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Inactivation of the Ketoreductase gilU Gene of the
Gilvocarcin Biosynthetic Gene Cluster Yields New
Analogues with Partly Improved Biological Activity

Tao Liu,”” Madan K. Kharel,” Lili Zhu,” Samuel A. Bright,”) Cynthia Mattingly,”™

Val R. Adams,™ and Jiirgen Rohr*®

Four new analogues of the gilvocarcin-type aryl-C-glycoside anti-
tumor compounds, namely 4'-hydroxy gilvocarcin V (4-OH-GV),
4'-hydroxy gilvocarcin M, 4'-hydroxy gilvocarcin E and 12-de-
methyl-defucogilvocarcin V, were produced through inactivation
of the gilU gene. The 4'-OH-analogues showed improved activity
against lung cancer cell lines as compared to their parent com-
pounds without 4-OH group (gilvocarcins V and E). The struc-
tures of the sugar-containing new mutant products indicate that

Introduction

Gilvocarcin V (GV, 1), the principal product of Streptomyces gri-
seoflavus GO 3592 and other Streptomyces spp., is the most
prominent member of a distinct class of antitumor antibiotics
that share a common coumarin-based benzo[dlnaphtho[1,2-
blpyran-6-one moiety. This group is often referred to as the gil-
vocarcin-type anticancer drugs."™ Natural variants within this
group are restricted to two regions of the molecule. One varia-
tion found is the nature and position of the sugar moiety,
which in most cases is C-glycosidically attached to the 4-posi-
tion, with the exception of BE-12406 A and B; these contain an
O-glycosidically linked L-rhamnose at the 12-position.*® The
other, more restricted variation lies in the side chain at the 8-
position, which can consist of a vinyl, ethyl or methyl group.
Often, mixtures of compounds in a particular producer strain
were found to differ only in this 8-side chain. The vinyl-deriva-
tive is the predominant analogue, and the sugar moieties are
unique for each producing organism."™ GV is one of the
strongest antitumor compounds among these anticancer
drugs, however, the exact molecular mechanisms of its anti-
cancer activity remain obscure. The most likely mechanism of
action is a photoactivated [2+2]cycloaddition of its vinyl side
chain with thymine residues of the DNA caused by near-UV or
visible blue light, which results in single strand scissions, and
covalent binding to DNA."""" |n addition, GV mediates selec-
tive crosslinking between DNA and histone H3, a core compo-
nent of the histone complex" that plays an important role in
DNA replication and transcription. This crosslinking is believed
to contribute significantly to GV's unique mechanism of action,
as GV shows a stronger antitumor activity compared to other
vinyl side chain containing members of the gilvocarcin-type
group of antibiotics.>'® A problem associated with the gilvo-
carcin-type drugs is their poor solubility. The drugs are practi-
cally insoluble in water and all organic solvents except DMSO.
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the enzyme GilU acts as an unusual ketoreductase involved in
the biosynthesis of the C-glycosidically linked deoxysugar moiety
of the gilvocarcins. The structures of the new gilvocarcins indi-
cate substrate flexibility of the post-polyketide synthase modify-
ing enzymes, particularly the C-glycosyltransferase and the
enzyme responsible for the sugar ring contraction. The results
also shed light into biosynthetic sequence of events in the late
steps of biosynthetic pathway of gilvocarcin V.

Since the vinyl side chain is responsible for DNA-binding, one
can assume that the other side of the GV molecule plays a
major role in binding to histone H3, particularly the unique C-
glycosidically linked p-fucofuranose moiety, which contains all
chiral elements of the molecule. Thus, modification of the
sugar moiety might improve the activity of the drugs and also
lead to an analogue with improved solubility. In order to ma-
nipulate this sugar moiety it was necessary to identify and
characterize its encoding genes.

The vast majority of deoxysugars found in polyketide pro-
ducers are pyranoses, while five-membered furanoses are rare.
The gene cluster encoding the biosynthesis of gilvocarcin V
(Figure 1) contains only a few genes that could be safely as-
signed from alignment studies to encode enzymes responsible
for the formation of the p-fucofuranose moiety of GV."

Two of these crucial genes, gilD and gilE, encode nucleosyl-
diphosphate (NDP) glucose synthase and 4,6-dehydratase, re-
spectively, two key enzymes found in the biosynthesis of all 6-
deoxysugars. These two enzymatic steps lead to the formation
of the biosynthetic key intermediate NDP-4-keto-6-deoxy-D-
glucose through NDP-activated bp-glucose. The next logical
step would be a ketoreduction, which establishes the axial 4-
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Figure 1. The gil gene cluster, with white-depicted genes involved in regulation or en-
coding enzymes of unknown function, black genes responsible for the assembly of the
polyketide backbone, and gray genes encoding enzymes that catalyze post-PKS-tailoring

steps (oxidations, reductions, deoxysugar biosynthesis, glycosyltransfer).

