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yenes (e.g. amphotericin), and aromatic
compounds (e.g. actinorhodin), to name
but a few.

The Use of Antibiotic-Producing
Streptomycetes
for Biotransformations

John A. Robinson*

2. Fatty-Acid and Polyketide
Biosynthesis

Birch and Donovan discussed in 1953
how a hypothetical poly(,B-ketone), gen-
erated by the successive condensation of
acetate units, might undergo well-prece-
dented laboratory reactions, including al-
dol condensation, alkylation, reduction,
dehydration, and oxidation, and thereby
give rise to a large family of known
polyketide metabolites [3][4]. Evidence

1. Introduction Polyketide Natural Products from Streptomycetes
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Streptomycetes are a genus of gram
positive bacteria, well known for their
ability to produce a vast range of structur-
ally diverse natural products. Atleastsome
of these secondary metabolites are known
to play a role in the physiology of the
producing cells, while many others are
commercially valuable products with an-
tibiotic or related pharmacological activi-
ties (e.g. antifungal, antitumor, antiviral,
antihelminthic, immunosuppressive). The
starting materials for these impressive feats
of synthesis are typically inexpensive fer-
mentation ingredients such as soybean oil,
soybean flour, and molasses, whereas the
products often possess a high degree of
structural and stereochemical complexity
(see the Formulae). Over the past few
years synergistic chemical and molecular
genetic studies have led to a greatly in-
creased knowledge of the enzymes active
in antibiotic biosynthesis. This in turn has
prompted interest in harnessing the syn-
thetic potential of these enzymes for the
rational design and production of novel or
hybrid compounds through genetic ma-
nipulation of intact microorganisms, a part
of what has been called 'metabolic engi-
neering' [I].

Recent progress in this area is illustrat-
ed here by work on polyketide metabo-
lites; molecules whose carbon backbones
are built through the successive coupling
of precursors derived from small fatty
acids, most often acetic and propionic
acids [2]. They vary greatly in size (e.g. 6-
methyl salicylic acid and monazomycin),
and are frequently subdivided into struc-
tural classes such as macrolides (e.g. eryth-
romycin), polyethers (e.g. monensin), pol-
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Scheme 2. The Possible Steps in One Cycle of Polyketide-Chain Assembly (cf Scheme l)

Scheme]. The Steps in Fatty-Acid Biosynthesis. The cycle is repeated typically seven times before
a Cl6 fatty acid (palmitic acid) is released from the enzyme complex.

and new chiral centres generated after the
decarboxylative condensation may be ei-
ther R or S,perhaps dependent upon wheth-
er (S)- or (R)-methyl(ethyl)malonyl-CoA
is used as substrate; 3) the extent of
'processing' (i.e. ,8-keto-thioester ~ ,8-
hydroxy-thioester ~ a,,B-unsaturated thio-
ester ~ reduced acylthioester) may not be
identical at each chain-elongation step,
unlike fatty-acid synthesis where the same
cycle of reactions is repeated several times
[7]. In polyketide biosynthesis, new cy-
cles may initiate with an acyl chain con-
taining a ,8-keto- (R)- or (S)-,8-hydroxy,
(E)- or (Z)-ene, or full y reduced acy Ichai n;
4) termination of the assembly process
may involve thioester hydrolysis, or for
example, macrolide ring formation, or
amide-bond formation, all of which are
believed to occur, while the acyl chain is
still attached to the PKS. For those PKSs
involved in aromatic polyketide biosyn-
thesis, the cyclase, dehydratase, and aro-
matase activities presumably needed to
catalyse aromatic-ring formation, from a
polyketide precursor, may also constitute
part of the PKS.

Thus, by using an appropriate combi-
nation of 1) starter units, 2) extender units,
3) chain elongation processes, and 4) ter-
mination strategies, an enormous variety
of different polyketides can, in principle,
be made. It seems clear from the enormous
range of polyketide metabolites already
discovered that Nature has indeed taken
advantage of this potential for generating
structural diversity. Important questions
then arise: how are individual PKSs pro-
grammed to catalyse the synthesis of a
unique polyketide chain? And how can
this information be used rationally to al-
low the production of new metabolites or
analogues of known products? Lastly, it
should be remembered that biosynthetic
steps that typically follow polyketide as-
sembly (e.g. oxidation or glycosylation)
amplify yet further the scope for generat-
ing novel structures.

