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Alfredo F. Braña,† Khaled A. Shaaban,‡ Min He,∥ Francisco Morís,§ Jose ́ A. Salas,† Jürgen Rohr,*,‡

and Carmen Meńdez*,†
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ABSTRACT: Mithramycin is an antitumor compound produced
by Streptomyces argillaceus that has been used for the treatment of
several types of tumors and hypercalcaemia processes. However, its
use in humans has been limited because of its side effects. Using
combinatorial biosynthesis approaches, we have generated seven
new mithramycin derivatives, which differ from the parental
compound in the sugar profile or in both the sugar profile and the
3-side chain. From these studies three novel derivatives were
identified, demycarosyl-3D-β-D-digitoxosylmithramycin SK, demycarosylmithramycin SDK, and demycarosyl-3D-β-D-digitox-
osylmithramycin SDK, which show high antitumor activity. The first one, which combines two structural features previously
found to improve pharmacological behavior, was generated following two different strategies, and it showed less toxicity than
mithramycin. Preliminary in vivo evaluation of its antitumor activity through hollow fiber assays, and in subcutaneous colon and
melanoma cancers xenografts models, suggests that demycarosyl-3D-β-D-digitoxosylmithramycin SK could be a promising
antitumor agent worthy of further investigation.

■ INTRODUCTION
Cancer is one of the most threatening illnesses in Western
countries, being the second cause of death. One of the therapies
used for treating cancer is chemotherapy. Although there are a
high number of anticancer drugs for clinical use, there is still a
demand for novel drugs with less toxicity and higher activity
and/or active against tumors that lack an appropriate treatment.
Transcription factors (TFs) are nodal points in signal

transduction pathways that have to lead to transcriptional
changes in order to affect cell behavior. Aberrant activity of TFs
is a hallmark in many cancers, as result of direct genetic events
(e.g., gene translocations) or being secondary to other events
(e.g., kinase/receptor mutations). There is proof of concept
evidence, using both in vitro and in vivo models, that targeting
TFs has clear therapeutic benefit in cancer, such as STAT3
inhibitors, p53 targeted small molecules (to restore the
transcriptional activity of mutated p53), NF-κB, myc targeted
oligonucleotides, and much more.1,2 Limited evidence of
efficacy in clinical trials exists, although some TF antagonists
(STAT3, NF-κB) are progressing through phase 1−2 trials.3,4

Sp1 is a TF that controls many critical processes in cells
(proliferation, survival, stress responses). It is present in many

normal cells but is abnormally expressed or activated in many
cancers.3 Some researchers are looking for Sp1 transcriptional
signatures in cancers (like prostate, ovarian cancer). Preliminary
data show up-regulation of many Sp1 target genes in tumors
compared to normal cells, even if Sp1 itself is not up-regulated,
indicating activation of Sp1.5,6 Similar to other TFs, proof of
concept exists that targeting Sp1 with antisense oligonucleo-
tides, siRNA, and decoy oligonucleotides has therapeutic
benefit. Also, indirect targeting of Sp1 with drugs like cox2
inhibitors and others has been shown to have therapeutic
effects.7

Mithramycin (1, Figure 1A) is a DNA binding agent with
relative specificity for Sp1, based on their preferential binding
to GC-rich sites in DNA. It was discovered in 1961 and
approved for use as anticancer drug in 1970.8 Despite showing
strong response rates, it has not been in use in recent years for
cancer treatment because of its adverse effects. The problems
with 1 are derived from the lack of a suitable therapeutic
window, so the active doses are those that unfortunately cause
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toxic side effects. Notwithstanding, in recent years there has
been a renewed interest in 1, since new uses and activities have
been ascribed to it, including inhibition of apoptosis or
antiangiogenic activity, in both cancer and noncancer related
processes.9−11 For example, it has been shown that 1 selectively
blocks expression of cell proliferation and transforming growth
factor β (TGF-β) signaling clusters in human gingival
fibroblasts, and in glioma cells it was found to suppress and
delay tumor cell migration.12,13 Also, 1 suppresses the growth
of Ewing sarcoma family of tumors (ESFTs) xenografts-bearing
mice. In this context, 1 was identified in a screening of 50 000
compounds as the lead compound for the inhibition of
aggressive ESFTs and for its in vitro and in vivo inhibition of
the Ewing sarcoma breakpoint region 1 and Friend leukemia
virus integration 1 (EWS-FLI1) TF, a protein that had
previously been thought to be undruggable.14 This indicates
that 1 could be a viable drug for certain indications, despite its
very narrow therapeutic window.
The mithramycin mode of action involves its interaction in a

noncovalent way with GC-rich DNA regions located at the
minor groove of DNA.15−19 By doing so, it prevents
transcription factor Sp1 from binding to a variety of promoters
of proto-oncogenes, genes involved in angiogenesis, anti-
apoptotic genes, p53-mediated transcriptional responses, as
well as multidrug resistant gene 1 (MDR-1).20−24 Recent work
has shown that 1 does not equally bind all Sp1 binding sites: it
inhibits Sp1 binding to a subset of genes associated with
oncogenesis but selectively ignores Sp1 binding sites in other
promoters such as p21cip1/waf1, which are classically linked with
tumor suppression.25 Most important, the recent work of
Grohar et al. also shows that mithramycins can target cancer-
related TFs, which adds a novel component of potential
selectivity to the aureolic acids class of anticancer drugs.14

Structurally, 1 consists of a tricyclic aglycone, with two
aliphatic side chains attached at C3 and C7, and a trisaccharide
(D-olivose-D-oliose-D-mycarose) and a disaccharide (D-olivose-
D-olivose) chain attached at positions 2 and 6 of the aglycone,
respectively.26 The mithramycin gene cluster of Streptomyces
argillaceus has been cloned and characterized, and its biosyn-
thesis pathway has been established (see ref 27 for a review).
The aglycone is synthesized through the condensation of one
acetyl-CoA and nine malonyl-CoA units to render a carbon
chain, which is then aromatized, cyclized, oxygenated, and
methylated. Then the resultant tetracyclic intermediate is
sequentially glycosylated followed by the oxidative cleavage of
the fourth ring and the reduction of the carbon side chain
attached at the 3-position to render the final compound 1. We
have applied different strategies of combinatorial biosynthesis
in order to generate novel derivatives of 1 with antitumor
activity.28−32 Some of these compounds (see Figure 1,
compounds 2−4) showed high antitumor activity and either
exhibited new glycosylation profiles30−32 or contained struc-
tural changes affecting the pentyl side chain attached at the 3-
position.5,29,33 Interestingly, analogues with modifications at the
3-carbon side chain showed higher antitumor activity than the
parental compound and delayed growth of ovarian tumor
xenografts.5,6,29,33

