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Abstract

Two novel landomycin compounds, landomycins | and J, were generated with a new mutant strain
of Streptomyces cyanogenus in which the glycosyltransferase that is encoded by lanGT3 was over-
expressed. This mutant also produced the known landomycins A, B, and D. All these compounds
consist ofthe same polyketide-derived aglycon but differ in their sugar moieties, which are chains of
different lengths. The major new metabolite, landomycin J, was found to consist of landomycinone
with atetrasaccharide chain attached. Combined with previous results ofthe production oflandomycin
E (which contains three sugars) by the LanGT3™ mutant strain (obtained by targeted gene deletion
of lanGT3), it was verified that LanGT3 is a o-olivosyltransferase responsible for the transfer of the
fourth sugar required for landomycin A biosynthesis. The experiments also showed that gene over-
expression is a powerful method for unbalancing biosynthetic pathways in order to generate new
metabolites. The cytotoxicity ofthe new landomycins—compared to known ones—was assessed by
using three different tumor cell lines, and their structure—activity relationship (SAR) with respect to
the length ofthe deoxysugar side chain was deduced from the results.
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Introduction

The landomycins (Las) are a growing subgroup of the large family of angucycline antibiotics
that now includes far more then 100 members.[1-4] These have diverse biological effects, such
as antitumor, antibacterial, and enzyme inhibitory activity.[5,6] Landomycin A (LaA,
1;Scheme 1) in particular has been studied as a potential antitumor agent. It possesses an
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interesting spectrum of bioactivity against 60 cancer cell lines.[4-6] Over the past decade, two
gene clusters that encode for land-omycin biosynthesis have been cloned and sequenced: one
encodes the hexasaccharide LaA (1), which is generated by Streptomyces cyanogenus S136
(lan), and the other encodes the trisaccharide, landomycin E (4;Scheme 1), which is produced
by S. globisporus 1912 (Ind).[7,8] The clusters are very similar, both at the level of gene
organization and nucleic acid sequence.[9]

Much of our recent studies have focused on the post-PKS (“tailoring™) steps of landomycin
biosynthesis,[10,11] especially on oxygenation and glycosylation sequences during the
biosynthesis of landomycins, which contribute considerably to the biological activity of many
polyketides.[12] For example, the gene IndM2 was found to encode a bifunctional oxygenase—
reductase that is responsible for the introduction of the 6-O atom in LaE,[11] and IndZ4/Z5
were found to be responsible for the addition of the 11-OH group in LaE.[10,13] Most recently,
inactivation of the IndE gene in S. globisporus led to the accumulation of prejadomycin (2,3-
dehydro-UWMBG6), which proved that oxygenase LndE is responsible for the generation of the
p-quinone moiety through oxidation of the 12-position.[14] Thus, all oxygenases that
incorporate oxygen atoms into the landomycin aglycon have been identified.

