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Generation of New Derivatives of the Antitumor Antibiotic
Mithramycin by Altering the Glycosylation Pattern
through Combinatorial Biosynthesis

Maria Pérez,™ Irfan Baig,”™ Alfredo F. Brafia,”” José A. Salas,” Jiirgen Rohr,*® and

Carmen Méndez*®

Mithramycin is an antitumor drug produced by Streptomyces ar-
gillaceus. It consists of a tricyclic aglycone and five deoxyhexoses
that form a disaccharide and a trisaccharide chain, which are
important for target interaction and therefore for the antitumor
activity. Using a combinatorial biosynthesis approach, we have
generated nine mithramycin derivatives, seven of which are new
compounds, with alterations in the glycosylation pattern. The
wild-type S. argillaceus strain and the mutant S. argillaceus
M7U1, which has altered p-oliose biosynthesis, were used as
hosts to express various “sugar plasmids”, each one directing the
biosynthesis of a different deoxyhexose. The newly formed com-

Introduction

Many bioactive compounds are glycosylated by mono- or oli-
gosaccharide chains. Most of these sugars are 6-deoxyhexoses
(6-DOHs) derived from glucose-1-phosphate. These sugar moi-
eties are important for the bioactivity of the compounds and
they participate in the interaction with the cell target. Conse-
quently changing the sugar profile of these compounds can
result in more active compounds or compounds with im-
proved pharmacological properties. Sugar profile modifications
can be approached by chemical synthesis, chemoenzymatically,
or by combinatorial biosynthesis."™  Mithramycin (1,
Scheme 1A) is an antitumor antibiotic of the aureolic acid
family of antitumor compounds,” which has been used clini-
cally to treat hypercalcemia in patients with bone metastases
from various malignancies, Paget’s disease, and several types
of cancer, including testicular carcinoma, chronic myeloid leu-
kemia, and acute myeloid leukemia. Recently, it has been
found that mithramycin could be used in combination with
bevacizumab, a neutralizing antibody against VEGF (vascular
endothelial growth factor), as a novel antiangiogenic therapy
for pancreatic cancer and other cancers.® Furthermore, it has
been shown that mithramycin acts as a neuroprotective drug
and it has potential application for the alleviation of symptoms
underlying B-thalassemia and sickle cell anemia.”® The mecha-
nism of action of mithramycin involves its noncovalently bind-
ing to GC-rich nucleotide sequences located in the minor
groove of DNA.”"" This binding is carried out by complexes of
dimers of mithramycin together with bivalent cations such as
Mg?*, with the chromophores parallel to the sugar-phosphate
backbone and the saccharide chains partially wrapping the
DNA minor groove.”'™ During these interactions, several H
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pounds were purified and characterized by MS and NMR. Com-
pared to mithramycin, they contained different sugar substitu-
tions in the second (p-olivose, b-mycarose, or p-boivinose instead
of p-oliose) and third (p-digitoxose instead of b-mycarose) sugar
units of the trisaccharide as well as in the first (p-amicetose in-
stead of p-olivose) sugar unit of the disaccharide. All compounds
showed antitumor activity against different tumor cell lines.
Structure-activity relationships are discussed on the basis of the
number and type of deoxyhexoses present in these mithramycin
derivatives.

