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ABSTRACT: Six new spiroindole alkaloids (1—6) and two
new spiroditerpenoids (7 and 8) were isolated from an EtOAc
extract of Aspergillus duricaulis culture media together with five
known compounds. The structures of the isolated compounds
were elucidated by analysis of NMR and MS data, and the
absolute configurations of compounds 1—8 were confirmed by
CD spectroscopic methods. All isolated compounds were
evaluated for their inhibition of beta-amyloid (Af) aggregate-
induced toxicity in PCI12 cells and Af aggregation.
Compounds 8—11 efficiently protected PC12 cells against
AP aggregate-induced toxicity, but only compound 9 inhibited
Af aggregation. On the other hand, compounds 4 and $
exhibited moderate inhibitory effects on Af aggregation, but

2R, =CH,, R, =CH; 5
3R=H 4R, =H,R,=CH,
9R,=CH,R,=H

did not protect the cells from Af aggregate-induced toxicity. Preincubating A/ monomers with compounds 4 and § rescued
PC12 cells against Af aggregate-induced toxicity by reducing neurotoxic Af aggregates. Compound 9 inhibited both AS

aggregate-induced toxicity and Af aggregation.

Izheimer’s disease (AD) is characterized by progressive

loss of memory and other cognitive functions and is one
of the most serious neurodegenerative disorders in the elderly
population.” The pathologic hallmark of AD is the extracellular
deposition of the beta-amyloid (Af) peptide forming senile
plaques. Af originates from the sequential proteolytic cleavage
of the amyloid precursor protein by f- and y-secretases.” The
overproduction of Af leads to the accumulation and
aggregation of Ap, which trigger neuronal death through
oxidative stress, energy depletion, inflammation, and apoptosis.”
Several potential therapeutic strategies have been suggested,
and some medicines, such as memantine, tacrine, donepezil,
rivastigmine, and galantamine, have been developed.4 Although
these medicines are expected to slow down the progression of
AD, the number of people with this disease is increasing and is
expected to increase to 114 million by 2050 because these
drugs improve only some of the disease symptoms and a radical
treatment has yet to be found.”* Natural products with anti-AD
properties have attracted much attention during the recent
decade.” Among them, fungal-derived secondary metabolites
from terrestrial and marine fungi may be an important
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therapeutic approach for AD because of their structural
diversity and biological activity.®

In our continuous search for natural-product-derived neuro-
protective compounds,”’”” an EtOAc-soluble extract of
Aspergillus duricaulis culture media protected PC12 cells against
Ap aggregate-induced toxicity. Six new spiroindole alkaloids
(1—6) and two new spiroditerpenoids (7 and 8), along with
five known compounds, 16-oxo-paraherquamide B (9),'
setosusin  (10),"" 2,2-dimethyl-2H-1-chromene-6-carboxylate
(11),"> deacetyl-dehydrated setosusin,"" and 4-hydroxy-3-
prenylbenzoic acid,” were subsequently isolated from the
extract. Compounds 4, §, and 9 inhibited Af aggregation with
moderate activity, whereas compounds 8—11 protected PC12
cells against AJ aggregate-induced toxicity. The inhibition of
Ap aggregation after pretreatment of A monomers with
compounds 4 and S rescued the cells against Afj, even though
these compounds did not inhibit toxicity induced by already
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formed A aggregates. Compound 9, however, exhibited both
activities.

B RESULTS AND DISCUSSION

Compound 1 was isolated as a white, amorphous solid. Its
molecular formula of CysH;3N3;0; was deduced from
HRESIMS analysis, suggesting 14 degrees of unsaturation.
The 'H NMR data (Table 1) displayed six methyl groups
including an amide N-methyl [y 3.10 (3H, s, NMe-29), 1.46
(3H, s, Me-27), 1.44 (3H, s, Me-28), 125 (3H, d, J = 7.0 Hz,
Me-17), 1.08 (3H, s, Me-22), and 0.87 (3H, s, Me-23)], four
methylene groups [8y 3.82 (1H, d, ] = 12.0 Hz, H-12a), 3.50
(1H, d, J = 12.5 Hz, H-12b), 2.81 (1H, d, J = 15.5 Hz, H-10a),
2.61 (1H, dd, J = 13.5, 6.0 Hz, H-14a), 2.08 (1H, dd, J = 13.5,
10.0 Hz, H-14b), 2.02 (1H, d, J = 15.5 Hz, H-10b), 1.94 (1H,
dd, J = 12.5, 11.0 Hz, H-19a), and 1.79 (1H, dd, J = 12.5, 10.5
Hz, H-19b)], and six methine groups, of which two were
aromatic and two olefinic [§y 6.81 (1H, d, ] = 8.0 Hz, H-4),
671 (1H, d, ] = 8.0 Hz, H-5), 631 (1H, d, ] = 7.5 Hz, H-24),
4.90 (1H, d, ] = 7.5 Hz, H-25), 3.33 (1H, t, ] = 10.5 Hz, H-20),
and 2.73 (1H, m, H-15)]. The 3C NMR data (Table 1)
showed 28 carbon signals, including six methyl, six methine,
four methylene, three amide carbonyl, three oxygenated
tertiary, three N-containing tertiary, and three quaternary
carbons. The 1D NMR data of 1 were comparable to those of
paraherquamide H,'* which contains heptacyclic carbon
frameworks consisting a bicyclo[2,2,2]diazaoctane core joined
to a substituted proline moiety and a dioxygenated seven-
membered ring with a 1,2-disubstituted olefin joined to a

