of 
antibiotics. In some cases problems of regioselectivity (ortho vs para substitu- 
tion) may occur. The nucleophilicity of the quinones is poor and the electro- 
philic substitution reaction with the cationic sugar species is usually conducted 
with the reduced and protected hydroquinones, as exemplified by the vineomy- 
cin B 2 synthesis of Tius et al. [135,136]. 

Naphthoquinone derivatives are excellent precursors for many types of 
angucyclines, particularly in the Diels-Alder approach (see above). Consequently, 
naphthols, which can easily be oxidized to naphthoquinones, have often been 
selected as the starting materials for the attachment of the C-glycosidic part [137]. 

The nucleophilicity of the aromatic system can alternatively be increased by 
using organometallic aromatic compounds, which also solves the problem of 
regioselectivity. This method was applied by Sulikowski et al., who reacted a 
variety of sugar lactones with aryl lithiums to afford intermediate lactols which 
were subsequently reduced to the C-glycosides by cyanoboro hydride [ 137]. For 
example, selective ortho-bromination of monobenzylated napthalene diol 174 
affords the bromide 175 which is converted into the dianion with three equiva- 
lents of n-BuLi. Treatment with the benzylated lactone 176 afforded lactol 177 
(Scheme 45, the D-dideoxygluconolactone 176 was erroneously drawn as the 

OBn OBn 3 eq. n-BuLl 
H ~  Br2/CCI4 / ~  ~ " _.~ % O O 

85% Br 
OH BnO :__ 76 

174 175 OBn 

OBn OBn 

OH Na(CN)BH3 ..... O H 
..... 0 EtOH, pH 4 

BnO = 2 steps 70% BnO _=__ 
~Bn 177 OBn 178 

Scheme 45. C-glycoside synthesis by reaction of sugar lactones with lithium aryls [137] 
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L-enantiomer [137]). The final reduction step with cyanoboro hydride conclu- 
ded the sequence to yield the C-arylglycoside 178. The corresponding C-aryl- 
glycals can also be prepared by water elimination of the hemiacetal using the 
Martin sulfurane (Ph2S[OC(CF3)2Ph])2) [138]. 

The C-glycoside 178 was used by Boyd and Sulikowski [87] in the total synthe- 
sis of enantiomerically pure urdamycinone B (182) and 104-2 (183) making use 
of the diene 107 derived from shikimic acid (Scheme 29) and the NMO oxidation 
to generate the C-5 phenols (Scheme 40). Thus, the bromonaphthoquinone 179 
(prepared by treatment of phenol 178 with NBS) formed the tetracycle 180 
through a Diels-Alder reaction with the diene 107 in analogy to sugar-free 
reactants. Osmylation to a cis-diol, deprotection, oxidation, and acetalization gave 
the acetonide 181. The decisive step in the aromatization to 182 and 183 was the 
reaction with NMO (Scheme 46). Aromatization was also effected by direct 
periodane oxidation of adduct 180 to derive 182 after deprotection. 

A very direct synthesis of C-glycosides was published by Andrews and Larsen 
[ 139], making use of the high nucleophilicity of 5,8-dimethoxy-L-naphthol (185) 
in the Lewis acid-mediated reaction with acetylated 2-deoxy sugars such as tri- 
acetyl olivose (184). Essential conditions for the success of the reaction were the 
use of acetonitrile as the solvent and borontrifluoro etherate as the Lewis acid to 
afford the C-glycosides in good yields (Scheme 47). The transformation to the 
requisite naphthoquinones such as 186 then required only acetylation and 
oxidation with cerium ammonium nitrate (CAN). Interestingly, only the pro- 
ducts of ortho-substitution could be observed, which may be attributed to steric 
hindrance of the peri position at C-4 by the neighboring methoxy group. 

The synthesis of urdamycinone B (182) by Toshima et al. [76] is an instructive 
example of the know-how that has been acquired in angucycline chemistry. 
They directly coupled the unprotected olivose (188) with naphthol 187 using 
trimethylsilyt triflate as the Lewis acid to afford the C-glycoside 189 after remo- 
val of the benzyl ethers and air oxidation in 21% yield. The strategy essentially 
developed in our group was then employed in the Diels-Alder reaction of 189 

oHO..,, ~ .~CH3 
_ 5 o o 8 o  

Me ~ / . ~ , , ~ r  - - ~ \  -O ~ OsO4, NMO 
. . . . . . . .  . 

179 OAc O OAe O 1 ~  

^HO,,,. ~ .~CH3 - O . ~  .~CH3 
A ~ ~ ?",OBn NMO ~]) ~" ~"OH 

..... ~" ~ R  
.... N 0 

OAe O OH O 
18t 1e2: R = H u~am~cinone B 

tB3: R = OH 104-2 

Scheme 46. Total synthesis of urdamycinone B (182) and 104-2 (183) [87] 
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with the silyl diene 190 to yield the adduct 191 after DBU-mediated elimination 
of thiophenol. Exchange of the silyl group by a hydroxy group and photooxyge- 
nation at C-1 were performed according to known procedures [39] (Scheme 
48). As expected, no asymmetric induction (e.g., kinetic resolution) was ob- 
served in the Diels-Alder reaction of the enantiomerically pure C-glycoside 
189 with the racemic diene 190 and separation of the diastereoisomeres was 
necessary. 

The problem of selective ortho-C-glycoside formation was solved by Suzuki 
et al. [58] by Lewis acid-catalyzed (AgC104/hafnocene dichloride) ortho-selec- 
tire rearrangement of primary O-glycosides to the corresponding C-glyco- 
sides. This strategy was already successfully employed in the synthesis of 
gilvocarcin group antibiotics [133, 134]. As outlined earlier, the electron- 
deficient quinones have to be reduced to electron-rich hydroquinones to 
enable the electrophilic attack of sugar species. Accordingly, the quinone 192 
was reduced and converted to the substituted dimethoxynaphthalene 193. 
O-glycosidation directly followed by rearrangement to the C-glycoside 195 
was then mediated by the combined effects of hafnocene dichloride and silver 
perchlorate using the olivose derivative 194. Deprotection, oxidation and selec- 
tive protection of 3-OH of the olivose unit as a (tert-butyldimethyl)silyl ether 
then gave the monoalcohol 196 which was acylated and deprotected to yield the 
antibiotic C104 (197) [58] (Scheme 49). 
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Scheme 47. Synthesis of C-glycosides by direct electrophilic substitution [139] 
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Scheme 48. Total synthesis of urdamycinone B (182) by Diels-Alder reaction [76] 
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5~heme 4~. Total synthesis of the antibiotic C104 by Suzuki et al. [58] 

9 
New Members of the Angucycline Group 

The first review on angucyclines [3] contained structures published until the 
end of 1990. In this section, this overview is continued. Since this only requires 
reviewing the literature from 1991 until mid-1996, i.e. 5 years in contrast to 
about 25 years in the preceding review, the new compounds can be summarized 
here. Nevertheless, several new members of the angucycline group have been 
discovered during the last 5 years using various screening methods. Some 
unusual structures could be proven to derive biosynthetically from typical 
angucyclinones and thus have to be considered as members of this large group 
of decaketide-derived natural products. It seems more obvious than before that 
the typical molecular backbone of the angucyclinones, the tetracyclic frame 
derived from benzo[a]anthracene, plays a dominant role in biosynthetic routes 
of type II polyketides (see below and Sect. 10), since the angucycline group 
clearly outnumbers other major groups of tetracyclic decaketides, e.g., anthra- 
cyclines or tetracyclines. 

To subdivide this section and facilitate an overview of the various new structu- 
res, a similar classification system, restricted to the new compounds, (Scheme 50) 
is used which is based on biosynthetic features leading to typical common struc- 
tural elements of the aglyca, namely the C-glycosidic moiety and angular oxy- 
gens located at the AB ring fusion (C-4a/C-12b). This subdivision has turned 
out to be useful, even regarding synthetic approaches. If older angucyclines are 
mentioned in the text below without a given molecular formula and/or without 
literature citation, always refer to the previous review [3]. 
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I Angucycline Group i 1991-1996 
[Typical Benz[a]anthracene Dedved Aglycon Moiety [ 2 1  Atypical Aglycon Moiety [ 

Schematic Examples: Schematic Examples: 

WithoUt Angular Oxygens, 
Wlthout C-Glycoeldle Moiety 
(Section 9.1) 

With Angular Oxygene, 
Without C-Glycoeldlc Mobty 
(Section 9,2) 

~ 

Tel~ngomycin-Type etc. 

