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ABSTRACT: Helminthosporium velutinum yone96 produces cyclohelminthol X (1),
a unique hexa-substituted spirocyclopropane. Although its molecular formula and
NMR spectral data resemble those of AD0157, being isolated from marine fungus
Paraconiothyrium sp. HL-78-gCHSP3-B005, our detailed analyses disclosed a totally
different structure. Chemical shift calculations and electronic circular dichroism spectral
calculations were quite helpful to establish the structure, when those were performed
based on density functional theory. The carbon framework of cyclohelminthols I−IV is
found at the C1−C8 propenylcyclopentene substructure of 1. Thus, 1 is assumed to be
biosynthesized by cyclopropanation between an oxidized form of cyclohelminthol IV and
a succinic anhydride derivative 4. Cytotoxicity for two cancer cell lines and proteasome
inhibition efficiency are measured.

■ INTRODUCTION

Cyclopropane rings are found in many natural products, such as
illudin,1 coronatine,2 duocarmycin,3 ptaquiloside,4 and curacin A.5

Their cyclopropane rings play important roles in their biological
activities.6 Additionally, cyclopropane rings have attracted many
organic synthetic chemists to establish various effective synthetic
methodologies and reactions.7 We have focused on secondary
metabolites from fungi with unique ecologies such as mycopar-
asites and endophytes to isolate several unique compounds.8

Recently, we disclosed cyclohelminthols I−IV from Helmintho-
sporium velutinum yone96 collected from the dead twigs of a
woody plant.8a Further investigation of the culture broth resulted
in the discovery of cyclohelminthol X (1), an unexampled hexa-
substituted spirocyclopropane as shown in Figure 1. Although the
NMR spectral data of 1 are almost coincident with the data of
AD0157 by the group of Quesada,9 our independent analyses led
us to conclude a different structure. Since the core framework of
1 carries only a few protons available for structural elucidation,
conventional NMR analyses afforded insufficient structural
information. The structure of 1 was established by a combination
of density functional theory (DFT) molecular orbital calculations
of the NMR chemical shifts as well as the electronic circular
dichroism (ECD) spectra. As the core framework of cyclo-
helminthols I−IV is included in 1, it enabled us not only to discuss
the biosynthesis but also to verify the established structure. The
biological properties of 1 are also described.

■ ISOLATION AND NMR SPECTROSCOPIC ANALYSES
Cyclohelminthol X (1) was obtained as an amorphous solid from
the culture broth and mycelium of Helminthosporium velutinum
yone96. This fungus produces cyclohelminthols I−IV which
were recently reported by our group.8a Cyclohelminthol X (1)
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Figure 1. Structures of cyclohelminthol X (1) and AD0157 (2). The
moiety highlighted red is the core framework of cyclohelminthols I−IV.
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shows a monoisotopic ion at m/z 642.2432 along with the ions
due to its isotopologues at m/z 643, 644, 645, and 646 with a
100:38:40:13:2 ratio in the electrospray ionization (ESI) mass
spectrum. The signal pattern suggests a chlorine atom in the
molecule. Since ESI gives the protonated ion, the even-number
mass for the integer part of the monoisotopic ion suggests an odd
number of nitrogen(s) in the molecule. The 13C NMR spectrum
provides 34 resonances. The HMQC spectrum reveals four
methyls, eight methylenes, nine methines, and 13 quaternary
carbons, disclosing a total of 37 protons. The 1H NMR spectrum
of 1 affords three additional signals at 6.01, 11.47, and 12.04 ppm
in DMSO-d6, which show no HMQC correlation, and these are
assigned as protons linked with hetero atoms. These results
establish the molecular formula to be C34H40ClNO9 ([M + H]+,
calcd m/z 642.2464).
Conventional 2D NMR spectral analyses suggested a

4-carboxy-2-methyl-8-[1-oxo-2-(E)-butenyl]bicyclo[4.3.0]-
nonane substructure (C1′−C14′moiety). A literature search was
performed based on this planar substructure and to suggest
AD0157, being isolated from marine fungus9 which has the
identical molecular formula. The 13C NMR spectral data given in
literature matched well with our experimental data in CD3OD.
However, their report mentioned no details about structural
elucidation.9,10 Thus, we had to verify the structure ourselves.
First, the C−Cl linkage was investigated by 37Cl/35Cl-induced

13C isotope shift.11 We recently demonstrated the effectiveness
of this methodology in the structural elucidation of cyclo-
helminthols I−IV.8a Only the signal at 146.79 ppm splits with a
3:1 ratio, as shown in Figure 2. The chlorine-substituted carbon

in AD0157 (C18) is assigned as one of the signals at 48.0, 49.7, or
53.9 ppm (the responsible signal has not been specified).10,12