The key to understanding and manipu-
lating 'polyketide programming' lies in
learning more about the structure and cat-
alytic functions of individual PKS com-
plexes. Unfortunately, biochemical stud-
ies with PKSs have been fraught with
difficulties, principally because they are
difficult to assay for catalytic activity, and
are probably not very stable in crude cell
extracts. Although 6-methylsalicylic acid
synthase from Penicillium patulum [8][9],
and a few PKSs of plant origin have been
characterised [10], until very recently none
had been isolated from polyketide produc-
ing streptomycetes. This bleak picture has
changed dramatically, however, with the
emergence of molecular-genetic techni-
ques, which have come to play an impor-
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CoA (sometimes other linear or branched
chain acyl-CoA derivatives) is the starter
unit, and malonyl-CoA is the extender
unit. During the keto-reduction, dehydra-
tion, and enone-reduction, the growing
fatty-acid chain remains attached through
a thioesterto the acyl carrier protein (ACP),
a small protein of ca. 80 amino acids in the
type-II systems, or a homologous ACP-
domain in the type-I systems.

Whereas PKSs and FASs are believed
to catalyse analogous reactions, by similar
or identical mechanisms, the way these
reactions are concerted, or 'programmed',
by PKSs is different to that seen in fatty
acid biosynthesis [6]. As depicted in
Scheme 2: 1) a variety of different starter
units (linear or branched, aliphatic or aro-
matic carboxylic acids) may be used for
polyketides; 2) methylmalonyl-CoA and
ethylmalonyl-CoA, as well as malonyl-
CoA, are frequently usedas extender units,
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accumulated since this time suggests that
a close analogy exists between the mech-
anisms of long-chain fatty-acid synthesis,
catalysed by fatty-acid synthases (FASs),
and the assembly of polyketides, cata-
lysed by polyketide synthases (PKSs), al-
though very few PKSs have been charac-
terized biochemically.

Although the same basic chemistry
(Scheme 1) is followed during fatty-acid
biosynthesis in all organisms, the FASs
fall into two broad structural classes [5].
The type-I enzymes, typically found in
higher organisms, are large multifunctional
polypeptides that fold into catalytic do-
mains, where each domain catalyses one
or several consecutive steps in the FAS
cycle. The type-II systems, characteristic
of plants and bacteria, consist of several,
relatively small, monofunctional proteins,
each responsible for catalysing a single
step in the pathway. In most cases, acetyl-
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Scheme 3. The Biosynrhetic Pathway to Actinorhodin and the Actinorhodin Gene Cluster (act).
Several known or presumptive intermediates are shown together with the genes responsible for
different steps of the pathway, e.g. act! and actIII genes for the early steps, actVA and actVB genes
for the late steps. At the top, the large arrows depict the protein-coding regions (ORFs) identified in
theDNA sequence,whichencode thebiosyntheticenzymes. The arrows indicate the sizesof thegenes
(and gene products) and their relative direction oftranscription/translation in the genomic DNA. The
actll region includes ORFs which have a regulatory function.
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3. Re-programming Aromatic
Polyketide Biosynthesis

tant role in the cloning of genes encoding
PKS complexes [6]. One feature to have
emerged from such studies is that the
biosynthetic genes for a given pathway
tend to be clustered in one relatively small
region of the genome of the producing
organism. Once a method has been found
to isolate one gene in a pathway, the others
can usually be found easily in the adjacent
DNA.

Table. New Products Derived from Medermycin- and Dihydrogranaticin-Producers Colltaining
Some or All of the Act Genes
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biosynthetic genes between different anti-
biotic-producing organisms, with the re-
sulting formation of novel hybrid com-
pounds.

The primary sequences of PKSs active
in actinorhodin (act) [14], tetracenomycin
(tern) [18], and granaticin (gra) [19] bio-
synthesis (amongst others) have been de-
duced from the gene sequences, and they
form a highly homologous family of pro-
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troduced into the dihydrogranaticin-pro-
ducer, which led to the production of the
hybrid compound called dihydrogranat-
irhodin. This molecule has the dihydro-
granaticin configuration at C(l5) and the
actinorhodin configuration at C(3), most
likely as a result of the exchange of act and
g ra-encoded C(3) reductase/dehydratases.
These pioneering experiments provided
an important precedence for the transfer of