OH group, before a rearrangement of the resulting pyranose
to the furanose finishes the preparation of the NDP-p-fuco-
furanose donor substrate of the glycosyltransferase GilGT
(Scheme 1). The products of three genes of the gil gene cluster
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Scheme 1. Proposed pathway for the NDP-sugar donor substrate of glycosyl-
transferase GilGT.

were possibly responsible for this crucial 4-ketoreduction step,
although none of the corresponding genes showed significant
similarity with typical 4-ketoreductase encoding genes found
in deoxysugar pathways. These genes are: 1) gilR, apparently
an oxidoreductase encoding gene located far upstream of the
PKS (polyketide synthase) genes between gilM and gilOll,
2) gilH, a reductase gene found immediately downstream of
gilE and gilD, and 3) gilU located at the end of the gil cluster. A
recent inactivation experiment that affected gilR showed that
its product, GilR, is involved in the establishment of the lac-
tone moiety of GV, particularly the oxidation of pregilvocar-
cin V into GV, which is the last step in GV biosynthesis."” The
gilU gene appeared to code for an epimerase or dehydratase,
which also might function as a ketoreductase or contribute in
some way to the 4-ketoreduction and be involved in sugar bio-
synthesis (see below). gilH seemed to encode a NADPH-depen-
dent reductase.” To investigate which of these two genes is in-
volved in the biosynthesis of GV’s sugar moiety and to possibly
generate new gilvocarcins with altered sugar moieties, gilH
and gilU were inactivated.

Results and Discussion
Deletion of gilH and gilU

The deduced amino acid sequence of gilH has no similarity
with 4-ketoreductases typically found for deoxyhexose biosyn-
theses. However, GilH showed high identity (similarity) with
NADH:FMN reductases, specifically with JadY (64 % amino acid

ChemBioChem 2009, 10, 278 - 286

1kb es from Sorangium cellulosum (55% aa identity, 72%

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

D (aa) identity, 74% similarity; accession number
AAL82807) from the jadomycin pathway from Strep-
tomyces venezuelae,"®*” and with putative reductas-

similarity; accession number YP_001612518) as well
as from Streptomyces coelicolor A3(2) (57 % aa-identi-
ty, 68% similarity; accession number NP_630351). A
specific function has not been assigned yet for any
of these enzymes. Experiments with overexpressed,
purified and Hiss-tagged GilH showed that it contained non-
covalently bound FAD. Deletion of the gilH gene in cosmid
cosG9B3 (containing the apramycin (Apr)-resistance cassette
and the entire gilvocarcin V gene cluster)® was achieved using
the PCR-targeting REDIRECT method,?'** which we previously
used successfully for inactivation of various gil genes,!'”>**! as
well as for the inactivation of gilU (see below). However, the re-
sulting mutant strain S. lividans TK24 (cosG9B3-H™) showed the
same production pattern as the gilvocarcin producer S. lividans
(cosG9B3). Thus the inactivation of gilH had no effect on the
gilvocarcin biosynthesis. Overall, the experiments clearly refut-
ed the involvement of GilH in the biosynthesis of the gilvocar-
cin deoxyfucose moiety, which suggests that GilH may be an
NADH:FAD reductase in GV pathway, which provides reduced
cofactors for the oxygenases GilOl and GilOIV."”* Similarly, the
deduced amino acid sequence of gilU has also no similarity to
4-ketoreductases typically found in gene clusters encoding de-
oxysugar biosyntheses. However, it shows some resemblance
to (putative) NDP-sugar epimerases (36% aa identity with
WcqgD of Clavibacter michiganensis subsp. michiganensis NCPPB
382, gene bank accession number NC009480.1, 31 % aa identi-
ty with TM0509 from Thermotoga maritima, gene bank acces-
sion number AAD35594,%%?7) 289% aa-identity with a putative
NDP-sugar epimerase of Saccharopolyspora erythraea NRRL
2338, gene bank accession number NC009142.1) as well as to
NDP-glucose-4,6-dehydratases (e.g., 28% aa-identity with Spcl
from S. netropsis; gene bank accession number U70376). Both
types of enzymes belong to the family of NAD*-dependent
epimerases/dehydratases, which are also related to the short
chain dehydrogenase/reductase (SDR) superfamily.?#?* Mem-
bers of this family have a common NAD"-binding domain in
the terminal part of the protein and two highly conserved ty-
rosine and lysine residues. These two amino acids are essential
for the catalytic activity of SDR enzymes. Epimerases and dehy-
dratases create similar reaction products, although their mech-
anisms are quite different. Assuming that the substrate is NDP-
4-keto-6-deoxyglucose (Scheme 2), one would expect either
NDP-3,4-diketo-6-deoxyglucose or NDP-3,4-diketo-2,6-dideoxy-
glucose as the initial products of GilU, depending on whether
GilU acts as an epimerase or as a dehydratase (i.e., follows
path A or B in Scheme 2).

However, both reaction sequences end up with wrong prod-
ucts, namely in the first case an NDP-keto-6-deoxysugar, and in
the second case an NDP-keto-2,6-dideoxysugar. Also, in the re-
action sequence shown in Scheme 2, path B (dehydration fol-
lowed by ketoreduction), is usually catalyzed by two enzymes,
for example, GraOrf27 and GraOrf26 or their analogues.®” As a
simple alternative, GilU just might be a truncated enzyme that
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Scheme 2. Expected deoxysugar pathway if GilU would act A) as an epimerase or B) as a dehydratase/4-ketoreductase. The gray labeled products would be
expected to become the sugar donor substrates of the gil pathway, which is not the case.

catalyzes only the second, namely the ketoreduction step of
the reactions shown in Scheme 2, and might act directly on
NDP-4-keto-6-deoxyglucose as 4-ketoreductase.

