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ABSTRACT: The transcriptional factor, hypoxia inducible S OMe
factor-1 (HIF-1), is a promising target for cancer chemotherapy. Hol:
From an actinomycete, verucopeptin (1) was identified as a HIF- Hypoxia  SLOH
1 signaling inhibitor. By a combination of chemical degradation Ho RY_N HNT O
and spectroscopic analyses, the absolute stereochemistry of @ N W
metabolite 1 was determined to be 10R, 15S, 168, 23S, 27S, 28R, \( 3:00 OO 2
315, 33S, 35R. Moreover, metabolite 1 was revealed to attenuate HIF-1 —N 9009 :g
the HIF-1ar and mTORCI1 pathway, indicating that verucopeptin \_gN Moq Himodia
(1) would be a potent lead compound for anticancer @ S ———
chemotherapy.
Tumor progression H-1a (S
daptation to hypoxic environments is one of the broth yielded verucopeptin (1) as an active constituent (Figure
characteristic features of tumor cells. HIF-1, a key 1). Verucopeptin (1) was originally isolated as an antitumor

transcription factor for tumor survival, regulates the expression
of more than 800 genes, leading to diverse phenotypes for
adaptation to and escape from the harsh environment, e.g.,
metabolic modulation, angiogenesis, invasion, and metastasis. " itory activity in our reporter assay with an ICs, value of 0.22
The activity of HIF-1, a heterodimer composed of HIF-1a and
HIF-1p, depends on HIF-1a because this protein is degraded in
an O,-dependent manner. Under normoxic conditions, two
proline residues in HIF-la are hydroxylated by prolyl
hydroxylase, which recruits von Hippel-Lindau tumor
suppressor (pVHL) E3 ligase leading to degradation of HIF-
la by the ubiquitin—proteasome pathway. Under hypoxic
conditions, HIF-la is neither hydroxylated nor degraded,
enabling the formation of the HIF-1 complex with HIF-1f in
the nucleus. In contrast, transcription and translation of HIF-
la, which is regulated by mammalian target of rapamycin
complex 1 (mTORC1), is independent of the O, concen-
tration.® It has been noted that tumor growth, vascularization,
and metastasis correlate with the level of HIF-1a both in animal
models and in clinical studies.” Furthermore, dysfunction of
proteins involved in the HIF-1a degradation has been reported
in some cancer cells.' For example, deficiency of pVHL was
reported in renal carcinoma cells." HIF-1q is therefore one of
the most promising targets for cancer chemotherapy.”’
However, there have been few reported compounds that
show antitumor activity by selectively inhibiting HIF-1.° }N
To obtain novel HIF-1 modulators, we screened natural HN !
resources using a luciferase-reporter assay system’ in which we
could assess the effect of compounds on the transcriptional
activity of HIF-1. We found that a culture broth of Streptomyces
sp. KUSC_AO08 exhibited potent inhibitory activity in the Received: September 18, 2015
reporter assay. Bioassay-guided fractionation of the culture Published: October 20, 2015

compound from culture broth of the actinomycete Actino-

madura verrucosospore.® Metabolite 1 exhibited potent inhib-
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Figure 1. Chemical structure of verucopeptin (1).
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UM, whereas it showed cytotoxicity at concentrations above 1.1
uM (Figure S1). Despite this potent biological activity,
however, the absolute stereochemistry and its mode of action
still required clarification.

Verucopeptin (1) is composed of a cyclic depsipeptide unit
and a polyketide side chain.” The 19-membered cyclic
depsipeptide consists of six amino acid residues, including
one residue each of piperazic acid, f-hydroxy leucine, glycine,
N-hydroxy glycine, and two N-methyl glycine residues. The
absolute stereochemistry of the amino acids was determined by
the Marfey’s method.'” Metabolite 1 was subjected to
hydrogenolysis with H,/Pt,O, followed by acid hydrolysis
and condensation with L- or D-FDAA. We compared the
retention times of the FDAA derivatives with those of ornithine
and synthesized f-hydroxyleucine diastereomers'' on LCMS or
HPLC, which revealed that piperazic acid and S-hydroxyleucine
have the p- and L-erythro configurations, respectively (Figure
S2). The amino acid configurations in the depsipeptide portion
of verucopeptin (1) and its related metabolites seem to be
conserved (Figure S3).