spiroindole moiety. The only difference found was the change
of the position of the methyl group in 1 from C-14 to C-1S.
The HMBC cross-peaks of Me-17/C-14, C-15, and C-16
indicated that the methyl group of the terminal proline unit in 1
was located at C-15. The gross structure of 1 was further
confirmed by additional 2D NMR data (Figure 1). Accordingly,
the structure of the new compound 1 was elucidated as shown
and has been given the trivial name paraherquamide J.

The molecular formula of compound 2 was determined as
C,sH33N;0, from HRESIMS analysis. Its 'H and *C NMR
data (Table 1) were similar to those of 1, which has a typical
paraherquamide skeleton, except that the dioxygenated seven-
membered ring in 1 was changed to a monooxygenated six-
membered ring [§y 6.29 (1H, d, ] = 10.0 Hz, H-24) and 5.72
(1H, d, J = 10.0 Hz, H-25)]. The structure of the new
compound 2 was confirmed by the 2D NMR data and
elucidated as paraherquamide K.

The 'H and "*C NMR spectroscopic data of compounds 3
(Table 1) and 4 (Table 2) were superimposable to those of 1
and 2, respectively, except for the disappearance of the amide
N-methyl groups, which was confirmed by the presence of the
amide proton signals of 3 [5y 6.97 (1H, s, NH-29)] and 4 [y
6.95 (1H, s, NH-29)] and the HMBC cross-peaks from NH-29
to C-13. Finally, the entire structures were confirmed by
HRESIMS analyses. Consequently, the new compounds 3 and
4 were determined to be 29-N-demethylparaherquamide J and
29-N-demethylparaherquamide K, respectively.

Compounds § and 6 had the molecular formulas
C,sH3sN30, and CygH3sN;O;, respectively. According to
their 'H and “C NMR data (Table 2), both compounds
have the same paraherquamide skeleton as that of 1 and 2
except for the absence of the carbonyl groups at C-16 in § and
6. The presence of the methylene proton signals in § [6y 3.06
(1H, m, H-16a) and 1.79 (1H, m, H-16b)] and 6 [5}; 3.06 (1H,
m, H-16a) and 1.79 (1H, m, H-16b)], the '"H—"H COSY cross-
peaks of H-15/H-16, and the HMBC cross-peaks of H-16/C-13
and C-14 and Me-17/C-14, C-15, and C-16 confirmed the
structure of the terminal proline unit. Thus, the new
compounds 5 and 6 were determined as 16-deoxo-para-
herquamide J and 16-deoxo-paraherquamide K, respectively.

The relative configurations of all stereogenic centers in
compounds 1—6 were the same as those of the previously
reported paraherquamides as concluded from the close
resemblance of the 'H and "*C chemical shifts and NOESY
data.'>'® The NOESY correlations of H-4/H-10b and Me-22
indicated the relative configuration of the spiro center at C-3,
and those of H-12a/Me-22 and of H-20/Me-23 indicated that
H-12 and H-20 were trans-diaxial (Figure 2). Furthermore, the
additional NOESY correlations allowed stereospecific proton
assignments of all germinal proton pairs. CD spectroscopy is
considered decisive for the absolute configuration of
spiroindole alkaloids.'”'® The CD spectra of 1—6 showed
negative Cotton effects at 260—280 nm (Supporting
Information, S25), which indicated that each compound has
the same 3R configuration. Consequently, the absolute
configurations of compounds 1—4 were 3R, 11§, 13R, 1SR,
and 208, and those of compounds $§ and 6 were 3R, 11§, 13S,
15R, and 208S.