bonds are created among the chromophore hydroxyl groups
with the guanine amino protons determining the selectivity
for GC-rich sequences.”' As a consequence of this sequence
selectivity, mithramycin blocks the binding of proteins to GC-
rich sequences in gene promoters, and inhibits transcription of
genes regulated by these factors, such as those regulated by
the Sp1 family of transcription factors.'*'” Recent studies car-
ried out with mithramycin-Fe" complexes suggest that these
complexes promote single-stranded breakage of DNA by pro-
ducing reactive hydroxyl radicals in the presence of H,0,."®
Structurally, mithramycin consists of a tricyclic chromophore
(aglycone) with two aliphatic side chains attached at C3 and
C7, and trisaccharide (p-olivose-p-oliose-p-mycarose) and di-
saccharide (p-olivose-p-olivose) chains attached at positions
two and six of the aglycone, respectively." The aglycone is
biosynthesized through the condensation of one acetyl-CoA
and nine malonyl-CoA units. The resultant carbon chain is then
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Scheme 1. Chemical structures of A) mithramycin (1), premithramycinone
(2), premithramycin A1 (3), and mithramycin derivatives with altered glyco-
sylation profiles produced by recombinant strains of B) S. argillaceus wild-
type and C) S. argillaceus M7U1. Demycarosyl-mithramycin (4), dideolivosyl-
6-p-D-amicetosyl-mithramycin (5), demycarosyl-3D-3-p-digitoxosyl-mithramy-
cin (6), deoliosyl-demycarosyl-3C-f3-p-boivinosyl-mithramycin (7), deoliosyl-
3C-B-p-mycarosyl-mithramycin (8), deoliosyl-demycarosyl-3C-3-p-olivosyl-3D-
B-p-digitoxosyl-mithramycin (9), dideolivosyl-6-f-p-amicetosyl-deoliosyl-3C-
B-p-olivosyl-mithramycin (10), dideolivosyl-6-f3-p-amicetosyl-deoliosyl-demy-
carosyl-3C-p-p-olivosyl-3D-f-p-digitoxosyl-mithramycin (11), and dideolivo-
syl-6-B-p-amicetosyl-deoliosyl-demycarosyl-3C--p-boivinosyl-mithramycin
(12). Structural differences from mithramycin are highlighted with gray cir-
cles.

p-amicetose

. O;Q/
D-boivinose .

2296 www.chembiochem.org © 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim ChemBioChem 2008, 9, 2295 - 2304


www.chembiochem.org

Mithramycin Derivatives

aromatized, cyclized, oxygenated, and methylated to render
the tetracyclic intermediate premithramycinone (compound 2,
Scheme 1A).2% After this, five consecutive glycosylation steps
occur (together with a further C-methylation step). First, the
trisaccharide chain is formed by the sequential action of glyco-
syltransferases MtmGIV and MtmGilll, which are responsible for
the transfer of the first and second sugar residues, respective-
ly.2" No glycosyltransferase has been identified for the attach-
ment of the third sugar. However, indirect evidence suggests
that MtmGIV might be responsible for the transfer of the third
sugar.”?? Formation of the disaccharide requires the sequential
action of glycosyltransferases MtmGl and MtmGlL.*>*?>* These
glycosylation and methylation steps render a fully glycosylated
tetracyclic compound, premithramycin B. This compound has
low cytotoxic activity and its conversion by the action of oxy-
genase MtmOIV into a tricyclic compound by the oxidative
cleavage of the fourth ring is a key event in mithramycin bio-
synthesis, as it results in the formation of intermediates with
high cytotoxic activities.>")

Sugars in mithramycin seem to play an important role in its
activity, participating in the binding process of mithramycin to
DNA.”5 Consequently, changes in the sugar profile of mithra-
mycin would probably modify the antitumor activities of the
compound. In this paper we report the use of combinatorial
biosynthesis of sugar biosynthesis genes to generate novel mi-
thramycins with differences in the type and position of sugars
in the saccharide chains. Using this approach nine mithramycin
derivatives with antitumor activity were produced, seven of
which were new compounds.

Results

Modifying the sugar biosynthesis profile of S. argillaceus to
produce novel glycosylated mithramycins

In order to generate new derivatives of mithramycin with
novel saccharide profiles, the mithramycin producer strain was
transformed independently with different plasmids able to
direct the biosynthesis of different DOHs. The plasmids and
genes used are mentioned in Table 1.°°3% The rationale
behind this experiment was that by introducing these high
copy number plasmids containing DOH biosynthesis gene clus-
ters to S. argillaceus, either synthesis of already synthesized
DOHs will be facilitated (p-olivose, p-oliose, or p-mycarose) or
novel DOHs could be produced in the recombinant strains.
Assuming the possible existence of substrate flexibility for the
mithramycin glycosyltransferases, one could expect the pro-
duction of novel mithramycin derivatives with altered glycosy-
lated profiles. As four different glycosyltransferases are in-
volved in the biosynthesis of mithramycin,?"? the new mithra-
mycins could contain not only new sugars but also sugars lo-
cated at different positions of the disaccharide and trisacchar-
ide chains.

Two types of compounds were expected to be formed. On
one hand, tetracyclic compounds (premithramycin-like) known
to have low activity, and on the other hand tricyclic com-
pounds (mithramycin-like), known to be highly active. It was
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Table 1. Plasmids used for the biosynthesis of deoxysugars.