Of similar interest was the study of the glycosyltransferases involved in landomycin
biosynthesis. Structure—activity relationship (SAR) studies suggested that the high cytotoxic
activity of LaA was dependent on its hexasaccharide chain, although its mode of action has
not been clearly established yet.[10] Other landomycins with shorter sugar side chains showed
lower cytotoxic activities.[10] Four glycosyltransferases (LanGT1, LanGT2, LanGT3, and
LanGT4) are involved in the biosynthesis of LaA's hexasaccharide chain. LanGT1and LanGT4
were identified as olivosyl- and rhodinosyltransferases,[15] respectively, and were found to
act twice during hexasaccharide side-chain biosynthesis. While LandGT1 is responsible for
the transfer of the second and fifth sugar moiety, LanGT4 transfers both rhodinoses into the
third and sixth positions.[16] Most recently, LanGT2 was identified to catalyze the first
glycosylation step (o-olivosyl),[17] and a targeted gene inactivation experiment on lanGT3
showed that the corresponding glycosyltransferase LanGT3 is an olivosyltransferase.[18]
LanGT3 is most likely responsible for the attachment of the fourth sugar, which is the key step
that distinguishes the biosyntheses of LaA and LaE. Note also that an analogue of 1lanGT3 is
missing in the S. globisporus 1912 gene cluster (Ind). All previous studies combined led to the
generation of various landomycins with altered oxygen patterns or oligosaccharide chains.
These ranged from analogues with only one sugar (LaH, which also lacked the 11-OH group
[10]) to the complete hexasaccharide chain compounds found in LaA (1). None of the
experiments so far have yielded a landomycin with a tetrasaccharide chain. Herein, we report
on the over-expression of lanGT3 in S. cyanogenus which was aimed at the production of a
tetrasaccharide landomycin. The experiments indeed yielded a mutant strain that accumulated
the new tetrasaccharide, named landomycin J (3), as its major new metabolite, and landomycin
I (5) as aminor product. The latter compound is a monosaccharide with a complete oxygenation
pattern that has so far not been observed in landomycin analogues. The results also offer further
support that LanGT3 is responsible for the attachment of the fourth sugar of the growing side
chain of LaA. These findings therefore complete the elucidation of the enigmatic biosynthetic
pattern of “six sugars, four glycosyltransferase-encoding genes” which occur in LaA
biosynthesis. The experiments show that gene over-expression is a powerful method for
unbalancing biosynthetic pathways in order to generate new metabolites. Besides the two new
compounds Lal (5) and LaJ (3), the mutant strain also produced the three known compounds
LaA (1), LaB (2), and LaD (6).

More importantly, the generation of five landomycins that differ only with respect to the length
of their saccharide chain, allowed us to study the SAR with respect to the length of the
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deoxysugar chain. The results of the cytotoxicity studies clearly showed that the activities of
the landomycins do not increase linearly with the length of their deoxysugar chain.

Results and Discussion

Over-expression of lanGT3 in S. cyanogenus—generation and structure elucidation of the
new landomycins | and J

The 2.2 kb BamHI-Sacl fragment from cosmid H2-26,[7] which contains the lanGT3 gene,
was ligated into the same sites of pUC19 to yield plasmid pUClanGT3.[18] A plasmid for the
over-expression of the lanGT3 mutant, named pKCGT3, was generated by ligating a 2.2 kb
BamHI-EcoRI fragment from pUClanGT3 into the expression vector pKC1218ermE.[10] For
the over-expression experiment plasmid pKCGT3, which consisted of lanGT3 ligated behind
the ermE promoter, was introduced into the mutant strain by intergeneric conjugation. A culture
of the resulting mutant strain, S. cyanogenus (lanGT3), produced five main metabolites (Figure
1), among which three were known compounds. These compounds were identified as LaA
(1), LaB (2), and LaD (6) by using TLC, HPLC, and APCI-MS.[3,4] The structures of the
novel landomycins I (5) and J (3) were determined by using mass spectrometry and NMR as
well as UV spectroscopy. From the two new compounds, LaJ, which has four sugars attached
to the aglycon moiety, was the major one. The chemical structures of all of these compounds
are shown in Scheme 1.

