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ABSTRACT: Bioassay-guided separation of an extract from a
Dictyosporium sp. isolate led to the identification of six new
compounds, 1−6, together with five known compounds, 7−
11. The structures of the new compounds were primarily
established by extensive 1D and 2D NMR experiments. The
absolute configurations of compounds 3−6 were determined
by comparison of their experimental electronic circular
dichroism (ECD) spectra with DFT quantum mechanical
calculated ECD spectra. Compounds 3−5 possess novel
structural scaffolds, and biochemical studies revealed that
oxepinochromenones 1 and 7 inhibited the activity of MALT1
protease.

Lymphoma describes a group of hematologic malignancies
that develop primarily from T cells or B cells, and it is one

of the most frequent types of cancer in the United States.1,2

Lymphomas comprise two subtypes, Hodgkin and non-
Hodgkin lymphoma, of which non-Hodgkin lymphoma
accounts for around 90% of all cases.3 Approximately 85% of
all non-Hodgkin lymphomas are of B cell origin,3 and of these
lymphomas, activated B-cell-like diffuse large B cell lymphoma
(ABC-DLBCL) is one of the most aggressive. ABC-DLBCL
tends to be more resistant to chemotherapeutic treatments and
has been reported to be biologically dependent on the
proteolytic activity of the mucosa-associated lymphoid tissue
lymphoma translocation 1 (MALT1) protease.4 MALT1 is a
paracaspase family protease with unusual arginine-specific
catalytic activity that cleaves multiple substrates to promote
lymphocyte proliferation and survival via an NFκB signaling
pathway.5 MALT1 is recognized as a promising potential drug
target to develop new chemotherapeutic treatments for certain
lymphomas.6 It was found that inhibition of MALT1 protease
activity by substrate-mimic tetrapeptide z-VRPR-fmk, which

covalently modifies MALT1, caused selective toxicity for ABC-
DLBCL cell lines.7 Synthetic small-molecule inhibitors of
MALT1 including a novel triazol (MI-2)8 and phenothiazines
(mepazine, thioridazine, and promazine)9 displayed selective
inhibition against ABC-DLBCL cell lines and were also
effective in xenograft models.8,9 More recently, other new
classes of MALT1 inhibitors have been discovered such as β-
lapachone and pyrazolo pyrimidine derivatives.10,11

As a part of our effort to discover new MALT1 inhibitory
natural products, an extract from the fungus Dictyosporium sp.
was screened and found to inhibit MALT1 proteolytic activity.
Members of this fungal genus have been isolated worldwide
from sources such as dead wood, decaying leaves, and palm
materials,12 and 46 species have been characterized so far.13 In
spite of its wide occurrence, no chemical investigations of this
fungal genus have been previously reported.14 This paper
describes the isolation and structural elucidation of six new
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compounds and five known metabolites from a soil-derived
Dictyosporium isolate. Three novel molecular scaffolds were
found in this study, and the MALT1 inhibitory activities of the
isolated compounds were also evaluated.

■ RESULTS AND DISCUSSION
The Dictyosporium sp. extract was initially chromatographed on
a Diol MPLC column and then further purified by C18
reversed-phase HPLC to yield six new (1−6) and five
known compounds (7−11).

Compound 1 was obtained as an optically inactive white
powder. The (+)-HRESIMS spectrum displayed a protonated

molecular ion [M + H]+ at m/z 301.0708, corresponding to a
molecular formula of C16H12O6 with 11 double-bond
equivalents. The IR spectrum showed strong absorptions for
hydroxy (3442 cm−1) and ester carbonyl groups (1716 and
1653 cm−1). The 1H NMR spectrum (Table 1) showed signals
for an exchangeable proton (δH 12.22), five aromatic or
olefinic protons (δH 7.52, 6.93, 6.86, 6.83, and 6.22), a
methoxy (δH 3.82), and a methyl (δH 1.81) group. The
combined 13C NMR and HSQC data (Table 1) indicated the
presence of 16 carbons including two carbonyls (δC 182.8 and
167.0), seven nonprotonated sp2 carbons (δC 162.9, 161.1,
153.8, 129.3, 125.8, 109.6, and 104.8), five sp2 methines (δC
141.8, 135.9, 135.5, 112.7, and 107.0), a methoxy carbon (δC
52.7), and an aliphatic methyl carbon (δC 15.8). A 1,2,3-
trisubstituted benzene was deduced based on COSY
correlations from H-6 to H-5 and H-7 and HMBC correlations
of H-5/C-8a, H-7/C-8a, and H-6/C-8, C-10a. A hydroxy
group (8-OH) and a ketone (C-9) were attached at C-8 and
C-8a, respectively, due to HMBC correlations of 8-OH/C-8,
C-8a, C-9; H-5/C-9; and H-7/C-9. Although all of the HMBC
correlations to C-9 were through four bonds, acquisition of the
HMBC data set with the experiment optimized for small
heteronuclear couplings (nJXH = 2.0 Hz) facilitated detection of
these key correlations. The deshielded resonance of 8-OH (δH
12.22) was indicative of an intramolecular hydrogen bond with
the C-9 ketone, which provided further support for this
assignment. HMBC correlations of H-2/C-1, C-4, C-9a, C-12;
H-4/C-4a; H3-11/C-2, C-3, C-4; and H3-13/C-12 helped
establish an oxepin ring that was substituted with a methyl
carboxylate at C-1 and a methyl group at C-3 (Figure 1). The
remaining oxygen atom was placed between C-4a (δC 162.9)
and C-10a (δC 153.8), whose chemical shifts were character-
istic of oxygen-substituted sp2 carbons. The two remaining
nonprotonated carbons, C-9 and C-9a, were connected to