Plasmid  Genes Deoxysugar Ref.

pLN2A oleU,oleY, oleL,oleS,oleE dTDP-L-rhamnose  [30]

pLN2 oleV,oleW,oleU,oleY,olel,oleS,oleE dTDP-L-olivose [30]

PLNRHO oleV,oleW,urdZ3,0leY,olel,oleS,olek, dTDP-L-rhodinose  [30]
urdQ

pFL844  oleV,oleW,eryBIV,oleY,oleL,oleS,oleE, dTDP-L-amicetose  [32]
urdQ

pFL845 oleV,oleW,urdR,oleY,oleL,oleS,oleE,urdQ dTDP-p-amicetose [32]

pFL942  mtmE,mtmD,oleV,eryBlleryBlV,eryBlll, ~dTDP-L-mycarose [31]
eryBViIl

pFL947  mtmE,mtmD,oleV,oleW,eryBlV,mtmC,  dTDP-L-chromose B [31]
eryBVil

pMP1*Ul - mtmE,mtmD,oleV,oleW,cmmUI,oleY dTDP-p-olivose [33]

pMP1*Ull mtmE,mtmD,oleV,oleW,cmmUlIl,oleY dTDP-p-oliose [33]

PMP3*BIl  mtmE,mtmD,oleV,eryBll,urdR,oleY dTDP-p-digitoxose [33]

PMP1*BIl  mtmE,mtmD,oleV,eryBll,oleU,oleY dTDP-p-boivinose  [33]

therefore convenient to have a simple way to differentiate
between these types of compounds to focus our attention on
the highly active mithramycin-like compounds. We took ad-
vantage of the absorption spectrum of both types of com-
pounds: although they absorb in similar regions of the UV/Vis
spectrum they have slightly different absorption maxima (230,
278, 317, and 411 nm for mithramycin-like compounds versus
232, 282, 329, and 424 nm for premithramycin-like com-
pounds).

After introduction of various “sugar plasmids” in the mithra-
mycin producer, selected transformants were cultivated on
R5A medium in the presence of thiostrepton and cultures
were extracted with ethyl acetate. The organic extracts were
analyzed by HPLC (Figure 1) and HPLC-MS. From the analysis
of the chromatograms we classified the plasmids into three dif-
ferent groups based on the generated compounds: 1) Plasmids
not altering the glycosylation profile: expression of some “sugar
plasmids” (pLNRHO, pFL947, pMP1*Ul, and pMP1*Ull) did not
result in the formation of new glycosylated mithramycins. A
chromatogram corresponding to the strain S. argillaceus
(pFL947) is shown in Figure 1A as a representative example of
this group; 2) Plasmids inducing formation of premithramycin-
like compounds: expression of some “sugar plasmids” (pLN24
and pLN2) resulted in the formation of some new premithra-
mycin-like compounds. S. argillaceus (pLN2A) produced a pre-
mithramycin-like compound with an m/z value in positive
mode of 559 (indicated by an empty asterisk in Figure 1B).
This is in agreement with a premithramycinone aglycone with
a mycarose moiety attached. Compounds produced by S. argil-
laceus (pLN2) (indicated by two empty asterisks in Figure 1C)
showed an m/z value of 675 for both, which is in accordance
with premithramycinone aglycones with two units of 2,6-DOHs
attached in each. Most probably they will correspond to novel
compounds containing one or two L-olivose moieties; 3) Plas-
mids inducing formation of mithramycin-like compounds: a third
group of “sugar plasmids” (pFL844, pFL942, pMP1*BlII,
pMP3*BIl, and pFL845) led to the formation of mithramycin-
like compounds (indicated by full asterisks in Figure 1 D-H).
Mass analyses of these compounds confirmed that they con-
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Figure 1. HPLC analyses of cultures of S. argillaceus recombinant strains harboring different “sugar plasmids”. s Premithramycin-like compounds. X Mithra-
mycin-like compounds. Peaks corresponding to the different compounds are indicated as follows: M: mithramycin; A: premithramycin A1; P: premithramyci-
none; peaks a-i: mithramycin derivatives purified from the recombinant strains.
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tain a tricyclic aglycone, most of them harboring four or five
DOHs attached.