Both of these two novel compounds displayed the same kind of color (dark red) as the typical
landomycins and very similar UV spectra to those of the other three known landomycins, with
three characteristic peaks at around A = 213, 261, and 450 nm. APCI-MS analysis of Lal and
LaJ showed a negative mode molecular ion peak at m/z 467 and 841, respectively. This suggests
that the molecular weights for these two compounds are 468 and 842 g mol*-1, which
correspond to one sugar (olivose) less than LaD (Myy 598) and one sugar (olivose) more than
LaE (Myy 712), respectively. Subsequent high-resolution ESI-TOF-MS confirmed their
molecular formulae to be Co5H2409 for Lal and C43H54047 for Lal. Moreover, the NMR
spectra of these two new compounds (Lal and LaJ) were consistent in their aglycon moieties
with those of the known landomycins, although they differ in their sugar moieties. The NMR
spectra of LaJ (H NMR, Table 1 and 13C NMR, Table 2) showed the presence of four O-
glycosidic hexopyranoses, for example, four anomeric C signals (6 = 96.07-102.46) and four
anomeric protons (¢ = 4.59-5.24). However, there was only one corresponding signal for Lal,
one anomeric C at § = 97.88 and one proton at 6 = 5.20. Similarly, the 1H NMR spectrum of
LaJ showed four strong doublets (6 = 1.11-1.31) in the higher field, which corresponded to
the methyl groups (C-6) of the four O-glycosidic hexopyranoses, while there was only one
clear doublet in this area at 6 = 1.17 for Lal. From the 1H,1H-COSY experiment, the
assignments of all protons for every sugar moiety could be identified. These indicated three
o-olivoses and one c-rhodinose in LaJ, and only one o-olivose moiety in Lal.

The production of the three known landomycins is quite reasonable since the entire lan gene
cluster exists in the new mutant strain; the only difference to the wild-type strain was the level
of LanGT3 expression. The generation of the new major metabolite LaJ, the first
tetrasaccharidal landomycin, not only supports the previously suggested assignment of the role
of LanGT3 for the biosynthesis of the landomycin saccharide chain (see also below),[18] but
also shows that gene over-expression is a suitable method for altering biosynthetic pathways
and generating new metabolites. Note that we previously reported the accumulation of novel
urdamycin analogues with altered saccharide patterns after over-expressing
glycosyltransferase UrdGT1c in the urdamycin producer, S. fradiae Ti2717.[19] The minor
compound Lal, with only one olivose attached to the aglycon moiety, was the first ever
monosaccharidal landomycin produced by a S. cyanogenus strain, after its 11-deoxy analogue
LaH (11-deoxy-Lal) was previously generated in a S. globisporus mutant.[10] While the
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accumulation of the tetrasaccharide 3 was anticipated and appeared to be an obvious result of
the over-expression of LanGT3, the moderate accumulation of the monosaccharide 5 in S.
cyanogenus (lanGT3) seemed surprising. However, this can be explained through depletion of
the other olivosyltransferases of their NDP-activated sugar donor substrate, which in turn
disturbs the normal flux of oligosaccharide chain formation. Particularly LanGT1 seems to be
affected, which is responsible for the addition of the second o-olivose moiety.

Function of LanGT3

A previous mutation of the lanGT3 gene in S. cyanogenus yielded a mutant that accumulated
the known compound LaE, which consists of a trisaccharide side chain attached to the
polyketide derived aglycon moiety. The expression of lanGT3 in this mutant restored
landomycin A production.[18] Herein, through the over-expression of lanGT3 in S.
cyanogenus, a major novel tetrasaccharidal metabolite LaJ was produced. This provides further
evidence that LanGT3 is an olivosyltransferase that catalyzes the fourth sugar attachment
during biosynthesis of landomycins A, B, and J. The combination of previous studies[10,15,
17,18] with the present one allows the unambiguous assignment of the function of all four
glycosyltransferases involved in the step-by-step formation of the hexasaccharide chain of
LaA: LanGT2 catalyzes the addition of the first o-olivose; LanGT1 is responsible for the
attachment of the second and fifth sugar (each a »-olivose); LanGT4 attaches the third and sixth
sugar (each an -rhodi-nose); and LanGT3 catalyzes the addition of the fourth sugar (another
o-0livose).

Cytotoxicity assays of the land-omycins and SAR studies

Cytotoxicity studies were performed with NCI-H460 human lung cancer and MCF7 human
breast cancer cell lines, as well as the murine Lewis lung cancer cell line LL/2 by using the
reliable sulforhodamine B assay.[20-22] The results allow conclusions to be made with regard
to the SAR of the deoxysugar chain length within the landomycin family. The results of these
assays are listed in Table 3.