Thus, the chlorine atom can not be attached to the cyclo-
propane moiety as in AD0157 to prove that the present sample is

not AD0157. The conclusion is verified by observing similar
splitting in the signal at 146.46 ppm in acetone-d3, while others
appear as singlets. These 1H decoupled 13C NMR spectra were
taken at high resolution (125 MHz, 128 K data point, zero filling
×4, no broadening factor, no trapezoidal function).
Acetone-d6 was mainly used as the solvent for further struc-

tural elucidation by taking detection of exchangeable protons
into account. The data are summarized in Table 1.13 The
J-resolved 2D spectrum was helpful in assigning the 1H coupling
profiles for some crowded signals. Detailed HMBC spectral
analyses disclosed substructures I and II as shown in Figure 3
(the numbering follows that of the final structure). As the planar
structure of substructure I (the C1′−C14′ bicyclo[4.3.0]nonane
part) has been established, the configuration of substructure
I was studied next. The H-12′ (1.82 ppm) appears as a double
of triplets (J = 10.0 and 11.5 Hz) based on the J-resolved 2D
spectrum. These large coupling constants suggest that this
proton adopts an axial conformation and anti-periplanar
relationships with H-7′, H-11′, and H-13′. The H-9′ resonance
(2.42 ppm) involves two large spin couplings (tt, J = 3.5 and
12.5 Hz), which indicates that this proton adopts an axial
configuration. The H-9′ shows ROESY correlation(s) with H-7′
and/or H-11′, which supports the above assignment. The signals
for H-7′ andH-11′ are not distinguished in the ROESY spectrum
due to signal overlapping. Irradiation of the hydroxyl proton at
3.86 ppm (5′-OH) induces NOEs at Hα-6′ and H-12′. NOEs
are also observed at Hβ-6′ and H-13′, when H-3′ is irradiated.
These data established a cis-relationship between H-13′ and the
1-oxo-(E)-2-butenyl side chain.
The other moiety is substructure II. Due to its proton-deficient

core framework, HMBC was one of the few methods available to
obtain the structural information. As described, the C3−Cl
linkage has been established. This carbon shows HMBCs with
H-6 (6.53 ppm) andH-7 (7.45 ppm). The C-2 andC-5 carbonyls
(187.47 and 192.19 ppm, respectively) provide HMBCs with
H-6 and H-7, respectively. Additionally, H-6 affords another
HMBC signal with C-1 (48.49 ppm). The COSY correlations
and the coupling constant between H-6 and H-7 (15.5 Hz)
establish the C6−C8 (E)-propenyl group. On the other hand, an
exchangeable signal at 10.38 ppm affords HMBCs with C-25′ and
C-26′ carbonyls (169.14 and 171.42 ppm, respectively) as well as
quaternary carbons C-15′ and C-16′ (54.09 and 50.88 ppm,
respectively), implying a tetra-substituted succimide substruc-
ture. Methylene protons at 2.13 and 2.38 ppm are assigned as
α-protons (H2-17′) of the hexyl side chain, and these protons
showHMBCs with C-1, C-16′, and C-26′. Accordingly, the hexyl
group should be attached on C16′. Three carbons C1, C15′, and
C16′ are assumed to comprise a cyclopropane ring by taking
their 13C chemical shifts as well as the unassigned valences into
account.
Combining these two substructures would complete the

molecule. Substructure II requires one more intramolecular
bonding for the completion. Candidate structureA is obtained by
making a linkage between C1 and C2 as well as introducing
substructure I at C15′. The C17′−C22′ hexyl side chain
and substructure I should adopt a cis-relationship. The trans-
isomers would involve extraordinary strain because of the
3-azabicyclo[3.1.0]hexane framework, and the succimide ring
would readily be cleaved under aqueous conditions. Notably, 1 is
stable enough in several solvents at ambient temperature for
a couple of days. Since both substructures I and II are chiral,
candidateA involves four diastereomers. On the other hand,making
a linkage between C2 and C15′ results in candidate B after

Figure 2. Signal profiles of C-1, C-3, C-15′, and C-16′ resonances in
methanol-d4.
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introducing substructure II at C1. The 9-azatricyclo[6.3.0.01,6]decane
framework causes practically no diastereomers due to the
same reason as above.14 Accordingly, this candidate involves

a set of diastereomers. Unfortunately, H-13′ shows no inter-
substructural HMBCs despite our trials with several solvents
(methanol-d4, dimethyl sulfoxide-d6, and benzene-d6).

15 NOEs
were not found between the substructures either. As described,
NMR analyses were effective in refining the structure, but not
conclusive.