Some of these compounds were selected for further purifica-
tion and characterization. In total we analyzed nine peaks (indi-
cated in Figure 1 by the letters a to i) from different recombi-
nant strains. NMR and MS structure analyses (Supporting Infor-
mation) showed that those peaks corresponded to the follow-
ing compounds (Scheme 1B): demycarosyl-mithramycin (peaks
a and d; compound 4); dideolivosyl-6-f3-p-amicetosyl-mithra-
mycin (peaks b and c; compound 5); demycarosyl-3D-3-p-digi-
toxosyl-mithramycin (peaks e, g, and i; compound 6); deolio-
syl-demycarosyl-3C-B-p-boivinosyl-mithramycin (peaks f and h;
compound 7). Three out of these four compounds are new
compounds (compounds 4, 5, and 7) whereas compound 6
has been recently described.”

The analysis of the structures in relation to the plasmids har-
bored in the different recombinant strains showed up three
different situations. Firstly, some of the compounds contained
one DOH whose biosynthesis is encoded by the “sugar plas-
mid” used. This was the case for compounds 5, 6, and 7, which
contain a p-amicetose, a D-digitoxose, or a p-boivinose residue
respectively, and those sugars are encoded by pFL845,
pMP3*BIl, and pMP1*BIl, respectively. Secondly, some com-
pounds contain DOHs that were synthesized by the concerted
action of enzymes encoded by the “sugar plasmid” and en-
zymes from the mithramycin sugars biosynthetic machinery.
This was the case of compound 5 when produced by S. argilla-
ceus (pFL844). In this case, formation of p-amicetose can be
explained by the action of a 4-ketoreductase from the host,
either MtmC involved in bp-olivose biosynthesis® or the
MtmTIll involved in p-mycarose biosynthesis,*? on the inter-
mediate NDP-4-keto-2,3,6-trideoxyglucose (compound a;
Scheme 2A). A similar situation can explain formation of com-
pound 6 isolated from two different strains harboring
pMP1*BIl or pFL942. In both cases formation of p-digitoxose
can be explained by the action of a ketoreductase, either
MtmC or MtmTIll on the intermediate NDP-2,6-dideoxy-p-gly-
cero-4-hexulose (compound b; Scheme 2A). In the case of
compound 7, formation of p-boivinose would result from the
action of 4-ketoreductase MtmU on the intermediate NDP-2,6-
dideoxy-p-glycero-4-hexulose  (compound b;  Scheme 2A).
MtmU is a 4-ketoreductase involved in the biosynthesis of bp-
oliose.? Thirdly, in one case there is no alteration in the sugar
profile but rather one of the usual mithramycin sugar is miss-
ing. This is the case of compound 4, which lacks the p-mycar-
ose residue in the trisaccharide chain.

Use of mutant S. argillaceus M7U1 to generate novel mithra-
mycins with substitutions on the p-oliose residue

Once we validated this combinatorial approach to generate
mithramycins with altered glycosylation profiles, our next goal
was to try to generate mithramycin derivatives with changes
affecting a specific sugar position in the molecule. It has been
shown that in the mithramycin—-DNA binding complex, interac-
tions between the saccharides and DNA are common. Specifi-
cally, the p-olivose and p-oliose moieties of the trisaccharide
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chain interact in an antiparallel alignment with the sugar-phos-
phate backbone of C-N steps of individual strands in the com-
plex.” As these interactions could be important for the specif-
icity and activity of mithramycin, we intended to force the sub-
stitution of one of these sugars, in particular p-oliose. To do
that, we used the S. argillaceus mutant M7U1 as a host in
which the mtmU gene has been inactivated.®™ This mutant ac-
cumulates the intermediate premithramycin A1 (compound 3,
Scheme 1A) as it cannot produce NDP-p-oliose. For most of
the plasmids, the use of this mutant did not result in the gen-
eration of new mithramycin derivatives. Exceptions were
strains harboring pLNRHO or pFL844. In the case of pLNRHO,
no derivatives were found when this plasmid was introduced
in the wild-type strain (Figure 2A); however, its presence in the
mutant resulting in the detection of at least four peaks in
HPLC (Figure 2B) with the absorption spectrum characteristic
of mithramycin-like compounds. In the case of pFL845, the
number of peaks containing mithramycin-like compounds was
twice as many in the mutant (Figure 2D) as in the wild-type
strain (Figure 2C). Two compounds from S. argillaceus M7U1
(PLNRHO) (peaks j and k), and four compounds (peaks | to 0)
from cultures of S. argillaceus M7U1 (pFL845) were purified and
their structure elucidated by NMR and MS (Supporting Infor-
mation). Compound k corresponded to the previously identi-
fied compound 5 (Scheme 1B). Compound j has been recently
characterized and corresponded to deoliosyl-3C-f3-p-mycarosyl-
mithramycin (8).*¥ Compounds in peaks I, m, n, and o corre-
sponded to the new mithramycin derivatives: deoliosyl-demy-
carosyl-3C-p3-p-olivosyl-3D-B-b-digitoxosyl-mithramycin (9), di-
deolivosyl-6-3-p-amicetosyl-deoliosyl-3C-3-b-olivosyl-mithramy-
cin (10), dideolivosyl-6-p-b-amicetosyl-deoliosyl-demycarosyl-
3C-B-p-olivosyl-3D-f3-b-digitoxosyl-mithramycin  (11), and di-
deolivosyl-6-3-p-amicetosyl-deoliosyl-demycarosyl-3C-3-p-boi-
vinosyl-mithramycin (12), respectively (Scheme 1C).