The side chain exhibits a dynamic equilibrium between a
cyclic acetal form and a linear keto form (the ratio of keto and
acetal form is 3:1 in CDCl;) (Figure 1).° We already reported
the stereochemistry of the terminal portion of this polyketide
chain; the 1,3,5-trimethylated system was determined to be
318, 33S, 35R by degradation of the natural product, synthesis
of the authentic compounds, and spectroscopic analysis.'"> To
elucidate the stereochemistry of C23—C28, verucopeptin (1)
was first reduced with NaBH, to eliminate the natural
equilibrium and yield two diastereomers. One diastereomer
(2a) was purified by HPLC, and the resulting 1,2-diol function
was protected with an isopropylidene group to obtain
compound 3a (Figure 2a). In the NOESY spectrum of 3a,
one of two methyl groups in isopropylidene, H24 and Me-38,
showed a mutual correlation, indicating the syn-relationship of
the diol (Figures 2b, S4a). The same approach was applied to
the other diastereomer 2b, and the NOESY data obtained for
3b were consistent with the results obtained for compound 3a
(Figure S4b). We next applied modified Mosher’s analysis to
determine the configurations of C-23 and C-28."° The N-
hydroxyl group of the reduced product 2a was first protected,
followed by reaction with (S/R)-MTPACI to yield bis(R/S)-
MTPA derivatives 4a and 4b, respectively (Figure 2a). Analysis
of the '"H NMR chemical shifts of 4a and 4b revealed the
absolute stereochemistry of 24S and 28R (Figure 2¢).M Taking
these findings, the absolute stereochemistry of C23 and C28
was determined to be 23S and 28R, respectively.

The relative stereochemistry of C27 and C28 was deduced
by the NMR data of verucopeptin (1) in the acetal form
(Figure 3). In the ROESY spectrum, H28 showed correlations
with H26a and H30, indicating that these hydrogen atoms are
positioned on the same face. On the other hand, H27 showed
ROESY correlations with H26a, H26b, and Me-40, indicating
that these hydrogen atoms are located on the other face. This
configuration was supported by the large coupling constant
between H27 and H28 (9.8 Hz), which implied 275* and 28R*
stereochemistry. Since C-28 has an R stereochemistry, C-27
was deduced to be in an S configuration. Taken together, we
unambiguously conclude that the absolute stereochemistry of
verucopeptin (1) is 10R, 15S, 168, 23S, 27S, 28R, 318, 33S, 35R
(Figure 1).

Verucopeptin (1) exhibited potent inhibitory activity in the
HIF-1 reporter assay (Figure S1). Consistent with this result,
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Figure 2. Determination of the absolute stereochemistry of C23 and
C28 in verucopeptin (1). (a) Preparation of the isopropylidene
derivative 3a and bis-MTPA derivatives 4a and 4b. (i) NaBH,,
MeOH/CH,CL, tt, 0.5 h; (ii) 2,2-DMP, PPTS, CH,CL, rt, 1 h; (iii)
Mel, TBAB, K,CO5, CH,Cl,/H,0, 1t, 1 k; (iv) (S)- or (R)-MTPAC],
DMAP, CH,Cl,, rt, 1 h. Derivatives 2b and 3b are C24 epimers of 2a
and 3a, respectively (see Supporting Information). (b) Selected
NOESY correlations and relative structure of the 1,3-dioxolane
structure in the isopropylidene derivative 3a. (c) A8 (8(s)mrpa-
S(r)mrpa) Vvalues for the MTPA derivatives 4a and 4b. AJ values are
shown in ppm.
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Figure 3. Determination of the relative stereochemistry of C27 in
verucopeptin (1). ROESY correlations (left) and coupling constant
values (right) in the tetrahydropyran ring are shown.

the endogenous mRNA levels of glutl and bnip3, HIF-1 target
genes, was decreased by verucopeptin (1) in a concentration-
dependent manner (Figures 4a, S6). Since there were no
reports on the molecular mechanism underlying the antitumor
activity of verucopeptin (1), we investigated the molecular
mode of action. We first examined the mRNA and protein
levels of HIF-1a. When cells were treated with verucopeptin
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Figure 4. Effects of verucopeptin (1) on the transcriptional activity
and protein level of HIF-1. (a) mRNA levels of glutl and bnip3 in
HT1080 cells were measured by qPCR (n = 4). Cells were treated
with verucopeptin (1) for 24 h in a hypoxic condition. (b) Effect of
verucopeptin (veru; 1) on the amount of HIF-1a and HIF-1/ proteins.
HT1080 cells were treated with verucopeptin (1) for 24 h. Protein
levels were detected by Western blot analysis.

(1), the mRNA level of HIF-1ar did not change (Figure S7);
instead, the protein level of HIF-la decreased in a dose-
dependent manner, whereas the protein level of HIF-1§ was
not affected (Figure 4b). These results implied that
verucopeptin (1) might target stabilization or translation
machineries of HIF-1a protein.