To narrow down the alternatives discussed above, GilU was
inactivated through gene deletion. The inactivation of gilU in
cosG9B3 was modified using the PCR-targeting method men-
tioned above.""?22#2) The coding sequence of GilU was re-
placed by the chloramphenicol (CHL) resistance cassette
through double crossover. In the following FLP-mediated exci-
sion of the CHL resistance cassette, mutants were selected for
Apr-resistance and CHL-sensitivity (Figure 2). The cultures of
one of these mutants, S.lividans TK24 (cosG9B3-U), showed
no production of gilvocarcins V and M. Instead, various other
compounds accumulated in the strain. Since gilU is located at
the end of the gil gene cluster, a polar effect on downstream
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Figure 2. Application of the Redirect PCR targeting system in CosG9B3 for
the inactivation of gilU. FRT: FLP (flippase) recognition target; CHL: chloram-
phenicol resistance gene; primer 1: gilU_FRT_rev; primer 2: gilU_FRT_forw.
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genes, as was found after gilGT inactivation,?” was not possi-
ble.

Isolation and structure elucidation of the products accumu-
lated by the GilU-minus mutant S. lividans TK24 (cos9B3-U")

The compounds were purified by preparative HPLC, and their
structures were determined by NMR and mass spectroscopy.
The GilU-minus mutant S. lividans TK24 (cosG9B3-U~) accumu-
lates one major product, defucogilvocarcinV (7, 10 mgL™),
and six minor compounds, 4’-hydroxygilvocarcinV (4,
0.5 mgL™"), 4-hydroxygilvocarcin E (5, 0.2 mgL™"), 4-hydroxy-
gilvocarcin M (6, 0.2 mgL™"), 12-demethyl-defucogilvocarcin V
(8, 0.2mgL™"), and homorabelomycin (9, 0.5mgL™"). The
known compounds 7 and 9 were identified through HPLC-MS,
and from their "H NMR and UV spectra.?3"

Compound 4 exhibits all of the typical NMR signals of the
gilvocarcin V-chromophore,®? but differs in its sugar moiety.
The positive FAB mass spectrum shows a molecular ion at m/z
510.0 [533.1 [M+Na]*], which corresponds to a mass differ-
ence of +16 amu compared to gilvocarcin V¥ and thus sup-
ports a structure with one more oxygen atom (that is, an addi-
tional OH group in the sugar moiety). This additional OH
group in the sugar moiety was also evident after D,0 ex-
change in the 'H NMR spectrum. Three of the OH groups of
the sugar residue appear as a doublet (they show H/OH cou-
pling with a geminal H-atom, and are thus secondary alcohol
functions) while the forth appears as a singlet. The former
were assigned to the hydroxy groups in the 2'-, 3'- and 5’-posi-
tions, respectively, while the singlet with a chemical shift of
0=5.24 Hz must be derived from a 4'-OH. Other assignments
are not possible, because one would expect 2 OH-singlets, if
the additional OH group were located in 2'-, 3'- or 5'-position.
In addition, the 4-H signal found in the "H NMR spectrum of
GV (1) was missing here. All H,H-coupling constants of the
sugar moiety are in a 5-7 Hz range, which is typical for a five-
membered ring. In conclusion, the sugar moiety of compound
4 was identified as 4-hydroxy-fucofuranose, and structure 4 as
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1: Gilvocarcin V, R = —CH=CH,
2: Gilvocarcin E, R= —CH,-CHj
3: Gilvocarcin M, R= —CH,

4 R= —CH=CH,
5:R= —CH,~CH,
6:R= —CHs

4’-hydroxy-gilvocarcin V. This structure is also strongly support-
ed by additional NMR data (see Table 3), which reveal a quater-
nary carbon in the *C NMR spectrum (5. 102.2 s, typical for a
hemiketal). This hemiketal carbon also shows a strong °J
coupling with 6'-CH; of the sugar in the HMBC spectrum. The
observation of a strong NOE coupling between 4'-OH and the
3’-OH group also proves the shown absolute configuration of
the 4-hydroxy-fucofuranose moiety.

Compound 5 differs from compound 4 only in that it is miss-
ing the 8-vinyl group. Instead, a saturated 8-ethyl residue can
be observed in the 'H NMR spectrum as known from gilvocar-
cnE (2) ™ at $=2.82 (g, J=8Hz), 1.29 (t, J=8 Hz, Table 4).
The chemical shifts and coupling constants of all other '"H NMR
signals are almost identical with those of compound 4. Thus,
compound 5 was identified as 4'-hydroxy-gilvocarcin E. The
structure is also supported by its UV spectrum which resem-
bles that of gilvocarcins M and E rather than that of gilvocar-
cin VB and the FAB mass spectrum, which shows a molecular
ion peak at m/z 512.2.

Compound 6 exhibits the typical gilvocarcin M type UV
spectrum.?? Also the 'H NMR data (Table 4) and molecular ion
peak at m/z 499.0 in the positive-mode APCI-MS spectrum sug-
gest a gilvocarcin M skeleton chromophore®? with the same
4'-OH fucofuranose moiety as found in compounds 4 and 5.
Thus, compound 6 was identified as 4'-hydroxy-gilvocarcin M.