As expected, as the biosynthesis of p-oliose was blocked in
mutant M7U1, all of these compounds lacked the p-oliose resi-
due and instead they contained another sugar: p-olivose (com-
pounds 9, 10, and 11), b-mycarose (compound 8), or p-boivi-
nose (compound 12). Moreover, some of the compounds con-
tained additional substitutions in the sugar profile: replace-
ment of the first p-olivose of the disaccharide chain by p-ami-
cetose (compounds 10, 11, and 12) or the b-mycarose unit
(the terminal sugar) of the trisaccharide chain by p-digitoxose
(compounds 9 and 11). The host strain synthesizes NDP-p-oli-
vose and NDP-b-mycarose, whereas NDP-bp-amicetose is en-
coded by plasmid pFL845. However, formation of p-digitoxose
and p-boivinose can be explained if the host contains a 3-ke-
toreductase activity, which will introduce the C3 hydroxyl
group in axial configuration, that is, rendering the sugar bio-
synthesis intermediate NDP-2,6-dideoxy-p-glycero-4-hexulose
(compound b; Scheme 2B). Reduction at the 4-position of this
intermediate by the plasmid-encoded 4-ketoreductase UrdR
could result in the synthesis of p-digitoxose. Formation of b-
boivinose would require the involvement of an additional host
4-ketoreductase (Scheme 2B). Unexpectedly, compound 5 con-
tains a p-oliose moiety as the second sugar of the trisaccharide
chain. Formation of this compound by the strain M7U1
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Scheme 2. Proposed pathways for the biosynthesis of the new deoxyhexoses produced in recombinant strains of S. argillaceus wild-type (A) and S. argillaceus
M7U1 (B). Compound a: NDP-4-keto-2,3,6-trideoxyglucose; compound b: NDP-2,6-dideoxy-b-glycero-4-hexulose; compound c: NDP-4-keto-2,6-dideoxy-p-glu-
cose. Gray boxes indicate enzymes codified by the “sugar plasmids”. White boxes indicate enzymes from the host. Plasmid names in bold or plain indicate
that the biosynthesis of the corresponding DOH is codified by the plasmid itself or by the concerted action of plasmid and host-coded enzymes, respectively.
Highlighted by a square is the substrate of MtmU 4-ketoreductase: DAMI, p-amicetose; DBOV, p-boivinose; DDIG, p-digitoxose; DOLV, p-olivose; DOLI, p-

oliose.

(PLNRHO) could be explained by the presence of 4-ketoreduc-
tase UrdZ3 in plasmid pLNRHO, which would act on the sugar
biosynthesis intermediate NDP-4-keto-2,6-dideoxy-p-glucose
(compound c; Scheme 2B). In accordance with this, it has been
reported that 4-ketoreductase UrdZ3 was able to reduce L-
and bp-sugar biosynthesis intermediates, rendering in this last
case a hydroxyl group in axial configuration.®
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Antitumor activity