Table 1. NMR Spectroscopic Data (1H 600 MHz, 13C 150 MHz) for Compounds 1−3

1a 2a 3b

pos. δC, type δH (J in Hz) δC, type δH (J in Hz) δC, type δH (J in Hz)

1 129.3, C 124.1, C 142.3, C
2 135.9, CH 6.93, s 125.5, CH 7.15, s 120.8, CH 7.19, s
3 125.8, C 131.0, C 147.4, C
4 141.8, CH 6.22, s 143.5, C 117.6, CH 7.47, s
4a 162.9, C 143.9, C 157.2, C
5 107.0, CH 6.86, d (8.4) 106.6, CH 6.96, d (8.4) 106.7, CH 7.05, d (8.4)
6 135.5, CH 7.52, t (8.4) 137.0, CH 7.61, dd (7.8, 8.4) 137.3, CH 7.72, t (8.4)
7 112.7, CH 6.83, d (8.4) 111.7, CH 6.83, d (8.4) 110.3, CH 6.81, d (8.4)
8 161.1, C 162.2, C 161.0, C
8a 109.6, C 108.8, C 108.9, C
9 182.8, C 181.0, C 182.8, C
9a 104.8, C 116.2, C 114.2, C
10a 153.8, C 155.1, C 155.0, C
11 15.8, CH3 1.81, s 16.2, CH3 2.42, s 21.7, CH3 2.49, s
12 167.0, C 169.8, C 76.0, CH 6.63, dd (4.2, 8.4)
13 52.7, CH3 3.82, s 53.2, CH3 3.99, s 38.5, CH2 2.37, m

2.74, dt (8.4, 13.2)
14 65.5, CH 4.35, q (6.6)
15 177.1, C
4-OH 6.06, s
8-OH 12.22, s 12.32, s 12.64, br s
14-OH 6.08, d (5.4)

aRecorded in CDCl3.
bRecorded in DMSO-d6.
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complete ring B and fulfill the molecular formula requirements.
Compound 1 was thus established to be a new positional
isomer of fusidienol A (7),15 so it was named fusidienol B.
Fusidienol A (7) was also isolated from the Dictyosporium sp.
extract, and it provided NMR data that closely corresponded
with the NMR data for 1 (Supporting Information). Fusidienol
B (1) is only the fourth natural product that shares the 6H-
oxepino[2,3-b]chromen-6-one skeleton that is found in
fusidienol A,15 fusidienol,16 and microsphaeropsone C.17

Compound 2 was isolated as a white powder, and the
molecular formula based on (+)-HRESIMS of C16H12O6 was
isomeric with 1. The 1H NMR data of 2 (Table 1) were quite
similar to those of 1, except for the loss of an aromatic proton
at δH 6.22 in 1 and the appearance of an exchangeable proton
at δH 6.06 in 2. Following 1D and 2D NMR analysis, the same
1,2,3-trisubstituted benzene moiety (ring C) seen in 1, with a
hydroxy group at C-8 (δH 12.32), a carbonyl C-9 (δC 181.0)
substituted on C-8a, and oxygenation at C-10a (δC 155.1), was
confirmed. The chemical shifts of the six remaining aromatic
carbons at δC 143.9, 143.5, 131.0, 125.5, 124.1, and 116.2 and
the more shielded resonance of C-4a (δC 143.9) compared to
C-4a (δC 162.9) in 1 indicated they constituted a benzene ring
(ring A), not an oxepin system as seen in 1.18 Key HMBC
correlations (Figure 2) of H-2/C-9, C-12; H3-11/C-2, C3, C4;

4-OH/C-3; and H3-13/C-12 supported a pentasubstituted
benzene ring with a methyl carboxylate (δC 169.8), a methyl
(δC 16.2), a hydroxy group 4-OH (δH 6.06), and a carbonyl C-
9 (δC 181.0), substituted at C-1, C-3, C-4, and C-9a,
respectively. An ether connection was inferred between the

two oxygenated aromatic carbons C-4a and C-10a to satisfy
molecular formula considerations. Compound 2 was thus
elucidated as a new xanthone and named dictyosporixanthone
A. Dictyosporixanthone A (2) could be a precursor of 1 via
epoxidation and rearrangement processes.15 In fungi, the same
biogenetic relationship between the xanthone ring system and
the ring-extended oxepin has been proposed previously.15

