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Biosynthetic studies on mithramycin (1, aureolic acid) using to a great extent modern genetic
methods revealed several novel aspects of the biosynthesis of this class of antitumor agent. It
could be proven that the aglycon moiety of the aureolic acids is constructed by a type II
polyketide synthase via a single decaketide chain which undergoes a folding, as seen in the
tetracyclines, followed by an initial 7,12-cyclization. Finally, after three more cyclizations, a
linear tetracyclic intermediate (premithramycinone 9) arises, which is a tetracycline-like mole-
cule. Premithramycinone (9) is consecutively methylated and glycosylated (via premithramycins
A1 11, A1 12, A2 13, and A3 14) to form premithramycin B (10), the ultimate tetracyclic
intermediate, whose fourth ring finally gets oxidatively opened through a Baeyer-Villiger
type oxidation to yield mithramycin 1. Most of the gene cluster coding for the mithramycin
biosynthesis has been identified and sequenced and several gene functions were identified
through insertional inactivation of specific genes and structure elucidation of accumulated
products. q 1999 Academic Press

INTRODUCTION, HISTORY

Mithramycin (1, synonyma: aureolic acid, plicamycin, mithracin, LA-7017, PA-
144), produced by Streptomyces argillaceus and some other streptomycetes, forms,
along with the chromomycins (e.g., chromomycin A3 2), olivomycin (e.g., olivomycin
A 3), chromocyclomycin (4), and UCH9 (5) the small, but distinct group of the
aureolic acid antibiotics (Fig. 1; Refs. 1–9). Mithramycin (1) itself is the most
interesting compound because of its various biological activities: it shows a remarkable
cytotoxicity against a variety of tumor cell culture lines, including brain tumors and
experimental animal tumors, and has been clinically used for the treatment of certain
tumors, such as disseminated embryonal cell carcinoma as well as for Paget’s bone
disease (4,10,11) It also finds use for control of hyperglycaemia in patients with
malignant disease (12). As the suggested mechanism of action, mithramycin binds
to the DNA, as a Mg21 dimer, which cross-links the two strands (13–15).

Since the discovery of mithramycin in 1953 (1), various partially contradictive
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FIG. 1. Structures of aureolic acid group antibiotics and anticancer agents.

structures of the molecule have been published in context with reports on the structure
elucidation (2,5,16,17), DNA interactions (13–15), syntheses of the saccharide chains
(6,7,17–20), and genetic work (21–26). Consequently, wrong structures still can be
found in original publications, textbooks, and important encyclopediae
(3,12,27,28). Along with our biosynthetic studies, we also reinvestigated the structure
of mithramycin using the most modern NMR methods and concluded that structure
1, initially used by Patel et al. (13), is correct (29).

Several wrong hypotheses were suggested in context with the biosyntheses of
aureolic acid antibiotics, by several authors including us (12,22,24,30–32; see below).
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FIG. 2. Early (wrong) suggestion for the polyketide biosynthesis of the aureolic acid aglycon (see 12).

Although our studies on the model compound mithramycin (1) are still incomplete,
the results available until now justify a review on the biosynthesis of aureolic acid anti-
biotics.

All authors who discussed the biosynthesis of one of members of the aureolic acid
group recognized correctly the polyketide origin of the aglycon. Initial hypotheses
(e.g., cited in 12) suggested a single polyketide chain which finally is located in the
molecule starting from the end of the side chain at C-58 and ending at C-4 (with
decarboxylation, Fig. 2).

INCORPORATION EXPERIMENTS WITH STABLE ISOTOPE-LABELED
PRECURSORS

First incorporation experiments on an aureolic acid group member were performed
by Rosazza et al. (30), namely on chromomycin A3 (2). Using 13C- and 18O-labeled
acetate, Rosazza et al. concluded that at least two, or even three, independent polyke-
tide chains form the aglycon backbone (Fig. 3; Ref. 30).

Our 1992 reinterpretation of Rosazzas results suggested an alternative (31): a single
decaketide chain forms initially a tetracyclic, tetracenomycin-type intermediate. This

FIG. 3. Results of incorporation experiments on chromomycin A3 (30) with various labeled acetates
and one of the authors (wrong) “multiacetate chain” hypotheses suggested for explanation.
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way, Rosazzas’ incorporation pattern could also be explained if an oxidative cleavage
at C-10/C-10a of the tetracenomycin intermediate (e.g., Tetracenomycin F1 6; Ref.
33) takes place, resulting in the characteristic tricyclic mithramycinone with its
C5-side chain (Fig. 4).