Compound 7, isolated as a white, amorphous solid, had a
molecular formula of Cy;H3sO4 as determined by HRESIMS
analysis, suggesting 10 degrees of unsaturation. The '"H NMR
spectroscopic data (Table 3) revealed seven methyl groups [5y
2.22 (3H, s, Me-7"), 1.93 (3H, s, Me-6"), 1.66 (3H, s, Me-16),
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Table 1. NMR Spectroscopic Data of Compounds 1-3

14 29 37
Sy, mult (J in Sy, mult (J in Sy, mult (J in
position &, type Hz) HMBC” ¢, type Hz) HMBC" ¢, type Hz) HMBC”
2 182.1, C 183.7, C 182.3, C
3 633, C 625, C 63.1, C
4 1204, CH  6.81,d (8.0) 3,638 1257, CH 691, d (8.5) 6,8 1204, CH  6.79, d (8.5) 3,638
5 117.7, CH  6.71, d (8.0) 6,79 110.0, CH 648, d (8.0) 7,9 117.7, CH  6.71, d (8.5) 6,7,9
6 146.3, C 1583.3, C 146.3, C
7 1354, C 105.3, C 1354, C
8 1322, C 137.0,C 132.3, C
9 1244, C 120.6, C 124.5, C
10 37.0,CH, 281,d(155) 2,3, 11,12, 21 372, CH, 278,d(155) 2,3, 11,12, 39.6, CH, 242,d(155) 2,3,11,12,21
21
2.02,d (185) 2,39, 11, 12, 2.00,d (185)  2,3,9, 11,12 2.13,d (155) 2, 3,911, 12,
20 20
11 64.7, C 64.6, C 614, C
12 492, CH, 3.82,d (12.0) 492, CH, 3.81,d (12.0) 49.5CH,  3.83,d (1L5)
3.50,d (12.8) 11,20 3.50,d (12.8) 11,20 3.56,d (11.5) 11,20
13 63.0, C 632, C 63.6, C
14 314, CH, 261,4dd (135, 13,15, 16, 17, 314, CH, 261,dd (135, 13, 15,17, 30.7, CH, 2.55,dd (13.0, 13, 15,17, 18,
6.0) 18, 19 ) 18, 19 6.0) 19
2.08, dd (13.5, 13,15, 16, 17, 2.08, dd (13.5, 2.05,dd (12.5, 13,15, 17, 18,
10.0) 18, 19 9.5) 10.0) 19
15 372, C 2.73, m 14, 16, 17 37.0, C 2.73, m 374, C 271, m 16, 17
16 1753, C 1753, C 1753, C
17 17.1, CH; 125, d (7.0) 14, 15, 16 17.1,CH; 125, d (7.5) 14, 15, 16 172,CH; 125, 4d (7.5) 14, 15, 16
18 1719, C 172.0, C 174.0, C
19 29.8, CH, 1.94,dd (125, 11,20 30.1, CH, 1.94,dd (125, 29.7, CH, 197,dd (120, 11,20
11.0) 11.0) 11.0)
179, dd (12.5, 13, 18, 20, 21 1.79, dd (12.5, 179, dd (125, 13, 18, 20, 21
10.5) 10.5) 11.0)
20 533, CH 333t (105) 11,12, 19, 21, 53.5, CH 329t (10.5) 546, CH  3.32,t(10.5) 11, 12, 19, 21,
22,23 22,23
21 462, C 46.1, C 462, C
22 20.7, CH; 108, s 3,20, 21, 23 20.6, CH; 108, s 3,20, 21, 23 20.7, CH; 107, s 3,20, 21, 23
23 239, CH; 087, s 3,20, 21,22 238, CH, 0.86,s 3,20, 21, 22 240, CH; 0.87,s 3,20, 21, 22
24 1389, CH  6.31,d (7.5) 7,25, 26 1158, CH  629,d (100) 26 1389, CH  6.31,d (7.5) 7,25, 26
25 1153, CH 490, d (7.5) 24, 26, 27, 28 1315, CH  5.72,d (100) 7,26 1153, CH  4.89, d (8.0) 24, 26, 27, 28
26 79.9, C 764, C 79.9, C
27 300, CH; 146, s 25, 26, 28 27.8,CH, 147, s 25, 26, 28 30.1, CH; 146, s 25, 26, 28
28 300, CH; 144,s 25, 26, 27 280, CH; 143,s 28, 26, 27 302, CH; 143,s 28, 26,27
29 273, CH; 3.10, s 11, 18 272, CH; 3.09, s 11, 18
NH-1 7.81, s 3,809 843, s 7.83,'s 3,89
NH-29 697, s 13

“CDCl,. "HMBC correlations, optimized for 8 Hz.

— 'H-"H cosy

— HMBC

Figure 1. HMBC and COSY correlations of compounds 1 and 7.