Compound 3 was purified as a light yellow powder and gave
a protonated molecular ion [M + H]+ in the (+)-HRESIMS
spectrum at m/z 327.0855 that established a molecular formula
of C18H14O6. NMR analyses confirmed that 3 belonged to the
same xanthone structural class. Additional NMR signals
corresponding to an exchangeable proton (δH 6.08), two
oxygenated methines (δH/δC 6.63/76.0 and 4.35/65.5), a
methylene (δH/δC 2.37 and 2.74/38.5), and a carbonyl carbon
(δC 177.1) were observed in the 1H and 13C spectra. COSY
and HMBC data and the requirement for one additional
unsaturation equivalent indicated these resonances constituted
a γ-lactone system. Key HMBC correlations from H-12 (δH
6.63) to C-1, C-2, and the ester carbonyl C-15 (δC 177.1) and
H-13/C-1 supported the γ-lactone and confirmed its
connection to the xanthone moiety at C-1 (Figure 3A). A
key NOESY correlation between H-12 and H-14 placed these
protons on the same face of the γ-lactone ring. The
experimental electronic circular dichroism (ECD) spectrum
of 3 corresponded most closely with the calculated ECD of
(12S,14S)-3 (Figure 3B), which enabled the assignment of the
absolute configuration for 3 as (12S,14S)-dictyosporixanthone
B. With ring A of the xanthone core connected to a γ-lactone
substituent, dictyosporixanthone B (3) possesses a new
heterocyclic skeleton that has not been found in previously
reported xanthones.14

Compound 4 was purified as a white powder, and its
molecular formula was determined to be C21H24O6 from
(+)-HRESIMS data. Combined 1H, 13C, and HSQC NMR
data (Table 2) indicated the presence of two carbonyls (δC
201.1 and 196.5), two oxygenated sp2 carbons (δC 150.9 and
148.3), five additional nonprotonated sp2 carbons (δC 146.1,
140.9, 138.3, 132.3, and 123.1), three sp2 methines (δC 141.7,
121.3, and 118.0), one quaternary carbon (δC 71.5), two
oxymethines (δC 67.8 and 66.2), two methylenes (δC 32.3 and
27.3), one methoxy (δC 60.5), and three aliphatic methyls (δC
25.5, 17.5, and 16.2). COSY analysis revealed three isolated
spin systems including H-9−OH, H-12−H2-13−H-14−OH,
and H2-15−H-16 (Figure 4A). HMBC correlations between
H-13/C-11 and H-12/C-10 revealed the presence of an α,β-
unsaturated ketone connected to an allylic methylene (C-13).

Figure 1. Key HMBC correlations for fusidienol B (1).

Figure 2. Key HMBC correlations for dictyosporixanthone A (2).

Figure 3. (A) Key HMBC and NOESY correlations of 3. (B) Experimental ECD spectrum of 3 and calculated ECD spectra of (12S,14S)-3 and
(12R,14R)-3.
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A prenyl group was identified by HMBC correlations from H-
16 to two allylic methyls (C-18 and C-19) and from H-15, H-
18, and H-19 to C-17. HMBC correlations of H-15/C-10 and
C-11 established that the prenyl substituent was attached at C-
11 of the α,β-unsaturated ketone. The six remaining sp2

carbons were assigned to form a pentasubstituted benzene
ring with a protonated carbon at C-2 having HMBC
correlations with C-1, C-4, and C-6. HMBC correlations of
H-20/C-2, C-3, and C-4; OCH3/C-4; and H-9/C-4, C-5, and
C-6 supported the locations of the C-20 methyl, the methoxy
group, and the hydroxy methine carbon C-9 at C-3, C-4, and
C-5, respectively. A four-bond HMBC correlation from H-2 to
C-7 (δC 201.1) established attachment of this ketone carbonyl
at C-6. HMBC correlations of H-9/C-8 and C-10; H-13/C-8;
9-OH/C-8; and 14-OH/C-8 facilitated assignment of the spiro
junction between an indanone moiety and a cyclohexenone
moiety at C-8 (Figure 4A). The relative configuration of 4 was
established from 1D and 2D ROESY data. Irradiation of H-14
(δH 4.34) resulted in significant enhancements of H-9, H-12,
and H-13β, while enhancements of H-9, H-13α, and H-13β
were observed when 14-OH (δH 5.37) was irradiated. These
data together with a key ROESY correlation between H-9 and
H-13α (Figure 4B), revealed that two enantiomers, (8S, 9R,
14S) and (8R, 9S, 14R), were possible for 4. The calculated
ECD spectrum of the (8R,9S,14R)-isomer was a good match

with the experimental ECD of 4 (Figure 4C), supporting the
assignment of the absolute configuration of 4 as (8R,9S,14R)-
dictyosporione A. The spiro structure of dictyosporione A (4)
is related to the spiro architecture of coleophomones A and
D.18−20 However, the significant differences in methyl and
prenyl group substitutions and oxygenation between dictyo-
sporione A (4) and the coleophomones distinguish this
compound as containing a novel structural scaffold.
Compound 5 was purified as a white powder, and its

