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Elucidation of the Glycosylation
Sequence of Mithramycin
Biosynthesis: Isolation of 3A-
Deolivosylpremithramycin B and Its
Conversion to Premithramycin B by
Glycosyltransferase MtmGl|

Mohammad Nur-e-Alam,”® Carmen Méndez,"®
José A. Salas,”” and Jiirgen Rohr*?

Dedicated to H. G. Floss on the occasion of his 70th birthday.

Mithramycin (MTM) is an aureolic acid-type polyketide pro-
duced by various soil bacteria of the genus Streptomyces in-
cluding Streptomyces argillaceus (ATCC 12956)."' MTM has
been used clinically to treat Paget’s disease and testicular carci-
noma,*” and MTM'’s hypocalcemic effect has been used to
manage hypercalcemia in patients with malignancy-associated
bone lesions.®! Mithramycin has also been shown to act as
neuroprotective drug.”

All aureolic acid-group drugs (i.e. MTM, chromomycin A;, oli-
vomycin A, UCH9, and durhamycin A)™'*" contain the same
tricyclic core moiety, but differ mainly with regard to their sac-
charide moieties, which consist of various 2,6-dideoxysugar
chains that are linked at the 2- and 6-positions of the aglycon
moiety. The structural variations in the glycosidic moieties are
responsible for subtle differences in the DNA binding and ac-
tivity profiles amongst the members of the aureolic acid
group."">"* While extensive DNA-antibiotic interaction studies
clearly revealed that the intact C-D-E trisaccharide moiety is es-
sential for dimer formation as well as optimal DNA binding of
MTM and chromomycin,™ ¥ the role of the disaccharide chain
at C-6 is less well characterized. However, the X-ray structure
of the MTM-DNA complex revealed that this disaccharide in-
teracts with the phosphate backbone of the DNA, and sug-
gested that modifications of this disaccharide chain may have
a profound impact on the biological activity. Unfortunately, de-
rivatives, which differ from their parent drug with respect to
the sugar units of the disaccharide chain, were not available at
that point, but are badly needed to further investigate the
structure-activity relationships (SAR) of the aureolic acids in
general, and of mithramycin in particular. Biosynthetic-pathway
engineering attempts were hampered by the fact that it was
not then possible to determine exactly which glycosyltransfer-
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ases were responsible for the attachments of the two olivose
moieties of the disaccharide chain. Here we describe experi-
ments that led to a clear assignment of the two glycosyltrans-
ferases involved in the formation of the mithramycin disacchar-
ide chain.

It has been shown that MTM biosynthesis®'*? proceeds
through tetracyclic intermediates (premithramycins) with gly-
cosylation steps occurring on these tetracyclic biosynthetic in-
termediates. Initially the C-D-E-trisaccharide chain, consisting
of a p-olivose, a p-oliose, and a p-mycarose, is attached at the
12a-position of premithramycinone (which later becomes the
2-position in mithramycin), while the disaccharide moiety is at-
tached afterwards. Generation of GT-minus mutants suggested
that MtmGIV and MtmGlll are involved in the trisaccharide
chain formation, while MtmGI and MtmGll share the responsi-
bility of the attachment of the two p-olivoses that form the
disaccharide at C-6. Surprisingly, the GI~ and the GII~ mutants
accumulate exactly the same pattern of metabolites, including
premithramycins A;, A,, A,, A;, and A; (see Scheme 1), the last
two possessing the complete C-D-E trisaccharide chain. Al-
though these results made it clear that both MtmGl and
MtmGlIl take part in disaccharide formation, it was unclear
which GT catalyzes which exact step, since neither the GI™ nor
the GII” mutant accumulated a premithramycin with four
sugars including the first p-olivose unit of the disaccharide, as
one could have expected. To explain the results, it was specu-
lated that one of the two GTs (Gl or Gll) might catalyze the for-
mation of an NDP-activated diolivoside, while the other one at-
taches the diolivoside to the aglycon. Evidence for this view
came from model experiments with the sugar-cosubstrate flex-
ible glycosyltransferase EImGT, which generated inter alia a
diolivosyltetracenomycin upon its heterologous expression in
S. argillaceus,*® and from experiments in which S. argillaceus
M3AMG, a mutant in which all GTs of the MTM biosynthesis
were inactivated, was transformed with cosmid 16F4 as well as
with either the mtmGI or mtmGll gene. Cosmid 16F4 harbors
the entire gene cluster for the 8-demethyltetracenomycin bio-
synthesis plus EImGT. Expression of cosmid 16F4 alone yields
8-olivosyltetracenomycin C as well as 8-mycarosyltetracenomy-
cin C, but not 8-diolivosyltetracenomycin C. From the further
expression of either the mtmGl or mtmGll gene, we expected
that the 8-diolivosyltetracenomycin C production would be re-
installed, if one of the encoded GTs were responsible for the
attachment of the second olivose or for the formation of an
NDP-activated diolivoside (assuming that EImGT can transfer
such a diolivoside).