1.50 (3H, s, Me-18), 1.48 (3H, s, Me-19), 1.14 (3H, s, Me-20),
and 0.96 (3H, s, Me-17)], five methylene groups [6y 3.23 (1H,
d, ] = 15.5 Hz, H-2a), 3.03 (1H, d, J = 15.0 Hz, H-15a), 2.94

(1H, d, overlapped, H-2b), 2.92 (1H, d, J = 15.0 Hz, H-15b),
2.17 (1H, m, H-11a), 2.02 (1H, m, H-11b), 1.69 (1H, m, H-
6a), 1.59 (1H, m, H-6b), 1.56 (1H, m, H-7a), and 1.43 (1H, m,
H-7b)], and four methine groups, including one olefinic [y
5.65 (1H, m, H-12), 3.83 (1H, d, ] = 5.0 Hz, H-1), 2.61 (1H,
dd, J = 11.0, 5.0 Hz, H-9), and 2.01 (1H, d, J = 11.0 Hz, H-5)].
The *C NMR spectroscopic data (Table 3) showed 27 carbon
signals, including seven methyl, four methine, five methylene,
two carbonyl, four oxygenated tertiary, and five quaternary
carbons. These 1D NMR data of 7 were similar to those of
brevione C,'"” which has a pentacyclic carbon framework
consisting of a diterpenoid and a polyketide moiety, except for
the replacement of a 3-methylcyclohept-2,6-dienone ring by a
4-hydroxy-7,7-dimethyloxepan-2-one ring in 7 [3.83 (1H, d, ] =
5.0 Hz, H1), 323 (1H, d, J = 15.5 Hz, H-2a), 2.94 (1H, d,
overlapped, H-2b), 1.50 (3H, s, Me-18), and 1.48 (3H, s, Me-
19)]."" These data were confirmed by the HMBC correlations
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Table 2. NMR Spectroscopic Data of Compounds 4—6

4 52 6"
Sy, mult (J in Sy, mult (J in Sy, mult (J in
position 8¢, type Hz) HMBC* 8¢, type Hz) HMBC* 8¢, type Hz) HMBC*
2 184.0, C 1832, C 184.2, C
3 62.6, C 63.5, C 62.7, C
4 1256, CH  6.89, d (8.0) 3,68 121.8, CH  7.05,d (8.5) 6,8 1269, CH  7.11,d (8.5) 6,8
S 1099, CH  6.48,d (8.0) 6,7,9 117.5,CH  6.67, d (8.0) 6,7,9 109.5,CH  6.39,d (8.5) 7,9
6 153.3, C 1472, C 153.8, C
7 1085, C 136.4, C 106.0, C
8 137.1, C 1344, C 1394, C
9 120.7, C 126.9,C 1229, C
10 39.5,CH, 2.36,d (15.0) 2,11 38.1, CH, 2.69, d (15.5) 2,3,11, 12,21 38.1, CH, 2.66, d (15.5) 2,311, 12,
21
2.11, d (15.5) 2,911, 12 1.96, d (15.0) 2,39 11, 12, 191, d (15.5) 2,911, 12,
20 20
11 614, C 65.8, C 65.7, C
12 494, CH, 381,d (1L5) 59.8, CH, 3.64,d (11.0) 599, CH, 3.63,d (11.0)
3.56, d (12.0) 11, 20 2.62,d (11.5) 2.62,d (11.0)
13 63.7, C 68.1, C 682, C
14 30.7, CH, 2.54,dd (13.5, 13, 15, 17, 18, 36.8, CH, 2.23,dd (125, 18 36.8, CH, 2.24,dd (12.5, 13, 15, 17,
5.0) 19 5.5) 5.0) 18
2.05, dd (13.0, 18, 19 1.57, dd (12.0, 1.58, dd (12.0,
10.0) 10.5) 10.5)
15 374, C 2.72, m 324,C 2.30, m 324, C 2.30, m
16 1752, C 62.6, CH, 3.06, m 13, 14 62.7, CH, 3.06, m 13, 14
1.79, m 1.79, m
17 172, CH; 124, d (7.5) 14, 15, 16 19.5, CH; 100, d (7.0) 14, 15, 16 19.5, CH;  0.99, d (7.0) 14, 15, 16
18 174.3, C 174.1, C 174.0, C
19 302, CH, 1.96, dd (12., 304, CH, 1.73,dd (125, 11 303, CH, 1.72, dd (12.0,
11.0) 11.0) 11.0)
1.79, dd (12.0, 1.71, dd (12.0, 20 1.69, dd (12.0,
11.0) 11.0) 11.0)
20 549,CH  3.32,t (10.5) 537, CH  3.04,t (10.5) 538, CH  3.04,t (10.5)
21 461, C 465, C 464, C
22 20.5, CH; 1.06, s 3,20, 21, 23 21.0,CH; 1.12,s 3,20, 21,23 209, CH; 111, s 3,20, 21, 23
23 238, CH, 0.84,s 3,20, 21, 22 244,CH, 081, s 3,20, 21, 22 24.3,CH, 0.0, s 3,20, 21, 22
24 1160, CH  6.35,d (10.5) 26 1400, CH  6.37,d (7.5) 7,25, 26 117.6, CH  6.67, d (10.0) 26
25 1314, CH  5.73,d (10.0) 7, 26 1160, CH  4.97,d (8.0) 24, 26 1312, CH  5.76,d (9.5) 7, 26
26 764, C 80.3, C 76.6, C
27 28.0,CH; 147,s 25, 26, 28 299, CH; 143,s 25, 26, 28 28.1, CH; 142,s 2S5, 26, 28
28 278, CH; 143,s 25, 26, 27 31.3, CH; 141, s 25, 26, 27 28.0, CH; 141, s 25, 26, 27
29 262, CH; 3.03,s 11, 18 262, CH; 3.02, s 11, 18
NH-1 847, s 943, s 9.53, s
NH-29 6.95, s 13