molecular formula was deduced to be C16H18O6 from a sodium
adduct ion [M + Na]+ at m/z 329.1004 in the (+)-HRESIMS
spectrum. NMR analyses (Table 3) revealed two exchangeable
protons (δH 13.07 and 6.12), two carbonyl carbons (δC 201.9
and 176.3), two nonprotonated sp2 carbons bearing oxygen
(δC 163.3 and 160.7), three additional nonprotonated sp2

carbons (δC 145.8, 117.9, and 109.5), one sp2 methine (δC
99.0), one nonprotonated sp3 carbon bearing oxygen (δC
80.5), one oxymethine (δC 67.1), four methylenes (δC 41.0,
34.2, 31.9, and 15.1), one methoxy (δC 56.0), and one methyl
group (δC 13.1). COSY data defined three isolated spin
systems, C-2−C-3, C-9−C-10, and C-11−C-12−OH (Figure
5A). Characteristic chemical shifts of six sp2 carbons together
with HMBC correlations of H-5/C-4a, C-6, C-7, and C-8a; H-
9/C-6, C-7, and C-8; H-10/C-7; and the methoxy to C-6
revealed a pentasubstituted benzene ring with hydroxy, ethyl,
and methoxy groups assigned at C-8, C-7, and C-6,
respectively. HMBC correlations of H-2/C-1, C-8a, and C-4
and H-3/C-1, C-4, and C-4a supported connections from C-2
to C-8a via C-1 and from C-3 to C-4a via C-4, completing the
7-ethyl-8-hydroxy-6-methoxy-3,4-dihydronaphthalen-1(2H)-
one partial structure, which was similar to that of O-
methylasparvenone (11). An α-hydroxy-substituted γ-lactone
was identified as joining the 3,4-dihydronaphthalen-1(2H)-one
moiety via a spiro ring junction at C-4 based on several
considerations including (i) HMBC correlations H-11/C-4, C-
4a, C-3, C-13 and H-12/C-13; (ii) molecular formula
requirements from mass spectrometry; and (iii) the require-
ment for one additional degree of unsaturation in the molecule.
Thus, the structure of 5 closely correlated with 11, with an
additional spiro fused γ-lactone at C-4 (Figure 5A). Selective
NOE experiments for H-11α, H-11β, and H-12 indicated that
H-11α was on the same face of the molecule as H-5, while H-
11β and H-12 were placed on the same side with H-2β and H-
3β (Figure 5B). The calculated ECD spectrum of (4R,12R)-5
was in good agreement with the experimentally measured ECD
spectrum of 5 (Figure 5C). Therefore, compound 5 was
established as (4R,12R)-dictyosporilactone A. Dictyosporilac-
tone A (5) is structurally related to perenniporide A, a spiro
naphthelenone isolated from the fungus Perenniporia sp.,21 but
compound 5 lacks a Δ2,3 double bond and a methoxy
substituent at C-3.
Compound 6 was purified as a white powder, and its

molecular formula was established as C13H16O5 by (+)-HRE-
SIMS with an [M + Na]+ ion at m/z 275.0892. This molecular
formula had one additional oxygen compared to 11, and the
NMR data of 6 (Table 3) indicated it shared the same 3,4-
dihydronaphthalen-1(2H)-one moiety with compounds 5 and
11. The deshielded methine signals at C-9 (δH/δC 5.16/60.3)
together with the doublet proton signal for H3-10 allowed the
assignment of an additional hydroxy group at C-9. Comparison
of the experimental ECD spectrum of 6 with the calculated
ECD of the four stereoisomers (4S,9S)-6, (4R,9R)-6, (4S,9R)-
6, and (4R,9S)-6 showed the ECD of 6 is compared most

Table 2. NMR Spectroscopic Data (1H 600 MHz, 13C 150
MHz) for 4 Recorded in DMSO-d6

position δC, type δH (J in Hz) COSY ROESY HMBC

1 150.9, C

2 118.0, CH 6.66, s 20 4, 6, 20,
1,c 7c

3 140.9, C

4 148.3, C

5 146.1, C

6 123.1, C

7 201.1, C

8 71.5, C

9 66.2, CH 5.69, d (7.8) 9-OH 13α, 14,b 14-
OH,b 4-
OCH3

4, 5, 6, 7, 8,
10, 14, 3c

10 196.5, C

11 138.3, C

12 141.7, CH 6.62, d (6.0) 13β 14,b 15α 10, 14, 15

13 32.3, CH2 Hα: 2.68, m 13β, 14 9

Hβ: 2.62, dt
(6.0, 6.0,
18.0)

12, 13α,
14

14,b 14-OHb 8, 11, 12,
14

14 67.8, CH 4.34, m 13α,
13β,
14-OH

9,b 12,b 13β,b

16b,c
9

15 27.3, CH2 Hα: 2.68, m 15β, 16 12, 18

Hβ: 2.76, dd
(7.2, 15.6)