Unexpectedly, neither of the resulting constructs yielded 8-
diolivosyltetracenomycin C, and both transformed mutants
showed the same product pattern as found previously for the
S. argillaceus AGT mutant expressing cosmid 16F4 alone. Only
upon transformation of S. argillaceus M3AMG(cos16F4) with
both GT-encoding genes mtmGI and mtmGll, diolivosyltetrace-
nomycin production was restored to some extent. Thus, these
experiments were totally inconclusive regarding the exact role
played by MtmGIl and MtmGill in mithramycin biosynthesis.

In this communication, we show strong evidence for the
view that these last two glycosylation steps in mithramycin
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Scheme 1. Chemical formulae of compounds involved in the late steps of mithramycin biosynthesis.

biosynthesis are achieved by a stepwise attachment of single
olivose units catalyzed first by MtmGl (leading to 3A-deolivo-
sylpremithramycin B) and then by MtmGll (leading to premi-
thramycin B).

To look for previously undetected side compounds, we rein-
vestigated the MtmOIV~ mutant, which accumulates predomi-
nantly premithramycin B.?? Baeyer-Villigerase MtmOIV catalyz-
es the oxidative cleavage of the fourth ring of premithramy-
cin B to yield the tricyclic immediate precursor of mithramycin
(Scheme 1).%* This is the penultimate®” and key step of mi-
thramycin biosynthesis (note that only tricyclic but not tetracy-
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clic derivatives/analogues of MTM are biologically active),**?
and immediately follows the glycosylation reactions. Since
most mutants of the MTM biosynthesis accumulated more
than one product, often some earlier intermediates in addition
to the major product, which is usually the substrate of the in-
activated enzyme, we hoped to find a new premithramycin de-
rivative with an incomplete sugar pattern that might give us
further hints about the glycosylation sequence. After cultivat-
ing 10 L of the MtmOIV™ mutant and scanning the crude prod-
uct by HPLC-MS, we indeed found a premithramycin derivative
with a molecular mass of 962 gmol™; this indicates a tetrasac-
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charidal compound since it is smaller than premithramycin B
(1092 gmol™") by 130 amu (=1 olivose unit). This side com-
pound accounts for <5% of the products, with premithramy-
cin B being the only other product.

About 20 mg of the new premithramycin derivative were
isolated from 10 L of crude product of the MtmOIV™ mutant
by semipreparative HPLC, and investigated by NMR spectros-
copy. The NMR data revealed clearly that both the premithra-
mycin aglycon moiety and the trisaccharidal side chain
attached at C-12a (sugars C-D-E) were still present in the mole-
cule. Compared to premithramycin B, the signals of one olivose
unit were missing, and compared to premithramycin A;, an ad-
ditional p-olivose unit was detected. This single p-olivose unit
is B-glycosidically linked at 8-position, as proven by an HMBC
coupling between 1A-H and C-8 and the large coupling con-
stant of 9.5 Hz observed for the anomeric 1A-H. Considering
that most streptomycete GTs follow mechanisms inverting the
anomeric configuration of the NDP-sugar-cosubstrate,®® and
therefore belong to the GT-1 family, this is in agreement with
Klyne's rule.B*3

Assuming that the new 3A-deolivosylpremithramycin B is
the true substrate of either MtmGl or MtmGll, we fed 2 mg
of this compound to growing cultures of each the MtmGI~
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(=S. argillaceus M3G1) and the MtmGlI~ (=S. argillaceus M3G2)
mutants 48 h after inoculation.”? After another 24 h, the
MtmGI~ mutant converted almost all deolivosylpremithramy-
cin B into premithramycin B and partly on to mithramycin,
while the MtmGII~ mutant did not produce any premithramy-
cin B or mithramycin under the same conditions and still con-
tained considerable amounts of the exogenously fed deolivo-
sylpremithramycin B as well as apparently several isomerization
products of this compound that were not further investigated
(Figure 1).