SS-228Y-Type etc. 

Without Angular Ox~/garm, 
With C-Glycoeldte Moiety ~ ~ 
( ~ o n  9 . 3 )  ~ ( 

~No ~ ~ 
Wl~ Angul~ O ~ ,  ~ 
W I ~ C ~ I d l o M ~  - _ o ~  J 
( ~ n  9 .4 )  ~ 0 -  0 4 

Aq~yNn-Ty~ 

~ r l l ~ d ~  
~ IN-Containing) 

K~n~,ny~in-Typ~"z (~Uon 9,5) 

J~o~cin-Ty~ 

••M•lf•d ~ by Oxygen~  
Emycin F-Type (S~r 9.5) 

WP 3688-4-Ty pe 

Scheme 50. Biogeneric classification of angucyclines (1991-1996) 

9.1 
Typical Angucyclinones and Angucyclines Omitting Both Angular Oxygens 
at the Ring AB Fusion and C-Glycosidic Moieties 

This is the structurally most simple, but again the largest, subgroup of the new- 
ly discovered angucyclines. 

Complete aromatic tetracyclic ring frames were found in chlorotetrangulol 
(198), WP 4669-brown (199) and BE-23254 (200, Table 1). The former two were 
discovered as minor components of the producer of the antitumor agent 
PD 116740, an unidentified actinomycete strain (WP4669). Both products may 
play a role in the biosynthesis of PD 116740; 199 has also been discussed as a 
possible artefact (decomposition product of 198) [140]. The chlorine atom at C- 
13 suggests an unusual chloroacetate biosynthetic starter. BE-23254 (200), a 
Streptornyces sp. A 23254 product also containing chlorine, is an antitumor agent 
active against the human colon cancer DLD-1 (IC~0 0.75 g ml -I) [141]. Besides 
the chlorine atom at the 9-position, the absence of the methyl group at C-3, 
normally indicating the biosynthetic starter unit, is also unusual. Instead, the 
final carboxy1 group of the biosynthesis is still linked at C-2. This COOH group 
usually gets lost during the biosynthesis through decarboxylation. 

Several new, mostly very typical angucyclines or angucyclinones have 
been described which possess a partially saturated ring A and an anthra- 
quinone chromophore (rings B-D),  the hatomarubigins A - D  (201-204, 
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Table 1. Highly aromatic angucyclin(on)es of the tetrangomycin type 

COOH 
1 1 2 _ ~O ~ ~H3R O 3 

'o' C,.o o o .  

R1 R2 R3 200 

198: H CI H 

199: H OH CH 3 

Table 2. Novel tetrangomycin type angucyclin(on)es with saturated A-ring angucyclin(on)es 

~ CH 3 
R 2 

R 1 R 2 

H~C,, .~_  ,,OH HO= ~ =CH:~ 

O OCH~ H3CO O 204 

R 3 R 4 R 5 

201 : O H OH CH 3 H 

202: O H H CH 3 OH 

cr 
203: [3-OH H H CH 3 OH 

205: O H OH cr a H 

206: O H H c(-L-Rha a H 

207: H,OH b OH b H CH 3 H 

cr 

ON 

b Stereochemlstry not determined 

CE 33 A-D), the atramycins A (205, BY 90-OH) and B (206, BY 90-H), and 34-1 
(207, Table 2). 

The hatomarubigins, isolated from Streptomyces sp. 2238-SVT4, are anti- 
tumor antibiotics which enhance the cytotoxicity of colchicine against multi- 
drug-resistant KB cancer cells (human squamous cell carcinoma) [142, 143]. 
Structures 202-204 show a rare 11-OH group: hatomarubigin C (203) is a reduc- 
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ed variant of hatomarubigin B (202). Most unique is the dimeric structure of 
hatomarubigin D (204). This is not due to a common phenol coupling, since the 
two halves are linked by a methylene bridge (at C-10), which may originate bio- 
genetically from the Gl-pool (e. g., formaldehyde). 

The atramycins A (205) and B (206), from Streptomyces atratus BY90 [144, 
145], contain an interesting a-phenolglycosidically connected Lorhamnose 
moiety. The aglyca of 205 and 206 are the known angucyclinones 3-deoxyrabe- 
lomycin (20) and ochromycinone (35), respectively. Phenol glycosides among 
natural products are quite exceptional anyway; among the angucyclines they 
were only found once in the landomycins (see below). The atramycins are active 
against P388 mouse leukemia. 

Antibiotic 34-1 (207) is the most recent of several known antibiotics (34- 2: 
X-14881 E=8-O-methyl-3, 34-3:6-deoxy-8-O-methylrabelomycin 155, 34-4: 
8-O-methylrabelomycin 156). All are active against gram-positive bacteria and 
were isolated from Streptomycesfradiae strain 34, which is a construct obtained 
by intraspecific protoplast fusion of two S. fradiae strains. The parent strains 
were known as producers of the aminoglycoside antibiotic neomycin and the 
macrolide antibiotic tylosin, respectively [146]. Because of its reduced C-1 car- 
bonyl, 207 resembles emycin A and hatomarubigin C (203), its closest relative. 

Several members of the angucycline subgroup described in this section pos- 
sess saturated carbons in ring B or C, in contrast to the structures described 
above. This is preferably due to redox reactions of their biosyntheses (Tables 3, 4; 
see also Sect. 10). 

The structures of the landomycins produced by Streptomyces cyanogenus 
S-136 have been revised due to extensive biosynthetic studies on landomycin A 
(208, see also below) [147]. As a consequence the deoxysaccharide chains are 
linked to 8-OH and not at 11-OH, as previously reported [148]. Structure 208 
exhibits remarkable antitumor activities, especially against prostate cancer cell 
lines. The bioactivity of the landomycins is very likely due to an interference 
with DNA, which is strongest for landomycin A, the molecule with the .longest 
deoxysaccharide chain [149]. 

TAN-1085 (209) [150], produced by the unspecified Streptomyces sp. strain 
S-11106, is described as an inhibitor of both angiogenesis and aromatase. As in 
the landomycins, ring B is partially saturated. The sugar moiety is indicated as 
being rhodinose. 

A completely reduced and thus saturated ring B is observed in ochracenomy- 
cin B (214) [151], the major new compound found in the culture broth of Ami- 
colatopsis sp. MJ 950-89 F4. No biological activity has been yet discovered for 
214. The two other new ochracenomycins are biologically and structurally more 
interesting, both possessing angular oxygens (see Sect. 9.2.). 

Antibiotic-683 (210) [152] reveals an unusual OH residue at C-4 and is there- 
fore related to elmycin E and X-14881 D [3]. The nearly completely saturated 
ring C is probably a result of biosynthetic redox reactions leading to an epoxide 
ring between C-6 a and G- 12 a and a reduced quinone system (see also elmycin G). 
Structure 210 is produced by Streptomyces sp. strain Y-83,30683 and shows anti- 
bacterial and extraordinary anticancer (mouse leukemia L-1210, IGs0 3 g m1-1) 
activities. Another recent relative of 210 and elmycin C is angucyclinone D 211, 
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Table 3. Tetrangomycin type angucyclin(on)es with patially reduced A-, B-, or C-rings 

R' oH~ cH~' 

R 1 R 2 R 3 R 4 R 5 

208:  H H H DHSC a OH 

209:  OH OH Rho b H H 

a D,=oxyhexasaccharlde chain CH30 CH30 
HOo-~_~ I~o-~-~ 

H3C~..O ~ J 
CH~ n C~a.O F ~ 

~ ~  
H ~ C ~  (~.L. R h~ l~y l .  1.3.~.D.OIl~yl. 1.~.D.Olivosyl) 2 

OH 
~n~mycln~ B, C, D = V a ~  mga~l~ the d ~ h a ~ e  chain 

(see a ~  s ~ n  10) 
b 

Rh~ l~y l  (ab~l~e ~ e r e ~ e m t ~  and g l y ~  
~ a g e  n~ d~ermined) 

H ~ C ~  

OH 

Table 4. Tetrangomycin type angucyclin(on)es with patially reduced A-, B-, or C-rings 

~4 0 ~-.,..,,~,,.,~ C H a 

~' ~'1 .~["# 

H~CO HO 

R 1 R 2 R 4 R3, R 5 

210: a H OH H,OH 0 
(Oxlrane) 

212: a OH H H,OH (Doubl~ Bond) 

211:b OH H O O 
(Oxirane) 

a Stereochemlstry of the entire 
molecule I~ not determined 

b 
Stereochemletry of the entire 
molecule is relative 
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from Streptomyces sp. strain G6 40/14, which also has a 6a,12a-epoxide ring at 
the fusion of rings B and C. The relative stereochemistry of the molecule has 
been determined through x-ray analysis [153]. No antibacterial and antifungal 
activities have been detected yet. 