This hypothesis was initially of pure theoretical background, and 18O incorporation
experiments were intended to prove the oxidative cleavage. From incorporation experi-
ments under 18O2-enriched atmosphere, we expected 18O-labels at C-2-O as well as
at C-48-O. Furthermore, also C-18-O and C-38-O should be labeled due to their position
at a carbon which has been formerly a C-2 of an acetate unit. On the contrary,
all other oxygens should be labeled with 1-13C,18O2-acetate. Rosazzas’ work on
chromomycin already showed that the oxygens positioned at C-1, C-6, and C-9 derive
from acetate (30). Our studies on mithramycin using 1-13C-acetate, 2-13C-acetate, and
1-13C,18O2-acetate and a fermentation in an 18O2-enriched atmosphere (investigated
by 13C NMR on mithramycin decaacetate for solubility reasons) resulted in the same
incorporation pattern from labeled acetate as found for chromomycin A3. Furthermore,
the feedings revealed that the oxygens linked at C-1, C-6, C-8, C-9, C-28, and C-48
derive from the acetate building blocks, while the oxygens linked at C-2 and C-18
derive from aerial oxygen (34). The results were not very clear always due to the
tautomerism in the tricyclic ring system as well as broad C-signals in the side chain.
For the oxygen at C-38, no observable upfield shift could be detected (Fig. 5).

From these results, Rosazzas’ hypothesis (Fig. 3) seemed to be supported, while
our “tetracenomycin-hypothesis” (Fig. 4) was refuted. Later (see below), however, it
could be demonstrated that it was principally correct to suggest a one-chain hypothesis
leading to a tetracyclic intermediate of which the fourth ring is subsequently cleaved
through an oxygenase. Further investigations on the mithramycin biosynthesis were
performed using molecular biological techniques.

FIG. 4. Single decaketide chain hypothesis leading to a tetracyclic (tetracenomycin-type) intermediate
(here tetracenomycin F1 6) which is futher cleaved by an oxygenase (31). This hypothesis was stimulating,
but proven to be wrong regarding the tetracenomycin intermediate.
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FIG. 5. Result of the incorporation experiments (with 13C- and 13C,18O-labeled acetate and 18O2) on
mithramycin (34).

MOLECULAR BIOLOGY AND THE ELUCIDATION OF THE
MITHRAMYCIN BIOSYNTHETIC PATHWAY

Molecular biology can provide important tools for the elucidation of antibiotic and
antitumor biosynthetic pathways. An initial approach comes through the cloning of
the antibiotic/antitumor gene cluster. Sequencing of the correspondent genes and
searching for similarities with proteins in databases can give preliminary information
about possible roles for the different gene products. However, this is not sufficient
to assign a role to the different proteins. Insertional inactivation of specific and
selected genes can provide further clues to their function through the generation of
nonproducing mutants that accumulate different intermediates in the pathway. The
isolation and structure elucidation of these intermediates may shed light on the specific
functions of the different gene products. Furthermore, deletion mutants can be also
produced by removing one or more genes from the cluster through homologous
recombination. Again, potential functions can be assigned after structure elucidation
of accumulated intermediates. Expression of some genes in another heterologous host
may also provide interesting information on gene functions. All these molecular
biology techniques have been applied to the elucidation of the mithramycin pathway.
The following text is easier to understand with the mithramycin biosynthetic gene
cluster shown (35; Fig. 6).

A. Polyketide Biosynthetic Steps

The polyketide backbone of the aureolic acid group is synthesized through the
condensation of 10 acetate units (30,34). As a characteristic of aromatic polyketides
these condensation reactions are carried out by a type II polyketide synthase (PKS;
see reviews 36–39). Several genes encoding a type II PKS from a mithramycin
producer, S. argillaceus ATCC 12596, have been sequenced (21). The mtmP
(b-ketoacylsynthase), mtmK (chain length factor), and mtmS (acyl carrier protein)
genes constitute the so-called “minimal PKS.” Expression of these genes, together
with mtmTI (ketoreductase) and mtmX (cyclase), into different streptomycetes led to
the production of three different compounds: SEK15 (7) in Streptomyces lividans,
tetracenomycin M (8) in Streptomyces glaucescens (tetracenomycin producer; Ref.
24), and auramycinone in Streptomyces galilaeus (aclacinomycin producer; Ref. 32).
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FIG. 6. The mithramycin biosynthetic gene cluster (35).