9CDCl,. YAcetone-ds. “HMBC correlations, optimized for 8 Hz.

1 7

Figure 2. Key NOESY correlations of compounds 1 and 7.

of Me-20/C-1, C-5, C-9, and C-10 and of Me-18, -19/C-4 and
C-5 (Figure 1). The entire structure of the new compound 7
was established by additional 2D NMR studies and elucidated
as brevione L.

Compound 8 (brevione M) showed a molecular ion peak at
m/z 439.2485 [M + H]* in the HRESIMS, consistent with the
molecular formula C,,H;,0,. The 'H and *C NMR data of 8
(Table 3) were similar to those of 7 and suggested that 8 was a
dehydrated form of 7, as indicated by the olefinic proton signals
(5, 646 (1H, d, J = 12.5 Hz, H-1) and 5.89 (1H, d, J = 12.0
Hz, H-2)] and the HMBC cross-peaks of Me-20/C-1 and H-9/
C-1.

The relative configurations of compounds 7 and 8 were the
same as those of the previously reported spiroditerpenoids, as
indicated by the close similarity of the 'H and *C chemical
shifts and NOESY data.'”** The NOESY correlations of H-5/
H-9 and Me-19 suggested that these protons were on the same
face of the ring system; those of Me-17/H-15 and Me-20 and of
Me-18/Me-20 supported their positioning on the opposite face
of the system (Figure 2). The absolute configurations of
compounds 7 and 8 were established by comparing their
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Table 3. NMR Spectroscopic Data of Compounds 7 and 8

7 8
position 8¢, type Sy, mult (J in Hz) HMBC" 8¢, type Sy, mult (J in Hz) HMBC"
1 68.7, CH 3.83,d (5.0) 2, 3,5, 10 156.1, CH 646, d (12.5) 5,9
2 39.0, CH, 3.23,d (15.5) 1,3 10 120.5, CH 5.89, d (12.0) 3,10
2.94, overlapped 1,310
3 172.0, C 167.6, C
4 86.0, C 85.3, C
3 49.6, CH 2,01, d (11.0) 4,6, 10, 18, 20 56.1, CH 1.98, m 4,6, 10, 20
6 212, CH, 1.69, m 222, CH, 1.63, m
1.59, m S
7 317, CH, 1.56, m 5,69 316, CH, 1.56, m
143, m 6 8 14, 17 138, m
8 407, C 411, C
9 39.0, CH 2.61, dd (11.0, 5.0) 1,8, 10, 11, 14, 20 451, CH 195, m 1,8, 10, 11, 17, 20
10 44.8, C 435, C
11 23.1, CH, 217, m 8 12, 13 242, CH, 219, m
2.02, m
2 127.6, CH 5.65, m 9, 11, 14, 16 127.3, CH 5.69, m
13 1317, C 132.1, C
14 99.6, C 9.5, C
15 2838, CH, 3.03, d (15.0) 8 13, 1,2 287, CH, 3.03, d (16.0) 8 13,1, 2
292, d (15.0) 8 13, 1,2 291, d (15.5) 8 13,1, 2/
16 18.5, CH, 1.66, s 12, 13, 14 182, CH, 1.65, s 12, 13, 14
17 16.5, CH, 096, s 7,8,9 14 162, CH, 1.00, s 7,89, 14
18 238, CH, 1.50, s 45,19 264, CH, 147, s 4,519
19 34.5, CH, 148, s 4518 322, CH, 144, s 4,518
20 15.6, CH, 114, s 1,59 10 15.5, CH, 132, s 159 10
v 1712 C 171.0, C
2/ 99.3, C 99.2, C
3 162.0, C 1619, C
& 103.0, C 1029, C
1% 160.5, C 160.6, C
6 9.7, CH, 193, s U, 4,5 9.8, CH, 193, s v, 4,5
7 17.2, CH, 222, s 4,5 17.2, CH, 222, s 4,5

“CDCl;. "HMBC correlations, optimized for 8 Hz.

experimental CD spectra with those calculated using the time-
dependent density functional theory (TDDFT) method.”' The
optimized geometries were attained by a conformational search
with the MMFF94 force field and optimized at the B3LYP/6-
31+G(d) level by the Gaussian 09 software package.”” After
optimization, the theoretical ECD spectra were calculated at the
CAM-B3LYP/SVP level with a CPCM solvent model in
MeOH. The calculated ECD spectra of 7 and 8 showed a good
fit with the respective experimental results (Figure 3),
confirming the absolute configuration of compound 7 as 1S,
SR, 8R, 9R, 10R, and 14S and that of compound 8 as SR, 8R,
9R, 10R, and 14S.