15α, 16 10, 11, 12,
16, 17

16 121.3, CH 5.07, t (7.2) 15α, 15β 19 15, 18, 19

17 132.3, C

18 17.5, CH3 1.56, s 15α 16, 17, 19

19 25.5, CH3 1.67, s 16 16, 17, 18

20 16.2, CH3 2.22, s 2, 9 2, 3, 4

4-
OCH3

60.5, CH3 3.73, s 9, 20 4

9-OH 5.65, d (7.8) 9 5, 8, 9

1-OH a

14-OH 5.37, d (4.2) 14 9,b 14,b 13α,b

13βb
8

aNot observed. b1D ROESY. cWeak correlation.
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favorably with the computationally derived data for (4S,9S)-6
and (4S,9R)-6 with three positive Cotton effects (CEs) at 313,
248, and 214 nm and one negative CE at 282 nm (Figure 6A).
However, the CE amplitudes of 6 were notably closer to those
of the (4S,9S)-diastereomer, thus favoring the (4S, 9S)
absolute configuration for 6. Additional density functional
theory (DFT) calculations of the specific rotations (Figure 6B)
revealed that (4S,9S)-6 had a much closer calculated value
compared with the experimentally measured value for 6 ([α]D
= +9). Therefore, compound 6 was proposed as (4S,9S)-9-
hydroxy-O-methylasparvenone.
The known compounds fusidienol A (7),15 janthinone

(8),22 calyxanthone methyl ester (9),23 8-hydroxy-1-(hydrox-
ymethyl)-3-methylxanthone (10),24 and O-methylasparvenone
(11)25 were also isolated from the D. digitatum extract, and
they were assigned by spectroscopic data comparisons (NMR,
MS, and optical rotations) with appropriate literature values.
Compounds 1−11 were tested for MALT1 inhibitory activity;
of these, compounds 1 and 7 exhibited moderate inhibition of
MALT1 with IC50 values of 32 and 51 μM, respectively
(Figure 7). Given their polycyclic conjugated structures,
compounds 1 and 7 were also tested for possible fluorescence
interference in the assay. Modest fluorescence interference was
only observed at concentrations greater than 100 μM
(Supporting Information). The other nine compounds 2−6
and 8−11 showed no significant inhibition at a high-test
concentration of 100 μM. This suggested that the 6H-
oxepino[2,3-b]chromen-6-one skeleton plays a key role in
the inhibition of MALT1 protease activity. In summary,
bioassay-guided fractionation of an extract from a Dictyospo-
rium sp. isolate resulted in the identification of 11 metabolites
in four structural classes, and the two oxepinochromenones 1

and 7 inhibited the proteolytic activity of MALT1 paracaspase.
Although their inhibitory activities were modest, fusidienols A
(7) and B (1) represent the first non-quinone natural products
active against MALT1, and they could provide a lead scaffold
for the development of clinically relevant MALT1 inhibitors.

■ EXPERIMENTAL SECTION
General Experimental Procedures. Optical rotations ([α]D)

were measured on a PerkinElmer 241 polarimeter. UV spectra were
obtained on an Agilent 8453 UV−vis spectrophotometer, ECD
spectra were measured on an AVIV 420SF circular dichroism
spectrometer, and IR spectra were obtained with a PerkinElmer
Spectrum 2000 FT-IR spectrometer. NMR spectra were acquired on a
Bruker Avance III spectrometer equipped with a 3 mm cryogenically
cooled probe operating at 600 MHz for 1H and 150 MHz for 13C. 1H
and 13C NMR spectra were referenced to the residual deuterated
solvent peaks at δH 7.24 and δC 77.2 (CDCl3) and δH 2.50 and δC
39.5 (DMSO-d6). HMBC experiments were optimized for nJCH = 8.3
or 2.0 Hz. All 2D NMR experiments were acquired with nonuniform
sampling (NUS) set to 50%, except for HSQC, which had NUS set to
25%. HRESIMS data were acquired on an Agilent 6520 Accurate
Mass Q-TOF instrument. HPLC purifications were performed using a
Varian ProStar 218 solvent delivery module HPLC equipped with a
Varian ProStar 325 UV−vis detector, operating under Star 6.41
chromatography workstation software. All solvents used for extraction
and chromatography were HPLC grade, and the H2O used was
ultrapure water.