This study completes the generation of different landomycin members that consist of the same
polyketide derived aglycon moiety (landomycinone), but which differ in the number of sugars
attached to them. This has, for the first time, allowed SAR studies with respect to the length
of the oligosaccharide chain. For comparison, LaE (4, from S. globisporus 1912) and the
aglycon 7 (obtained through hydrolysis of the landomycin mixture) were also included. The
SAR study showed that all the landomycins possess activity against lung cancer (H460, LL/2)
or breast cancer (MCF7) cell lines. With the cell lines tested here, the activity against murine
LL/2 was generally the highest. Unexpectedly, the antitumor activities of the landomycins do
not increase steadily with the growing length of the deoxysugar chain. The compounds with
longer sugar chains (LaA and LaB—LaA was the overall most potent compound) in general
displayed higher activities than the analogues with short and medium saccharide chain lengths
(1-4 sugars). Exceptions here are the high activities of the trisaccharide LakE (Glsg 0.7 mm)
and the tetrasaccharide LaJ (Glsg 1.4 um) against the murine Lewis lung cancer cell line, and
the high activity of LaE (Glgg 5.4 um) against the human lung cancer cell NCI-H460. On the
other hand, LaE shows the relatively lowest activity against the breast cancer cell line MCF7.
Surprisingly, the aglycon landomycinone (7) was quite active against all three cancer cell lines.
This could indicate a change in the mechanism of action, and landomycinone might act in a
different way (e.g., different type of binding to DNA, inhibition of a different signal
transduction pathway) than its saccharidal analogues—the optimal activity of which appears
to be more dependent on a long sugar chain. However, except for the cell-cycle analysis studies
by Crow et al.,[6] the mode of action of the landomycins remains unknown.
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In-depth study of glycosyltransfer (GT) in the landomycin biosynthetic pathway allows the
harnessing of selected genes for the targeted generation of novel bioactive compounds through
combinatorial biosynthesis, as shown here. With the over-expression of lanGT3 in S.
cyanogenus 1912, two new landomycins (Lal and LaJ) in addition to three known ones (LaA,
LaB, and LaD) were generated. The occurrence of the two new landomycins, Lal and LaJ, can
be explained by sugar-donor substrate depletion of LanGT1, which slows down the second GT
step catalyzed by this enzyme, and simultaneously accelerates the fourth GT step catalyzed by
LanGT3. The addition of novel compounds to the landomycin family allowed a more detailed
SAR study. The results revealed that the anti-cancer activity of landomycins did not increase
simultaneously with the elongation of their oligosaccharide chain lengths, as suggested before.
[10]

ExperimentalSection

Bacterial strains and culture conditions—E. coli DH50 (MBI Fermentas, Lithuania)
was used as host for subcloning. E. coli ET12567 which carries plasmid pUB307
(dam~decm~hsdS"CmRKmR) was used to perform intergeneric conjugations; this strain was a
gift from C. P. Smith (University of Manchester, UK). E. coli strains were grown under standard
conditions.[23] Apramycin (25 ugmL-1), chloramphenicol (25 pgmL-1), ampicillin (100
pgmL-1), kanamycin (50 pgmL-1), or nalidixic acid (50 pgmL-1) were used for antibiotic
selection as required. The S. cyanogenus strain was grown in tryptone soya broth (TSB)
medium for conjugation and DNA isolation, and in soypeptone-glucose (SG) medium for the
landomycin A production as described.[10]

Generalgenetic manipulations—Routine methods were performed as described.[23,24]
Intergeneric E. coli—Streptomyces conjugation was used to introduce plasmid DNA into S.
globisporus strains. Mating was performed as described previously.[10] Restriction enzymes
were purchased from NEB; plasmids were obtained from Invitro-gene or Boehringer
Mannheim; Immobilon-Ny + transfer-membranes were obtained from Millipore. All products
were used according to manufacturer's directions.