■ STRUCTURAL DISCUSSION BASED ON
THEORETICAL CHEMICAL SHIFTS

Candidate B was successfully eliminated by comparing the NMR
experimental chemical shifts with those based on DFTmolecular
orbital calculations.16 Since the complete structure of 1 involves
an enormous number of conformers to be considered, the
simplified models shown in Figure 4 were designed; i.e., the
C17′−C22′ hexyl group was replaced with a propyl group, and
the C9′ carboxy group was removed. Since the C1 spirocarbon is
stereogenic in the core part A, diastereomeric models AS and AR
were designed. The S and R refer to the chirality at C1. Model B
was derived from candidate B. Model Qu, a model structure for
AD0157, was calculated in addition to models A and B. Since
these core parts are chiral, enantiomeric X(S) and X(R) were
prepared for the X-part in order to cover all diastereomers.
A total of eight models were examined in this study, but
enantiomers of these models were not considered.
Calculations were performed as a series of (i) conformational

search, (ii) structural refinement under conventional conditions,
(iii) removal of duplicate conformers, (iv) structural reoptimiza-
tion considering entropies, (v) calculation of the chemical shifts,

Table 1. Spectral Data of 1 in Acetone-d6

position δ13C, type

δ1H, splitting
pattern
(J in Hz) HMBC NOESY

1 48.49, C
2 187.47, C
3 146.46, C
4 149.05, C
5 192.19, C
6 120.03, CH 6.53, dq (15.5,

1.6)
1, 2, 3, 4, 7, 8 H3-8

7 147.93, CH 7.45, dq (15.5,
6.9)

3, 4, 6, 8 H3-8

8 20.76, CH3 2.04, dd (1.6,
6.9)

2 (weak), 3, 5,
6, 7

H-6, H-7

1′ 18.64, CH3 1.88, dd (1.6,
6.9)

2′, 3′, 4′ H-2′, H-3′

2′ 146.06, CH 6.86, dq (15.4,
6.9)

1′, 3′, 4′ H3-1′

3′ 126.20, CH 6.63, dq (1.6,
15.4)

1′, 2′ (weak), 4′ H3-1′, Hβ-6′,
H-13′

4′ 200.63, C
5′ 87.48, C
6′ 45.97, CH2 : 1.53, dd

(11.5, 13.0)
4′, 7′, 8′, 13′ Hβ-6′, 5′-OH

β: 2.15, dd
(6.8, 13.0)

4′, 7′, 12′, 13′ Hα-6′, H-13′

7′ 42.98, CH 1.44. ddq (3.0,
8.0, 11.5)

6′, 8′, 11′, 12′ H-9′, (H-13′)

8′ 34.43, CH2 α: 1.22, m 6′, 7′, 9′, 10′,
23′

Hβ-8′, (H-12′)

β: 2.08, m 9′, 10, 12′, 23′ Hα-8′, H-9′
9′ 43.61, CH 2.42, tt (3.5,

12.5)
7′, 8′, 10′, 11′,
23′

H-7′ (and/or
H-11′), Hβ-8′,
Hβ-10′

10′ 39.08, CH2 α: 1.20, q
(12.6)

8′, 11′, 12′, 23′,
24′

Hβ-10′, (H-12′)

position δ13C, type

δ1H, splitting
pattern
(J in Hz) HMBC NOESY

β: 1.94, ddt
(1.3, 3.5,
12.5)

8′, 9′, 11′, 12′,
13′, 23′, 24′

H-9′, Hα-10′,
H-11″, H3-24′

11′ 37.30, CH 1.48, m 10′, 12′, 24′ H-9′, (H-13′)
12′ 53.26, CH 1.82, dd (10.0,

11.5)
6′, 7′, 8′, 10′,
11′, 13′, 14,
24′

Hα-8 (and/or
Hα-10), H3-24′

13′ 61.57, CH 4.28, d (11.5) 4′, 5′, 7′, 11′,
12′, 14′

H-3′, Hβ-6′, H-7′
(and/or H-11′)

14′ 196.25, C
15′ 54.09, C
16′ 50.88, C
17′ 22.55, CH2 2.13, NA 1, 15′ (weak),

16′, 18′, 19′,
26′

2.38, ddd (4.2,
11.6, 13.7)

1, 16′, 18′, 19′,
26′, 29′

18′ 27.85, CH2 1.23, m 16′ 19′
1.71, m 16′, 17′, 19′,

20′
19′ 30.17, CH2 1.18, m
20′ 32.17, CH2 1.27, m
21′ 23.17, CH2 1.25, m 22′
22′ 14.35, CH3 0.88, t (6.7) 20′, 21′
23′ 176.50, C
24′ 22.32, CH3 0.80, d (6.6) 9′, 10′, 11′, 12′ Hα-10′, H-12′
25′ 169.14, C
26′ 171.42, C
5′-OH 3.86 4′, 5′, 6′ Hα-6′
NH 10.38 15′, 16′, 25′,

26′

Figure 3. Characteristic HMBC and ROESY correlations on
substructures I and II as well as candidate total structures A and B
obtained by combining these substructures. The substructure I was
simplified as a box in the candidate structures to emphasize the
difference.
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(vi) correction of the chemical shifts with the Boltzmann dis-
tribution based on their free energies, and (vii) statistical
operations to give the δC standard deviations (δCcalcd