All isolated compounds were tested for their inhibition of Af
aggregate-induced toxicity in PC12 cells and Af aggregation
using an MTT assay”’ and a thioflavin T assay,”* respectively.
The ECs; and ICy, values of these compounds are presented in
Table 4. Rosmarinic acid was used as a reference compound
due to its potency on Af aggregation and Ap-induced
toxicity.” Only compounds 8—11 efficiently protected the
cells from Af-induced toxicity. Among the active compounds, 8
exhibited the highest activity, with an ECs, value of 65.4 uM,
which is comparable to rosmarinic acid.

On the other hand, compounds 4—6 and 9 exhibited
moderate inhibitory effects on Af aggregation (Table 4). These
compounds inhibited Af aggregation by 30% at 100 pxM.

Among the active compounds, 4 and § did not protect the cells
against Af-induced toxicity, and 9 was the only one having
inhibitory activities of both Af-induced toxicity and Af
aggregation, whereas 6 was cytotoxic to PC12 cells.

Three compounds (4, S, and 9) were selected to evaluate
whether their observed inhibition of Af aggregation could
rescue the cells from Af aggregate-induced toxicity (Table $).
Particularly, incubating A monomers with 4 and § protected
the cells from Ap aggregate-induced toxicity, even though these
compounds did not exhibit any protective effects against Af
aggregate-induced toxicity. These results indicated that
incubation of A monomers with 4 and S reduces their
aggregation and parts of Af exist as monomers, and this process
rescues the cells from neurotoxic Af aggregates. Therefore, 4
and S exerted their effects by inhibiting the formation of
neurotoxic aggregates from Af monomers, but not by
inhibiting A aggregate-induced neurotoxicity. On the other
hand, incubating A monomers with 9 protected the cells from
Ap aggregate-induced toxicity, with the lowest ECy, value of
89.9 uM, indicating that the effects of 9 on both inhibition of
Ap aggregation and Af aggregate-induced toxicity work
synergistically to protect cells from neurotoxic Ap.

Ap is produced by the sequential proteolysis of amyloid
precursor proteins by f3- and y-secretases.” This process secretes
Ap monomers out of the neurons, and the self-aggregation of
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Figure 3. Calculated and experimental ECD spectra of compounds 7
(a) and 8 (b).

Table 4. Inhibition of Af Aggregate-Induced Toxicity and
AP Aggregation by Compounds 1—-11

Ap aggregate-induced neurotoxicity in Ap
compound PC12 cells” aggregationb
1 >300.0 >300.0
2 >300.0 >300.0
3 >300.0 >300.0
4 >300.0 244.3
S >300.0 269.5
6 >300.0 203.7
7 >300.0 >300.0
8 65.4 >300.0
9 149.6 186.6
10 112.6 >300.0
11 251.5 >300.0
rosmarinic 68.1 71.9
acid®

“ECsy is expressed in M as means of triplicate experiments. bICSO is
expressed in M as means of triplicate experiments. “Positive control.

Table S. Inhibition of Af Aggregation by the Selected
Compounds Protecting Cells from Af Aggregate-Induced
Toxicity

compound cell viability”
4 97.9
S 105.2
9 89.9
rosmarinic acid” 572

“ECsy is expressed in M as means of triplicate experiments. bpositive
control.

Af monomers generates Af oligomers, which are the
neurotoxic form of Af found in AD.” The cognitive decline
in AD patients is related to the levels of A aggregates in
cerebrospinal fluid.*® For example, a-tocopherol quinine
improved the spatial memory of AD transgenic mice by
reducing A aggregation.”” Tramiprosate, which is a small
glycosaminoglycan minetic inhibiting Af fibril formation, was
applied to the phase III trial. Even though the results did not
demonstrate statistical significance between mild-to-moderate
AD and control groups, post hoc adjusted analyses showed the
positive effects on the reduction of hypocampal volume and
cognitive decline.”® The increasing evidence supports that
inhibitors of Af3 aggregation are beneficial for AD treatment.”’
In this study, compounds 8 and 11 protected the cells from Af
aggregate-induced toxicity, but did not inhibit the aggregation
of AB. Compounds 4 and $ did not block Af aggregate-induced
toxicity, but reduced the formation of Af aggregates and
increased A monomers. Compound 9 exhibited both activities,
resulting in the best protective effect on PC12 cells. These
results suggest that these compounds have a potential to be
developed as antiamyloidogenic agents. Particularly, compound
9, which has inhibitory activities against both Af aggregation
and Apf-induced toxicity, may deserve further research as a
potential therapeutic or preventative agent in AD.