Hydranthomycin (212) [154], a new agroactive antibiotic, is a close structural 
(redox) isomer of SM 196 A [3]. It differs from the latter only in its secondary 
alcohol function at C-12 and the keto function at C-1 (SM 196 A: vice versa). 
Structure 212, a product of Streptomyces sp. K93-5305, was discovered in a 
screening for herbicidal antibiotics using the plant E. gracilis as test organism. 
It also shows a moderate antifungal activity against Pyricularia oryzae. 

Emycin C (215) and the oxygen-rich emycin H (216) are novel minor con- 
geners of a blocked mutant of the emycin producer Streptomyces cellulusae ssp. 
griseoincarnatus (Scheme 51) (mutant 1114-2; see also Sects. 9.5 and 10.2) 
[155-1571. 

O . . ~ .  ~CHz O- ~-- _CHz O- ~- -CH~ HO_ --~ -CHz ~ OH O O HO 

~ I I I  I I I  I I O H  
OCH~ HO O HO O HO HO 

213 214 215 216 

Scheme 51. Further angucyclinones of the tetrangomycin type with 
unusual oxygenations or reductions 

The most unusual ring C-modified variant among the recent tetrangomycin 
(2)-type angucyclinones is SCH 58450 (213), a farnesyl protein transferase in- 
hibitor (ICs0 29 M) from Streptomyces sp. SCH 58450. It exhibits an unusual di- 
epoxide ring system [ 158 a] and shows 25-fold selectivity for farnesyl transferase 
over geranylgeranyl protein transferase-1 and may be suitable as anti-Ras drug. 
Activated forms of Ras are associated with a variety of human cancers, with 
farnesylation being an essential step for Ras-induced cellular transformations. 
Based on results of model syntheses [158b], the structure is in doubt; thus, the 
alternative structure with the 6 a,7-/12, 12 a-diepoxide structure should also be 
considered [158]. 

9.2 
Typical Angucyclinones and Angucyclines with Angular Oxygen(s) at the 
Ring AB Fusion Omitting a C-Glycosidic Moiety 

These compounds include the SS-228Y type, the SF-2315 type, the azicemicin 
type and the WP 3688-3 type (Scheme 52). Some new analogues of the SS-228Y- 
type have been discovered (Tables 5- 8). The one with the simplest structure is 
the 2,3 dihydro analogue of SS-228Y, ochracenomicin A (217) [151]. This minor 
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congener of the antibiotic complex mentioned above shows by far the best anti- 
bacterial (gram-positive/gram-negative) and fungicidal activity among the 
ochracenomycins - which may be due to the angular oxygens. Nonetheless, 
structure-activity relationships remain speculative as long as the stereochemi- 
stry of the chiral centers has not been determined. 

~ O  

SS-228Y-Type 

~ 0  

SF 2315-Type Azicemicin-Type WP 3688o3-Type 

Scheme 52. Types of angucyclinones with angular oxygens 

Table S. Novel angucyclin(on)es with angular oxygens at the ring AB fusion (SS-228Y type) 

_ O ~ v , ~ , ,  CH 3 

ON O 
R 1 R 2 R 3 R 4 R 5 

217: H H a OH a H OH a 

218: OH OH OH H OH 

222: OH a OH a O-D-GlubO-Thloglu c O-D-Rhoa, d 

223: O H  a OH a O-D-GlubO-Thloglu c OH a 

aStereochemlatw not determined 

bO.~.D.Glu~I CH~ON~ 

o 
c O-r162 
sbsotute stereochemlstry of the su~r moiety I~ 
not determln~d 

0 

HO HO-..X..~ ~. or SH 
HO 

O 
J 

~ ~tereochemlatry of the sugar linkage 
not determined OH 

o 
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Table 6. Novel angucyclin(on)es with angular oxygens at the ring AB fusion (SF 2315 type) 

0 0 ~ ' / C H 3  

R ~ O H  

R 1 R 2 R 3 R 4 

220 :  H a N-Ac'Cy Sa'bOHa OHa 

221 :  OHaN-Ac-CySa'bOHa OH a 

224 :  H H H H 

e Stereochemietw not determined 

NHCOCH 3 
/ 

b 
N-Ac-CyS = S " , , , ~ C O O H  

Table 7. Further novel angucyclin(on)es with angular oxygens at the ring AB fusion (SS-228Y 
and SF 2315 types) 

OH 

HO O 

R 1 R2, R 3 R 4 

225:  H a H a , H a H a 

219:  OH (doubl~'bond) OH 
a 

Stereochemlstry not determined 

PD 116198 (218), produced by Streptomyces phaeochromogenes WP 3688, is 
the enantiomer of sakyomicin B, as deduced by intensive NMR studies and a 
comparison of the laid values [159]. This quite unusual fact arises from the uni- 
que biosynthesis of 218 and its several interesting congeners discussed below. 
One less oxygenated C-5/C-6 saturated congener 219 (here subsequently called 
WP 3688-2) was accumulated when S. phaeochromogenes was grown in the 
presence of the P-450 oxygenase inhibitor metyrapone [159]. Both compounds, 
218 and 219, show antibacterial activities (gram-positive/gram-negative), the 
former better than the latter. 



166 K. Krohn �9 l- Rohr 

Talkie 8. Azicemicins A and B 

R 

H,CO N' 
H O ~  "OH 

H CO" y y 
OH OH O 

226: CH 3 

227: H 

WS009 A (220,=FR901366) and B (221,=FR901367), isolated from Strep- 
tornyces sp. No. 89009, were discovered during a screening course for endothelin 
receptor antagonists using ET-1, the most potent vasoconstrictor to date 
[160-162]. These compounds show a selective activity in an endothelin binding 
assay (ICs0 5.8 x 10 -6 M and 6.7 x 10 -7 M, respectively). The structures feature a 
unique C-6a linked N-acetylcysteine moiety which may have arisen biosyn- 
thetically via an attack of cysteine on a 6 a -  12 a epoxide structure, such as exem- 
plified in A-683 (210) or SF2315 B or elmycin C [3]. 

As the last example of the $S-228Y-type, the rhodonocardins A (222) and B 
(223) [163] must be mentioned here. Although already published in 1987, these 
interesting angucyclines were overlooked in our first review [3]. The producing 
organisms (Nocardia sp. No. 53) as well as the suggested structures are unusual 
because they contain a D-rhodinose (only 222, linkage unknown), and a-glyco- 
sidically linked r~-glucose and 2-deoxy-2-mercaptoglucose moieties. I~-rhodinose 
is quite rare and was found previously only in the sakyomicins A, C and E 
(Nocardia sp. No. 53 also produces some sakyomicins); r~-sugars usually occur 
in a fl-linkage. The 4a-O and 5-0 connection positions of the sugars are also 
novel among the angucyclines. Because of the large number of hydroxyl groups 
in the molecules, both wine-red colored compounds exhibit water solubility. As 
reported earlier for aquayamycin (4) and other angucyclinones, rhodonocardin 
B (223) could be acidically rearranged into a linear compound. 

Four angucyclinones exhibiting only one angular hydroxy group located at 
AB ring fusion points were described. The structure of kanglemycin G (224) 
[164] was elucidated from spectroscopic and x-ray analysis data. No biological 
activity data were given. One of the major compounds within the ochracenomy- 
cin complex, ochracenomicin C (225, stereocenters unknown) [151], a 2,3 satu- 
rated analogue of 224, shows weak antibacterial activities. 