HIF-1a is a client protein of heat shock protein (HSP) 90;
inhibition of HSP90 activity by 17-AAG, a well-known HSP90
inhibitor, moderately decreases the amount of HIF-la."’
Notably, IC101, a microbial metabolite whose structure is
related to verucopeptin (1), was reported to inhibit HSP90
functions at submicromolar concentrations.'® To investigate
whether verucopeptin (1) inhibits HSP90 in cells, we examined
the amount of two client proteins, HIF-la and c-Raf. As
expected, 17-AAG decreased the protein level of HIF-1a and c-
Raf (Figure S8). In contrast, the amount of c-Raf was not
decreased in the presence of verucopeptin (1). These results
indicated that HSP90 is not responsible for the effect of
verucopeptin (1).

Translation of HIF-1a has been reported to be regulated by
the mTORC1 pathway through activation of p70S6K.’
mTORCI activates p70S6K by phosphorylation and p70S6K
subsequently phosphorylates and activates S6 protein, a
component of the ribosomal small subunit. To investigate the
effect of verucopeptin (1) on the mTORCI1 pathway, we
detected the phosphorylation level of p70S6K and S6 proteins.
We found that verucopeptin (1) attenuated the phosphor-
ylation of S6 and S6K similar to the effect of rapamycin, an
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mTORC, inhibitor, suggesting that the mTORCI1 pathway was
blocked by verucopeptin (1) (Figure S9).

Rapamycin suppresses mTORC1 and HIF-1a translation in
some tumor cell lines.'” Although the inhibitory activity of
verucopeptin (1) against the mTORC1 pathway was less
potent than that of rapamycin, we speculated that these two
middle-sized molecules share target proteins. Rapamycin
suppresses mTORCI1 function by forming a ternary complex
with FKBP12 and mTOR."® The binding site of rapamycin on
FKBP12 is shared by another immunosuppressant FKS506 and
its substructure analog SLF. It was noted that SLF tightly
bound to FKBP12,"” but did not inhibit mTOR activity (Figure
S10). As expected, the inhibition of phosphorylation of S6
protein by rapamycin was abolished by pretreating cells with an
excess amount of SLF. However, the effect of verucopeptin (1)
was not affected by SLF treatment (Figure S10). This result
implied that the inhibition of p70S6K by verucopeptin (1)
might not be mediated by FKBP12 or, at least, that
verucopeptin (1) does not share the binding site on FKBP12
with rapamycin and SLF. Although we have not identified the
cellular target(s) of verucopeptin (1), our data suggest that it
targets mTORCI itself, or the upstream components in the
mTORCI pathway (Figure S9). Alternatively, verucopeptin (1)
might inhibit other pathways that indirectly suppress the
mTORCI pathway and HIF-1a translation.

Verucopeptin (1) is a member of a family of 19-membered
lipodepsipeptides (Figure $3).”° This family of metabolites has
been reported to exhibit unique biological activities. For
example, azinothricin, A83586C, and kettapeptin show
antibacterial activities against Gram-positive bacteria. Dentiger-
umycin, which is produced by Pseudonocardia sp. isolated from
the cuticle of ants, strongly inhibits growth of parasitic fungus.”'
IC101 induces apoptosis by inhibiting HSP90 at submicromo-
lar concentrations.'® In our study, verucopeptin (1) was shown
to inhibit the mTORCI pathway, decrease the amount of HIF-
la protein, and suppress the HIF-1 transcriptional activity. It
was noted that the reduced derivative of verucopeptin (2a)
showed significantly lower inhibition of HIF-1 transcriptional
activity and cytotoxicity (Figure S1). The molecular basis
underlying the diversity of these biological activities is of great
interest.

In summary, we confirmed verucopeptin (1) as a new HIF-1
signaling inhibitor, determined its stereochemistry, and
disclosed a unique mode of action. Chemical derivatization
combined with a modified Mosher’s method, advanced
Marfey’s method, and PGME method allowed us to deduce
the absolute stereochemistry of verucopeptin (1). The
stereochemistry of f-hydroxyleucine and piperazic acid was
conserved among the congeners. Verucopeptin (1) decreased
the expression of HIF-1 target genes and HIF-1a protein levels,
both of which correlated well with the inhibition of mTORC1
pathway components. These results indicated that verucopeptin
(1), 2 new potent HIF-1 inhibitor, would be a promising lead
compound for the development of novel antitumor drugs.
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