The structure of compound 8 was deduced from its mass
spectral and 'H NMR data (Table 4). The deprotonated molecu-
lar ion peak at m/z 332.9 in the negative-mode APCI-MS spec-
trum indicates a molecular weight (M,,=334) 14 amu smaller
than defucogilvocarcin V (7)**! and thus indicates a structure
with one of the methyl groups missing. The '"H NMR data of 8
resembles those of 7 except for the disappearance of one O-
methyl group. The upfield-shifted 2-H (6=0.13) and 11-H (6 =
0.17) suggests that the 12-O-methyl group is missing. Thus,
the structure of compound 8 was deduced as 12-demethyl-
defucogilvocarcin V.

The new compounds 4, 5 and 6 bear an extra OH group in
4'-position, which indicate that a hydrated 4-keto-intermediate
plays a role in the biosynthesis
of these three mutant products.

Table 1. Anticancer activity assays® of gilvocarcins.

This is proof that the enzyme
GilU, which was deleted in this

Gilvocarcins Anticancer activity (% T/C at 100 pm)® . .
HA460 MCE-7 L2 mutant, is responsible for the 4-
ketoreduction step. In absence
Gilvocarcin V (1) 5.54+0.3 45+1.0 1.4+04 f Gilu hvdrate is f d that
4-OH-Gilvocarcin V (4) 26+05 70+25 14405 or Gt a hydrate Is tormed tha
Gilvocarcin E (2) 345+85 47.7+1.1 304+6.9 also can undergo rearrangement
4'-OH-Gilvocarcin E (5) 8.0+1.6 15.1+£5.4 16.6+£3.5 into the five-membered fura-

cording to NCI standards.”*¥

[a] Sulforhodamine B assay,[‘""'g] the numbers represent the mean of 3 assays. [b] % T/C indicates the percent-
age of surviving treated cancer cells over untreated control cells, % T/C <32 at 100 um is considered active ac-

nose form (Scheme 1). Thus, it
must be assumed that an NDP-
p-fucopyranose is an intermedi-

ate for the biosynthesis of the
p-p-fucofuranose moiety of GV

Name of primer Oligonucleotide sequence

Table 2. Oligonucleotide primers used in inactivation and expression experiments.

(1, Scheme 1). A subsequent
Sn2-reaction, catalyzed by a not
yet identified enzyme, in which

4-O replaces 5-O as the ring

oxygen, would give rise to the

five-membered furanose ring.
The resulting stereochemistry in

the 4-position is in agreement

GilU_FRT_forw 5'-GAGGCACTCCTGTCGTCGAGAGAGCACGGCCCCACGGTGATTCCGGGGATCCGTCGACC-3'
GilU_FRT_rev 5'-TGATGTGCGGCCTGGGTCTTTTGTCGTTCGTGTGGCTCATGTAGGCTGGAGCTGCTTC-3'
GilOIV_Ctrl_forw 5'-CCGCGTTCTTCCGTATGC-3’

GilOIV_Ctrl_rev 5'-CTTAGCTCAGATGGCCAGAGC-3’

GilH_FRT_forw 5'-TTCGAGAGCTCGGTCCCTACCGAAGGAGCGAAACAGATGATTCCGGGGATCCGTCGACC-3'
GilH_FRT_rev 5'-ACGTTCACCAGGGGGTCCGGCGGGCGGACCGGTGCGTCATGTAGGCTGGAGCTGCTTC-3
GilH_Ctrl_forw 5'-CTCATAATCTGGCCGCTC-3’

GilH_Ctrl_rev 5-AACGTGCTGGTCACGGCCCTC-3’

GilH_ex_forw 5'-GAGCGGAATTCATGATCAGGATCGCCGTCATCCTC-3’

GilH_ex_rev 5'-CGGAAGCTTGTGCGTCACACCGACACGGCCCGGCC-3

with the observed stereochem-
istry for the f-p-fucofuranose
moiety in gilvocarcin V. Two ad-
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postulated reaction mechanism. First, gilvocarcin V has been
shown to undergo an acid-catalyzed rearrangement to a major
product with a B-p-fucopyranose sugar moiety and a minor
compound, which was identified as the a-b-fucopyranose
isomer of GV due to a partly occurring Sy1 reaction.® This
shows that the fucopyranose and fucofuranose ring structures
are inter-convertible, predominantly in an Sy2 fashion, even
without enzyme catalysis. Secondly, one can assume from the
close structural relationship between the gilvocarcins, ravido-
mycins, chrysomycins, and Mer compounds”®'%3*37 that all
these compounds evolved from a common ancestral origin
and share a common set of biosynthetic genes. While the Mer
sugar moiety” %3 is still in the unreduced state (4-keto group)
the ravidomycin”3**" and chrysomycin®** sugars are both
pyranoses with an axial 4-OH group. It is therefore likely that
all of these pathways inherited the same set of three basic de-
oxysugar enzymes, namely an NDP-p-glucose synthase and a
NDP-p-glucose-4,6-dehydratase (GilD and GilE in the gil path-
way), plus an unusual GilU-like 4-ketoreductase, which gener-
ates the axial 4-OH group of the NDP-fucopyranose intermedi-
ate of the gil pathway as well as the axial 4-OH residues in the
pyranose moieties of chrysomycin and ravidomycin, whose
pathways are currently under investigation in our lab.