Structurally more interesting novel compounds within this subsection are the 
azicemicins A (226) and B (227). Compared with other angucyclinones, these 
structures are very unusual: They exhibit one angular hydroxy group (AB ring 



Angucyclines:Total Syntheses, New Structures, and Biosynthetic Studies 167 

fusion) at the C-12b position, oxygens at the C-9- and C-10-positions, a keto 
function at C-5, a hydroquinone monomethylether (ring C), and, most impor- 
tantly, an aziridine ring linked at Co3. Therefore, it has been claimed that the 
azicemicins represent a new structural class of antibiotics [153, 165-167]. Both 
antibiotics show moderate activities against gram-positive bacteria as well as 
mycobacteria (227 better than 226, the latter also being more toxic). The pro- 
ducing organism is Amycolatopsis sp. MJ126-NF4. The biosynthetic origin of the 
unusual aziridine ring, which presumably is an amino acid (serine or alanine), 
is still speculative. Thus the azicemicins may be the first examples of angucycli- 
nones whose polyketide biosynthesis starts with a (modified) amino acid. As 
with other polyketides, amino acid starters have already been found. 

One novel compound 228 (Scheme 53), here designated WP 3688- 3, from the 
PD 116198 (218) producer Streptomyces phaeochromogenes WP 3688 [ 159], (see 
also above and below) exhibits a 4a,12b epoxide structure and thus is another 
new prototype of an angucyclinone with oxygen at the ring AB fusion. The 
related structure 228 shows that all hydroxy residues of this oxygen-rich com- 
pound face the same direction; 228 shows weak antibacterial activities. 

HO 
~.. f l - , ~  .,CH3 

OH 

I II OH 
HO 0 

2~8 

Scheme 53. Compound 228 (WP 3688-3), a novel angucyclinone exhibiting an 
unusual 4 a, 12 b epoxide 

9.3 
Typical Angucyclinones and Angucyclines Omitting Angular Oxygens 
at the Ring AB Fusion, but Exhibiting C-Glycosidic Moieties 

Only some new members of this subgroup have been described (Table 9), four of 
them are shunt products arising from blocked mutants of the urdamycin pro- 
ducer Streptomycesfradiae TB 2717 [164]:104-1 (229) is the at the C-9 position 
C-glycosylated rabelomycin; 104-2 (183) is a close relative in which the OH 
group is "shifted" to the 5-position; 100-1 (230) is an incompletely glycosylated 
intermediate of the pathway leading to urdamycin B; and 124-1 (231 ) is 5-hydro- 
xyurdamycin B. Their biosynthetic significance is discussed below (Sect. 10). 

Balmoralmycin (232), isolated from Streptornyces sp. strain P6417, displays an 
inhibitory activity against protein kinase C (ICs0 50 M), an important enzyme in 
context with cellular transduction mechanisms [165]. Structurally, 232 is nearly 
identical with the antifungal antibiotic C 104 (197) [ 153 ], which lacks an oxygen 
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Table 9. Novel urdamycin B type angucyclin(on)es 

O- ~-~ .CH,~ 

CH~ 0 r ' / Y ~ ~'~r 
H O ~ F ~  

CH3 0 r7 ,'Y" Y ,  "'T" 

OH O OH 

R 1 R 2 R 3 232: R = H 3 C ~  
0 

229: H OH H 
O. A .CH~ 

183: OH H H i:~.b iOi "~ ~<,OH ~ 
230: H H Rh~ a 

231 : OH H OIIv-Rho ~ 
HO 

~ ~-L-R~I~I H ~ C ~  H3C 

OH HO~-CH,-COO~ ~ 

b~D.Oiiv~yl.l.~.L.R~l~y I 233: RI=H or ~ ~ ~ .~ ~ H~C" "O" "O" ~ -  R== ? ~ 

OH H ~ C ~  H~C 

at Co6. It further resembles both the antitumor compound capoamycin, because 
of the (E,E)-2,4-decadienoic acid side chain at the 4'-position, and 104-1 (229), 
which is the "3,4-hydrated" analogue (without fatty acid side chain). 

Some urdamycin B-type antibiotics, isolated from Streptornyces BA-12100, 
have also been patented as neoplasm inhibitors [168]. Structures 233 are (on 
purpose?) ambiguously drawn, and several alternatives remain (stereochemis- 
try, R 1, R2), which may be due to an error in the drawing of the structures. 

9.4 
Typical Angucyclinones and Angucyclines with Both Angular Oxygens 
at the Ring AB Fusion and C-Glycosidic Moieties 

Most of the newly described compounds belonging to this subgroup contain 
aquayamycin (4) as the aglycon, but 2-hydroxy-, 3"-deoxy- and 4"-epi-variants 
were also found (Table 10). 

Sch 47554 (234) and Sch 47555 (235) are two novel antifungal antibiotics from 
Streptomyces sp. SCC-2136 [167]. They were the first angucyclines containing 
3'-deoxyaquayamycin (236) as the aglycon moiety, i. e., these compounds bear a 
C-glycosidically bound D-amicetose moiety instead of a D-olivose moiety in 
their aglyca. L-aculose and Loamicetose occur as further carbohydrate moieties. 
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Table 10. Novel aquaymyc in  type  angucyc l in (on)es  

O. ~ .CH 3 

. .  

F~. ,CH30 ~ H  

OH 0 

R 1 R 2 R 3 R 4 R 5 

234:  H Acu ~ H H Acu a'b 

235:  H Acu a H H Ami b'c 

242:  d OH H H H DloxTC b'~ 

f H h 239:  H AmI-Aml -Rhog H OH 

241 : H H Rho / OH H ~ 

236:  H H H H H b 

237:  H Rho / H H H b 

a a-L-Aculo~yl H~C~'~; 
0 ~.~ 

~ OR s reeldue at C-4' I~ ~rlal 

c ~-L-Am~et~yl H O ~  

d Ster~heml~w of the e~lre mol~ule ~ relat~e 

�9 Dloxolanetr lene~l  
~H~ 0 

H ~ C ~ O  
O~H 

f Stereochemistw at C-3, C-4a and C-12a Is not determined 

H~C'~__~_O ~ "~" 
g ~-L-Amlceto~yl-a-L-amlcetoayl-~3-L-rhodlno~yl ~ ~ 

O 

~ ON~ ~Nu~ ~ ~4'  ~ ~ 1  

/ ~ -L -R~ I~ I  H ~ C ~  

OH 

Structure 236 was also isolated from Streptomyces sp. strain Tii 3824 and des- 
ignated as ritzamycin A, named after one of the discoverers [ 153]. Ritzamycin B 
(237) bears an L-rhodinose residue at C-3, and ritzamycin C is identical with 
Sch 47554 (234) [3, 169]. The ritzamycins show an interesting in vitro antitumor 
activity (against L1210 and HT29 cancer cells); the best results were found with 
236 (A) and 234 (C). The activity is about 100- to 1000-fold better than that of 
aquayamycin (4), although 236 differs from aquayamycin (4) only in the 3'-resi- 
due (It instead of OH). 

The novel antibiotics (active mostly against gram-positive bacteria) amice- 
nomycins A (239) and B (240, see Sect. 9.5) were isolated from Streptomyces sp. 
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MJ384-46F6 [170]. The aglycon is novel, resembling aquayamycin (4) but with 
an inverted stereocenter at C-4" (the stereocenters at C-3, C-4a, C-12 were not 
determined). Also, the stereochemical connection of the deoxytrisaccharide 
chain is unusual, since r.-rhodinose is fl-linked, and r~-amicetose occurs in or- as 
well as in fl-linkage. 

Compound 100-2 (241, 12b-L-rhodinosylaquayamycin), isolated from a 
blocked mutant of the urdamycin producer Streptomycesfradiae T~ 2717, repre- 
sents the missing link in the glycosylation sequence of the urdamycins [164]. 
Structure 241 proves that the linkage of the I~-rhodinose at C-12b-O is the first 
of three O-glycosylation steps (after the C-glycosylation of one olivose several 
biosynthetic steps before, see Sect. 10). 

Dioxamycin (242, the shown stereochemistry is relative) [171] is a novel 
representative of the 4'-O-acylangucyclinones, which have a partially unsatura- 
ted C~0 fatty acid side chain in common. But in contrast to capoamycin, balmo- 
ralmycin (232) and C104 (197), the novel acid side chain in 242 is triple unsatu- 
rated and contains an 8,9-diol structural element embedded in a dioxolane ring 
(most likely through a ketalization with pyruvate). The producing organism is 
Streptomyces sp. strain MH 406-SF 1 which closely resembles Streptom,vces xant- 
holiticus. Compound 242 is active against gram-positive bacteria and various 
cancer cells (L 1210, P 388, IMC carcinoma, LX-1, SC-6), and the acute toxicity is 
known (LDs0 12.5-25 mg/kg mice, intraperitoneal injection) [171]. A presum- 
ably identical compound, designated as BE-16493 and isolated from Strepto- 
myces sp. BA 16493 (the published structure lacks all stereochemical informa- 
tion), is described in a patent as an anticancer agent [172]. Several other 
compounds were described, again in patent literature, thus keeping all stereo- 
chemical information open. Table 11 provides an overview. 