Fungal Material. The fungus was obtained from a soil sample
collected in Herod, Illinois, USA. The fungal isolate grew slowly on
the surfaces of both malt extract and Czapek plates. To aid in the
identification of the fungal species, mycelium was collected and
subjected to homogenization in TE buffer (10 mM EDTA HCl, 0.1
mM EDTA, pH 8.0) with zirconium oxide beads in a Bullet Blender
Storm (MidSci #BBY24M). The isolate was identified as a likely
Dictyosporium sp. based on analysis of gene sequence data for its

Figure 4. (A) Key HMBC correlations of 4. (B) Key ROESY correlations of 4. (C) Experimental ECD spectrum of 4 and calculated ECD spectra
of (8S,9R,14S)-4 and (8R,9S,14R)-4.
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ribosomal internal transcribed spacer region and the 5.8S rRNA genes
(1TS1F-5.8S-ITS4) (GenBank accession number MH882417).26

BLAST analysis revealed >99% sequence similarity between the soil
isolate and several samples in the NCBI database catalogued as
Dictyosporium digitatum.
Extraction and Isolation. The fungus was grown on Cheerios

breakfast cereal supplemented with a 0.3% sucrose solution and
0.005% chloramphenicol in three large mycobags (Unicorn Bags,
Plano, TX, USA). The fungus was grown for 6 weeks, whereupon it
had achieved complete colonization of the solid substrate. The fungal
biomass was extracted by soaking overnight in 8 L of ethyl acetate.
The organic extract was subjected to partitioning three times against
water (1:1, vol/vol). The ethyl acetate layer was retained and the

solvent removed by evaporation in vacuo, yielding 5.5 g of vibrant
orange-red organic-soluble material. The organic-soluble material was
fractionated on a Diol-MPLC column (CombiFlash) with a flow rate
of 85 mL/min using a series of organic solvents: (1) 90% hexanes−
10% CH2Cl2 for 10 min; (2) 95% CH2Cl2−5% EtOAc for 10 min; (3)
100% EtOAc for 10 min; (4) 83% EtOAc−17% MeOH for 10 min;
and (5) 100% MeOH for 20 min, to give 14 fractions, A−N. Only
fractions D and E showed MALT1 inhibitory activity. Fraction D was
purified on a C18 HPLC column (5 μm, 250 × 21.4 mm) at a flow
rate of 9 mL/min with a contiguous elution series that consisted of a
linear gradient from 15% CH3CN−85% H2O to 50% CH3CN−50%
H2O over 20 min, isocratic with 50% CH3CN−50% H2O for 10 min,
and then a linear gradient from 50% CH3CN−50% H2O to 100%
CH3CN over 30 min to yield compounds 1 (1 mg, tR = 25.0 min), 7
(20 mg, tR = 26.1 min), 10 (1.5 mg, tR = 27.3 min), and 8 (2 mg, tR =
29.2 min). Fraction E was chromatographed on a C18 HPLC column
(5 μm, 250 × 21.4 mm) with the same elution series used for fraction
D to obtain 2 (3 mg, tR = 39.1 min), 3 (0.8 mg, tR = 43.5 min), 7 (2
mg, tR = 46.1 min), and 10 (1.8 mg, tR = 47.3 min). Fraction F was
separated on a C18 HPLC column (5 μm, 250 × 10 mm) at a flow rate
of 4 mL/min with a linear gradient from 20% CH3CN−80% H2O to
80% CH3CN−20% H2O over 25 min and then from 80% CH3CN−
20% H2O to 100% CH3CN in 5 min to afford 4 (1.2 mg, tR = 16.4
min), 11 (1.6 mg, tR = 18.5 min), and 9 (2 mg, tR = 21.5 min).
Fractions H and K were also subjected to a C18 HPLC column (5 μm,
250 × 10 mm) with a similar program used for fraction F to yield 5
(0.5 mg, tR = 18.5 min) and 6 (0.3 mg, tR = 16.2 min), respectively.

Fusidienol B (1): white powder; UV (MeOH) λmax (log ε) 235
(3.75) and 315 (3.36) nm; IR (NaCl) νmax 3442, 2951, 1716, 1653,
1596, 1489, and 1278 cm−1; 1H and 13C NMR data, Tables 1 and S1
(Supporting Information); (+) HRESIMS m/z 301.0708 [M + H]+

(calcd for C16H13O6, 301.0707, Δ 0.3 ppm).
Dictyosporixanthone A (2): white powder; UV (MeOH) λmax (log

ε) 251 (3.96) and 315 (3.41) nm; IR (NaCl) νmax 3390, 2955, 1718,
1647, 1610, 1507, 1464, 1278, 1226, and 1021 cm−1; 1H and 13C
NMR data, Tables 1 and S2 (Supporting Information); (+)
HRESIMS m/z 301.0705 [M + H]+ (calcd for C16H13O6, 301.0707,
Δ −0.7 ppm).

Dictyosporixanthone B (3): light yellow powder; [α]22D −73 (c
0.01, MeOH); UV (MeOH) λmax (log ε) 232 (4.13), 255 (4.04), 287
(3.79) and 358 (3.39) nm; ECD (c 1022 × 10−6 M, MeOH) λmax
(Δε) 353 (+0.25), 296 (−1.09), 262 (−2.58), 223 (−2.01), and 209
(−2.12) nm; 1H and 13C NMR data, Tables 1 and S3 (Supporting
Information); (+) HRESIMS m/z 327.0855 [M + H]+ (calcd for
C18H15O6, 327.0863, Δ −2.4 ppm).