− δCexp.
) of

the residuals (δC SD, ppm). Conformational searches were
performed employing semiempirical AM1, because the searches
using molecular mechanism MMFF provided only a limited
number of candidate conformers for some models. DFT
ωB97X-D17 was used with 6-31G* basis set for the steps (ii),
(iv), and (v). Although entropies (S) were not commonly
considered, this parameter was added into the calculations by
taking the conformational flexibility of the molecules into
account.18 Parameters regarding solvents were not added in
these calculations. Stable conformers theoretically distributing
more than 90% were subjected to chemical shift calculations.
The obtained chemical shifts of 25 carbons were compared with
the experimental data in methanol-d4, acetone-d6, dimethyl
sulfoxide-d6, chloroform-d, and benzene-d6 to obtain δC SD values
which serve as scores for comparison. Chemical shifts
corresponding to C8′, C9′, C10′, C18′, and C19′ were omitted
from the SD estimations because these are close to the removed
atoms in themodels. The δH SDvalues are lessmeaningful because
of the proton-deficient core frameworks for theA,B, andQu parts.
The results are summarized in Figure 5. The accuracy level is

around 2.0 ppm in this method.19 These calculations revealed
that solvent effects are not critical in all models. Models B-S and
B-R afford remarkably large δC SD values (>4.1 ppm), which
enabled us to eliminate them from the candidates. The scores for
the AD0157 models Qu-S and Qu-R are also not agreeable. In
contrast, all diastereomers with the core part A provide allowable
δC SD scores. However, the differences between these scores are
not obvious enough to eliminate the others at this stage. Models
AS-S and AR-S are diastereomers caused by interchanging the
C3-chloro and C4-propenyl groups. As shown in Figure 6, these
two adopt almost the same stable conformation. The differences
between the C3-chloro and C4-propenyl groups hardly affect the
δC values for 3-azabicyclo[3.1.0]hexane-6-spiro-3-cyclopentene

frameworks because of almost symmetrical structures. These
differences also hardly affect the carbon chemical shifts on
the X-part, since these substructures are spatially apart from the
corresponding C3 and C4 to magnetically interact. Similarly,
models AS-R and AR-R are also diastereomers at C1, and these
two models are hardly distinguished in NMR spectroscopic
manner. The C1, C15′, and C25′ of the core part and the C5′,
C12′, and C13′ of the X part are spatially facing each other.
The chemical shift differences are expected to be distinct in
these carbons among the diastereomers. When the chemical
shift deviations of those chemical shifts from the experimental
resonances Δδ [δC(benzene) − δC(calcd)] were compared for these
carbons,20 models AS-S and AR-S [(13′S*,15′R*)-isomers]
afforded significantly smaller deviations than models AS-R
and AR-R [(13′R*,15′R*)-isomers] (Figure 7). The similar

Figure 4. Models employed for the calculations.

Figure 5. The δC standard deviations (δC SD, ppm) of the residuals
(δCcalcd

− δCexp.
) of model molecules based on ωB97X-D. Experimental

data used were those in methanol-d4, dimethyl sulfoxide-d6, acetone-d6,
chloroform-d, and benzene-d6.

Figure 6.Most stable conformations of model AS-S (CPK coloring, num-
bered) andAR-S (red). The numerals correlate with the numbers ofAS-S.

Figure 7. Chemical shift deviations (Δδ [δC(benzene) − δC(calcd)], ppm) of
the C-1, C-5′, C-12′, C-13, C-15′, and C-25′ resonances from those of
the experimental data in benzene-d6 for the models AS-S, AR-S, AS-R,
and AR-R.
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tendency was observed with referring other solvents methanol-
d4, dimethyl sulfoxide-d6, benzene-d6, and acetone-d6 (see
Supporting Information). These analyses suggested that isomers
with (13′S*,15′R*)-configuration (models AS-S and AR-S) are
more plausible than those with (13′R*,15′R*)-configuration
(models AS-R and AR-R) as the cyclohelminthol X (1).
Although model AS-S afforded the highest score in the chemical
shift deviation, chemical shift calculations did not result in
conclusive evidence.