The antitumor activity of the different mithramycin derivatives
was tested against three tumor cell lines (Table 2). Compilation
of the average Gls, (50% growth inhibition) values showed
that all the compounds, with the exception of compound 11,
were active. Compounds 6, 8, 9, 10, and 12 showed the high-
est levels of activity. Among these compounds 6 and 9 are
fully glycosylated with five DOHs, whereas compounds 8 and
10 lack one DOH, and compound 12 lacks two DOHs. Com-
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Figure 2. HPLC analyses of cultures of S. argillaceus and S. argillaceus M7U1 containing pLNRHO and pFL845. X Mithramycin-like compounds. Peaks corre-
sponding to the different compounds are indicated as follows: M: mithramycin; A: premithramycin A1; P: premithramycinone; peaks j-o: mithramycin deriva-

tives purified from the recombinant strains.

Table 2. Antitumor activity of compounds.

GISO[a] [].LM]
Tumor cell lines 1! 4 5 6 7 8 9 10 n 12
Breast MDA-MB-231 0.13 1.28 1.38 0.23 3.72 0.37 0.69 047 >10 0.40
NSCL A549 0.15 1.81 1.49 0.19 >10 0.48 0.91 0.44 >10 0.75
Colon HT29 0.22 >10 3.19 0.27 >10 0.93 5.98 0.94 >10 2.01

[a] Glso, 50% growth inhibition. [b] For comparison, values for mithramycin (M) are also shown. [c] NSCL, non-small cell lung.

pounds 4, 7, and 8, all lacking the third DOH of the trisacchar-
ide chain, but varying in the second DOH of the trisaccharide,
showed different levels of antitumor activity, compound 8
being more active than compounds 4 and 7. Similarly, com-
pounds 5 and 10, which only differ at the second position of
the trisaccharide chain showed different levels of antitumor ac-
tivity, with compound 10 being about three times more active
than compound 5.

Discussion

We have used a combinatorial biosynthesis approach to gener-
ate derivatives of the antitumor drug mithramycin with glyco-
sylation profiles different from that of the parental compound.
To do this, we provided either the mithramycin producer strain
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or a p-oliose-minus mutant with the capability of synthesizing
novel DOHs. This was achieved by introducing different “sugar
plasmids” in these strains, each directing the biosynthesis of
specific L- and p-DOHs. Nine mithramycin derivatives were pro-
duced, differing from the parental compound either in the ab-
sence of a sugar moiety, the presence of a mithramycin sugar
at an unusual position, and/or the presence of a new DOH nor-
mally not found in mithramycin. In fact, the p-boivinose- and
D-amicetose-containing compounds described herein are the
first aureolic acid derivatives with this type of DOH.

The first sugar attached during the biosynthesis of mithra-
mycin is a p-olivose in position C. Only premithramycin-like
compounds were detected, with possible exchange of a sugar
in this position. This suggests either that glycosyltransferase
MtmGIV (responsible for the incorporation of this first p-oli-
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vose) shows limited sugar donor substrate flexibility or that
the incorporation of a different DOH in this position C hinders
the growth of the saccharide chain. However, several mithra-
mycin derivatives were obtained with substitutions at the
second position of the trisaccharide chain. In these mithramy-
cins the p-oliose moiety was replaced either by p-olivose, b-
boivinose, or p-mycarose. This indicates that glycosyltransfer-
ase MtmGilll, which transfers the second sugar (normally a b-
oliose) into the bp-position, is quite flexible. In contrast, the
third position of the trisaccharide chain was only occupied
either by p-mycarose (the original sugar) or by bp-digitoxose.
This confirms that MtmGlV, which is thought to be responsible
to complete the trisaccharide chain,?? has limited sugar donor
flexibility. However, this glycosyltransferase shows broad ac-
ceptor substrate flexibility, as it was able to transfer those
sugars to intermediates with various sugars occupying this
second position (position D) of the trisaccharide chain.