Metabolite analysis—Two liters of S. cyanogenus (lanGT3) were cultured by using liquid
SG medium supplemented with apramycin (25 ug mL™1). A preculture was grown at 30°C and
200 rpm for 24 h. This was subsequently inoculated into the main culture (20 Erlenmeyer
flasks, each containing 100 mL medium) which had the same composition and culture
conditions and which was harvested after 40 h incubation. (The metabolites decomposed when
cells were cultured longer than 48 h). The culture broth was extracted three times with ethyl
acetate (each 100 mL), the combined organic extracts were dried in vacuo, and dissolved in
methanol for TLC, HPLC, and LC-MS analysis. TLC analysis was carried out on SilG-25 and
silica 60 F254 silica gel plates (Merck, Darmstadt, Germany) with UV fluorescence indicator.
HPLC-MS was performed by using a Waters Alliance 2695 system with a Waters 2996
photodiode array detector and a Micromass ZQ 2000 mass spectrometer equipped with an
APCI (atmospheric pressure chemical ionization) probe. The column used in the LC-MS
system was a Waters Symmetry C1g (4.6 x 50 mm, 5 um particles) with solvent A (0.1% formic
acid in H,0) and solvent B (acetonitrile); flow rate, 0.5 mL min"1;0-12 min, 75% A and 25%
B to 30% A and 70% B (linear gradient), 12—15 min, 30% A and 70% B to 100% B (linear
gradient). The combined crude ethyl acetate extract of the main cultures was purified by
repeated (twice) semipreparative HPLC on a Waters Delta 600 instrument with a Waters 996
photodiode array detector (solvent A: 0.1% trifluoroacetic acid in H,O; solvent B, acetonitrile);
flow rate, 10.0 mL min-1; 0-4 min 100% A to 75% A and 25% B (linear gradient), 4-30 min
75% A and 25% B to 100% B (linear gradient), 30-33 min 100% B, 33-35 min 100% B to
100% A (linear gradient), 35-42 min 100% A. The column used was a Waters SymmetryPrep
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C1g, 19 x 150 mm, 7 mm particles. The yields were: LaA, 5.5 mg L'1; LaB, 7 mg L"%; LaD,
10mg L%; Lal, 1 mg L; and LaJ, 3.3 mg L1,

The structures of the two new landomycins (Lal and LaJ) were identified by using a
combination of the NMR spectra, the UV- and MS data. NMR spectra were acquired on a
Varian Inova 400 instrument at a magnetic field strength of By 9.4 T. For detailed data see
Tables 1 and 2, chemical shifts are reported in ppm relative to internal TMS as standard.
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The chemical structures of landomycins A, B, J, E, I, and D (1-6), and landomycinone (7).
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Figure 1.
A) HPLC analysis of the crude extract of the S. cyanogenus (lanGT3) mutant strain, in which
the glycosyltransferase LanGT3 was over-expressed, in comparison with B) the crude extract
of the wild-type strain S. cyanogenus; the detection wavelength was 254 nm. Solvent A: 0.1%
formic acid in H,0, solvent B: acetonitrile; flow rate: 0.5 mL min; 0-16 min, 75% A and
25% B to 30% A and 70% B (linear gradient), 16-18 min 30% A and 70% B to 0% A and
100% B (linear gradient), 18—-22 min 0% A and 100%, 22-25 min 0% A and 100% to 75% A
and 25% B (linear gradient), 25-35 min 75% A and 25% B.
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14 NMR signals of landomycins | (5)f] and J (3)-? The couplings between some protons could be clearly

observed by gCOSY,[9] and other couplings could be observed by NOESY.["

Proton  Lal (5) Multiplicity JinHz) LaJ(3) Multiplicity (Jin Hz)
1-OH 9.63 brs 8.67 brs

2-H 6.56 brs 6.68 brs

3-CH, 225 s 229 s

4-H 6.63 brs 6.73 brs

5-H, 271 dd(15,4.5) 2.88  dd(15,4.5)
5-Hp 2.87  dd(15,5) 304  dd(15,5)