Tetracenomycin M (8) is a novel hybrid compound arising from combinatorial biosyn-
thesis of the mithramycin and tetracenomycin gene clusters (24). Formation of tetracen-
omycin M gave a clue to the possible role of the mtmX gene in mithramycin biosynthe-
sis as a fourth ring cyclase. It had been previously shown that the MtmX protein
showed similarity with the ActVI–orfA protein of the actinorhodin pathway and
another protein from the frenolicin pathway (21). However, it was not possible to
assign a function to these proteins in the corresponding pathways. Tetracenomycin
M (8) is cyclized through aldol addition in a manner that cannot be catalyzed by the
cyclases from the tetracenomycin producer host. The corresponding gene product
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TcmI catalyzes an aldol condensation step instead, which leads to the formation of
tetracenomycin F1 (6; Ref. 33). Therefore, a protein encoded by one of the mithramycin
genes was suggested to be responsible for this cyclization of the fourth ring. From
the knowledge of the function for mtmQ, mtmP, mtmK, and mtmS, the candidate gene
for catalyzing this fourth ring cyclization is mtmX (Fig. 7).

FIG. 7. Recombination of the mtmXhol fragment (mtmXPKSTIOI ) in two different hosts. (Bottom)
Hybrid product tetracenomycin M (8) is a result of the combined tcm and mtm gene products.
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On the basis of incorporation experiments on chromomycin A3 with single and
double 13C labeled acetates it has been proposed that two or three independent acetate
chains were probably condensed to form the aglycon (30). The other alternative route
proposed involved only one polyketide chain (decaketide) and suggested that the
polyketide skeleton could be synthesized as a tetracyclic intermediate with further
breakage of one of the rings (31). However, as described above, an oxidative cleavage
of a tetracenomycin-type intermediate had to be rejected based on the incorporation
experiments with 18O-labeled precursors (34). Three molecular genetic experiments
unequivocally showed, however, that the latter hypothesis must be, at least principally,
the correct one: (i) it has been shown that the chain length factor (together with the
b-ketoacylsynthase) is responsible for the determination of the length of the polyketide
chain in the biosynthesis of aromatic polyketides (40–43). The mtmP and mtmK genes
of S. argillaceus encode these two enzymatic activities. The two genes were amplified
by the polymerase chain reaction (PCR) and subcloned into pRM5, a plasmid vector
developed for the expression of recombinant polyketide synthases (40). In the resultant
construction (pGB1) these genes replaced the equivalent genes of the actinorhodin
pathway from Streptomyces coelicolor A3(2). When this construction was introduced
into S. coelicolor CH999 two major compounds were isolated from the cultures of
the recombinant strain, RM20b and RM20c, both containing a 20-carbon polyketide
chain (22). (ii) Expression in S. lividans of a DNA fragment from the mithramycin
gene cluster containing the mtmX (cyclase), mtmP (b-ketoacyl synthase), mtmK (chain
length factor), mtmS (acyl carrier protein), mtmTI (ketoreductase), and a truncated
mtmOI (oxygenase) led to the production of SEK15 (24; see Fig. 7). This is a
decaketide shunt product that has been also found in some other systems (44,45).
(iii) The inactivation of the complete deoxysugar biosynthesis in S. argillaceus was
achieved through the inactivation of the mtmD gene. This gene encodes a glucose-
1-phosphate:TTP thymidylyl transferase (23). The gene was inactivated by insertional
inactivation and it accumulated a tetracyclic compound, premithramycinone (9, Ref.
26). The structure showed clearly that a tetracyclic compound serves as an intermediate
of the mithramycin biosynthesis. Its oxidative cleavage, preferably through an initial
Baeyer-Villiger type oxidation attacking the C-1/C-2 bond, and the subsequent opening
of the resulting lactone results in the typical tricyclic mithramycin aglycon. This
oxidative cleavage of a tetracyclic compound is in agreement with the labeling studies
shown in Fig. 5, although direct evidence that the 38-O is derived from molecular
oxygen could not be provided from the fermentation experiment in an 18O-enriched
atmosphere, since the 13C NMR spectrum of the resulting mithramycin (and the
mithramycin decaacetate) showed broad C-38 signals in which the typical upfield
shift caused from 18O was not observable. Another reason for the nondetectable
upfield shift may have been a shortage of 18O2 gas, since the growing cultures of S.
argillaceus could only be exposed to 18O2 gas for about 60 h (from 120 h total
fermentation time, due to cost reasons). Thus, the oxygenase MtmOIV which is
responsible for the oxidative breakage of the C-1/C-2 bond in premithramycin B (the
last step of the mithramycin biosynthesis, see below) may have been not sufficiently
provided with 18O2 gas. These experimental limitations nevertheless do not exclude
that 38-O derives most likely from atmospheric oxygen. The incorporation pattern
from feeding experiments with 1- and 2-13C-labeled acetates and the fact that 48-O
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derives from acetate support clearly the oxidative cleavage mechanism shown in Fig.
8. Premithramycinone (9), however, resembles some tetracyclines (46) rather than
the tetracenomycins. Thus, the initial cyclization carried out by the minimal mtm-
PKS, catalyzes a more common 7/12-cyclization rather than the rare 9/14-cyclization
found in the tetracenomycins (Fig. 8; Ref. 26).