The accumulation of defucogilvocarcin V as the major prod-
uct of the GilU™ mutant S. lividans TK24 (cosG9B3-U~) showed
that the biosynthesis of the p-fucofuranose moiety of the gil-
vocarcins was significantly disturbed by inactivation of GilU.
The fact that gilvocarcins with 4’-hydroxy-fucofuranose moiet-
ies emerged as minor products, shows that both the rear-
rangement enzyme as well as the glycosyltransferase GilGT,*”
have some relaxed substrate specificity. Obviously, the rear-
rangement to the furanose can only occur after hydration of
NDP-4-keto-6-deoxy-p-glucose, which presumably was accu-
mulated in the mutant upon inactivation of GilU. The hydrate
formation generates an axial OH group that can undergo the
Sy2-reaction discussed above. The resulting NDP-4-hydroxy-bp-
fucofuranose is stereoelectronically similar to the normal sub-
strate of GilGT, and can be attached by GilGT (Scheme 3). How-
ever, the low yield found for these 4’-hydroxy-gilvocarcin ana-
logues indicate that either the rearrangement enzyme or GilGT
or both have some problems with the NDP-4-hydroxy sugars.
Note that a hydrate form of 4-keto-p-olivose was also observed
upon inactivation of 4-ketoreductase in certain mithramycin

J. Rohr et al.

analogues."® p-rhodinose, which is normally not biosynthe-
sized, was also found in the new metabolite urdamycin M
upon inactivation of 4-ketoreductase gene urdR of the urda-
mycin gene cluster®® To the best of our knowledge, the 4-
hydroxy-p-fucofuranose is the first new five-membered ring
sugar moiety of a polyketide-glycoside generated by genetic
engineering. Since the additional 4-OH group in the furanose
moiety of 4 might enhance its hydrogen bonding with a cellu-
lar target (likely histone H3">'), an increased antitumor activi-
ty was possible. Compound 4 also shows improved solubility
compared to 1 and is slightly soluble in methanol, while 1 is
not.

Anticancer activity

Preliminary anticancer assays against a human breast (MCF-7),
a human lung (H460) and a murine lung cancer cell line (LL-2)
indicated that the 4'-hydroxygilvocarcins 4 and 5 have similar
(MCF-7, LL/2) to slightly better (H460) anticancer activity than
their parental analogues 1 and 2 (Table 1). As expected, the ac-
tivities of analogues 2 and 5, which lack the for the DNA bind-
ing essential vinyl residue, are much lower. Nevertheless, the
introduction of the 4'OH group changed a rather inactive drug
(2) into a moderately active one (5). Dose dependence curves
further support the advantage of the 40H group. For example,
Figure 3 shows the dose-dependent activity of 4’-hydroxy-gil-
vocarcinV (4, squares, solid line) against the human lung
cancer cell line H460 in comparison with gilvocarcin V (1, trian-
gles, dotted line) and gilvocarcin E (2, solid circles, semi-dotted
line).

The steeper decline of the 4-hydroxy-gilvocarcinV (4,
Figure 3) data line indicates a higher potency than gilvocar-
cin V (1). For instance, the Gls, of 4 is ~0.3 um versus ~0.75 um
for 1, or the total growth inhibition (TGI) in presence of 4
occurs already at concentrations of ~1.25 um, compared to a
TGl of >3.7 um for patented drug 1.

Conclusions

In conclusion, the work described here reveals that GilU is re-
sponsible for the 4-ketoreduction that occurs during the gen-
eration of the p-fucofuranose moiety of gilvocarcinV (GV, 1).
The experiment also proves indirectly that the unique p-fuco-
furanose is derived from p-fuco-
pyranose by ring contraction.

OH OH CH Five new compounds were gen-
GiD GIE O CH . CH Ring %, HO . .
o &b G 10 Gy 5 0O contraction erated as a result of the inacti-
HO X~ contraction_ o' . . i
Ho HO HO vation experiment, some with
HO HO HO O ONDP . . . -
op ONDP ONDP Ho !aartly |mprove.q biological activ
H H,0 ity and solubility compared to
o . Ho their parent drugs. The work
CH, corng o HC also sheds light into the late
O SOMraction. no . .
Hc|>_|o steps biosynthetic sequence of
O ‘onpP events of GV, and these results
HO HO HO © ’

ONDP

Scheme 3. Biosynthetic pathway of NDP-p-fucofuranose (upper path) and generation of 4'-hydroxy-p-fucofura-

nose upon inactivation of GilU via hydrate formation (lower branch).
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also provide important addi-
tional information regarding the
substrate specificity of several
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] - . . . - The more likely scenario is that

Table 3. 'H NMR (400 MHz) and °C NMR (100.6 MHz) data for 4'-hydroxy-gilvocarcin V (4) in [D]JDMSO (relative h . .
to internal TMS, J in Hz). the ring contracting enzyme

acts first, and GilGT transfers a
Position number ~ 'H 8 BCd HMBC correlation Ccosy NOESY furanose, either with or without
1-OH 9.67,S 153.2 1,2, 12a 4-hydroxy group. Otherwise
2 6.89, d (84) 127 1,4,12a 3 3 GilGT would need to transfer a
i 802, d 84 1;?; 1421 2 2 4-keto sugar, a flexibility rarely
4a 1247 observed among GTs of secon-
4b 143.1 dary metabolism.**?  Further
6 1604 investigation of GilGT and the
6a 123.7 . .