6-H 496  dd(5,4.5) 514  dd (5, 45)

9-H 749  d(9.6) 760  d(9.2)

10-H 730 d(9.6) 727 d(9.2)

11-OH 11.69  brs 12.10  brs

1A-H 520  dd, (9.6, 1.6) 524 dd, (9.6, 2)
2A-H, 1.66  ddd (12, 12, 9.6) 1.78  ddd (12, 12, 9.6)
2A-H, 230 ddd (12, 4.8, 1.6) 260  ddd (12,5, 2)
3A-H 345  ddd (12, 8.5, 4.8) 368lc] ddd (12, 8.8, 5)
4A-H 2.83  dd(85,85) 310lel  dd(8.8,8.8)
5A-H 330 dq(85,6) 3.47[d]1 dq(8.8,6)
5A-CH; 117  d(6) 127 d(6)

1B-H 472 dd (10, 2)
2B-H, 148  ddd (12, 12, 10)
2B-H, 215  ddd (12,5, 2)
3B-H 344  ddd (12,8.8,5)
4B-H 30gle] dd(88,8)
5B-H 3.4g[d] dq (8, 6)
5B-CHj 131 d(6)

1C-H 4.94 brs

2C-H, 141 m

2C-H. 198l m

3C-H, 1951 m

3C-H, 2.01 m

4C-H 3.54 brs

5C-H 4.19 dq (6.4, 2)
5C-CH3 111 d(6.4)

1D-H 459  dd(10,2)
2D-H, 151 ddd (12, 12, 10)
2D-H, 237  ddd (12,5, 2)
3D-H 364[c] ddd (12,838, 5)
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Proton  Lal (5) Multiplicity (JinHz) LaJ(3)

Multiplicity (J in Hz)

4D-H 2.99
5D-H 3.21
5D-CH 1.22

dd (8.8, 8)
dq (8, 6)
d (6)

(31| andomycin I: [Dg]DMSO, 400 MHz

[b]landomycin J: [DgJacetone, 400 MHz.
[c]

[d]

These signals overlapped with each other.

These signals overlapped with each other.

[e]
[f

These signals overlapped with each other.

These signals overlapped with each other.

Page 11

[g](lA—H, 2A-Hg); (1B-H, 2B-Hg); (1C-H, 2C-Hg); (1 D-H, 2D-Hg); (5H, 6-H); (SHB, 6-H); (3A-H, 4A-H); (3A-H, 2A-Hg); (3B-H, 2B-Hg); (1B-

H, 2B-Hg); (3C-He, 4C-H); (1D-H, 2D-Hg); (3D-H, 2D-Hg); (5A-H, 5A-CH3); (5B-H, 5B-CH3); (5C-H, 5C-CH3); (5D-H, 5D-CH3).

I (4 1, 5-Hqy: (3A-H, 1B-H); (1C-H, 38-H).
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Table 3

Cytotoxicity assayslal of landomycins with variable saccharide chain lengths.

Cytotoxicity Glgg [um]
Landomycins (No. of sugars)
NCI-H460 MCF7  LL/2

landomycinone 7 (0) 5.9+1.3 29+16 2.9+0.7
landomycin 15 (1) 13.9+8.5 3.7£0.8 3.5+0.9
landomycin D 6 (2) 11.5+4.6  4.2+1.0 2.1+0.2
landomycin E 4 (3) 5.4+15 13.0¢58 0.7+0.1
landomycin J 3 (4) 10.2+2.7 45+2.2 1.4+0.6
landomycin B 2 (5) 6.6+3.4  2.1+0.2 1.5+0.3
landomycin A 1 (6) 2.1+1.0 1.8+0.8 0.7+0.6
[a]

Sulforhodamine B assay:[20,22] the numbers represent the mean of three assays+standard deviation.
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