B. Postpolyketide Biosynthetic Steps

As has been mentioned above, presumably three of the oxygens in the mithramycin
molecule are derived from molecular oxygen by the action of oxygenases (for two
of them, this could be directly proven by 18O-incorporation experiments; Fig. 5). Four
genes encoding oxygenases have been identified in the mithramycin gene cluster
(mtmOI, mtmOII, mtmOIII, and mtmOIV (47). Mutants generated by insertional inacti-
vation of mtmOI and mtmOIII genes still produce normal levels of mithramycin,
suggesting that neither of these two oxygenases are essential for the mithramycin
biosynthesis. Inactivation of mtmOII gene generated a nonproducing mutant that
accumulated a very unstable compound. So far all attempts to purify this compound
for structure elucidation have failed. Probably the MtmOII protein is responsible for the
introduction of the two hydroxyl groups at C-4 and C-12a (of the premithramycinone
skeleton; see Fig. 8). The last oxygenase encoded by the mtmOIV gene is responsible
for the breakage of the fourth ring (see below).

The methyl group at C-4-O is introduced by the action of a S-adenosylmethionine-
dependent methyltransferase encoded by the mtmMI gene. Inactivation of this gene

FIG. 8. Biosynthesis of mithramycin (1). Formation of the tetracyclic intermediate premithramycinone
(9), its further modification into premithramycin B (10; for details see Fig. 9), and the Baeyer-Villiger-
type oxygenation leading to breakage of the fourth ring and the incorporation pattern shown in Fig. 5.
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produced the accumulation of an intermediate in the mithramycin pathway that lacks
this methyl group, 4-O-demethyl-premithramycinone (26,48).

Premithramycinone (9) is the last nonglycosylated intermediate in the mithramycin
pathway (26). This compound was initially isolated by inactivation of the mtmD gene
that encodes a glucose-1-phosphate:TTP thymidylyl transferase (23). This enzyme
catalyzes the earliest step in 6-deoxysugar biosynthesis, the activation of glucose-1-
phosphate into dTDP-glucose synthase. This was shown in an in vitro assay (23).
This enzymatic step is common to the biosynthesis of all 6-deoxysugars which are
present in a great variety of bioactive compounds (49,50). Premithramycinone (9) is
therefore the substrate for glycosylation. To determine the order of incorporation of
the disaccharide at C-8-O and the trisaccharide at C-12a-O of premithramycinone
different mutants were generated by independent inactivation of four genes encoding
glycosyltransferases (mtmGI, mtmGII, mtmGIII, and mtmGIV ). A number of different
glycosylated compounds were isolated by inactivation of the mtmGI and mtmGII
genes (25, 51; Fig. 9). All these compounds lack the sugars of the disaccharide moiety,
but they differ in the number of sugar units in the trisaccharide. Four compounds
consisted of nearly identical tetracyclic ring frame aglyca and a glycane chain attached
at C-12a-O which varied in the number of its deoxysugar units: premithramycin A1

(11) containing one d-olivose moiety and lacking a 9-CH3 group and premithramycins
A18