The genetically best studied strepto-
mycete is S. eoelieolor A3(2), which pro-
duces the pigmented isochromanequinone
antibiotic actinorhodin. A biosynthetic
pathway to actinorhodin has been pro-
posed, based upon results from labelling
studies [11], the isolation of intermediates
from mutants blocked at specific stages in
the pathway [] 2], and more recently the
analysis of the cloned biosynthetic genes
[6][ 13] (Scheme 3). The biosynthetic genes
(act cluster) span ca. 22 Kb of the S.
eoelieolor chromosome, and include ca.
20 open reading frames (ORFs = protein
coding regions). The actI and aetIII genes
(4 ORFs) encode the enzymes needed to
couple eight acetate-deri ved precursors,
and include a heterodimeric (ORFI +
ORF2) condensing enzyme (KS), an ACP
(ORF3), and a dehydrogenase (aetIII) for
reduction at the C(9) position [14]. The
aeNII gene product is a putative bifunc-
tional cyclase/dehydratase [15], most likely
catalysing aromatic-ring formation. When
this gene is inactivated by mutation (aeNII
mutants), the compound mutactin is pro-
duced [16], apparently by aberrant (spon-
taneous?) cyclisation/dehydration. The
next step, C(5)-C(l4) dehydration is de-
termined by aetIY, followed by reduction
at C(3) with pyran-ring formation, deter-
mined by the aeNI genes. The aeNI mu-
tants produce the known natural product
aloesaponarin II. The aerV A genes (6
ORFs) determine oxidation at C(6) and
C(8), and the aeNB gene is responsible
for dimerization to afford actinorhodin.
The aeNB mutants produce the known
natural product kalafungin.

A number of closely related isochro-
manequinone antibiotics are produced by
other streptomycetes, including meder-
mycin and dihydrogranaticin (Table).
When clones containing aetV A were in-
troduced into the medermycin-producer, a
new pigmented antibiotic was produced,
called mederrhodin A, most likely since
the aetY A encoded C(8)-hydroxylasefrom
the actinorhodin pathway also used med-
ermycin as substrate [17]. In a second
experiment, the entire act cluster was in-
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teins (Fig.) [6]. How the pattern of poly-
ketide-chain folding is determined is not
yet clear. In each case, the PKSs resemble
the type-II bacterial and plant FASs, since
each consists of relatively small discrete
enzymes; a heterodimeric ketoacyl syn-
thase (KS) encoded by ORFI and ORF2;
an acyl carrier protein (ACP, ORF3); a
ketoacylreductase (KR, ORF5) (absent in
the tcm PKS), and a bifunctional cyclase/
dehydratase (ORF4; cyclase/O-methyl-
transferase in the case of tcm). One way to
explore the possible functions of such
proteins is to substitute one for another,
and monitor the effects upon metabolite
production. This can be achieved either by
examining the effects of introducing the
new gene (on a plasmid) into a mutant
strain where the counterpart has been in-
activated, or by replacing the host gene
directly with the new gene from a different
pathway.

One interesting example involves var-
ious S. galilaeus strains that produce an-
thracyclinones (Scheme 4). The mutant
strain 31671 produces 2-hydroxyaklavi-
none, rather than aclacinomycin A. Intro-
duction of a plasmid carrying the KR gene
from the actinorhodin pathway (actIII)
resulted in restoration of aklavinone pro-
duction [20]. This indicates that the 2-
hydroxy form results from a failure to
reduce the polyketide chain at the ninth C-
atom from the carboxyl terminus during
synthesis, and that the KR involved in
actinorhodin production can associate with
the aklavinone PKS to reduce the chain
precisely at this point. Also the aklavinone
PKS is clearly able to assemble a complete
polyketide despite the absence of a func-
tional KR.

As indicated earlier (Scheme 3), the
actI, actIII, actVII, and actIV genes in S.
coelicolor are sufficient for the produc-
tion of aloesaponarin II. Introduction of a
DNA fragment containing actl ORFs I
and 2 (the KS) into wild type S. galilaeus
resulted in aloesaponarin II production
[20] (Scheme 5). The same fragment in
mutant 31671 led to the production of the
hydroxylated counterpart of aloesapon-
arin II, desoxyerythrolaccin. This indi-
cates that the ACP, KR, cyclase, and dehy-
dratase involved in aklavinone biosynthe-
sis can interact with the ORF land 2
proteins of the actinorhodin PKS, which
alone control the length of the polyketide
chain produced, and lead to aloesaponarin
production. When the KR function is lost,
the corresponding hydroxylated product
is seen.