ring contracting enzyme, once
7 7.96 d, (1.6) 119.8 6,9, 10a, 13 rng « 'ng enzym \
8 1392 identified, will solve this ambi-
13-H 6.92,dd (17.6,11.2) 1359 7 14-He, 14Hz  14-He, 14 Hz guity. Such a ring contracting
14-He 6.11,d (17.6) 117.9 8 13-H 13-H, 14 Hz enzyme cou'd be usefu| in gen-
14 Hz 546,d (11.2) 8 13H 13-H, 14-He erating new furanose moieties
9 7.71,d (1.6) 115.0 710, 10a, 13 from other pyranose moieties
10 158.1 with axial 4-OH groups, like
10-0CH; 4.14, s 57.5 10 those found in chrysomycin and
10a 123.1 . .

ravidomycin.
10b 1135 avidomyc , .
n 844, s 1022 4b, 10a, 10b, 123, 12b The fact that 4'-hydroxy-gilvo-
12 152.5 carcin M (6) was also isolated is
12-OCH, 4.08,s 57.0 12 not surprising, since S. lividans
12a 115.6 -

TK24 G9B r ignif-
1 6.30, d (6.4) 79.1 3 2 2 . (cosG9B3) p od.uces 59
2 4,81, dd (6.4, 6.4) 78.1 3 1,3 2-OH Icant amounts Of gllVOCarC|n M
2'-OH 450, d (6.4)* 3 2 (3) besides its principal product
¥ 3.87,1(64) 77.56 2 2/, 3-OH 3-OH gilvocarcin V (1). However, the
3-OH 490, d (6.4)* 3 3 . . o
4-OH 523, s* 102.2 3,4 3'-OH, 5-OH accum.ulatlon 9f #-hydroxy-gil
5 3.68, dq (6.4, 5.6) 69.0 6-CH, 6-CH, vocarcin E (5) is somewhat sur-
5'-OH 4.85, d (5.6)* 5 5 prising, since S.lividans TK24
6-CH, 1.22,d (64) 17.8 4,5 5 5 (cosG9B3) does not produce
* Signals exchangeable with D,0. noticeable amounts of gilvocar-
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Figure 3. Concentration-dependent activity of 4'-hydroxy-gilvocarcin V (m) in
comparison with gilvocarcins V (2) and E (o).

post-PKS enzymes involved in biosynthesis of GV. For instance,
the experiments described here reflect the flexibility of glyco-
syltransferase GilGT and of the enzyme responsible for the
intriguing sugar ring contraction to form the unique structure
of p-fucofuranose. However, it is still unclear whether GilGT?*
attaches p-fucopyranose or p-fucofuranose to the polyketide-
derived core of the gilvocarcin aglycon, and whether the ring
contraction occurs after or before the glycosyl transfer step.

ChemBioChem 2009, 10, 278 - 286

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

cin E (2). The production of 5 by
S. lividans TK24 (cosG9B3-U")
might indicate feedback inhibi-
tion of GilOlIL?Y the enzyme responsible for the vinyl group
formation earlier in the biosynthesis, which might be inhibited
by the accumulated defucogilvocarcin V (7). Also compound 9
is a shunt product, which might be caused by a feedback
effect, as we reported previously.””

From the presence of defucogilvocarcinV (7) it might be
concluded that C-glycosylation is the last step in the biosyn-
thesis of GV (1). However, glycosylation could also occur earlier
in the biosynthesis, for example, before the O-methylation
steps, the vinyl group and/or the lactone formation."” The ac-
cumulation of 7 may just reflect a certain degree of substrate
flexibility of the enzymes governing O-methyltransfer, and
vinyl and lactone formation, insofar as these enzymes may be
able to recognize substrates missing the sugar moiety. Past
biosynthetic studies revealed that the C-glycosylation occurs
later than the oxidative 5,6-C/C-bond cleavage of the proposed
intermediate homo-2,3-dehydro-UWM 6, which is a key step
for the formation of the unique chromophore of the gilvocar-
cins."*) The accumulation of 12-demethyl-defucogilvocarcin V
(8) indicates that the vinyl group formation occurred earlier
than at least one of the O-methylation steps in the biosynthe-
sis of 1.
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Experlmental Section Table 4. 'H NMR (400 MHz) data for 4’-hydroxy-gilvocarcin E (5), 4-hydroxy-gilvocarcin M (6), 12-demethyl-de-
Bacterial strains, cosmids and fucogilvocarcin V (8) and defucogilvocarcin V (7, for comparison) in [Dg]DMSO (relative to internal TMS, J in Hz).
culture . conditions: . Cosmid Position Multiplicity
cosG9B3 is pOJ446-derived and 5 6 8 7
contains the entire gilvocarcin
gene cluster.® 1-OH 9.70, s 9.70, s ** 9.54, s
2 6.91,d (8) 6.90, d (8) 6.80, dd (7.5, 1) 6.98, dd (8.4, 1.2)
Streptomyces lividans TK24 was 3 8.04,d (8) 8.04,d (8) 744, (7.5) 7.53,t(84)
routinely cultured on M2 agar |4 7.83,dd (7.5, 1) 7.90, dd (84, 1.2)
plates containing agar (1.5%), glu- 7 7.80, d (1.6) 7.79, brs 8.0,d (1.2) 8.02, d (1.5)
yeast extract (0.4%) an.d CaCo, " ? 849, s 848 s 823 s 840, s
(0.1%) up to sporulation, and 12-OH .
spores were stocked in glycerol 12-OCH,4 412,s 412, s 41,s
(20%) and used for conjugation. 13-H 2.82,q (8) 25, s* 6.92, dd (11.4, 17.4) 6.93, dd (11.4, 17.4)
YT broth (2x), containing tryptone 14-H 1.29, t (8) He 6.13, d (17.4) He 6.15, d (17.4)
(1.6%), yeast extract (1%) and Hz 5.48,d (11.4) Hz 5.50, d (11.4)
sodium chloride (0.5%), pH 7.0, v 6.34,d (6.8) 6.33,d (6.4) - -
was used during conjugation. 2 4.85,dd (6.8, 6.8) 4.84,dd (6.8, 6.4) - -
2'-OH 4.51,d (6.8) 4.50, d (6.8) - -