(12), A2 (13), and A3 (14) with aglyca containing a 9-CH3 group and a monosaccha-
ride (d-olivose), a disaccharide (d-olivose–d-oliose), and trisaccharide (d-olivose–d-
oliose–d-mycarose) chain, respectively. The fifth identified compound, premithra-
mycin A4 (16), consists of the tricyclic mithramycinone as aglycon moiety and contains
the same trisaccharide chain as found in premithramycin A3 (Fig. 9). From the
structures of these compounds two main conclusions can be raised concerning sugar
transfer: (i) the trisaccharide is transferred to the aglycon before the disaccharide,
and (ii) since all the same compounds were accumulated by both the mtmGI and the
mtmGII mutants, it can be suggested that the disaccharide is transferred to the aglycon
as a unit. One of the two glycosyltransferases is therefore responsible for the formation
of the activated disaccharide 15, and the second one for the transfer of the disaccharide
15 to the aglycon. The C-methyl transfer step (C-9-methylation), presumably catalyzed
by MtmMII, occurs after the first sugar unit of the trisaccharide chain has been
attached (25; Fig. 9). Premithramycin A4 (16) is probably a shunt product, proving
that the oxygenase MtmOIV (see below) might show some substrate flexibility.

The glycosyltransferases encoded by the mtmGIII and mtmGIV genes are involved
in the linkage of the trisaccharide to premithramycinone. When the mtmGIV gene was
inactivated the correspondent nonproducing mutant accumulates the nonglycosylated
intermediate premithramycinone (9), indicating that the MtmGIV glycosyltransferase
is responsible for the transfer of the first d-olivose of the trisaccharide into the aglycon.
In contrast, inactivation of the mtmGIII gene produces a mutant that accumulates
premithramycinone (9) and premithramycin A1 (11), suggesting that the MtmGIII
glycosyltransferase catalyzes the transfer of the second deoxysugar in the trisaccharide,
d-oliose. How the third sugar in the trisaccharide, d-mycarose, is incorporated remains
to be clarified (52).

Evidence supporting the participation of the MtmOIV oxygenase in breakage of
the fourth ring came from a mutant (M3DMG) in which all four glycosyltransferases
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FIG. 9. Late steps of the biosynthesis of mithramycin (1) controlled by various post-PKS tailoring
genes (mtmGI–GIV, mtmMI, MII, mtmOII, OIV ) via various premithramycin intermediates (A1 11, A18

12, A2 13, A3 14, and B 10; premithramycin A4 16 is presumably a shunt product; the activated disaccharide
15 is first formed and then linked to C-8-O).
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and two methyltransferases were deleted (53). The mtmOIV gene is located in the
mithramycin gene cluster immediately downstream of mtmGII (see Fig. 6) and possibly
is transcribed from a promoter located immediately upstream of mtmGI. Consequently,
in the M3DMG not only are the glycosyltransferases and the methyltransferases
affected, so is transcription (and therefore expression) of the mtmOIV oxygenase gene.
The mutant, as expected, accumulated 4-demethyl-premithramycinone. However,
when complementation of this mutant was attempted by transforming with a plasmid
construction containing all the previously deleted genes (mtmGI, mtmGII, mtmGIII,
mtmGIV, mtmMI, and mtmMII genes), a novel compound was obtained, premithra-
mycin B (10). This is a glycosylated tetracyclic compound containing both, the
disaccharide and the trisaccharide chain, possibly being the substrate of the oxygenase
MtmOIV. This was verified by transforming this complemented mutant that accumu-
lated premithramycin B (10) with a plasmid expressing the mtmOIV gene: in this
clone production of mithramycin was restored (53).

From the insertional inactivation of the glycosyltransferases, a model can be pro-
posed for sugar transfer: (i) the trisaccharide is added at C-12a-O of premithramycinone
(9) by a sequential addition of the deoxysugars with the participation of the MtmGIV
and MtmGIII glycosyltransferases, generating premithramycins A1 (11), A 18

(12), A2

(13), and A3 (14); after the first glycosylation step, the C-9-methylation occurs; (ii)
the disaccharide at C-8-O is transferred either by MtmGI or MtmGII as an activated
diolivoside unit (15), generating premithramycin B (10); and (iii) the MtmOIV oxy-
genase causes the breakage of the fourth ring, generating the final active molecule,
mithramycin (1). This biosynthetic pathway of mithramycin is summarized in Fig.
9. Since the premithramycins resemble chromocyclomycin (4), this pathway elucida-
tion also proves that 4 belongs to the group of aureolic acid compounds and is
biosynthetically related to mithramycin (1), as was already suggested earlier by Vanek
et al. (54).
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