Here we further explored the generation of new mithramycin
analogues by applying combinatorial biosynthesis strategies to
S. argillaceus, aiming for new compounds that differ either from
the parental compound in the sugar profile or in both the sugar
profile and the 3-side chain. From these studies three novel
derivatives emerged, named demycarosyl-3D-β-D-digitoxosylmi-
thramycin SK, demycarosylmithramycin SDK, and demycaro-
syl-3D-β-D-digitoxosylmithramycin SDK, which show high
antitumor activity. The first one, which combines two structural

Figure 1. Chemical structures of (A) mithramycin (1) and demycarosyl-3D-β-D-digitoxosylmithramycin (2) and (B) mithramycin SK (3) and
mithramycin SDK (4).
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features previously found to improve mithramycin pharmaco-
logical behavior, was less toxic than the parental compound and
was evaluated on tumor growth in hollow fiber assays and for
treatment of colon and melanoma cancers using human tumors
xenografts in murine models in nude mice.

■ RESULTS

Generation of novel mithramycin analogues. Two
types of mithramycin analogues were generated: mithramycins
with modified glycosylation profile and compounds with both
specific modifications in the glycosylation pattern and at the 3-
carbon side chain. It has been shown that sugars in 1 participate
in the binding process of this compound to DNA34,35 and that
changes in the glycosylation profile of 1 can affect its
activity.30,31 Modifications in the glycosylation pattern of a
molecule by combinatorial biosynthesis can be achieved using
different approaches, such as expressing plasmids directing the
biosynthesis of a different sugar into the producer organism.36

Moreover, the use of a mutant affected in the biosynthesis of a
normal component sugar of the compound as host can increase
the chances to generate compounds with new glycosylation
profiles.31

In order to facilitate the generation of mithramycins with
different glycosylated profiles, we used as a host the S.
argillaceus mutant M7C1 in which the mtmC gene had been
inactivated.37 This mutant accumulates some compounds
lacking the D-mycarose residue and possessing a 4-keto sugar
moiety instead of the D-olivose at the beginning of the
trisaccharide chain, since in this mutant D-mycarose biosyn-
thesis is blocked and the biosynthesis of D-olivose is altered.38

To endow this mutant with the capability of synthesizing new
sugars, we expressed pFL84539 in mutant M7C1. This plasmid
encodes the biosynthesis of D-amicetose, a sugar not present in
1, and that of D-olivose, which is altered in the mutant strain.
Analysis of the resultant strain S. argillaceus M7C1-pFL845 by

HPLC and HPLC−MS revealed the production of several
mithramycin-like compounds (see Supporting Information).
The major one corresponded to the previously identified
demycarosylmithramycin,31 a compound with structure identi-
cal to that of 1 but lacking D-mycarose, the biosynthesis of
which is blocked in this mutant. Compounds from the other
peaks showed retention times and masses that did not fit with
those of previously identified mithramycin analogues and most
probably corresponded to novel mithramycin derivatives, which
were later identified as dideolivosyl-6-β-D-amicetosyldemycaro-
syl-2-O-β-D-oliosyl-3C-β-D-olivosylmithramycin (5), dideolivo-
syl-6-β-D-amicetosyldemycarosylmithramycin (6), deoliosylde-
mycarosyl-3C-β-D-amicetosylmithramycin (7), and dideolivo-
syl-6-β-D-amicetosyldeoliosyldemycarosyl-3C-β-D-amicetosyl-
mithramycin (8).
A second type of mithramycin analogue was generated,

aiming at compounds with modifications in the glycosylation
pattern and the 3-carbon side chain. We have previously shown
that by inactivating the mtmW gene (encoding for a
ketoreductase), several mithramycins were generated with
modifications in the 3-carbon side chain that showed improved
antitumor activities.29 On the other hand, we have also
obtained several mithramycins with antitumor activity with
modifications in the glycosylation pattern, among which the
most active one was demycarosyl-3D-β-D-digitoxosylmithramy-
cin (compound 2 in Figure 1A).30,31 On the basis of this
information, we set out to generate mithramycin derivatives
containing both types of structural features in the molecule and
expecting to improve the antitumor properties in relation to the
parental compound. To achieve this, we provided to the S.
argillaceus mutant M3W129 (which produces mithramycins
with modifications at the carbon side chain), with the capability
to synthesize D-digitoxose (i) by expressing plasmid
pMP3*BII40 and (ii) by expressing plasmid pKOL.

Scheme 1. Depictions of Deoxysugar Biosynthesis Pathways Encoded by pLNBIV (NDP-L-digitoxose, Gray, Solid Arrows) and
pKOL (NDP-4-keto-D-olivose, Black, Dotted Arrows) and Observed Outcomes

Journal of Medicinal Chemistry Article

dx.doi.org/10.1021/jm300234t | J. Med. Chem. 2012, 55, 5813−58255815



Plasmid pMP3*BII encodes the biosynthesis of NDP-D-
digitoxose. Analysis by HPLC and HPLC−MS of ethyl acetate
extracts of cultures of the resultant strain S. argillaceus M3W1-
pMP3*BII revealed the production of four compounds, in
addition to mithramycin SK (compound 3 in Figure 1B) and
mithramycin SDK (compound 4 in Figure 1B), originally
produced by mutant M3W1 (see Supporting Information).
One of these compounds corresponded to the previously
identified demycarosylmithramycin SK,29 while retention times
and masses from the other three indicated most probably novel
compounds and were subsequently identified as demycarosyl-
3D-β-D-digitoxosylmithramycin SK (9), demycarosylmithramy-
cin SDK (10), and demycarosyl-3D-β-D-digitoxosylmithramy-
cin SDK (11).