These results provide clear evidence that MtmGll is capable
of attaching a second olivose moiety to the 3A-position of 3A-
deolivosylpremithramycin B, thus can use 3A-deolivosylpremi-
thramycin B as its acceptor substrate. Given that MtmGill is re-
sponsible for attaching the second olivose unit of the disac-
charide chain, MtmGI must be responsible for the attachment
of the first olivose to the 8-position of the premithramycin A;,
although no direct proof for this exists. Looking back at the
above-mentioned previous expression experiments (S. argil-
laceus M3AMG (cos16F4) with mtmGl and mtmGll), it appears
that MtmGll is somewhat specific regarding its acceptor sub-
strate and seems to be unable to use 8-olivosyltetracenomy-
cin C as substrate for the elongation toward diolivosyltetrace-
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Figure 1. Conversion of 3A-deolivosylpremithramycin B to premithramycin B in the S. argillaceus GI~ mutant M3G1. Chromatograms 1, 2, and 3 refer to the feeding
experiment with the GI~ mutant, with peaks A=premithramycin A,, B=premithramycin A, C=premithramycin A, D= premithramycin A,, E=premithramycin A,.
Chromatogram 1 represents the culture of the GI~ mutant after 48 h of growth (no addition); chromatogram 2 immediately after the addition of 3A-deolivosylpre-
mithramycin B (peak F); chromatogram 3 represents the culture 24 h after addition of the precursor, G corresponds to premithramycin B and H to mithramycin.””
Chromatograms 4, 5, and 6 represent the feeding experiment with the GII~ mutant, *: peaks appear to come from isomers of 3A-deolivosylpremithramycin B (mass

always 962 amu), but were not further investigated.
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nomycin C. However, MtmGll appears to be able to attach a
second olivose to 8-olivosyltetracenomycin C in the presence
of MtmGl; this might indicate that MtmGIl and MtmGll assist
each other in their activity and are compromised when ex-
pressed alone.’ Monitoring the secondary-metabolite pro-
duction of the MtmOIV mutant also gives some evidence that
MtmGll is somewhat slowed down when out of context of the
normal MTM-biosynthetic machinery. The relative production
curves of deolivosylpremithramycin B versus premithramycin B
show an almost 50:50 relation 12 h after inoculation, while pre-
mithramycin B dominates (>95%) at harvesting time approxi-
mately 100 h after inoculation (Figure 2). This indicates that
MtmGll lags behind somewhat in its activity compared to all
the other enzymes contributing to the formation of premithra-
mycin B.1¢?
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Figure 2. Monitoring of the S. argillaceus MtmOIV~ mutant M3404 by HPLC:
PremtmB = premithramycin B; DOPB = 3A-deolivosyl-premithramycin B.

Experimental Section

Strains and cultures: All S. argillaceus mutant strains mentioned in
this publication were previously described, that is, the MtmOIV~
mutant M3A04,%Y the MtmGI~ mutant M3G1,?? the MtmGII~
mutant M3G2,?? and the GT-deletion mutant M3AGM.?*

Isolation and physicochemical properties of 3A-deolivosylpremi-
thramycin B: A seed culture was prepared by using tryptone soya
broth media inoculated with spores of the S. argillaceus MtmOIV~
mutant and incubated in an orbital shaker (24 h, 30°C, 250 rpm).
This seed culture was used to inoculate (at 2.5%, v/v) one hundred
Erlenmeyer flasks (250 mL, each containing 100 mL of modified R5
medium) for 5 days. Product formation was monitored every 24 h
by HPLC-MS. After 5 days, the solid culture media were centrifuged
(4000 rpm, 30 min), and the combined, concentrated supernatants
were separated on a chromatography column (5x10cm? RP
C,g irregular; acetonitrile/water 35:65). Further purification was
achieved by HPLC (1-2 min: 100% water, then 3-30 min: 70%
water/30% acetonitrile to 30 % water/70 % acetonitrile, followed by
a recalibration of the column by 7 min of 100% water. Flow rate:
10 mLmin~', Waters symmetry-semiprep RP-18, 7 um, 19x 150 mm)
to yield two compounds, 3A-deolivosylpremithramycin B (8.2 mg,
962 gmol™") and premithramycin B (162.8 mg, 1092 gmol ).

Physicochemical properties of 3A-deolivosylpremithramycin B:
'HNMR (400 MHz, [Dglacetone/[D,Jmethanol, 9:1) and "*C NMR
(100 MHz, [D¢lacetone/[D,Jmethanol, 9:1): see Table 1; IR (KBr): v=
3423 (OH), 2971 (CH), 2931 (CH), 2882 (CH), 1716 (C=0), 1701 (C=
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Table 1. 'H and C NMR data of 3A-deolivosyl-premithramycin B.

Position 0'H Multiplicity 6 ®C  Important *J,
[ppm] (J [Hz]) [ppm] couplings (HMBC)

Aglycon

1 - - 196.7 -

2 - - 114.4 -

3 - - 189.0

4 413 d (2.8) 774 2,4-OCH;, 5

4-OCH,4 343 s 60.7 4

4a 3.12 m 424 1,3, 5a

5 4.09 dd (16, 12) 28.5 4,6
3.34 dd (16, 3)

5a - 134.5 -

6 6.38 brs 118.4 7,14, 12a

6a - - 1394 -

7 6.66 s 101.6 6,9, 10a

8 - - 160.2 -

9 - - 11.2 -

9-CH; 2.08 s 7.7 8,9, 10

10 - - 155.8 -

10a - - 107.6 -

1 - - 165.5 -

Ma - - 107.5 -

12 - 193.2 -

12a 81.5 2, 12a

1 - - 204.4 -

2 2.86 s 26.0 1,2

Sugar A (p-p-olivose)