■ ECD ANALYSIS WITH THE THEORETICAL SPECTRA
Chiral distortion of chromophores as well as chiral relation-
ships between the chromophores contribute to their ECD.
Although models AS-S and AR-S adopt almost the same
configurations, as shown in Figure 6, these molecules have a
distinctly different geometrical relationship between the two

chromophores, the C2−C7 dienone and the C2′−C4′ enone.
Thus, different profiles are expected in the ECD spectra for
models AS-S and AR-S.
Based on this assumption, ECD spectra of models AS-S and

AR-S were computed with DFT. Stable conformers theoretically
occupying more than 90% cumulative populations based on
EDF2/6-31G* (AS-S: 4 conformers, AR-S: 5 conformers) were
subjected to the ECD calculations with fixing their geometries.
We chose def2-TZVP21 as the basis set based on our knowledge
accumulated in the previous studies.8a DFT BHLYP22 was
selected as the functional because of UV spectral reproducibility
despite overestimating the energies (requiring wavelength
correction +20 nm). Other DFTs (TPSSH,23 B3LYP,24 M06,25

and PBE026) showed considerable discordance in the UV spectra
at the n → π* region of the chromophores (300−350 nm,
R-band), as shown in Figure 8 [spectra (a)]. Fifty excitations

Figure 8. Experimental UV/ECD spectra of 1, models, and the fragments: (a) theoretical UV spectra ofAS-Swith a series of DFTs, (b) theoretical ECD
spectra of models AS-S and AR-S with BHLYP/def2-TZVP, (c) theoretical ECD spectra of models ent-(AS-R) and ent-(AR-S) with BHLYP/
def2-TZVP, (d) theoretical ECD spectra of model AS-S with a series of DFTs, (e) theoretical ECD spectra of model AS-S with BHLYP/def2-TZVP
after structural reoptimization with a series of DFTs, TPSSH/def2-TZVP, B3LYP/def2-TZVP, M06/def2-TZVP, and PBE0/def2-TZVP, and
(f) theoretical independent ECD spectra for the core and X-moieties in model AS-S with BHLYP/def2-TZVP.
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were examined in these calculations to express the UV and ECD
spectra at 200−500 nm region. The obtained elemental UV and
ECD spectra were corrected based on the conformational
populations to give the raw spectra. The wavelengths of the
raw UV and ECD spectra were uniformly corrected (+20 nm).
The ECD intensity for AS-S was normalized to that of the
experimental spectrum at around 235 nm, and the same scale was
used for AR-S to give the ECD spectra [spectra (b)]. Similar
computations were performed for modelsAS-R andAR-R to give
spectra (c).
As expected, calculations provided totally different ECD

spectra for modelsAS-S andAR-S. The spectrum for modelAS-S
matches very well with the experimental spectrum. On the other
hand, no resemblance was found between the theoretical ECD
spectrum for model AR-S and the experimental spectrum. The
ECD spectra of model AS-S were examined with other functionals
TPSSH/def2-TZVP, B3LYP/def2-TZVP, M06/def2-TZVP,
and PBE0/def2-TZVP in the similar manner as above to
obtain agreeable ECD profiles [spectra (d)]. These verified the
reliability of the calculated ECD spectra.
However, the theoretical ECD spectrum for modelAS-S in the

spectra (b) shows considerable discordance with the experi-
mental ECD at 250−400 nm. The ECD spectrum of this region
was found to be quite sensitive for the conformation. When the
geometries of model AS-S were reoptimized with functionals
BHLYP, B3LYP, and TPSSH using more accurate def2-TZVPP
basis set, the following ECD calculations under the same
conditions as above indicated considerable diversity in the ECD
profiles at 250−500 nm region, whereas those at 200−250 nm
were constant enough [spectra (e)]. Accordingly, we concluded
insufficient reproducibility for the ECD profile at 250−350 nm in
this model. The UV and ECD at 200−250 nm and 250−400 nm
are due to K-band (π → π* excitation) and R-band (n → π*
excitation), respectively, of the C2−C7 dienone and the
C2′−C4′ enone chromophores.
The individual ECD of these chromophores was estimated

for further investigation. The fragment model core-part
(X = COCH3 in Figure 4) was prepared by removing atoms of
X moiety from the stable conformers of model AS-S-part in the
modeling software. The X-part fragment (core = CH3) was
also prepared by removing the core part in a similar manner.
These fragments were subjected to ECD calculations (BHLYP/
def2-TZVP) by fixing their geometries to give the fragment ECD
spectra (f) in Figure 8 after the similar postcomputational
operations. The ECDs thus obtained in these calculations are due
to chiral torsion of individual chromophores in these fragments.
Since only the core part contributes to the ECD at 250−420 nm,
the experimental ECDs in this region can be due to R-band
(n→ π* excitation) induced by the chiral torsion of the C2−C7
dienone moiety. It is likely that the chiral torsion of this moiety is
so sensitive toward the conformation that static DFT geometrical
optimizations can not reproduce the ECDs in that region. On the
other hand, the positive Cotton effect at 235 nm is independent
of the DFT functionals used in the structural optimizations. All
structural optimizations afforded quite similar stable conforma-
tions to show a negative chiral relationship between the C2−C7
dienone and the C2′−C4′ enone chromophores, as shown in
Figure 9. Since these individual fragments do not show potent
ECDs at around 235 nm, the experimental positive ECD in this
region can be due to the exciton coupling between the chromo-
phores despite that the negative couplet was not distinctly
observed. These chromophores adopt almost parallel relation-

ship in the model AR-S, which may be the reason why this model
provided no distinct ECD at around 235 nm.
As described, ECD computations revealed that the model

AS-S reproduces the experimental spectrum of 1 the most among
all themodels. This model has afforded the highest score in terms
of δC SD values to the experimental NMR spectra. These results
allowed us to conclude the overall structure of 1 involving its
absolute configuration, as depicted in Figure 1.