From the attempts to generate new 1 analogues through
heterologous expression of “deoxy sugar plasmids” that encode
NDP-activated deoxyhexose pathways in wild type Streptomyces
argillaceus, overexpression of plasmid pLNBIV was most
successful. This plasmid encodes the biosynthesis of both
NDP-D- and NDP-L-digitoxose (Scheme 1), and its expression
resulted in the accumulation of new mithramycin compounds
containing digitoxose. One of the mithramycins accumulated,
demycarosyl-3D-β-D-digitoxosylmithramycin (compound 2 in
Figure 1A) featured a D-digitoxose substituting the D-mycarose
normally found in the E-position of the trisaccharide chain.30

Plasmid pKOL is a derivative of pLN2 and encodes
predominantly the biosynthesis of NDP-4-keto-D-olivose. It
resembles plasmid pLBIV, the plasmid previously used for the
generation of demycarosyl-3D-β-D-digitoxosylmithramycin

Figure 2. Chemical structures of new mithramycin analogues generated by combinatorial biosynthesis. (A) Compounds with modified glycosylation
patterns produced by S. argillaceus M7C1-pFL845: dideolivosyl-6-β-D-amicetosyldemycarosyl-2-O-β-D-oliosyl-3C-β-D-olivosylmithramycin (5),
dideolivosyl-6-β-D-amicetosyldemycarosylmithramycin (6), deoliosyldemycarosyl-3C-β-D-amicetosylmithramycin (7), and dideolivosyl-6-β-D-
amicetosyldeoliosyldemycarosyl-3C-β-D-amicetosylmithramycin (8). (B) Compounds with modified glycosylation pattern and different structure
of the 3-carbon side chain produced by S. argillaceus M3W1-pMP3*BII: demycarosyl-3D-β-D-digitoxosylmithramycin SK (9), demi-
carosylmithramycin SDK (10), and demycarosyl-3D-β-D-digitoxosylmithramycin SDK (11). Differences from 1 are highlighted in bold.
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(2),30 but lacks ketoreductase EryBIV, thereby avoiding the
formation of NDP-L-digitoxose, which led to the production of
several undesirable analogues (Scheme 1).30 We reasoned that
pKOL’s main product, NDP-4-keto-D-olivose, would be
reduced selectively by keto reductase MtmTIII into D-
digitoxose, either prior or after its incorporation into the E-
position (Scheme 1). MtmTIII had been identified as being
responsible for the 4-keto reduction of the D-mycarose building
block, generating simultaneously an equatorial OH group in 4-
position and an axial OH group in 3-position of the sugar
during 1 biosynthesis. However, it remained unclear whether
MtmTIII acts prior to or after the incorporation of the sugar in
E-position.38 Furthermore, we expected that pKOL’s second
product, NDP-4-keto-L-olivose, would partly inhibit the C-
methyltransferase activity of MtmC, thereby reducing the D-
mycarose production (Scheme 1). Indeed, expressing pKOL
resulted in a significantly increased accumulation of demycaro-
syl-3D-β-D-digitoxosylmithramycin (2) in fermentations of
Streptomyces argillaceus (pKOL) and in the production of two
new compounds, subsequently identified as compounds 9 and
11 in fermentations of Streptomyces argillaceus M3W1-pKOL
(see Supporting Information).
Purification and Structural Elucidation of New

Mithramycin Analogues. Four new compounds were
purified from S. argillaceus M7C1-pFL845 (compounds 5−8).
Purification was carried out by preparative HPLC, and the
novel compounds were initially identified by HPLC−MS
analyses by comparing the retention time, UV absortion
spectrum, and the mass of the molecular ion with those of
already known mithramycin analogues. A preliminary analysis
based on the mass spectra showed that the four compounds
isolated from S. argillaceus M7C1-pFL845 presented the typical
fragment ascribed to the aglycone moiety of 1 (m/z 420).
Likewise, the mass of the molecular ions revealed the absence
of one or two sugar residues with respect to 1. Final elucidation
of the compounds was carried out by NMR experiments; spin
systems of each single sugar moiety were analyzed by means of
H,H-COSY and TOCSY experiments, and both sugar−
aglycone and intersugar connections were established through
HMBC experiments. Further 1H homodecoupling experiments
allowed the unambiguous identification of each sugar.
Regarding compound 7, its 1H spectrum revealed not only
the absence of the sugar E but also a different profile for the
sugar D, typically occupied by a D-oliose residue in mithramycin
derivatives. Thus, analysis of the 2D COSY/TOCSY experi-
ments revealed a spin system stretching from 1-H to 6-H, with
two protons attached to the 3D position (δ Hax 1.60 ppm and δ
Heq 2.05 ppm). Because of the overlapping and complexity of
the signals of 2D-Hax, 2D-Heq, 3D-Hax, 3D-Heq, 4D-H, and 5D,
1H homodecoupling experiments were required to establish the
sugar D as a D-amicetose unit, concluding the identity of 7 as
deoliosyldemycarosyl-3C-β-D-amicetosylmithramycin (com-
pound 7, Figure 2A). The mass spectra of 5, 6, and 8 were
consistent with mithramycin analogues harboring only three
sugar residues. For example, compound 8 lacked the sugars B
and E (confirmed by comparison with previously described
compounds and also due to the absence of intersugar
connections for 3A and 3D in the HMBC spectra). Moreover,
both sugars A and D were identified as D-amicetoses as above
detailed for 7, allowing us to confirm the structure of 8 as
dideolivosyl-6-β-D-amicetosyldeoliosyldemycarosyl-3C-β-D-ami-
cetosylmithramycin (compound 8, Figure 2A). Regarding 6 and
5, they showed identical molecular ion peaks and fragmenta-

tions in the mass spectra. The 1H and 13C spectra showed the
absence of the sugar B and a pattern typical of β-D-amicetose
for the A sugar in both cases. The other two remaining sugars
(C and D) were identified as β-D-olivose and β-D-oliose units.
In the case of 6, as revealed by the HMBC long-range
couplings, the β-D-olivosyl residue was directly attached to the
aglycone moiety. Thus, cross-peaks were observed between H-
1C (δ 5.14) and C-2 (δ 76.6) as well as between C-3C (δ 81.3)
and H-1D (δ 4.70), allowing us to establish 6 as dideolivosyl-6-
β-D-amicetosyldemycarosylmithramycin (compound 6, Figure
2A). On the contrary, 5 was connected to the aglycone moiety
toward the β-D-oliosyl residue (according to HMBC analysis)
and turned out to be dideolivosyl-6-β-D-amicetosyldemycarosyl-
2-O-β-D-oliosyl-3C-β-D-olivosylmithramycin (compound 5, Fig-
ure 2A).
As anticipated, since the biosynthesis of D-mycarose is