4. Re-programming Complex
Polyketide Biosynthesis

The so-called complex polyketides are
those whose C skeletons have undergone
reductive and dehydrative processes dur-
ing assembly (Scheme 2) so polyct~-ke-
tone) derivati ves are not formed, and the C
backbone typically contains ketone, alco-
hol, and alkene functionality. The stereo-
chemistry and appropriate degree of
processing of the ,8-carbonyl groups in the
growing chain are adjusted prior to subse-
quent elongation cycles. Included amongst
these are the macrolide antibiotics (eryth-
romycin A and tylosin) and the polyethers
(monensin and nonactin). Evidence that
the processive strategy of polyketide as-
sembly occurs during macrolide biosyn-

thesis has accrued from two directions.
Firstly, putative chain elongation interme-
diates, activated as N-acylcysteamine
thioesters, have been incorporated specif-
ically into erythromycin [2 I] and tylosin
[22]. Secondly, a series of complex fatty
acids have been identified in fermentation
broths of mycinamycin producers, which
match the stereochemistry and functional
groups expected in chain elongation inter-
mediates attached to the mycinamycin PKS
[23][24]. These metabolites apparently
arise by premature release from the PKS,
before chain assembly is complete.

Important insights into how the mac-
rolide PKSs determine the processing steps
in polyketide assembly have come recent-
ly from analyses of the deduced primary
sequence of the 6-deoxyerythronol ide PKS
[25-28]. 6-DeoxyerythronolideB, the first
isolable intermediate in erythromycin bi-
osynthesis, is assembled from a propio-
nyl-CoA starter unit and six methylmalo-
nyl-CoAextenderunits. Aclusterof genes
for erythromycin biosynthesis, including
a resistance gene, have been isolated from
S. erythraea. The PKS genes extend over
30 kb of DNA, within which three large
ORFs were identified, that each encode a
protein of ca. 300 kDa. Biochemical stud-
ies have shown recently that three such
large proteins are indeed produced in S.
erythraea [29]. Based upon sequence com-
parisons to known PKS and FAS enzymes,
each is predicted to be a multifunctional
polypeptide with an array of putative FAS-
like activities (KS, ACP, KR, ER, DH; (I
Scheme 1) distributed along the length of
the peptide chain (Scheme 6). In this re-
spect the 6-deoxyerythronolide PKS re-
sembles more closely the type-I multi-
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of ORFs in the actinorho-
din (act), dihydrogranat-
icin (gra), tetracenomy-
cin (tern), whiE [38],S.
cinnamonensis [35] and
oxytetracycline (otc) [6]
PKS gene clusters. The
deduced functions for
these ORFs are: ORFI +
ORF2 (ORFllI + ORFIY)
= j3-ketoacyl synthase
(KS); ORF3 (ORFY) =
acyl carrier protein (Aep);
ORF4 = cyclase/dehy-
dratase (act, gra, and S.
cinnamonensis),orcycla-
set 0- methy Itran sferase
(tcm); ORFS = ketoreduct-
ase (KR); ORF6 = ketore-
ductase.
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Scheme 4. Metabolites Generated from Anthracyclinone Producers, S. galilaeus (wild-type), Aclacinomycin; S. galilaeus (ATCC3l671 mutant), 2-
Hyd roxyakla vinone
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functional FASs, than the smaller type-II
aromatic PKSs discussed above.

The most intriguing aspect, however,
is that almost a linear correlation exists
between the activities identified in the
PKS and those needed for the stepwise
assembly of the macrolide, where each
active domain is used for just one step in
the assembly process. As illustrated in
Scheme 6, the deduced activities encoded
in each ORF can be grouped into six
modules, where each module contains the
enzymes needed for one round of chain
elongation and processing. Module 4, e.g.,
contains, in addition to the condensing
enzyme (KS) and keto reductase (KR), also
the dehydratase (DR) and enoyl reductase
(ER) necessary for forming the C(7) methy-
lene. Modules], 2, 5, and 6 encode KS and
KR domains, consistent with the forma-
tion of an alcohol at C(3), C(5), C(] 1), and
C(] 3), and module 3 encodes only a func-
tional KS, consistent with the retention of

a CO group at C(9). At the end of module
6 is a sequence showing high similarity to
known thioesterases, which may catalyse
macrolide-ring formation, thereby releas-
ing the substrate from the PKS. It seems
that the extent of processing in each elon-
gation cycle may simply be programmed
by the presence or absence of the requisite
catalytic activities, the choice of extender
units incorporated may rest on the specif-
icities of the acyl transferase domains in
each module, and the absolute configura-
tion of chiral centres may depend upon the
stereospecificities of the individual KS,
KR, and ER domains. More detailed bio-
chemical studies are needed to elucidate
the mechanism and specificity of chain
transfer from CoASR to ACP to KS, as
well as between the three PKS polypep-
tides, catalysed presumably by the various
acyl transferases (AT) ..