■ BIOSYNTHETIC DISCUSSION
Cyclohelminthol X (1) was isolated from the culture broth of
H. velutinum yone96. The producer fungus also provides
cyclohelminthols I−IV.8a Interestingly, the framework of these
cyclohelminthols is included in 1 (highlighted in red in Figure 1).
This suggests that 1 biogenetically belongs to the cyclo-
helminthol family. Rational biogenesis may become an additional
structural support for 1.
Cyclohelminthol X (1) is assumed to be given by cyclo-

propanation between maleimide 4 and cyclopentadienone 7
in vivo, as shown in Scheme 1.27 The precursor 7 can be derived
from cyclohelminthol IV (5) by oxidation of the diol to give
2,4-dichloro-1,3-diketone 6 and successive enolization. Since C1
of 7 is nucleophilic, electrophilic maleimide 4 accepts a Michael
addition at C16′ to afford C14′−C15′ enol 8.28 Regeneration of
C14′ ketone would take place in the SN2-type cyclopropane ring
closure to give 1. Michael addition of 7 at C15′ in 4 can be an
alternative pathway. These may proceed enzymatically because
no diastereomers were isolated. Although Wessjohann reviewed
the biosynthesis of natural cyclopropanes, all cyclopropane
frameworks are derived via intramolecular cyclopropanations in
that review.6 Thus, 1 would be the first natural product derived
through intermolecular cyclopropanation. Maleimide 4 has not
been found from either the broth or themycelium up to this point.
However, the structurally related TAN-1813 is known as a fungal
metabolite.29 Thus, we assume trans-decalin 3 as the biosynthetic

Figure 9. Stable conformations of model AS-S obtained by optimization
with PBE0/def2-TZVPP, BHLYP/def2-TZVPP, B3LYP/TZVPP, and
EDF2/6-31G*. The blue arrow is the qualitative definition of the
exciton chirality, and the red two-directional arrows are electronic dipole
transition moments.

The Journal of Organic Chemistry Article

DOI: 10.1021/acs.joc.7b00393
J. Org. Chem. 2017, 82, 5574−5582

5579

http://dx.doi.org/10.1021/acs.joc.7b00393


precursor of 4. Protonation at C5-carbonyl of 3 may induce a
pinacol-type ring contraction30 giving bicyclo[4.3.0]nonane 4.
Oikawa and Tokiwano explained enzymatic intramolecular
Diels−Alder cyclization for TAN-1813.31 They recently proposed
the detailed mechanism of enzymatic [4 + 2] cyclization for
betaenone, a structurally related trans-decalin natural product.32

The decalin part of 3 can also be derived in a similar manner.

■ BIOLOGICAL ACTIVITY
The unique structure of 1 led us to be interested in its biological
properties. This molecule inhibited the cell growth (IC50 16 μM)
of human colon adenocarcinoma cells (COLO 201), and the
inhibition effect was more prominent against HL60 human pro-
myelocytic leukemia cells (IC50 0.35 μM) as shown in Table 2.
Proteasome inhibitions were also observed against chymotrypsin-
like and caspase-like activities (IC50 16.6 and 7.5 μM,
respectively) but not against trypsin-like activity (IC50 > 50 μM).

■ SUMMARY
We disclosed cyclohelminthol X (1) from H. velutinum yone96.
Although the NMR spectral data of 1 resembled those of
AD0157 by Quesada group, the 37Cl/35Cl-induced 13C isotope-
shift analysis enabled us to conclude that 1 is not AD0157.
Conventional NMR analyses suggested several candidate struc-
tures, which were successfully narrowed down to one structure by
theoretical chemical shift calculations and ECD spectral calcula-
tions based on DFT. The framework of cyclohelminthols I−IV is
included in 1, which led us to propose a plausible biosynthesis
of 1 featuring cyclopropanation between cyclohelminthol IV
derivative 7 and maleimide 4. Cyclohelminthol X (1) shows cyto-
toxicities as well as proteasome inhibitions, although the details
remain unknown and are under investigation in our laboratories.