blocked in mutant M7C1, compounds 5−8 all lacked the D-
mycarose residue. However, none of them incorporated
another sugar at the same position of the trisaccharide chain.
This suggests that the glycosyltransferase responsible for
transferring sugar E shows limited sugar donor substrate
flexibility. Actually, in all mithramycin derivatives generated so
far by combinatorial biosynthesis, the third position of the
trisaccharide chain is mostly occupied by D-mycarose (the
natural sugar) or with less frequency by D-digitoxose and in a
single case by 4-keto-D-mycarose.30,31,38 On the other hand, all
compounds contain D-olivose residues, indicating that the
biosynthesis of D-olivose was restored in the mutant strain by
pFL845. Moreover, in agreement with the sugar biosynthetic
pathways encoded by pFL845, all new analogues incorporated
one or two D-amicetose residues: at the first position of the
disaccharide chain (compounds 5, 6, and 8) or the second
position of the trisaccharide chain (compounds 7 and 8).
Noticeably, 5 contains the same first two sugar residues at the
trisaccharide chain as 1, but in the other way around. As far as
we know, 5 represents the first mithramycin analogue with a
different sugar than D-olivose at the first position of the
trisaccharide chain.
S. argillaceus M3W1-pMP3*BII produces three new com-

pounds (compounds 9−11). These were initially identified by
HPLC−MS, taking advantage of the mass of the molecular ions
and the information extracted from the characteristic
fragmentation pattern of the mithramycin-type compounds.
In the case of 10, a molecular formula of C44H60O20 (m/z 908)
was deduced, and the analysis of fragments revealed the typical
aglycone moiety of compound 4 (m/z 388) and the
disaccharide side chain (sugars A and B). Moreover,
considering the absence of the trisaccharide side chain fragment
(sugars C, D, and E) as well as the molecular mass of 144 amu
smaller than that of compound 4, 10 was tentatively established
as demycarosylmithramycin SDK, lacking the sugar E of the
parental compound. Regarding 9 and 11, they showed
molecular formulas of C50H72O23 (m/z 1040) and C50H70O23
(m/z 1038) and fragments ascribed to the aglycone moieties of
compound 3 (m/z 390) and compound 4 (m/z 388),
respectively. In both cases, the fragment associated with the
disaccharide chain remained unaltered. Meanwhile the fragment
typical of the trisaccharide chain exhibited 14 amu less than that
of the parental compounds, suggesting a non-C-methylated
dideoxy sugar for the sugar E. Compounds 9−11 were
unambiguously elucidated by mono- and bidimensional NMR
experiments, including 1H NMR, 13C NMR, COSY, TOCSY,
HSQC, HMBC, and NOESY, and by comparing the
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corresponding spectra with those previously described for the
parental 3 and 4. In the case of 10, NMR spectra were identical
to those of 4 but lacking all the signals attached to the sugar E,
the molecule being confirmed as demycarosylmithramycin SDK

(compound 10, Figure 2B). Regarding 9 and 11, the signals of
the aglycone moiety, the disaccharide side chain (sugars A and
B), and sugar units C and D of the trisaccharide chain in the 1H
NMR spectra showed an analogous profile to the correspond-

Table 1. Antitumor Analysis and Comparison of Compounds 9 and 11 with Compound 2

aThe activity improvement factor is obtained from 10Δ2−x, where x is the identifying value for compound 9 or 11. An activity improvement factor of
1.0 means no difference in activity. bNon-small-cell lung. cCentral nervous system. Numbers in different shades of gray mean an increase of
antitumor activity (from light to dark gray) for the corresponding compound in relation to compound 2 and the tumor cell line tested.
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ing moieties of 3 and 4, respectively, while the difference was
found in sugar E. Analysis of 2D COSY contour plots in
conjunction with 1D spectra revealed a coupling of both 2E-Hax
and 2E-Heq protons with a proton in 3E, indicating that the 3E-
CH3 is missing (according to our previous findings in HPLC−
MS). Moreover, the appearance of this 3E-H as a broad signal
(singlet in 9 or doublet in 11, with small coupling constants)
was indicative of an equatorial position. The 13C NMR data
confirmed the disappearance of the 3E-CH3 signal as well as the
exchange of the previous 3E-C quaternary center of 3 and 4 by
a novel tertiary carbon (δ 67.8 ppm). Overall, careful analysis of
the 2D COSY correlations between 2E-Heq, 2E-Hax, 4E-H, and
3E-H and their coupling constants allowed us to establish the D-
digitoxose stereochemistry (correlating well with the digitoxose
signals of the known compound 2), 9 and 11 being identified as
demycarosyl-3D-β-D-digitoxosylmithramycin SK and demycaro-
syl-3D-β-D-digitoxosylmithramycin SDK, respectively (Figure
2B). In conclusion and as anticipated, strain S. argillaceus
M3W1-pMP3*BII produced new compounds combining
modifications at the 3-carbon side chain and in the
glycosylation profile (Figure 2B): compound 9, a 2-hydroxy-
1-methoxy-3-oxobutyl side chain (compound 3-like),29 and 10
and 11, a 1-methoxy-2,3-dioxobutyl side chain (compound 4-
like).5 In addition, in compounds 9 and 11 the D-mycarose
residue was replaced by D-digitoxose, and in 10 the third sugar
in the trisaccharide chain was absent.
The expression of plasmid pKOL in mutant strain S.

argillaceus M3W1, resulting in recombinant strain S. argillaceus
M3W1-pKOL, produced several mithramycin-type compounds,
including the known metabolites 3 and 4 and demycarosylmi-
thramycin SK.5,29 The two new compounds, not present in
extracts of S. argillaceus M7W1, showed mithramycin-type UV
absorptions and slightly faster retention times (ΔRt = 0.6
min−1) compared to 3 and 4, with masses of 14 amu less than
their 3 and 4 counterparts, indicating the substitution of an
unmethylated 2,6-dideoxysugar at E-position (1039 amu [M −
H] for the peak at Rrel = 16.6 min−1 and 1037 amu [M − H] for
the peak at Rrel= 18.6 min−1, (−) APCI-MS). A 10 L
fermentation of S. argillaceus M3W1-pKOL yielded sufficient
amounts of the new compounds, which were identified through
HR-ESI mass spectrometry and 1D- and 2D-NMR spectros-
copy as compounds 9 and 11 (Figure 2B).
Antitumor Activity of New Mithramycin Analogues.