These angucyclines show a broad variety of biological activities and possible 
applications: Angucyclin 243, from Streptornyces griseolus A-6067, is a leukemia 
inhibitor [173]; structure 244, from Streptorn,vces sp. CH 752 [174], was disco- 
vered during a screening for glucose-6-phosphatase inhibitors (100 % inhibition 
at 1.2 M liter -1, IC50 0.6 M liter-l). This enzyme plays a major role in carbohy- 
drate metabolism in the liver. Angucycline 245, from Streptornyces griseovirides 
A-7884, is described [175] as a useful low density lipoprotein (LDL) uptake pro- 
moter (3.0 g m1-1 increases LDL uptake into human hepatoma culture cells by 
237%). Some members of the BA-12100 complex of antibiotics [168] with anti- 
neoplastic activities were already mentioned in Sect. 9.3 :structures 246 and 247 
are aquayamycin (4)-type variants within this complex. Another large complex 
of aquayamycin (4)-type angucyclines is 248 (structures not further specified); 
these were isolated from Streptornyces nodosus (FERM P-7985) and claimed as 
antitumor agents active against multidrug-resistant cells [176]. 

9.5 
Natural Products Biosynthetically Derived from Angucyclinones and 
Angucyclines with Rearranged Skeletons Initiated by Oxidative Biosynthetic Processes 

Looking only at the chemical structures, the natural products described in this 
subsection would not belong to the angucycline group. However, these natural 
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Table 11. Novel aquaymycin type angucyclin(on)es with unspecified chemistry 

0 0~ , / . . . ~ /CH~ 

H "' O I_ II il .I O H  

nSo.X  n, o 

R 1 R 2 R 3 R 4 R 5 

243: H NAcCys a H H DS b 

244: DS c H MS d H DS c 

245: H H H H DS c 

246: H H H, MS e ADS f H 

247: H H H, MS e DSg H 

248a:  H, DS h, DS / H H H MS d, MS / 

248b:  H, DS h, DS / H H 

0 

a N-Acetylcystelnyl: " . . o ~ F ~ " - $ H  

HN.~.O 

CH a CH~ 
~.~ J ~  

c DlsacchawI residue: H s C T ~ ' ~ O ' ~ ' . ~  
~/"'...~ V ~ 0 

HaC 

e Mono.saccharyl residue: 0 

CHs 

g Dlsaccha~l residu.: H ~ C ' ~ ' O T O " ~ i  

HO- ~-~ "~ ~ 
CH~ 

H 3 C v - v  ~ " 0 0  O ~  0 
/ D ~ l r e s ~ u e :  0 J J 0 J ~ ~ H  ~ 

MS/t " 

CH~ 

b Dlsaccharyl re=ldl~e: H : ~ C ' . ~ O ~ O ~ ' J " ~  

HO ~ v HO- v ~ 

H$C 

0 ~ 0  
d M o ~ h a ~ l  r~ldue: ~ 

CHz 

H~C 0 O ~  0 

O O" v HO- v ~ 
II I 

H O ~ O  ~ = H, OH 8 

OH~ 
~ ~ 

h D ~ W I  ~ldue: H ~ C ~ O ~  
~ /  ~ 

0 -~ v HO" v ~ 

HaC_ O. / 
/ Monosaccharylr.idue: ~ / ~ l  ~ 

o~,,,,,~ 

H3C .O_ / 
k' Mono~a=hary, r=ldue: ~ ~ 

O ~ V ~ 
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products were proven to derive biosynthetically from typical angucyclinones or 
angucyclines and are thus included in this review. 

Again, "derivatives" of some of the above mentioned aquayamycin (4)-type 
angucyclines exhibiting an opened ring A were found (Table 12). Their rela- 
tionship to their above mentioned congeners is analogous to that of vineomycin 
A1 toB2 [3,169]. 

Ritzamycin D (238) [153] and amicenomycin B (240) [170] are ring A opened 
variants of ritzamycin C (234, Sch 47554) and amicenomycin A (239), respec- 
tively. These congeners probably arise biosynthetically from an oxidative G-1/G- 
12b cleavage step of the ring A closed analogues late in biosynthesis. Like 
v ineomyc in  B 2 [169] and in contrast to ritzamycin D (238), 240 is the free acid, 
not the methyl ester. 

Two more (see also above) new natural products related to PD 116198 (218) 
were isolated from Streptomyces phaeochromogenes WP 3688 [159], these are 
referred to here as WP 3688-4 (249) and WP 3688-5 (250) (Scheme 54), the 
chemical formulae representing their relative stereochemistry. These com- 
pounds display novel molecular backbones containing unusual oxygen heterocy- 
des. The producing strain possesses an unusual repertoire of (obviously not too 
specific) oxygenases which cause a mechanistically not yet understood forma- 
tion of these novel oxidized skeletons. Interestingly, these compounds were 
found during investigations of Streptomyces phaeochromogenes, using mono- 

Table 12. Novel ring A opened (vineomycin B type) angucyclines 

O OH 

ooo ' 
H:~C" "01:~ 

HO 0 

R 1 R3 

240:  H Arnl-AmI-Rho ab OH H OH 

238:  CH 3 O-Acu c H O-Aou c H 

a H 3 C ~  - - ' ~ ' ~  

~L-Amicetosyl-~-L-amlcetosyl-13-L-rhodlnosyl O 

b 
Stereochem~try at C-12 I$ not determined 
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Scheme 54. Two novel, through oxygenase(s) modified, angucyclinones: 
249 (WP 3688-4) and 250 (WP 3688-5) 
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Scheme 55. Novel, through oxygenases modified, angucyclinones: emycins D-G (251 -254) 

and dioxygenase inhibitors, which were intended to complement biosynthetic 
studies on the origin of the oxygens of PD 116198 (218) and to explain the bio- 
synthetic formation of its oxygen-rich ring A. 

Similar, interesting, novel oxygen heterocyclic structures resulted from a 
mutation of the emycin producer Streptomyces cellulosae ssp. griseoincarnatus 
(strain FH-S 1114) [ 155 - 157]. The normal products of the wild-type strain were 
ordinary angucyclinones, such as ochromycinone (35), 3-deoxyrabelomycin 
(20), emycin A and elmycin D [3]. The mutant 1114- 2 had a widely changed pro- 
duct spectrum including the novel emycins D (251), E (252), F (253), and G (254) 
(Scheme 55). Biosynthetic studies (see below) on the major products of Strep- 
totnyces cellulosae ssp. griseoincarnatus (mutant 1114- 2) showed that presum- 
ably a modified oxygenase activity and subsequent nonenzymatic reactions are 
responsible for the formation of the novel products and explain also the occur- 
rence of diastereomeric mixtures for 251 and 252. 

Angucyclinone C (255) from Streptomyces sp. strain G6 40/14 [153] exhibits a 
novel seven-membered ether ring and is (like the emycins D 251, E 252 and F 
253) a ring C-modified angucyclinone. Compound 255 is speculated to be a 
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consecutive product generated by an initial attack of 7-OH on the epoxide 
carbon C-6 a. Thus the formation of 255 is also caused initially by a biosynthetic 
oxidation reaction. 

The structures of the kinamycins were revised recently [177, 178], as they 
were shown to be 5-diazobenzo[b]fluorenes, e.g. 256 (kinamycin D), and not 
cyanocarbazoles as originally designated. The biosynthetic relation of the 
kinamycin antibiotics to the angucycline group was established by biosynthetic 
studies revealing dehydrorabelomycin (257) as their biosynthetic intermediate 
(Scheme 56) [3,179]. 