Escherichia coli XL1 Blue MRF 3 3.92,1(6.8) 3.92,t (6.8) - -
(Stratagene) was used for propa- 3'-OH 491,d (6.8) 4.92,d (6.8) - -
gation of plasmids, cosmids and | 4-OH 5.25,s 5.24,s - -
grown in liquid at 220 rpm or on 5 3.72,dq (64, 5.2) 3.72,dq (6.4, 5.2) - -
solid Luria-Bertani medium con- >-OH 487,d (52) 4.86,d (52) N N

. 6'-CH, 1.24,d (6.4) 1.25,d (6.4) - -
taining tryptone (1%), yeast ex-
tract (0.5 %), sodium chloride (1 %), * Signal obscured by solvent; ** not observed signals because of overlap with H,O.

agar (1.5%), pH 7.0, at 37°C.

The REDIRECT® technology kit con-

taining E. coli ET12567, E. coli ET12567/pUZ8002, E.coli BW25113,
pKD20, plJ790 and pCP20 was a gift from Plant Bioscience Ltd.
(Norwich, United Kingdom).

Apramycin (50 pgmL™"), chloramphenicol (25 ugmL™"), nalidixic
acid (25 ugmL™"), carbenicillin (100 uggmL™") and kanamycin
(50 pgmL~") were used for selection of recombinant strains.

DNA isolation, manipulation and cloning: Standard procedures
for DNA isolation and manipulation were performed according to
Sambrook and Russel®® and Kieser et al.*¥ Isolation of DNA frag-
ments from agarose gels and purification of PCR products was car-
ried out using the QIA quick® Gel Extraction kit (Qiagen, California,
USA) following the manufacturer’s instructions. Isolation of the
mutated derivatives of cosmidG9B3 was carried out using ion ex-
change columns (Nucleobond AX kits, Macherey-Nagel, PA, USA)
according to the manufacturer’s protocol.

Inactivation of gilU and gilH: The disruption gene cassette was
amplified using formerly generated CHL gene cassette combined
with primer pair GilU_FRT_for and GilU_FRT_rev (Table 2). Under-
lined letters represent 39 nt homologous extensions to the DNA
regions immediately upstream and downstream of gilU, respective-
ly, including the putative start and stop codons of gilU. The cas-
sette was introduced into E. coli BW25113/pKD20, containing
cosmid G9B3 (Apr-resistant), which included the entire biosynthetic
gene cluster of gilvocarcin V. The disrupted cosmid (G9B3) contain-
ing the chloramphenicol resistance cassette was introduced into
E. coli XL-Blue MRF'/pcp20 encoding the FLP recombinase to
remove the central part of disruption cassette. Apr-resistant, chlor-
amphenicol-sensitive colonies were identified by replica plating
and verified by PCR analysis using a pair of primers GilU_Ctrl_forw
and GilU_Ctrl_rev (Table 2). While the original gilU PCR products
from cosG9B3 showed products of 1136 bp, respectively, the
mutant with the chloramphenicol resistance gene gave PCR prod-
ucts of 1095 bp. After FLP-mediated excision of the disruption cas-
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sette, PCR products of 275 bp were obtained (Figure 2). The mutat-
ed cosG9B3 was introduced into Streptomyces lividans TK24 by
conjugation from E. coli ET12567 carrying the non-self transmissible
helper plasmid pUZ8002 as described by Kieser et al.*¥ An identi-
cal protocol was followed to inactivate the gilH gene in cosG9B3
using GilH_FRT_for, GilH_FRT_rev, GilH_Ctrl_forw, and GilH_Ctrl_rev
primers (Table 2).