Antitumor activity of selected new mithramycin analogues was
initially tested against a panel of three tumor cell lines. Only
compounds 9−11, which combine modifications in both the
sugar moiety and C3 side chain in their structures, showed high
antitumor activity, with average GI50 (50% of growth
inhibition) between 0.3 and 1.3 μM. The anticancer activity
of compounds 9−11 were tested in the National Cancer
Institute’s cell viability screen using 60 cancer cell lines derived
from different solid and liquid tumors.41 As a reference,
compound 2, with only modifications in the glycosylation

pattern, was also tested. Data are shown in Table 1. All three
new compounds showed high antitumor activity against all
human tumor cell lines tested, with GI50 values between 10 nM
and 1 μM except in ovarian tumor cell line NCI/ADR-RES
where GI50 values for compounds 9 and 10 are higher than 10
μM. Compounds 9 and 11 showed the highest antitumor
activity, being on average about 5-fold more active than 10. A
comparison of the GI50 values of compounds 9 and 11 with
those of compound 2, which only differs from them in the
structure of the 3-carbon side chain, revealed an increase of
activity (between 2- and 7-fold) for 9 and 11 for a number of
cell lines (see numbers shadowed in gray in Table 1).
Compared with 1 which has average GI50 of 18 nM (according
to historical data at the NCI), 9 and 11 were slight less potent
(average GI50 at 30 and 28 nM, respectively), while 10 is
significantly less potent, with average GI50 at 158 nM. However,
9 and 11 are more potent than 1 in a couple of cell lines
spreading in different tumor types, particularly in ovarian tumor
IGROV1 and breast tumor MDA-MB-231 cell lines (Table 2).
In the NCI hollow fiber assay, which measures the

preliminary growth inhibition efficacy on a selected panel of
12 tumor cell lines implanted in mice, 9 appeared to be more
potent than 1 and 11, with highest total score of 66/96
(compared to 58/96 for 1) and specifically an intraperitoneal
score of 36/48 (34/48 for 1) and a subcutaneous score of 30/
48 (24/48 for 1). In contrast, compound 11 shows a total score
of 48/96. On the basis of these data, we decided to evaluate
further the toxicity of compounds 9 and 11.

In Vivo Toxicity of Compounds 9 and 11. Compound 1
side effects are a major limitation for its use in antitumor
therapy. Therefore, we determined experimentally the doses at
which compounds 9 and 11 could be safely dosed to mice upon
both acute and chronic schedules and using intravenous and
intraperitoneal administration routes. As can be seen in Table 3,
the single maximum tolerated dose of 9 is the highest of the
mithramycin analogues tested, with maximum tolerated dose
(MTD) of 64 mg/kg for single intravenous injection and 200
mg/kg for single intraperitoneal injection, yet 11 had similar
toxicity as 1 (4 and 6.25 mg/kg, respectively). When testing

Table 2. GI50 in Selective Cancer Cell Lines for Compounds 9 and 11 in Comparison to Compound 1

average GI50 (nM) in selective cell lines

CNS ovarian

compd
NSCL
A549

colon
COLO205 SF-295 U251

melanoma
SK-MEL-5 IGROV 1 OVCAR-8

breast
MDA-MB-231

1 79 63 79 63 63 158 79 166
9 20 20 20 20 16 10 32 50
11 25 32 16 16 20 20 25 63

Table 3. Maximun Tolerated Doses of Mithramycin
Compounds

single dose,a mg/kg iv repeated dose,a mg/kg

compd iv ip q2d×8 q3d×8

1 2 6.25 0.6b 1.5
9 64 200 12 24
11 4 6.25 ND ND

aCD-1 mice received intraperitoneal (ip) or intravenous (iv) single
injections or repeated injections of the compound every 2 days
(q2d×8) or 3 days (q3d×8) for 8 days. ND, not determined.
bLiterature data.
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repeated doses via intravenous administration every 2 or 3 days
for 8 cycles (q2d×8 or q3d×8), the MTD for 1 is 0.6 mg/kg
(according to literature data) or 1.5 mg/kg, respectively, while
for compound 9 is 12 or 24 mg/kg, respectively. Thus, it is
clearly established that higher doses of compound 9 could be
safely administered to mice compared to 1, especially in a
repeated dose schedule using intravenous injection. This is the
preferred mode of administration, since humans will be dosed
intravenously; thus, these data can be used as the starting point
for a comprehensive toxicology evaluation program.
Pharmacokinetic Studies of Compounds 1 and 9.

Plasma levels of compounds 1 and 9 were quantified after
intravenous injections at doses of 1 and 18 mg/kg, respectively
(Figure 3). The concentration of both compounds in the
bloodstream declined exponentially over time, following similar
kinetics. Plasma levels of compound 9 were between 5- and 20-
fold higher than compound 1, reflecting the different doses
injected initially. After 5 min plasma levels of compounds 1 and
9 were approximately 2.7 and 28 μM, respectively. After 30
min, the level of compound 1 was approximately 0.2 μM and
that of compound 9 was 1.7 μM. After 120 min, levels of both
compounds were below 0.1 μM. According to these data, blood
clearance does not seem responsible for the differences in
toxicity detected for both compounds.
Inhibition of Growth of Subcutaneous Colon and