The p-olivose moiety, normally at the first position of the
disaccharide chain (position A) could only be substituted by b-
amicetose. The incorporation of this DOH was quite efficient as
four out of the nine newly-glycosylated mithramycins generat-
ed in this work contained this DOH, and the production yields
of some of these compounds were quite high. In particular,
compound 5 was the main compound produced by strain
S. argillaceus (pFL844). Obviously, incorporation of p-amicetose
into position A blocks further elongation of the saccharide
chain, as this DOH lacks a hydroxyl group at C3, which is es-
sential to establish the 1,3-linkage with the next sugar. These
data suggest that the glycosyltransferase MtmGl, normally re-
sponsible for the transfer of p-olivose into the A position,
shows limited sugar donor substrate flexibility, although it effi-
ciently transfers p-amicetose, and MtmGll, which normally fin-
ishes the sugar pattern of mithramycin by adding a p-olivose
into position B, is unable to establish a 1,4-linkage. Overall, no
mithramycin derivative was ever detected with a sugar substi-
tution at the second position of the disaccharide chain (posi-
tion B), which suggests that MtmGll is also rather inflexible
with respect to its sugar donor substrate.

It is remarkable that some of the sugars incorporated in the
new mithramycin derivatives were neither fully synthesized by
the host enzymes nor by the “sugar plasmid”-encoded en-
zymes alone, but rather by a concerted action of both “sugar
plasmid”-encoded and host enzymes. This is the case for re-
combinant strains producing p-amicetose-, p-boivinose-, or b-
digitoxose-containing derivatives. Formation of these DOHs
suggests substrate flexibility for some of the enzymes involved.
For instance, the 4-ketoreductase MtmU can act on its normal
substrate NDP-4-keto-2,6-dideoxy-p-glucose and on NDP-2,6-
dideoxy-p-glycero-4-hexulose, for the biosynthesis of p-boivi-
nose.

All of the new mithramycin derivatives, with the exception
of compound 11, showed antitumor activity at the micromolar
level. Some of the new compounds bear five DOHSs, but others
lack one DOH (either in the trisaccharide or in the disaccharide
chain), or even two DOHs (one in each saccharide chain). This
indicates that the presence of all five sugars is not absolutely
essential for the antitumor activity, and that the existence of a
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disaccharide chain at C6 or a trisaccharide chain at C2 is not
compulsory for the antitumor activity. Four out of the six new
mithramycins with modifications at the second position of the
trisaccharide chain, position D, showed high antitumor activity.
Interestingly, compounds only differing in their sugar moiety
at this position show quite different antitumor activities. This
confirms the importance of the sugar p-residue as a potential
target for the generation of mithramycins with antitumor activ-
ity.

In conclusion, we have shown that a combinatorial biosyn-
thesis approach of sugar biosynthesis genes could be a potent
strategy to generate new glycosylated mithramycins with
sugar substitutions at different positions of the molecule.
Many of the new derivatives show antitumor activity, and
could be useful as anticancer drugs.

Experimental Section

Strains, culture conditions, and plasmids: Streptomyces argillaceus
ATCC 12956 (mithramycin producer) and S. argillaceus M7U1 were
used as hosts for gene expression and production.® For sporula-
tion they were grown for 7 days at 30°C on plates containing me-
dium A.*® For protoplast regeneration, the organisms were grown
on R5 solid medium plates.®” Liquid and solid media for produc-
tion and isolation of mithramycin derivatives was modified R5
medium (R5A).”® When plasmid-containing clones were grown,
the medium was supplemented with 5 or 50 ugmL™" thiostrepton
for liquid or solid cultures respectively.

DNA manipulation: Plasmid DNA preparations, restriction endonu-
clease digestions, and other DNA manipulations were according to
standard procedures for Streptomyces and for E. coli.?”*® Prepara-
tion of Streptomyces protoplasts, transformation, and selection of
transformants were carried out as described.””

HPLC analysis and purification of mithramycin derivatives:
HPLC-MS analyses were carried out using an Alliance chromato-
graphic system coupled to a ZQ4000 mass spectrometer (Waters-
Micromass), using acetonitrile and 0.1 % trifluoroacetic acid (TFA) in
water as solvents and a reversed phase column (Symmetry C18,
2.1x 150 mm, Waters). Samples were eluted with 10% acetonitrile
during the first 4 min, followed by a linear gradient from 10 to
88% acetonitrile over 26 min, at a flow rate of 0.25 mLmin". De-
tection and spectral characterization of peaks were performed with
a photodiode array detector and Empower software (Waters). MS
analyses were done by electrospray ionization in the positive
mode, with a capillary voltage of 3 kV and cone voltages of 20 and
100 V.