B EXPERIMENTAL SECTION

General Experimental Procedures. Optical rotations were
measured on a Jasco P-2000 with a 10 mm cell. The UV spectra
were obtained using a Mecasys Optizen pop spectrometer, and IR
spectra were carried out on a Varian 640 FT-IR spectrometer. NMR
spectroscopic data were recorded at room temperature on a Varian
500 MHz NMR spectrometer with tetramethylsilane as an internal
standard. ESI-Tof-MS data were obtained with a Waters Q-TOF
micromass spectrometer. CD spectra were obtained using a Jasco J-
810 spectropolarimeter. High-speed countercurrent chromatography
(HSCCC) was conducted on TBE-20A and TBE-1000A systems with
a Shimadzu UV detector. HPLC was performed using a Waters system
comprising a 515 pump and a 2996 PDA detector with a YMC Pack
ODS-A column (5 gm, 250 X 20 mm i.d).

Fungus Cultivation. A. duricaulis KACC 41137 (Raper &
Fennell) was obtained from the Korean Agricultural and Culture
Collection (http://www.genebank.go.kr), Wanju, Korea, and culti-
vated in Petri dishes (150 mm X 2 cm X 150 plates) on potato
dextrose agar media at 25 °C for 21 days.

Extraction and Isolation. The fermented materials were extracted
with MeOH (3 X 2 L) at room temperature, and the crude extracts
were evaporated in vacuo at 35 °C. The residue was suspended in H,0
(2 L) and then partitioned with EtOAc (4 X 2 L) to give EtOAc-
soluble extract (650.0 mg). Accordingly, the EtOAc extract was
fractionated by preparative. HSCCC (n-hexane—EtOAc—MeOH—
H,0, 3:7:5:5, flow rate 10.0 mL/min, rotation speed 500 rpm) to
yield 10 fractions (Fr 1 to Fr 10). Fr 2 (20.8 mg) was purified by
preparative HPLC (MeCN—H,0, 7:13 to 1:1, flow rate 8.0 mL/min)
to yield 29-N-demethylparaherquamide J (3, S.5 mg), 29-N-
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demethylparaherquamide K (4, 1.7 mg), brevione L (7, 2.1 mg), and
16-oxo-paraherquamide B (9, 2.1 mg). Fr 3 (60.8 mg) was separated
by preparative HPLC (MeCN—H,O, 7:13 to 1:1, flow rate 8.0 mL/
min) to give paraherquamide J (1, 39.6 mg), paraherquamide K (2, 6.4
mg), and setosusin (10, 1.0 mg). Fr S (23.0 mg) was purified by
preparative HPLC (MeCN—H,0, 1:4 to 7:3, flow rate 8.0 mL/min)
to afford 16-deoxo-paraherquamide J (5, 6.4 mg). Fr 6 (18.3 mg) was
separated by preparative HPLC (MeCN—H,0, 1:4 to 7:3, flow rate
8.0 mL/min) to yield 16-deoxo-paraherquamide K (6, 2.5 mg) and
brevione M (8, 2.2 mg). Fr 7 (9.8 mg) was purified by preparative
HPLC (MeCN—H,0, 7:13 to 1:1, flow rate 8.0 mL/min) to give 4-
hydroxy-3-prenylbenzoic acid (1.7 mg). Fr 8 (18.6 mg) was separated
by preparative HPLC (MeCN—H,O, 1:4 to 7:3, flow rate 8.0 mL/
min) to afford deacetyl-dehydrated setosusin (7.9 mg) and 2,2-
dimethyl-2H-1-chromene-6-carboxylate (11, 1.5 mg).

Paraherquamide J (1): colorless, amorphous powder; [a]**, —50.1
(c 0.04, MeOH); UV (MeOH) A, (log €) 225 (4.4) nm; IR v,
(ATR) 2973, 1671, 1462, 1385, 1197, 1048 cm™}; CD (c 0.3 mM,
MeOH) Ae +64.1 (244), —70.6 (262), —152 (292); °C and 'H
NMR (500 and 125 MHz, CDCl,), see Table 1; NOESY correlations
H-4/H-10b, Me-22; H-5/Me-27, Me-28; H-10a/H-10b, Me-29; H-
10b/H-4, H-10a, H-12a, H-12b, Me-22; H-12a/H-10b, H-12b, Me-22;
H-14a/H-14b, Me-17; H-14b/H-14a, H-15, H-19a, H-19b; H-15/H-
14b, Me-17; Me-17/H-14a, H-15; H-19a/H-19b, H-20; H-19b/H-19a,
Me-22; H-20/H-19a, Me-23; Me-22/H-4, H-10b, H-12a, H-19b, Me-
23; Me-23/H-20, Me-22; H-24/H-25; H-25/H-24, Me-27, Me-28;
Me-27/H-5, H-25; Me-28/H-5, H-25; Me-29/H-10a; ESIMS
(negative) m/z 490 [M — H]~; ESIMS (positive) m/z 492 [M +
H]*; HRESIMS m/z 4922478 [M + H]* (caled for C,gH3,N,O;,
492.2498).