Melanoma Xenografts by Compound 9. Since compound
9 showed the highest antitumor activity in vivo and the lowest
toxicity, we decided to examine its antitumor activity in more
detail using subcutaneous tumor xenografs of COLO-205 colon
cancer cells and SK-MEL-2 melanoma cells, since these are well
established tumor models and their GI50 are close to the
average value for the NCI-60 screen. On the basis of the data
obtained for the MTD on intravenous repeated dose, mice
received intravenous injections q2d×10 at dose 10 mg/kg, and
q3d×10 at dose 20 mg/kg of compound 9. Total cumulative
doses were 100 and 200 mg/kg. Cis-platin and doxorubicin
were used as positive controls. The experiments were
terminated long after treatment finished in order to observe
post-treatment effects, with the exception of mice in control
groups that had to be sacrificed because of excessive tumor

burden according to ethical guidelines. Treatment with
compound 9 notably reduced both colon and melanoma
tumors growth at all doses tested (Figure 4A,B). Admin-
istration of compound 9 was well tolerated, and no signs of
toxicity or deaths with any of the schedules of treatment were
observed. Body weights were not different between mice
treated with sterile saline solution or drug even at the highest
doses (Figure 4C,D). In the case of COLO-205 colon
xenografts, the tumor growth was inhibited by compound 9
at about the same rate using both schedules (every 2 or every 3
days), being in both cases more effective than cis-platin.
Growth of SK-MEL-2 human melanoma xenografts was
markedly delayed by treatment with compound 9 at both
dosages tested and by doxorubicin. Doxorubicin and compound
9 at a dosage of 20 mg/kg/injection were comparatively more
effective than compound 9 at a dosage of 10 mg/kg per
injection. The effect of the drug during treatment does not
cause the tumor to come back aggressively, in the worst case at
the same rate as before treatment. It is also of note that efficacy
is not compromised by the rapid clearance from bloodstream
indicated by pharmacokinetic data. This, together with the
better response at higher and more spaced doses, can be
interpreted as efficacy being dependent not on half-life but on
maximum plasma concentration, which in intravenous admin-
istration is obtained just after injection and therefore is linked
to the MTD. Indeed, we measured apoptosis at 48 h by flow
cytometry in wash-out experiments with drug mice plasma
concentrations exposed for the time indicated in the
pharmacokinetic curve (see Supporting Information). Short
exposures at high concentrations (7 μM for 15 min) showed
significantly higher levels of apoptosis compared to lower
concentrations for longer time (0.2 μM for 2 h, within the
limits of the pharmacokinetic curve). Taken collectively, these
data demonstrate that treatment using a spaced schedule
(allowing a higher amount of drug) is not worse (but even
better) than every other day. The use of a higher amount of
drug could translate into a better safety profile while opening
the door to an effective but safe treatment.

Figure 3. Pharmacokinetics profile of compounds 1 and 9. Mice (n = 3 per group) were injected intravenously with a single dose of 1 mg/kg in the
case of compound 1 (A) or 18 mg/kg of compound 9 (B). Each time point represents the mean ± SD of three mice.
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■ DISCUSSION AND CONCLUSIONS

We have demonstrated the potential of combinatorial biosyn-
thesis to expand the chemical space of an antitumor compound
like mithramycin, resulting in the generation of new analogues
not possible to prepare by current synthetic chemistry
technology. A set of these compounds (compounds 5−8)
differed from 1 in the glycosylation pattern and showed lower
antitumor activity in vitro. This result was in accordance to
what had been previously reported for other glycosylated
analogues of 1, which also lacked one or two deoxy sugars and
showed a decrease in its antitumor activity.30,31 Some
exceptions to this rule were compounds that lacking one
deoxysugar still contained a D-mycarose residue.30,31 Since
compounds 5−8 were generated in a mutant defective in D-
mycarose biosynthesis, they do not contain this saccharide
residue, which fits with their anticipated lower activity. A

second set of compounds (compounds 9−11) combined
modifications in the glycosylation pattern and in the 3-side
chain and showed high antitumor activity, compounds 9 and 11
being on average about 5-fold more active than 10. Compounds
9 and 11 showed similar antitumor activity in vitro and were
also more potent than 1 for some tumor cell lines, although on
average they were slightly less potent. These two compounds
combined two structural features that had been previously
found to improve mithramycin pharmacological behavior: a D-
digitoxose residue instead of D-mycarose at the E-position of
the trisaccharide chain, and a modified 3-carbon side
chain.5,29−31 It has been reported that the oligosaccharide
moieties participate in the binding of this family of compounds
to DNA, the sugar E of the trisaccharide sugar chain being one
of the main interaction points.15−21 Also, modifications at the
3-side chain have been revealed to influence the strength of
binding to DNA, the capability of inhibiting Sp1 binding to

Figure 4. Antitumor activity of compound 9 in subcutaneous colon and melanoma tumor xenografts. Mice (eight per group) with subcutaneous
colon (A) or melanoma (B) tumors were treated with sterile saline solution (control, closed circles) or the indicated doses of compound 9 given by
intravenous injections every 2 days (q2d×10, closed triangles) or 3 days (q3d×10; closed squares). Additionally, mice (eight per group) with
subcutaneous colon or melanoma tumors were also intraperitoneally injected with 8 mg/kg cis-platin (A) or doxorubicin (B) every 4 days (q4d×3,
open rhombs). Part A represents the tumor volumes over time with colon cancer COLO-205 cell line. Part C represents evolution of the mice
weights with COLO-205 cell line. Part B represents the tumor volumes over time with melanoma SK-MEL-2 cell line. Part D represents evolution of
the mice weights with SK-MEL-2 cell line. Each point represents the mean ± SD of eight mice. q2d and q3d indicate end of the treatment.
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DNA, and the cellular uptake of mithramycins.5,17−19 Since
compounds 9 and 11 are modified exactly at the sugar E and at
the 3-side chain, it would be expected to show different
properties, as it is the case. In addition, compound 9 showed
better behavior in vivo than 1 and 11 in hollow fiber assays, on
both intraperitoneal and subcutaneous implants. Currently, the
reason for this is unclear. A better bioavailability and/or
differences in DNA specificity, and consequently differences on
inhibition of gene transcription mediated by Sp1 and/or other
transcription factors, could account for this better behavior. In
this sense, compounds 3 and 4, which only differ from 1 at the
3-side chain, also showed a better activity in vivo in ovarian and
prostate tumor xenografs.6,42 On the other hand, pharmacoki-
netics of compound 9 does not seem the reason for its better
behavior in vivo in comparison to the parental compound 1,
since studies in mice revealed similar pharmacokinetics for both
compounds. In addition, although compound 9 is cleared
rapidly from the bloodstream, it is efficacious in melanoma and
colon xenografs, especially at higher, more spaced doses,
indicating that maximum concentration, not half-life, is the key
for efficacy.
Moreover, compound 9 shows about 32- and between 20-