For purification of mithramycin derivatives, S. argillaceus (pFL844)
and S. argillaceus (pMP3*BIl) were grown in a two-step culture
method, as previously described.” The cultures were centrifuged
and filtered, and the broth was solid-phase extracted and fractio-
nated as previously described.” Fractions containing mithramycin-
related compounds (eluting between 40 and 55 min) were pooled
and dried in vacuo. These extracts were redissolved in a mixture of
methanol/DMSO (50:50, v/v) and chromatographed in a pBonda-
pak C18 radial compression cartridge (PrepPak Cartridge, 25X
100 mm, Waters). An isocratic elution with a mixture of acetonitrile
and 0.1% TFA in water (42:58, v/v), at 10 mLmin~', was used. Com-
pound d from strain S. argillaceus (pMP3*BIl) was repurified in a
semipreparative column (Symmetry C18, 7.8x300 mm, Waters)
with isocratic elution with acetonitrile and 0.1% TFA in water
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(37:63, v/v), at 3mLmin~'. Compoundsc from S. argillaceus

(pFL844) and e from S. argillaceus (pMP3*BIl) were repurified in a
similar way, but using a slightly different mixture (40:60, v/v).

In the case of S. argillaceus (pFL942), S. argillaceus (pFL845), S. argil-
laceus (pMP1*BIl), S. argillaceus M7U1 (pLNRHO), and S. argillaceus
M7U1 (pFL845), they were grown on solid R5A medium. For each
strain, one hundred agar plates were uniformly inoculated with
spores and incubated at 28°C for six days. These cultures were ex-
tracted three times with ethyl acetate, as described previously."”
The extract obtained in each case was chromatographed in a
uBondapak C18 radial compression cartridge, using acetonitrile
and water (50:50, v/v) at 10 mLmin~" in isocratic conditions. Subse-
quent purifications were performed using a SunFire PrepC18 (10 %
250 mm, Waters) column, with isocratic elution with mixtures of
acetonitrile and 0.1% TFA in water as the mobile phase, at
7mLmin~". These mixtures, optimized for every compound,
ranged from 37:63 to 50:50 (v/v).

For all purifications, whenever TFA was used in the mobile phase,
peaks were collected in flasks containing 0.1 M potassium phos-
phate buffer (pH 7.0) to neutralize TFA in the mobile phase. After
every purification step, the collected compounds were diluted four
times with water, desalted, and concentrated by solid-phase ex-
traction, being finally lyophilized. Yields obtained for the different
compounds were as follows: 12.2 mg and 8.9 mg from peaks a and
b of cultures of S. argillaceus (pFL845), respectively; 11.4 mg from
peak c of cultures of S. argillaceus (pFL844); 19 mg and 10.8 mg
from peaks d and e of cultures of S. argillaceus (pMP3*BII), respec-
tively; 8.2 mg, and 6.4 mg from peaks f and g of cultures of S. argil-
laceus (pMP1*BIl), respectively; 3 mg and 6,9 mg from peaks h and
i of cultures of S. argillaceus (pFL942), respectively; 7.3 mg and
3,3mg from peaks j and k of cultures of S. argillaceus M7U1
(pLNRHO), respectively; 6.7 mg, 17 mg, 12.2 mg and 1.7 mg from
peaks I, m, n, and o of cultures of S. argillaceus M7U1 (pFL845),
respectively.

Structure elucidation and characterization of new mithramycin
derivatives: The structures of the isolated mithramycin derivatives
were characterized by NMR spectroscopy and mass spectrometry.
Compounds identified as new were fully characterized with physi-
cochemical methods (see the Supporting Information). In general,
the following NMR experiments were used: spin systems of each
single sugar moiety was identified through H,H-COSY and 1D-
TOCSY experiments. Sugar-aglycone connections and intersugar
connections were proven through CIGAR-HMBC and/or NOE ex-
periments.”" The NOE experiments were also useful to identify
whether the single sugar moieties were found in “C;- (typical for p-
sugars) or 'C,-conformation (typical for L-sugars). Helpful saccha-
ride fragmentation patterns were observed in the ESI mass spectra
confirming the results from the NMR studies, and highly resolved
fast atom bombardment (HR-FAB) mass spectra were used to con-
firm the molecular formulae.

Determination of antitumor activity: The antitumor activity of the
mithramycin derivatives was tested against a panel of tumor cell
lines. Quantitative measurement of cell growth and viability was
carried out by a colorimetric assay, using the sulforhodamine re-
action."?
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