Dictyosporione A (4): white powder; [α]22D +9 (c 0.05, MeOH);
UV (MeOH) λmax (log ε) 216 (4.02), 228 (4.04), 264 (3.76), and
329 (3.33) nm; ECD (c 1120 × 10−6 M, MeOH) λmax (Δε) 350
(+0.16), 319 (−0.31), 266 (+1.68), 238 (+1.55), and 223 (−1.98)
nm; 1H and 13C NMR data, Table 2; (+) HRESIMS m/z 395.1467
[M + Na]+ (calcd for C21H24O6Na, 395.1465, Δ 0.5 ppm).

Dictyosporilactone A (5): white powder; [α]22D +34 (c 0.05,
MeOH); UV (MeOH) λmax (log ε) 2.25 (3.94), 288 (3.83), and 335

Table 3. NMR Spectroscopic Data (1H 600 MHz, 13C 150
MHz) for Compounds 5 and 6 Recorded in DMSO-d6

5 6

position δC, type δH (J in Hz) δC, type δH (J in Hz)

1 201.9, C 203.4, C
2 34.2, CH2 Hα: 2.66, dt (3.6,

18.6)
35.1, CH2 2.69, m

Hβ: 2.98, m
3 31.9, CH2 Hα: 2.26, td (4.2,

13.2)
31.5, CH2 Hα: 1.91, m

Hβ: 2.32, dt (4.2,
13.2)

Hβ: 2.15, m

4 80.5, C 66.3, CH 4.69, dd (3.6,
9.0)

4a 145.8, C 149.6, C
5 99.0, CH 6.62, s 101.1, CH 6.77, s
6 163.3, C 163.2, C
7 117.9, C 118.0, C
8 160.7, C 160.8, C
8a 109.5, C 109.5, C
9 15.1, CH2 2.56, q (7.2) 60.3, CH 5.16, q (6.6)
10 13.1, CH3 1.01, t (7.2) 22.2, CH3 1.41, d (6.6)
11 41.0, CH2 Hα: 2.01, dd (10.2,

13.2)
Hβ: 3.08, dd (8.4,
13.2)

12 67.1, CH 4.77, t (9.0, 9.6)
13 176.3, C
6-
OCH3

56.0, CH3 3.91, s 55.9, CH3 3.88, s

4-OH 5.64, br s
8-OH 13.07, br s 13.18, s
9-OH a

12-OH 6.12, br s
aNot observed.

Figure 5. (A) Key HMBC correlations of 5. (B) Key NOESY correlations of 5. (C) Experimental ECD spectrum of 5 and calculated ECD spectra
of (4R,12R)-5 and (4S,12S)-5.
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(3.30) nm; ECD (c 1089 × 10−6 M, MeOH) λmax (Δε) 310 (+2.15),
285 (−1.23), 254 (+0.27), 240 (−0.40), and 221 (+1.00) nm; 1H and
13C NMR data, Tables 3 and S4 (Supporting Information); (+)
HRESIMS m/z 329.1004 [M + Na]+ (calcd for C16H18O6Na,
329.0996, Δ 2.4 ppm).
9-Hydroxy-O-methylasparvenone (6): white powder; [α]22D +9 (c

0.03, MeOH); UV (MeOH) λmax (log ε) 223 (3.90), 285 (3.78), and
330 (3.27) nm; ECD (c 1323 × 10−6 M, MeOH) λmax (Δε) 313
(+1.31), 285 (−1.34), 248 (+0.27), and 214 (+4.00) nm; 1H and 13C
NMR data, Tables 3 and S5 (Supporting Information); (+)
HRESIMS m/z 275.0892 [M + Na]+ (calcd for C13H16O5Na,
275.0890, Δ 0.7 ppm).
Computational Details. TDDFT ECD calculations for 3−6 were

performed at 298 K using Maestro and Gaussian 09 software.

Molecular mechanics calculations were performed using Macromodel
interfaced to the Maestro program (version 2015.3, Schrödinger).27

All conformational searches used the OPLS_2005 force field.
Conformers having internal relative energies within 3 kcal/mol were
subjected to geometry optimization on Gaussian 0928 at the DFT
level with the B3LYP functional and the 6-31G(d,p) basis set.
Optimized conformers were then subjected to TDDFT calculations in
MeOH on Gaussian 09 using the B3LYP functional and the 6-
31G(d,p) basis set for 3, 5, and 6 and the 6-31+G(d,p) basis set for 4.
All calculations were performed in MeOH solvent. For each
conformer, all of the resultant rotational strengths were converted
into Gaussian distributions and summed to obtain the final calculated
ECD spectrum based on the Boltzmann distribution of each
conformer. ECD spectra were generated using the SpecDis program.29

Optical rotation calculations for the stereoisomers of 6 employed
molecular mechanics and quantum chemical calculations for each
particular stereoisomer, performed in MeOH with the same
procedure as above. Optical rotation calculations were computed at
the DFT levels using the B3LYP functional and an array of basis sets
including aug-cc-pvdz, aug-cc-pvtz, 6-31+G(d,p), and 6-311+G(d,p).
Final calculated optical rotations were obtained from the Boltzmann-
weighted average.