and 16- fold (depending of the pattern of administration) less
toxicity than the parental compound 1 for single and repeated
treatment in vivo, respectively; therefore, it has a better safety
profile than the parent natural product, while being in the same
range of bioactivity, which hints of the possibility of opening
the therapeutic window of compounds historically too toxic to
provide enough margin of safety to be used in humans. It is
known in natural product chemistry that minor structural
differences could cause major biological effects. For example
doxorubicin and epirubicin show differences in cardiac toxicity,
despite the structural differences being just one epimerization
in the monosaccharide of the compounds.43 In the case of
mithramycins, the 3-side chain seems to have an important role
in toxicity. Thus, it has been reported that mithramycin
compounds only differing at the 3-side chain show different
degrees of toxicity: compound 1 and 4 are less tolerated than
compound 3.42 These data are consistent with the fact that
compound 9 showed lower toxicity, since it shares the same 3-
side chain with compound 3. However, compound 9 was about
2-fold less toxic than compound 3, which suggests that
combining a 3-side chain compound 3-like with the presence
of D-digitoxe at the E position of the trisaccharide chain has a
synergic effect on decreasing its toxicity. It is not clear at this
point the reason for this lower toxicity. A possible
interpretation is that DNA binding to GC regions by
compound 9 shows different specificity and can result in
interfering transcription of a different set of genes in healthy
and tumor cells. In this sense, it has been reported that there
are subtle differences in the GC-rich sequences specifically
recognized by different analogues of the aureolic acid
antibiotics, which either differed in the 3-side chain, the
saccharide profile, or both.19 Also, in vivo studies on the closely
related compounds 3 and 4 have shown that the more toxic
analogue compound 4 causes higher down-regulation in a larger
number of genes and recovery takes longer than in the less
toxic analogue 3 in prostate cancer cells.42 Recent evidence
shows better potency and improved selectivity of compound 9
over 1 in sarcoma cell lines overexpressing the EWS-FLI1
transcription factor. Compound 9 compared to 1 inhibits more
effectively luciferase activity driven by NRB01 (a downstream
target of EWS-FLI1) as opposed to a nonspecific promoter.44

These observations may change depending on the histology
under study. Ongoing research to clarify the reasons for the
lower toxicity will be published in due course.

■ EXPERIMENTAL SECTION
Strains, Culture Conditions, and DNA Manipulation.

Streptomyces argillaceus M7C137 and S. argillaceus M3W129 were
used as hosts for plasmid expression and production. For sporulation
they were grown for 7 days at 30 °C on agar plates containing medium
A45 supplemented with 25 μg/mL thiostrepton. For protoplasts
regeneration, the organisms were grown on R5 solid medium plates.46

Liquid and solid media for production and isolation of mithramycin
derivatives were modified R5 medium (R5A).45 DNA manipulations
were performed according to standard techniques for E. coli47 and
Streptomyces.46

Generation of Mithramycin Derivatives. Three sugar plasmids
were used: pFL845, pMP3*BII, and pKOL. pFL845 directs the
biosynthesis of D-amicetose and D-olivose.39 pMP3*BII codes for the
biosynthesis of D-digitoxose.40 Plasmid pKOL was constructed from
plasmid pLN248 by digesting out the oleU 4-ketoreductase gene using
NheI and SpeI restriction enzymes and religation of the compatible
ends to generate pKOL (see also Scheme 1). All the genes in the
plasmids are under control of one or two strong ermEp* promoters.
Plasmids pFL845, and pMP3*BII and pKOL were introduced into
Streptomyces argillaceus M7C1 and S. argillaceus M3W1, respectively,
by protoplast transformation according to standard procedures for
Streptomyces.46 Transformants were selected with thiostrepton (50 μg/
mL final concentration). A thiostrepton-resistant colony from each
was selected for further characterization (strains S. argillaceus M7C1-
pFL845, S. argillaceus M3W1-pMP3*BII, and S. argillaceus M3W1-
pKOL, respectively). HPLC analyses were performed as previously
described.32,49

Purification of New Compounds. For purification of compounds
produced by strain S. argillaceus M7C1-pFL845, 100 plates of R5A
medium supplemented with thiostrepton were uniformly inoculated
and incubated at 30 °C during 7 days. Agar cultures were removed
from the plates and were extracted three times with ethyl acetate.50

The organic extracts were evaporated under vacuum and finally
dissolved in 5 mL of a mixture of DMSO and methanol (50:50). The
first purification step was done by chromatography in an XTerra
PrepRP18 column (19 mm × 300 mm, Waters) with acetonitrile and
0.05% trifluoroacetic acid (TFA) in water as solvents. A linear gradient
from 30% to 100% acetonitrile in 7 min followed by a 3 min isocratic
hold with 100% acetonitrile was used at a flow rate of 15 mL/min. The
1 min fractions were taken and analyzed by HPLC. Those containing
the desired compounds were evaporated and dissolved in a small
volume of the mixture of DMSO and methanol. Further purifications
were performed in isocratic conditions with a Symmetry C18 column
(7.8 mm × 300 mm, Waters), using mixtures of acetonitrile and 0.05%
TFA in water optimized for each peak, at a flow rate of 7 mL/min.
Peaks of interest were collected on 0.1 M phosphate buffer, pH 7.0.
The solutions obtained were partially evaporated under vacuum to
reduce the organic solvent concentration and then applied to a solid
phase extraction cartridge (Sep-Pak C18, Waters), washed with water
to remove salts, and eluted with methanol. The isolated compounds
were finally dissolved in tert-butanol and lyophilized.