■ EXPERIMENTAL SECTION
Fungus. H. velutinum yone96 was isolated from the dead twigs of a

woody plant on Yakushima island, Kagoshima prefecture, Japan in 2007.
The fungus was deposited at the Genbank Project, NARO, Japan
(ID: MAFF 243859).33

Isolation of Cyclohelminthol X (1). H. velutinum yone96 was
cultured in a potato-dextrose medium, which was prepared from 200 g of
potato, 1.0 L of H2O, and 20 g of glucose. The medium (200 mL) was
added into five 500 mL baffled Erlenmeyer flasks, and those were kept
on a rotary shaker (110 rpm) at 25 °C for 14 days. The culture medium
(20 mL) was dispensed into the freshly prepared potato-dextrose
medium (200 mL in each 50 of 500 mL baffled Erlenmeyer flask). The
culture thus prepared was stirred on the rotary shaker (110 rpm) at
25 °C for 14 days. The culture broth was filtered, and the filtrate was
extracted with EtOAc (ca. 4.0 L). The EtOAc layer was washed with
brine, dried over MgSO4, and concentrated in vacuo to give the crude
extract (2.8 g). After dilution with EtOAc (50 mL), the extracts were
dispersed on silica gel (30 g) in a 1.0 L flask, and then the EtOAc was
removed with a rotary evaporator. The obtained residue was placed in a
silica gel column (400 g) and eluted by 0%, 10%, 15%, 30%, and 50%
EtOAc in hexane (1.0 L each). The fraction eluted by 30% EtOAc/
hexane was recovered to give a residue (600 mg) after concentration
in vacuo. The residue was loaded on Sep-Pak ODS (10 g) and eluted
with 30%, 50%, 80%, and 100% MeOH in H2O (200 mL each). The
fraction eluted with 100% MeOH was recovered and concentrated
in vacuo. The residue was subjected to HPLC (SunFire C18, 5 μm,
19 × 150 mm, CH3CN:H2O = 65:35, 10 mL/min, detected by UV at
220 nm), which gave cyclohelminthol X (1, 16.0 mg) as an amorphous
solid; tR 11.5 min (above conditions). NMR data in acetone-d6 are
given in the main text. The data in dimethyl sulfoxide-d6, CD3OD,
CDCl3, and benzene-d6 are also given in the Supporting Information.
UV (2.6 × 10−5 mol/L, CH3CN, ε) 320 nm (10,000), 234 nm (22,000),
217 nm (22,000). ECD (2.6 × 10−5 mol/L, CH3CN, Δε) 318 nm
(−3.0), 285 nm (−5.8), 226 nm (+15). ESIMS m/z 642.2432
(100, calcd for C34H41

35ClNO9, [M + H]+: 642.2470), 644.2422

Scheme 1. Plausible Biosynthesis of 1 Table 2. IC50 Values of 1 against COLO201 and HL60 as well
as Several Types of Proteasomes

IC50 (μM)

Cytotoxicity
COLO201 (human colon adenocarcinoma)a 16
HL60 (human promyelocytic leukemia)a 0.35

Proteasome Inhibitionb

chymotrypsin-like 16.6
caspase-like 7.5
trypsin-like >50

aCamptothecin was used as the control (IC50 against COLO201:27
μM, HL60:0.02 μM). bMG132 was used as the positive control
(IC50 against chymotrypsin-like: 0.03 μM, caspase-like: 0.6 μM, and
trypsin-like; 1.9 μM,).
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(41, calcd for C34H41
37ClNO9, [M + H]+: 644.2440), 659.2698,

(30, calcd for C34H44
35ClN2O9, [M + NH4]

+: 659.2735), 661.2688
(12, calcd for C34H44

37ClN2O9, [M + NH4]
+: 661.2706), 664.2256

(19, C34H40
35ClNNaO9, [M + Na]+: 664.2289), 666.2238 (7.3,

C34H40
37ClNNaO9, [M + Na]+: 664.2260). IR (film) 3260, 2930,

2860, 1785, 1714 (broad), 1630, 1215 cm−1.
Calculations.Conformational searches and chemical shift calculations

were performed with Spartan 14 and Spartan 16 (Wavefunction, Irvine,
CA) using a PC (operating system: Windows7 Professional; CPU: Intel
Xeon E5−1660 v2 processor, 3.70 GHz, 6 cores; RAM: 64 GB). Models
were built in the program, and conformational searches were performed
with AM1. The search with MMFF afforded only limited numbers of
candidate conformers. Suggested stable conformers (15−30 con-
formers) were optimized successively using HF/321G and ωB97X-D/
6-31G*, after duplicate conformers were manually removed and missing
conformers were manually added. Suggested conformers were finely
refined using EDF2/6-31G* by considering entropy (S) using
vibrational analysis, and then the chemical shifts of these conformers
were calculated using the same approximation. The obtained chemical
shifts were corrected using the Boltzmann distribution based on free
energies (G) to give series of 13C and 1H theoretical chemical shifts,
which were analyzed by standard deviations against those of the
experimental data.
ECD calculations were carried out with Turbomole 7.0.1 on a