This blueprint for polyketide assembly
inferred from these sequence compari-

sons immediately suggests a strategy for
altering the specificity of the PKS. If each
enzymic activity is involved in a single
biochemical step in the pathway, inactiva-
tion of anyone should affect only a single
step in the pathway [27]. Confirmation
that this is at least possible came by inac-
tivating the KR domain of module 5 by
deleting a section of the gene encoding
this portion of the PKS [26][30]. This KR
domain was proposed to reduce the l3-keto
group of a C(l3)-intermediate, with the
resulting OR group appearing at C(5) in
the macrolide ring (Scheme 7). The strain
carrying this deletion now produced as the
main products the 5-oxo derivative of 6-
deoxyerythronolideB and 3-a-mycarosyl-
5,6-dideoxy-5-oxoerythronolide B, where
the 5-oxo group has been retained through
the rest of the synthesis. A minor compo-
nent of the femlentation was also identi-
fied as 3,5-dihydroxy-2,4-dimethylhepta-
noic-acid-8-lactone [27], which is pre-



FORSCHUNG 80
C'HIMIA 47(1993) Nr, 4 (1\prill

5. Modifying Steps after Polyketide
Assembly

dicted to arise from cleavage of a C(7) acyl
chain from module-2 of the PKS.

A second change involved module 4,
where the ER domain, responsible for
reduction of an enoyl-SACP intermediate
to the fully saturated form, was inactivat-
ed by altering residues essential for enoyl
reductase activity [31 ][32]. As anticipat-
ed, the strain carrying this mutation accu-
mulated 6,7-anhydroerythromycin C
(Scheme 7). These studies indicate that the
polyketide chain can be passed between
different domains without great regard for
the structure of the acyl chain, and that the
enzymes functioning later in the synthesis
can transform acyl chains bearing new
arrays of functional groups. Many more
similar experiments are needed to define
where the limits lie to this type of PKS
engineering [32].

As discussed earlier, the products of
polyketide assembly are often modified
by other enzymes, such as oxidases, meth-
yltransferases, aminotransferases, and gly-
cosidases. Inactivation of these enzymes
in blocked mutants generated randomly
can be exploited for the production of new
metabolites (cf Scheme 3). However, tar-
geted genetic manipulation offers a poten-
tially more powerful approach for obtain-
ing novel structures, not only by deleting
activities, but also by adding new activi-
ties to an antibiotic-producing organism.

For example, a gene from S. thermo-
tolerans encoding an acyl transferase re-
sponsible for adding an isovaleryl or bu-
tyryl group to the 4"-hydroxyl of the my-
carose moiety of carbomycin was intro-
duced into the spiramycin producer S.
ambofaciens [33]. The resulting strain pro-
duced a novel 4"-isovalerylspiramycin,
indicating that the acyl transferase recog-
nised the spiramycin analogue as a sub-
strate-. As a final example, consider again
the pathway to erythromycin A (Scheme
6). In the wild type S. erythraea, addition
of the sugar mycarose to the macrolide
ring at C(3) occurs after C(6)-hydroxyla-
tion, catalysed by a specific cytochrome
P450 monooxygenase. A recombinant
mutant in which this monooxygenase had
been inactivated by gene disruption now
produced 6-deoxyerythromycin A, an an-
tibiotic with improved acid stability,
that could not easily have been produced
by chemical synthesis [34]. Clearly, the
enzymes working after this hydroxylase
can function on 6-deoxyerythronolide B
to form a new biologically active erythro-
mycin derivative lacking the C(6)-OH
group.
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Scheme'6. The Three Shaded Arrows Represent Three Large ORFs Identified Amongst the Erythro-
mycin Biosynthetic Genes (ery), and Encode the ery PKS. Within each sequence, various catalytic
domains have been identified where; KS =j3-ketoacyl synthase; KR =j3-keto reductase; ACP = acyl-
carrier domain; AT = acyl transferase; DH = dehydratase; ER = enoyl reductase; TE = thioesterase
[26].

Scheme 7. Mutations Introduced Specifically into the ER Domain of Module 4, Or the KR Domain of
Module 5, in the ery PKS, Leads to the Formation of New Products (cf Scheme 6)
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Scheme 8. The Biosynthetic Pathways to the /onophore Antibiotics Monensin and Nonactin
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