10 Acetate �9 269a  ' 256  �9 �9 �9 

HO O OH 

257 

Scheme 56. Dehydroabelomycin (257), a biosynthetic angucyclinone intermediate 
of the kinamycins 

Table 13. Novel kinamycin benzo[b]fluorene antibiotics, biosynthesized via the angucyclinone 
dehydrorabelomycin (257) 
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Several new kinamycin-related natural products have been discovered 
[180-182] since our first review [3]. Some of the structures are summarized in 
Table 13; all are corrected here to diazofluorene structures (A83016A 258, 4- 
deacetyl-4-O-isobutyrylkinamycin C 259, 3-O-isobutyrylkina-mycin C 260, FL- 
120A 261, FL-120B 262, FL-120B" 263, FL-120C 264, FL-120C' 265, FL-120D 
256 = kinamycin D, FL- 120 D" 266). 

Since the kinamycins turned out to be benzofluorene derivatives, several 
other benzofluorene derivatives have to be considered to be biosynthetically 
related to the kinamycins and thus to the angucycline group of natural products, 
too (see also Sect. 10). Some recent examples are depicted in Scheme 57. 

Kinafluorenone (269) and kinobscurinone (269 a) were discovered as a major 
product of a mutant of the kinamycin producer Streptornyces murayamaensis 
which is blocked in kinamycin biosynthesis [183]. The latter compound was 
shown to be a more advanced intermediate of kinamycin biosynthesis [183]. 
Cysfluoretin (270) [184], the stealthins A (267, CA 39 A), B (268, CA 39 B) [185, 
186],the momofulvenones A (271),B (272) [187] and T/296OR (273) [188] (Table 
14) are metabolites of various other Streptornyces sp. which do not produce 
kinamycins. Incorporation experiments with 13C-labeled acetate give evidence 
of a relation of the momofulvenones to the kinamycins [187]. Compound 273 is 
a product of a blocked mutant of the lysolipin-producer Streptornyces violaceo- 
niger Tii 96. There is no obvious biosynthetic relation between the dodecaketide 
lysolipin I (274) [189] and the decaketide Tfi96OR (273), unless one assumes a 
random effect on the chain length determining factor [190-194] of polyketide 
biosynthesis through the nitrosoguanidine mutagenesis experiment (for alter- 
native possibilities see Sect. 10). 

Finally, the jadomycins A (275) and B (276), novel benz[b]oxazolophenan- 
thridine antibiotics from Streptomyces venezuelae ISP 5230 [195,196], have to be 
included here (Scheme 58). The glycosylated jadomycin B (276) was produced 
by Streptornyces venezuelae ISP5230 under stress conditions (heat shock or 
ethanol treatment) [196]. Based on the results of biosynthetic studies on the 

HO 
O ~ C H ~  H~CCONH 

HO OCH )--COOH 
R H3CO OH O 

269 

HO O NH2 HO H3CO OH 

267: R = CH2OH CH3 270 

268: R = CHO 

HO O O 

269a 

Scheme 57. Further novel benzo[b]fluorene antibiotics 
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Table 14. Momofulvenones A,B (272,271) and T~96OR (273), a natural product from a blocked 
mutant of the lysolipin I (274) producer Streptomyces violaceoniger Tti9 

@ ~ O  CH~ 

H6 ~ ~ 

R1 ~ Ra 

271 : H H OM +a 

272: COCH 3 H OM +a 

273: I,t OH H 

• Various Cations 

0 ~ ' 0  OCH~ 
H 3 C ~ ~  CI 

O 

CH3 

274 

~ CH~ 

H3G 

HO 0 HO 0 OH 

275: R = H 
~u I 

276: R=  H3C O ~  
/ 

OH 

277 29 

Scheme 58. Jadomycins A,B (275,276) and their biosynthetic intermediate rabelomycin (29) 

kinamycin antibiotics and especially due to the analysis of their biosynthetic 
gene cluster [197] (see also Sect. 10), 275 and 276 are associated biosyntheti- 
cally with the angucycline group compounds: The phenanthroviridin aglycon 
(277), a compound closely related to a proposed intermediate of the kinamycin 
biosynthetic pathway [198], was detected in the fermentation broth of the 
same strain [195]. Later, 277 was found as a minor product of an UV mutant of 
the kinamycin producer S. murayamaensis [199]. A disruption of an oxygenase 
gene of the iadomycin biosynthesis resulted in the production of rabelomycin 
(29) [200]. The latter experiment proves unambiguously the biosynthetic rela- 
tionship of the iadomycin group to the angucycline group (for further details see 
Sect. 10). 
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10 
Biosyntheses 

In this section, recent (1991 to mid-1996) biosynthetic studies related to the 
angucycline group of antibiotics will be discussed. First, the biosynthetic for- 
mation of the tetracyclic angucyclinone frame will be emphasized. This will be 
followed by studies of biosynthetic gene clusters of angucycli(no)nes and on late 
biosynthetic steps of angucycline group antibiotics, i.e. those steps caused by 
post-polyketide modifying enzymes. 

10.1 
Studies on the Formation of the Tetracyclic Angucyclinone Frame 

In general, the tetracyclic benz[a] anthracene backbone of the angucyclines and 
angucyclinones derives from ten "acetate" (i. e., one acetyl CoA starter and nine 
malonyl CoA extender) units which are condensed in the typical head-to-tail 
fashion of the polyketide biosynthetic pathway [3,201,202]. As the first excep- 
tion, the azicemicins [153,165-167] 226 and 227 can be considered; these most 
likely derive from one (modified) amino acid and nine acetates (see above, Sect. 
9.2). However, no studies have yet been published on the biosynthesis of the azi- 
cemicins. In contrast to the biosynthetically related anthracyclines, polyketide 
biosyntheses of the angucyclinones studied so far are always initiated with 
acetyl CoA, and not with propionyl CoA or other CoA-activated fatty acids. 
However (see Sect. 10.3) some members of the gilvocarcin group, the just recent- 
ly published (after this article was finished) brasiliquinones A-C [203] and a 
synthetically prepared angucyclinelanthracine hybrid [37] exhibit propionate 
starter units. In the general "standard" pathway, the ten acetate units are incor- 
porated into the benz[a]anthracene backbone starting with C-13 and ending 
with C-2 under decarboxylation of the last acetate (Scheme 59, e.g., for the for- 
mation of elmycin D 278). 

10 Acetate 

H~C C�9149 �9 ~. 
@2 

~ o o ~  

�9 ":~ -CHa H ~  ~CHa 

�9 ~ ~ ~ 

~ �9 �9 �9 0~ O~ 

2 7 8  

Scheme 59. Typical biosynthetic formation of an angucyclinone, e.g., elmycin D (278), from 
acetate and molecular oxygen 
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The biosynthetic pattern shown in Scheme 59 for compound 278 was first 
found for vineomycin A~, thereafter for several other angucyclin(on)es [3], and 
more recently for dehydrorabelomycin (257), elmycin D (278), emycin A, lan- 
domycin A (208), ochromycinone (35), and PD 116740 (279, see Scheme 60). As 
an element of novelty, studies on the biogenetic origin of the oxygen atoms 
were included in these studies by feeding experiments with [1-~3C1802]acetate 
and growth of the cultures under an lsO2-enriched atmosphere. While the stu- 
dies on aquayamycin (4), dehydrorabelomycin (257), emycin A, elmycin D 
(278), and ochromycinone (35) showed the expected results [155, 156, 204,205], 
i.e., all oxygens attached to a former C-1 of an acetate unit deriving from ace- 
tate, all other oxygens (attached to a former C-2 of an acetate unit) originate 
from molecular oxygen (see Scheme 59 for 278). However, some of the oxygens 
are exchangeable (see below). Exceptions were found for landomycin A (208) 
[ 147] and PD 116740 (279) [54, 206] indicating unexpected, prearomatic deoxy- 
genation steps (see Scheme 60). 

The oxygen linked at the 6-position of PD 116740 (279) is assumed to derive 
from water, since an epoxidation and subsequent enzymatic hydrolysis is assu- 
med for the biosynthetic sequence leading to 279 [54, 206]. The biogenetic 
origin of the oxygen at the 6-position in landomycin A (208) could not be pro- 
ven to stem directly from aerial oxygen, since the fermentation of Streptornyces 
cyanogenus S-156 under ~O atmosphere yielded only 5,6-anhydrolandomycin 
A [147]. But since this oxygen was not labeled by [1-~3C,~O2] acetate, and 
5,6-anhydrolandomycin A turned out to be the major product in a fermentation 

-1 
�9 oH31 

10 Acetate =' ~. ~ ~ 

' L_ �9 �9 �9 -J 

H3C�9 ~COOH~,. / /  

~2 

280 208: 
R = Hexadeoxy- 
sacchadde Chain 

~ CH 3 

�9 H �9 

11 
13 ~ CHzOH 

~CH3 �9 OH 

279 

Scheme 60. The unexpected biogenetic origin of oxygen atoms in landomycin A (208) and 
PD 116740 (279) indicates prearomatic deoxygenation steps 
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under reduced oxygen [204, 207], it is very likely that 6-0 of 208 derives from 
molecular oxygen. 