workstation (operating system: SUSE Linux Enterprise Desktop 12;
CPU: 2× Intel Xeon E5−2687W V4, 3.0 GHz, 12 cores; RAM:
256 GB). Stable conformers occupying more than 90% population
based on EDF2/6-31G* were subjected to the ECD calculations
(BHLYP/def2-TZVP) with fixing their geometries. Fifty excitations
were considered in these calculations. The UV and ECD spectra of each
conformer were constructed based on frequencies and rotary strengths
using the NORMDIST function in Microsoft Excel 2016. The wave-
lengths of the spectra were corrected (+20 nm). Theoretical ECD
spectra were obtained after correction of the conformational distribu-
tion based on the free energy. Similar calculations were performed for
models AS-S and AR-S with B3LYP,23 TPSSH,22 M06,24 and PBE025

using the def2-TZVP basis set. The wavelengths of the UV spectra were
corrected to fit the experimental UV spectrum [+20 nm (BHLYP),
±0 nm (TPSSH), +5 nm (B3LYP, M06)]. The intensity of the
theoretical ECD spectrum of BHLYP was normalized with that of the
experimental spectrum at 235 nm, and the same scale was used for the
other ECD spectra. These operations gave the spectra in Figure 8a−d.
The stable conformers of model AS-S were structurally reoptimized

with BHLYP/def2-TZVPP, B3LYP/def2-TZVPP, and TPSSH/
def2-TZVPP. The following ECD calculations were performed with
BHLYP/def2-TZVP to give the spectra in Figure 8e after postcomputa-
tional operations similar to those above.
The X-part moiety was removed from the most stable conformers of

model AS-S on Spartan 16. The obtained fragment structures were
subjected to the ECD calculations based on BHLYP/def2-TZVP with
fixing their atomic geometries. Similar postcomputational operations
afforded the ECD spectrum for the core-part fragment, as shown in
Figure 8f. The ECD spectrum for the X-part fragment was calculated in
the same manner.
Cytotoxicity Assay against Human Colon Adenocarcinoma

COLO 201 Cells. The effect on human colon adenocarcinoma (COLO
201) cell proliferation was measured byWST-1 assay.34 COLO 201 cells
were cultured in RPMI 1640 medium (5 × 103 cells/mL) containing a
series of compounds in 96-well tissue culture plates with concentrations
of 1.0, 5.0, 10, 50, and 100 μg/mL. After 24 h, 10 μL of WST-1 reagent
was added to each well, and the absorbance was measured at 450 nm
using a titer-plate reader. Camptothecin was used as the positive control
to reveal the IC50 (27 μM) by the same protocol.
Cytotoxicity Assay against Human Promyelocytic Leukemia

HL60 Cells.35 Cytotoxicity was measured by MTT assay. HL60 cells
(1.0 × 105 cells/ml) were treated with test compounds dissolved in
MeOH at the concentrations described above using a 96-well microplate
for 2 days. The cells were then incubated for 4 h with 0.5 mg/mL
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT;
Dojindo Lab., Kumamoto, Japan). Isopropanol containing 0.04 M

aqueous HCl was added to dissolve theMTT formazan reagent product.
Percentages of viable cells were calculated as the ratio of the A560 values
of treated and control cells (treated with 2% MeOH vehicle for 100 μL
of HL60 cells). Camptothecin was used as the positive control to reveal
the IC50 (0.02 μM) by the same protocol.

In vitro Proteasome Assay.36 Proteasome activities were
measured using a purified human erythrocyte-derived 20S proteasome
(Boston Biochem, Cambridge, MA, USA). The fluorogenic compounds,
succinyl-L-leucyl-L-leucyl-L-valyl-L-tyrosine 4-methylcoumaryl-7-amide
(Suc-LLVY-MCA), t-butyloxycarbonyl-L-leucyl-L-arginyl-L-arginine
4-methylcoumaryl-7-amide (Boc-LRR-MCA), and benzyloxycarbonyl-
L-leucyl-L-leucyl-L-glutamic acid α-(4-methylcoumaryl-7-amide)
(Z-LLE-MCA; Peptide Institute, Inc., Osaka, Japan) were used as
substrates for chymotrypsin-like, trypsin-like, and caspase-like activities,
respectively. The proteasome (0.05 μg) and test compounds were mixed
in assay buffer (pH 8.0, 20 mM Tris-HCl, 0.5 mM EDTA, 0.035% SDS
for Suc-LLVY-MCA and Z-LLE-MCA) and preincubated at 30 °C for
10 min. Then, the substrates (50 μM Suc-LLVY-MCA, 20 μM Boc-
LRR-MCA, and 20 μM Z-LLE-MCA) were added, and the mixtures
were further incubated at 30 °C for 3 h. The fluorescence intensity
(excitation/emission wavelength = 360/460 nm) was measured using
a Powerscan HT spectrophotometer (Dainippon Sumitomo Pharma,
Osaka, Japan). MG13237 was used as the positive control to reveal the
IC50 values (against chymotrypsin-like: 0.03 μM, trypsin-like; 1.9 μM,
and caspase-like: 0.6 μM) by the same protocol.
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