MALT1 Assay. Enzymatic expression and activity assays were
similar to those described previously.30 Briefly, DNA encoding human
full-length MALT1 isoform A (824 amino acids), NCBI Ref Sequence
NM_006785.2, was purchased from GenScript (Piscataway, NJ,
USA). An amino terminal nucleotide sequence was added to allow for
the TEV protease-mediated cleavage of an affinity tag from the
translated construct. The MALT1 ORF plus the TEV recognition site
(TEV-MALT1) was then subcloned into the pDONR221 Gateway
Expression entry vector (Invitrogen, Grand Island, NY, USA). A
glutathione S-transferase (GST)-tagged TEV-MALT1 (GST-TEV-
MALT1) expression construct was created using the Gateway cloning
system by recombining the TEV-MALT1 pDONR221donor vector
with pDEST15 using LR Clonase II (Invitrogen). Following IPTG-
induced protein expression in E. coli, cells were lysed, and GST-TEV-
MALT1 was purified according to manufacturer’s protocols using a 5
mL GSTrap FF column (GE Healthcare Life Sciences, Piscataway,

Figure 6. (A) Experimental ECD spectrum of 6 and calculated ECD spectra of (4S,9S)-6, (4R,9R)-6, (4S,9R)-6, and (4R,9S)-6. (B) Calculated
specific rotations using four different basis sets for (4S,9S)-6, (4R,9R)-6, (4S,9R)-6, and (4R,9S)-6.

Figure 7. Dose−response curves and IC50 values for compounds 1
and 7. Compounds 1 and 7 were tested in quadruplicate for the ability
to inhibit MALT1 protease activity in a fluorescence-based
biochemical assay.
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NJ, USA). Pooled GST-TEV-MALT1 positive fractions were digested
with TEV protease and further purified by size exclusion
chromatography using a Sephacryl S200 HR column. MALT1
positive fractions were combined with glycerol (30% final) and
frozen at −80 °C until use. The specific activity of MALT1-GST was
determined according to published procedures using the covalent
MALT1 inhibitor z-VRPR-FMK (Enzo Life Sciences, Farmingdale,
NY, USA).31 For dose−response measurements, MALT1-GST was
combined with assay buffer (50 mM Tris HCl pH 7.5, 0.05% CHAPS
(w/v), 1 mM DTT, 0.1 mM EGTA 0.8 M sodium citrate) at 1.2× the
final concentration (25 nM). A 6× final concentration of 7-amino-4-
methylcoumarin-labeled peptide substrate, Ac-LRSR-MCA (Peptides
International, Louisville, KY, USA), and increasing concentrations of
each compound were prepared in assay buffer. The reaction was
initiated by the addition of substrate/compound to the reaction
mixture to reach a final reaction concentration of 25 nM MALT1-
GST, 150 μM substrate, and 0−250 μM compound. Reaction plates
were sealed and placed in a 37 °C incubator for 1 h. Prior to reading,
reactions were quenched by the addition of an equal volume of 0.2%
sodium dodecyl sulfate (SDS). Quadruplicate quenched reactions
were then measured for fluorescence intensity in a Molecular Devices
SpectraMax i3X plate reader (Molecular Devices, LLC., San Jose, CA,
USA) at 342 nm excitation and 441 nm emission wavelengths.
Corning Costar (Corning, NY, USA) black 384-well fluorescence
compatible polypropylene plates were used for all fluorescence
experiments. The covalent MALT1 inhibitor VRPR-FMK (valine-
arginine-proline-arginine-fluoromethyl ketone) was used as a positive
control (IC50 = 16 nM).
In parallel to the enzymatic assays, each compound was also tested

for the ability to directly modulate the fluorescence of 7-amino-4-
methylcoumarin (AMC, Sigma-Aldrich, St. Louis, MO, USA), the
fluorophore cleaved from the MALT1 substrate in the enzymatic
assay. This assay was designed to determine if nonspecific interactions
of test compounds with the AMC fluorophore were interfering with
the evaluation of MALT1 enzyme activity. For this assay, AMC was
used in place of the peptide substrate in preparing the compound
dose−response dilutions, and this mixture (6× AMC and 6×
compound) was diluted to a final concentration of 30 μM AMC
and 0−250 μM compound into the assay buffer containing MALT1-
GST. Samples were treated identically to those of the enzymatic assay.
Collected data were first background corrected by subtracting the
average fluorescence of prequenched control reactions from all
experimental wells. The background-corrected readings were then
normalized as a percentage of the vehicle control reaction according
to the following formula:

= ×
i
k
jjjjj

y
{
zzzzzNomalized % MALT1 Activity 100

RFU

RFU
compound

vehicle control

The normalized data were then directly plotted as a semilog plot,
and an IC50 value was determined using GraphPad Prism software
(GraphPad Software Inc., La Jolla, CA, USA) by nonlinear regression
for each compound (I) according to the following equation:

=
+ − [ ] ×% Normalized Activity

100
(1 10 )I((log IC log ) Hill slope)50
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