It remains obscure why these deoxygenation steps occur during biosynthesis, 
i.e., why nature sometimes leaves the usual straightforward biosynthetic 
approach and seems to waste energy by removing oxygens from certain posi- 
tions which in later biosynthetic steps have to be reintroduced through oxygen- 
ases. It is also not completely clear whether these deoxygenations happen during 
the assembly of the polyketide chain (as established for the type I polyketides, 
consistent with their modular gene cassettes containing ketoreductases and 
dehydratases) or (directly) after the formation of the polyketide chain, i.e., 
through ketoreductases and aromatases (as established for typical type II poly- 
ketides). The former would place those natural products in which prearomatic 
deoxygenations were observed closer to the type I polyketides. Since angucycli- 
nes are structurally typical type II polyketides (polycyclic aromatic polyketi- 
des), the latter possibility is favored. Also, analysis of the biosynthetic genes of 
landomycin A (208) by Bechthold et al. [208] yielded a typical type II polyketide 
synthase (PKS) cluster (see below), and not the modularly assembled PKS genes 
which are typical for type I polyketides [208-211]. Finally, also postaromatic 
deoxygenations cannot be ruled out completely and were already demonstrated 
on plant type II polyketides [212]. For the biosynthesis of landomycin A (208) 
and PD 116740 (279), aromatic biosynthetic intermediates 280 (for 208) and 3 
(for 279) were postulated and determined, respectively [54, 147,206]. The analy- 
sis of oxygen biogenesis with lSO-labeled precursors (CH3C~SO2H, ~sO2; an incor- 
poration is indicated by upfield LsO-induced shifts of~3C resonances of directly 
laO-linked carbons) is further complicated because of a possible oxygen exchan- 
ge at carbonyl groups, such as C-7 and C-12. The 1sO label may be washed out in 
the aqueous fermentation medium via the hydrate. For instance, expected labels 
in one or the other feeding experiment were decreased in the 7-position of dehy- 
drorabelomycin (257) and could neither be detected at the 12-position in 
urdamycinone A (4, aquayamycin), emycin A and in ochromycinone (35), nor in 
the 7- or 12-positions of PD 116740 (279) and PD 116198 (218, see below) [54, 96, 
157, 159, 204, 206,213,214]. 

A completely novel biosynthetic assembly of an angucyclinone and evidence 
for a rearranged molecular skeleton were discovered during biosynthetic studies 
of angucyclinone PD 116198 (218). Incorporation experiments using singly and 
doubly L3C-labeled acetate resulted in a pattern that is consistent with a biosyn- 
thesis leading initially to an anthracyclinone, which then rearranges into the 
angucyclinone under the influence of post-polyketide modifying enzymes [96, 
214]. An alternative, namely, the possibility of a two-chain biosynthesis, could be 
excluded because of negative results from feeding experiments with labeled 
orsellinates. Regarding the oxygen biogenesis, it is most surprising that 3-OH 
derives from molecular oxygen, and not from acetate. Scheme 61 shows the 
results of all feeding experiments with ~3C- and laO-labelled precursors and the 
concluded biosynthetic hypothesis. Additional incorporation experiments with 
deutero-labelled precursors were carried out which also contributed to the con- 
clusion of the rearrangement hypothesis shown in Scheme 61. Several novel 
metabolites arose from further studies with P-450 oxygenase inhibitors [159], 
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Scheme 61. Biosynthetic s tudies on PDl16198 (218) reveal an unusual  r ea r rangement  of  an 
anthrac)rclinone into an angucyclinone,  caused by an oxygenase 

one of them (219) can be considered a shunt product deriving from an imme- 
diate biosynthetic precursor of 218 (see above), although no linear decaketides, 
such as anthracyclinones, could be detected. 

Another new variant of the biosynthesis of the angucyclinone skeleton may 
be BE-23254 (200) [141] (see Sect. 9.1), since its biosynthesis may start with 
formyl CoA or malonyl CoA (in the latter case using only nine ketide building 
blocks) and it does not undergo decarboxylation. 

10.2 
Gene Clusters of the Biosynthesis of Angucyclin(on)es and 
Studies of Biosynthetic Steps Caused by Post-Polyketide Modifying Enzymes 

Modern biosynthetic studies cannot be accomplished without considering the 
DNA level, i. e., studying the genes coding for the biosynthetic enzymes. Several 
type 2 polyketide producing organisms have already been analyzed with respect 
to the biosynthetic gene clusters of their main secondary metabolites. Among 
these are three angucycline producers: Streptomyces venezuelae, the producer of 
jadomycin B (276) [ 197, 200]; Streptornyces fradiae, the urdamycin A (281) pro- 
ducer [215-217]; and Streptornyces cyanogenus, the producer of landomycin A 
(208) [208]. All identified biosynthetic genes are representatives of typical type 
II PKSs, which are multifunctional enzyme complexes consisting of subunits 
that are genetically coded by various iteratively used open reading frames 
(ORFs). The key elements are the ketosynthase/acyltransferase (KS/AT), the 
chain length factor (CLF) and the acyl carrier protein (ACP), altogether the so- 
called minimal PKS. Typical additional elements of the PKS are ketoreductases 
(KRs), cyclases (CYCs) and aromatases catalyzing successively ketoreductions 
and dehydration reactions (AROs). Most important among the genes coding for 
post-polyketide modifying enzymes are oxygenases (OXs) and group transfera- 
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ses, e. g., methyl transferases (MTs) or glycosyl transferases (GTs). The genes so 
far identified are shown in Scheme 62. In Streptomyces cyanogenus and Strep- 
tomyces fradiae, additional genes of the deoxy sugar biosyntheses and of the 
glycosyt transferases were also recognized [208,218]. 

Thus from an analysis of the biosynthetic gene clusters as well as from earlier 
biosynthetic studies (often with blocked mutants), it is useful to divide the poty- 
ketide biosynthetic pathway into PKS reactions and post-PKS tailoring steps. 
Several of the latter were investigated with respect to biosyntheses of angucy- 
clin(on)es and natural products derived thereof. Intensive studies of various 
blocked mutant products of Streptomycesfradiae Tti 2717 resulted in a well esta- 
blished sequence of the late steps of urdamycin A (281) biosynthesis (Scheme 63) 
[164]. 

It is surprising that one glycosyl transfer step (establishing the C-glycosidic 
moiety) occurs prior to several other modification steps, in particular an oxy- 
genation, a ketoreduction and a dehydration (no gene has yet been identified 
responsible for this step), before final glycosyl transfers complete the molecule 
281. Urdamycin A (281) is then further modified with amino acids into the dark, 
discolored urdamycins C, D, E and H [3]. 

Landomycin A (208) consists of the aglycon landomycinone and an unusual 
phenolglycosidically linked hexadeoxysaccharide chain. The latter twice com- 
bines the sequence oliv-4-1-oliv-3-1-rho (in which oliv is B-olivose, and rho 
L-rhodinose). Thus for the biosynthesis of the hexadeoxysaccharide chain (at 
least) two alternatives were possible: (1) initial biosythesis of the trisaccharide 
oliv-oliv-rho which is then subsequently attached to landomycinone and the 
landomycinone trisaccharide intermediate, respectively, and (2) the successive 
linkage of one sugar moiety after the other, a sequence of glycosylation steps 
which is completed with the formation of landomycin A (208). In the first alter- 
native, landomycin A would be biosynthesized hither to landomycin B (282) and 
D (283), which subsequently would be formed through the influence of glyco- 
sylases. In the second alternative, 282 and 283 should be intermediates of the 
biosynthesis of 208 (Schemes 64, 65). 