Heterologous production and co-factor analysis of GilH: A pair
of primers (GilH_ex_for and GilH_ex_rev, Table 2) was used to am-
plify gilH from cosG9B3 using pfu-polymerase (Stratagene) and the
product was cloned into PCR™-Blunt II-TOPO® vector. The positive
clone was sequenced to confirm that no mutation had been intro-
duced during gene amplification. The gilH fragments excised from
the TOPO construct with EcoRl and Hindlll were cloned at the iden-
tical sites of pRSETB vector (Invitrogen) to generate an expression
construct pGilH. The plasmid was transformed into E. coli BL21-
(DE3). The seed culture (10 mL) of a colony was inoculated into 1L
of LB medium supplemented with ampicillin (100 ugmL™"). The
culture was grown at 37°C until ODgy, reached to 0.6. IPTG
(0.1 mm final concentration) was added to the culture, and the fer-
mentation was continued for 8 h at 23°C. The pellets were collect-
ed through centrifugation (6000g, 10 min), washed with 50 mm
potassium phosphate buffer (pH. 7.6) and disrupted by ultrasonica-
tion. The crude GilH fraction that was obtained through centrifuga-
tion (12000g, 20 min) was purified through immobilized metal
affinity chromatography (IMAC). The concentration of the enzyme
was determined to be 4 mgmL~' following the Bradford protein
assay method. 4 mg (1 mL) of GilH was boiled for 5 min and the
denatured protein was removed by centrifugation (10000g,
10 min). The supernatant was taken for HPLC and UV-spectral anal-
yses. Aqueous solutions (1 mL, 0.5 mm) of standard FAD, FMN and
NAD" were taken as positive controls, and 50 mm phosphate
buffer supplemented with 150 mm imidazole was used as a nega-
tive control.
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Biological Activity of Gilvocarcin Analogues

Analysis, isolation and characterization of products accumulated
by S. lividans TK24 (cosG9B3-U"): S. lividans TK24 (cosG9B3-U")
was cultured in SG medium (glucose (20gL™"), soy peptone
(10gL™), CaC0s,(2gL™), and CoCly,(1 mgL™") at pH7.2 prior to
sterilization) supplemented with Apr. This pre-culture was grown
for 1day at 30°C and 220 rpm, and was subsequently used to
inoculate the main culture of the same composition, which was
harvested after 4 days of shaking as above. The culture broth was
extracted three times with equal volumes of ethyl acetate. Extracts
were dried in vacuo, dissolved in methanol and examined by
HPLC-MS.

Purification was achieved by semi-preparative HPLC. HPLC/MS was
performed on a Waters Alliance 2695 system with Waters 2996
photodiode array detector and a Micromass ZQ 2000 mass spec-
trometer equipped with an APCI ionization probe (solvent A=
0.1% formic acid in H,O; solvent B=acetonitrile; flow rate=
0.5mLmin™"; 0-6 min 75% A and 25% B to 100% B [linear gradi-
ent], 7.5-10 min 75% A and 25% B). Semi-preparative HPLC was
run on a Waters Delta 600 instrument with a Waters 996 photo-
diode array detector (Solvent A=H,0O; solvent B=acetonitrile; 0-
2 min 100% A and 0% B, 2-4 min 100% A to 60% A and 40% B[
linear gradient], 4-30 min 60% A and 40% B to 45% A and 55% B
[linear gradient], 30-32 min 45% A and 55% B to 100% B [linear
gradient]. 32-36 min 100% B, 36-38 min 100% A [linear gradient],
38-52 min 100% A. The columns used for HPLC were Waters Sym-
metry Cyg, 4.6X50 mm, particle size 5 um (HPLC/MS), and Waters
Symmetry PrepTM C,g 19% 150 mm, particle size 5 um (semi-prep
HPLC).

Physicochemical data of new compounds: The structures of the
new metabolites 4’-hydroxy-gilvocarcins V, E and M (4-6) and of
12-demethyl-defucogilvocarcin V (8) were identified by using spec-
troscopic methods, through 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 B, 9.4 T. For
the NMR data see Tables 3 and 4. Chemical shifts are reported in
ppm relative to internal TMS.

4'-Hydroxy-gilvocarcin V' (4): 'H NMR (400 MHz, [D¢]DMSO): see
Table 3; *C NMR (100.6 MHz, [D;]DMSO): see Table 3; UV 4,,,, (from
HPLC-diode array) 249 (98 %), 288 (100%), 397 (36 %); HR-FAB (m/z
533.1409; calcd. for C,,H,,0,0Na: 533.1424).

4'-Hydroxy-gilvocarcin E (5): 'HNMR (400 MHz, [DgDMSO): see
Table 4; UV A, (from HPLC-diode array) 245 (100%), 276 (70%),
387 (22%); HR-FAB (m/z 512.1702; calcd. for C,;H,50,4: 512.1682).

4'-Hydroxy-gilvocarcin M (6): "H NMR (400 MHz, [DJDMSO): see
Table 4; UV A, (from HPLC-diode array) 245 (88%), 276 (71%),
388 (21%); Positive APCI (m/z 499; CysH,;,040 IM+H™]).

12-Demethyl-defucogilvocarcin V (8): 'H NMR (400 MHz, [DJDMSO):
see Table4; UV A, (from HPLC-diode array) 248 (98%), 288
(100%), 392 (29%); Positive APCI (m/z 335; CyH;505 [M+H™]).

Cytotoxicity assays: In vitro cytotoxicity against human lung
H460, human breast MCF-7 and murine Lewis lung (LL-2) cell lines
were assessed using the sulforhodamine B (SRB) assay, after 48 h
exposure to the drugs.””*¥ %T/C=percent cell mass compared to
control without drug; Gls,=50% growth inhibition; TGl=total
growth inhibition.
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