1A 5.23 dd (10, 2) 96.9 8

2A,, 153 ddd (12, 12, 10) 39.7

2A, 2.55 m (overlap)

3A 3.55 ddd (12, 9, 5) 70.3

4A 3.35 dd (9, 9) 764

5A 425 m (overlap) 725

6A 1.36 d (6) 18.0

Sugar C (f-p-olivose)

1C 473 dd (10, 2) 100.1 12a

2C,, 155 ddd (12,12, 10) 392

2C,, 267 ddd(12,5,2)

3C 3.78 m (overlap) 81.5 1D

4C 3.57 dd (9, 9) 75.0

5C 3.70 dqg (9, 6) 722

6C 1.38 d (6) 17.8

Sugar D (f-p-oliose)

1D 4.76 dd (10, 2) 97.6 3C

2D,, 111 ddd (12, 12, 10) 322

2D, 2.14  ddd (12,5,2)

3D 352 ddd (12, 5,3) 774 1E

4D 3.68 brs 68.5

5D 3.78 m (overlap) 70.7

6D 1.23 d (6) 16.3

Sugar E (-p-mycarose)

1E 5.19 dd (9.5, 2) 97.6 3D

2E,, 231 dd (13,95) 441

2E., 267 dd(13,2)

3E - - 70.3

3E-CH, 1.48 s 27.0 2E, 3E, 4E

4E 3.01 d ) 76.5

5E 3.72 m (overlap) 71.0

6E 1.20 d (6) 17.7

0), 1598 (C=0), 1519 (C=C), 1361, 1157, 1063 cm'; UV/Vis (metha-
nol): 4, (°)=433 (9100), 316 (6100), 282 nm (54200); positive-
mode ESI-MS: m/z=985.3 [M+Na], negative mode ESI-MS: m/z=
961.3 [M—H]; the molecular formula of C,;H¢,0,, (962 gmol™') was
proven by HRMS: calcd 962.37837, found 961.37786.
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Feeding of 3A-deolivosylpremithramycin B to mtmA Gl and
mtmA GIll mutants: The culture was prepared by using modified
R5 medium inoculated with spores of S. argillaceus mutants M3G1
and M3G2 in two different Erlenmeyer flasks (250 mL, each con-
taining 100 mL of media) and incubated in an orbital shaker (72 h,
30°C, 250 rpm). 3A-Deolivosylpremithramycin B (2 mg each) was
fed to the growing cultures after 48 h of inoculation of both S. ar-
gillaceus M3G1 and M3G2 (i.e., the mtmAGI and mtmAGIl mutants).
The cultures were grown for another 24 h. HPLC control samples
were taken before and just after the addition of 3A-deolivosylpre-
mithramycin B as well as 24 h after the feeding, Figure 1). The fol-
lowing HPLC gradient solvent system was used: 1-2 min 100%
water, 3-45 min 75% water/25% acetonitrile to 20% water/80%
acetonitrile, then recalibration of the column with 100% water for
another 10 min. All the peaks of the chromatograms have been
identified through HPLC-UV, HPLC-MS, and authentic samples.

HPLC-MS: HPLC/MS was performed on a Waters Alliance 2695
system, equipped with a Waters 2996 photodiode array detector
and a Micromass ZQ2000 mass spectrometer by using an APCI
probe (solvent A: 0.1% formic acid in H,O; solvent B: acetonitrile;
flow rate=0.5 mLmin~"; 0-10 min 75% A and 25% B to 100% B,
linear gradient, 10-12 min 100% B, 12-14 min 100% B to 75% A
and 25% B (linear gradient), 14-15min 75% A and 25% B). We
used column Waters Symmetry C-18, 4.6x50 mm, particle size
5 um. The column temperature was 23°C, and the UV detection
wavelength was 452 nm.
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a) This somewhat seems to contradict the fact that the MtmGI-minus
mutant converts 3A-deolivosyl-premithramycin B to premithramycin B.
However, note that MtmGl was inactivated by insertion of an apramy-
cin-resistance cassette, that is, the enzyme is still present, although cat-
alytically not functional, but might still be able to “support” MtmGill
through protein-protein interactions. b) As shown in Figure 2, the activ-
ity of MtmGll is somewhat compromised when MtmOIV is inactivated.
This might indicate that MtmGIl needs the presence of the natural
MtmOIV (not the insertionally inactivated bulkier enzyme) to function
optimally.

The chromatogram represents a snapshot 24 h after feeding of the in-
termediate 3A-deolivosyl-premithramycin B. The normal end product
mithramycin is better observable much later (after another 48 h).
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