[ Ketosynthase (KS) ~1  Dehydrase (DH) 

[ Acyltransferase (AT) D Cyclase (CYC) 
[]Chain Length Factor (CLF) [[~ Ketoreductase (KR) 

[ ]  Acyl Carrier Protein (ACP) [ Oxygenase (OX) 

1 kB 

Scheme 62. Genes coding for the polyketide synthases of angucyclinones 
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Scheme63. Late biosynthetic steps of the urdamycin A (281); this scheme is supported by 
the isolation of the shunt products 29, 229 and 230, as well as the intermediates 4, 241 and 
urdamycin G (unnumbered) 
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Scheme 64. The landomycins A, B, D and E (208,282 - 284) differ only with respect to the length 
of their glycan chain 
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Scheme 65. Alternatives for the biosynthetic assembly of the glycan chain of landomycin A 
(208); the alternative depicted on the right side (solid arrows) is correct 
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Cross-feeding experiments with various landomycins, all ~4C-labeled via their 
biosynthesis using [1-~4C]acetate, confirmed the second alternative, because 
incorporations of landomycin D (283) into the landomycins B (282) and A (208) 
as well as of 282 into 208 could clearly be observed; by contrast, radiolabeled 208 
was not incorporated into any of the other landomycins [219-221]. Inter- 
estingly, the landomycinone monosaccharide and the trisaccharide 284 could 
not be detected as metabolites of the landomycin producer Streptornyces cyano- 
genus. The latter (284), however, subsequently called landomycin E, is the major 
product of Streptornyces globisporus 1912, a strain which was genetically 
manipulated with the putative antibiotic production-stimulating plasmid 
pSG 1912 [222-224]. For the biosynthetic sequence leading to landomycin A in 
So cyanogenus it is assumed that either the disaccharide oliv-oliv is formed 
prior to its glycosylation or, more likely, that the glycosylation steps which trans- 
fer a D-olivose moiety are much faster than the glycosyltransfers with L-rhodi- 
nose. Interesting oxygenases are important biosynthetic enzymes for the forma- 
tion of the kinamycins [3,177, 178, 183,199, 225] and the jadomycins [195, 196, 
197, 200]. Both biosyntheses involve an angucyclinone intermediate (257) that 
undergoes, in a key step, an oxidative ring B fission (presumably into 285) before 
decarboxylation, ring closure and a condensation reaction with molecular nitro- 
gen (or hydrazine, or transamination and subsequent reaction with NO. ~) and 
the amino acid isoleucine, leading to kinamycin F (286, via kinobscurinone 269a 
and prekinamycin 287) and jadomycin B (276), respectively (a possible sequence 
is shown in Scheme 66). 

A mutation, caused by the influence of the P-450 oxygenase inhibitor metyra- 
pone, of one (or more) of the oxygenases which are normally involved in PD 
116198 (218) biosynthesis may be the reason for the formation of the recently 
discovered novel natural products WP 3688-3 (228),WP 3688-4 (249), and WP 
3688- 5 (250) mentioned in Sects. 9.2 and 9.5, respectively, although no rational 
explanation for their formation has been published yet [159]. For the generation 
of the novel blocked mutant products emycins D-G (251-254, see Sect. 9.5), 
mutation of a key oxygenase of Streptornyces cellulosae ssp. griseoincarnatus 
seems to be likely. This mutation causes either a biological Baeyer-Villiger oxi- 
dation of ochromycinone (35) [155, 156] or a 1,3 diol cleavage of a postulated 
emycin H (216) analogue 288; both mechanisms are currently being examined 
(Schemes 67,68) [156, 157]. 

10.3 
Conclusions 

Oxidoreductases seem to be quite substrate-flexible enzymes in the biosyn- 
theses of angucyclinones, as is clear from biosynthetic studies on PD 116198 
(218),the WP 3688 compounds [96, 159, 214] and the emycins [155, 156]. Oxyge- 
nases in particular cause more dramatic effects besides the obvious introduc- 
tion of oxygen atoms. These include: C-C bond cleavages, e.g., via a biological 
Baeyer-Villiger oxidation, as discussed for the biosyntheses of PD 116198 (218) 
and emycin F (253); rearrangements; and the introduction or change of stereo- 
chemical features. In the biosynthetic formations of the kinamycins and of the 
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Scheme 66. Hypothetical biosynthetic pathway leading to the phenanthroviridin aglycon 
(277), the jadomycins (275, 276) and the kinamycin family, e.g., kinamycin F (286). The 
biosynthetic key step is the oxidative 5,6-bond fission, presumably from dehydrorabelomycin 
(275) to 285 

jadomycins, oxygenase-induced C-C-bond cleavage is a key biosynthetic step. 
Although it is possible to convert aquayamycin (4) chemically into vineomyci- 
none B by treatment with acids [3], the latter also may arise biosynthetically 
through an oxidative C-C bond cleavage. Also the very !nteresting antitumor 
antibiotics of the gilvocarcin class [226-241], e.g., the gilvocarcins M (289), 
E (290), V (291; toromycin, anandimycin) and defucosylgilvocarvin V (292), 
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Scheme 67. Rationale for the biosynthetic formation of emycins D (251), E (252) and E (253). 
The key biosynthetic step is an oxidative cleavage of the 6a,7-bond of an angucyclinone, pre- 
sumably ochromycinone (35) 

ravidomycin (293), the chrysomycins A (294), and B (295), and thus BE-12406 A 
(296) and B (297, see Table 15), are all thought [226, 229, 230] to derive from a 
decaketide folded in the typical angucyclinone manner. 

Similarly as shown for the kinamycins and jadomycins, an oxidative C-C 
bond cleavage initiates excision of a single carbon, and further rearrangement 
leads to the typical lactone structures of the gilvocarcin class. Although an 
angucyclinone intermediate has never been discussed for the biosynthesis of 
any of the gilvocarcins, and was - of course - never found, the proven biosyn- 
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Scheme 68. Alternative rationale for the formation of emycins D (251) and G (254): 1,3-diol 
cleavage of emycin H analog 288 

thetic relationship of the kinamycins and jadomycins to the angucycline group 
antibiotics makes a biosynthetic affiliation of the gilvocarcin group very plau- 
sible (Scheme 69). The biosynthetic starter unit found in the gilvocarcin group 
varies between acetate and propionate. 

Despite their interesting effects on stuctural diversity, the oxygenases invol- 
ved in the biosyntheses of polyketides are not well studied. One exception is 
tetracenomycin A2 oxygenase, which is coded by the gene tcmG and converts 
tetracenomycin Aa into tetracenomycin C [242-244]. The tetracenomycin A2 
oxygenase, most likely a dioxygenase, is a monomeric protein in solution and 
contains one mole of noncovalently bound FAD (flavin adenine dinucleotide) 
[242]. Although in one case (mentioned above) an effect of a cytochrome P4s0 inhi- 
bitor could be observed [159], the majority of these interesting oxygenases seem 
not to be cytochrome P450-dependent. For instance, we have never successfully 
changed the metabolite spectrum of any Streptomyces sp. using various P-450 
inhibitors, as opposed to several successful examples with fungi. Also, the cyto- 
chrome P-450 oxygenase involved in the biosynthesis of PD 116198 (218) seems 
to only be responsible for the introduction of a single oxygen, namely, the one at 
C-2 [1591. 
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The observations that angucycline group antibiotic biosyntheses were stimu- 
lated by unspecific genetic modification procedures, as found for the antibiotic 
34-1 (207) [ 146], product Tti 96 OR (273) of the lysolipin producer mutant [ 188], 
and for landomycin E (presumably 284) [224], are unexpected and intriguing. 
They seem to indicate that the biosynthetic genes responsible for the formation 
of the tetracyclic ring system of the angucyclinones (and for further steps) 
belong to an evolutionarily old, sometimes silent, biosynthetic pathway, whose 
meaning for the producing organisms remains unclear. As a less romantic alter- 
native, an involvement of angucycline biosynthetic pathways in the formation of 
spore pigments (e. g., for streptomycetes) may be assumed. Finally, as mentioned 
above in context with Tti96OR (273), which may have arisen from a mutation 
effect on the GLF, the folding leading to the angucycline frame may widely occur 
spontaneously. 

As shown for other classes of polyketides, the genes involved in the bio- 
synthesis of angucyclines may be very useful in the modern approach to creating 
hydrid natural products or "unnatural" natural products, or even in approaches 
aiming at combinatorial biosynthesis [190, 191, 194, 202b, 245-250]. For the 
creation of novel genetically engineered tetracenomycins, genes of the urda- 
mycin producer Streptornycesfradiae T~ 2717, in particular those responsible for 
the institution of post-polyketide modifying enzymes, have already proven to be 
useful [217]. 
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