An alternative method was carried out for purification of the novel
derivatives produced by strain S. argillaceus M3W1-pMP3*BII. Then
150 agar plates of R5A medium supplemented with thiostrepton were
uniformly inoculated, and after 10 days of incubation at 30 °C, cultures
were extracted six times with ethyl acetate and extracts were
evaporated under vacuum. The dry extract was dissolved in 50 mL
of distilled water and solid-phase-extracted (SepPak Vac C18, Waters).
A linear gradient of methanol and water (0−100% methanol during 60
min at 10 mL min−1) was applied for elution of the retained material.
Fractions obtained were analyzed by HPLC, and those containing the
desired compounds were mixed and dried under vacuum. This dry
extract, previously dissolved in 10 mL of methanol, was chromato-
graphed in a XBridge Prep C18 column (5 μm, 30 mm × 150 mm,
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Waters) using a mixture of MeCN and 0.1% TFA in water (35:65) as
mobile phase, at flow of 20 mL min−1. All compounds collected were
repurified using the same column and mixture of solvents. Fractions
obtained were collected on 0.1 M phosphate buffer (pH 7.0), and after
purification, samples were diluted 4-fold with water, desalted,
concentrated by solid-phase extraction, and finally lyophilized. Their
purity (≥95%) was checked by HPLC.
The isolated amounts for the different compounds were as follows:

2.5 mg of 5; 22.2 mg of 6; 3.9 mg of 7; 3.8 mg of 8; 52.1 mg of 9; 18.8
mg of 10; 38.0 mg of 11.
Chemical Characterization of New Mithramycin Derivatives.

The structures of the new mithramycin analogues were elucidated by
NMR spectroscopy, employing 1D 1H, 13C, 2D homonuclear 1H
COSY/TOCSY/NOESY, and heteronuclear 1H−13C HSQC/HMBC
experiments. NMR data were recorded in acetone-d6 at 298 K using a
Bruker Avance Ultrashield Plus 600 spectrometer (600 MHz for 1H
experiments, 150 MHz for 13C experiments). Typical parameters for
2D experiments were as follows: COSY/TOCSY, 256 and 2048 points
in F1 and F2, respectively, 48 transients each; HSQC, 256 and 2048
points in F1 and F2, respectively, 64 transients each; HMBC, 512 and
2048 points in F1 and F2, respectively, 64 transients each. NMR
results were processed using the program Topspin 1.3 (Bruker GmbH,
Karlsruhe, Germany).
Antitumor Assays. In Vitro Cell Growth Inhibition Assay. The

antitumor activity of the mithramycin derivatives was preliminarily
tested against a panel of three tumor cell lines: COLO-205 (colon),
A549 (non-small-cell lung), and BXCP3 (pancreas). Cell viability was
determined using the MTT colorimetric assay.51 Cells were plated in
96-well plates and incubated with vehicle or compounds for 72 h. Each
treatment was performed in triplicate, and experiments were repeated
at least three times.
NCI-60 Anticancer Drug Screen and Hollow Fiber Assay. The

methodologies have been described in detail elsewhere (http://www.
dtp.nci.nih.gov/branches/btb/ivclsp.html, http://dtp.nci.nih.gov/
branches/btb/acute_tox.html, http://dtp.nci.nih.gov/branches/btb/
hfa.html). NCI-60 screening experiments were conducted using five
concentrations between 10−9 to 10−5 M of each compound. To
compare the antiproliferative activities between 1 and 9−11, averaged
GI50 across different cell lines were calculated from duplicated
screening experiments performed for 9−11 in the present study and
two historically experiments for 1.
Preliminary in vivo efficacy was determined in hollow fiber assay

using 12 tumor cell lines: COLO205, SW-620 (colon), LOX IMV1,
UACC-62, and MDA-MB-435 (melanoma), MDA-MB-231 (breast),
NCI-H23 and NCI-H522 (non-small-cell lung), OVCAR-3 and
OVCAR-5 (ovarian), and SF-295 and U251 (CNS). Mice bearing
different cell lines were treated with each compound administered
daily by intraperitoneal injection at dose levels calculated based on
MTD for 4 days.
Assays of Toxicity. Healthy CD-1 mice (n = 4) provided by the

University of Oviedo Specific Pathogen Free Animal Facility, Spain,
were treated with single tail intravenous injections of compounds 9,
11, and 1, using saline solution as vehicle for solubilization of the
compounds. Body weight, deaths, changes in behavior, motility, eating
and drinking habits, and any other sign of local or systemic toxicity
were recorded daily. Maximum tolerated dose (MTD) is the maximum
dose that did not cause apparent symptoms or significant mortality
(one mice per group allowed) in the 15 days following administration.
Compound 1 tolerated dose is 2 mg/kg, and dose escalation for the
other derivatives started at 4 mg/kg and doubling dose using groups of
four mice (two males and two females) in order to determine the
MTD. Alternatively, acute toxicity was determined by measuring MTD
in a single intraperitoneal injection of each compound at different
concentrations using NCI protocols. Repeated dose MTD was
determined only for intravenous administration of different dose
levels (10 and 20 mg/kg) at different schedules (each 2 days and each
3 days, respectively). Mice were monitored during the course of the
treatment and 7 days afterward.
Pharmacokinetics Studies. Plasma pharmacokinetics of com-

pounds 1 and 9 was evaluated in healthy female CD-1 mice following

single-dose intravenous administration of 1 and 18 mg/kg,
respectively. Plasma samples were collected at 5, 15, 30, 60, and 120
min after injection using three animals per time point. Samples were 5-
fold diluted with methanol and centrifuged to eliminate any insoluble
precipitate. Concentration of compounds 1 and 9 in the supernatant
was determine by LC−MS analysis as described elsewhere.42

In Vivo Evaluation of Antitumor Activity. To assess tumor
growth inhibition, groups of athymic nu/nu mice (n = 8) provided by
Harlan were implanted subcutaneous tumors and were treated with
compounds or vehicle. Drugs were prepared in sterile saline solution
and given by intravenous injections q3d×10 and q2d×10. Tumor size
was measured with a caliper twice a week. Mice weight and other
toxicity symptoms were recorded twice weekly. Animals were
sacrificed if needed according to ethical regulations; otherwise, the
experiment was terminated 2 months since the implantation in order
to observe post-treatment effects.
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nuclear factor κ light-chain enhancer of activated B cells;
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single dose every 3 days times 10; R5A, modified R5 medium;
siRNA, small interfering RNA; Sp1, specificity protein 1;
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STAT3, signal transducer and activator of transcription 3; TF,
transcription factor; TGF-β, transforming growth factor β
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The mtmVUC genes of the mithramycin gene cluster in Streptomyces
argillaceus are involved in the biosynthesis of the sugar moieties. Mol.
Gen. Genet. 2001, 264, 827−835.
(38) Remsing, L. L.; Garcia-Bernardo, J.; Gonzalez, A.; Künzel, E.;
Rix, U.; Braña, A. F.; Bearden, D. W.; Meńdez, C.; Salas, J. A.; Rohr, J.
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