Paraherquamide K (2): colorless, amorphous powder; [a]* —43.7
(c 0.04, MeOH); UV (MeOH) A,,,, (log €) 245 (3.8) nm; IR v,
(ATR) 2924, 1685, 1457, 1382, 1207, 1057 cm™'; CD (c 0.3 mM,
MeOH) Ae —65.7 (225), —28.8 (272); *C and 'H NMR (500 and
125 MHz, CDCl,), see Table 1; NOESY correlations H-4/H-5, H-10b,
Me-22; H-5/H-4, Me-27, Me-28; H-10a/H-10b, Me-29; H-10b/H-4,
H-10a, H-12a, H-12b, Me-22; H-12a/H-10b, H-12b, Me-22; H-14a/
H-14b, Me-17; H-14b/H-14a, H-15, H-19a, H-19b; H-15/H-14b, Me-
17; Me-17/H-14a, H-15; H-19a/H-19b, H-20; H-19b/H-19a, Me-22;
H-20/H-19a, Me-23; Me-22/H-4, H-12a, H-19b, Me-23; Me-23/H-
20, Me-22; H-24/H-25; H-25/H-24, Me-27, Me-28; Me-27/H-25;
Me-28/H-2S; Me-29/H-10a; ESIMS (negative) m/z 474 [M — H]~;
ESIMS (positive) m/z 476 [M + H]*; HRESIMS m/z 476.2535 [M +
H]* (caled for C,H;,N;0,, 476.2549).

29-N-Demethylparaherquamide J (3): colorless, amorphous
powder; [a]®p —56.3 (¢ 0.05, MeOH); UV (MeOH) A, (log €)
225 (44) nm; IR v, (ATR) 2938, 1673, 1462, 1332, 1199, 1048
cm™; CD (¢ 0.2 mM, MeOH) Ae +47.2 (243), —52.8 (262), —12.3
(288); *C and 'H NMR (500 and 125 MHz, CDCl;), see Table 1;
NOESY correlations H-4/H-10b, Me-22; H-5/Me-27, Me-28; H-10a/
H-10b, Me-29; H-10b/H-4, H-10a, H-12a, H-12b, Me-22; H-12a/H-
10b, H-12b, Me-22; H-14a/H-14b, Me-17; H-14b/H-14a, H-15, H-
19a, H-19b; H-15/H-14b, Me-17; Me-17/H-14a, H-15; H-19a/H-19b,
H-20; H-19b/H-19a, Me-22; H-20/H-19a, Me-23; Me-22/H-4, H-
10b, H-12a, H-19b; Me-23/H-20, Me-22; H-24/H-25; H-25/H-24,
Me-27, Me-28; Me-27/H-25; Me-28/H-25; H-29/H-10a, H-20;
ESIMS (negative) m/z 476 [M — H]7; ESIMS (positive) m/z 478
[M + H]*% HRESIMS m/z 4782322 [M + HJ]" (caled for
CyHyuN, Oy, 478.2342).

29-N-Demethylparaherquamide K (4): colorless, amorphous
powder; [a]®p —37.5 (c 0.04, MeOH); UV (MeOH) 4,,, (log ¢)
245 (4.1) nm; IR v, (ATR) 2921, 1684, 1457, 1364, 1205, 1058
cm™Y; CD (c 0.2 mM, MeOH) Ae —67.5 (227), —24.4 (275); *C and
'"H NMR (500 and 125 MHz, CDCL), see Table 2; NOESY
correlations H-4/H-10b, Me-22; H-5/Me-27, Me-28; H-10a/H-10b;
H-10b/H-4, H-10a, H-12a, H-12b, Me-22; H-12a/H-10b, H-12b, Me-
22; H-14a/H-14b, Me-17; H-14b/H-14a, H-15; H-15/H-14b, Me-17;
Me-17/H-14a, H-15; H-19a/H-19b; H-19b/H-19a, Me-22; H-20/H-
19a, Me-23; Me-22/H-4, H-12a, H-19b, Me-23; Me-23/H-20; H-24/
H-25; H-25/H-24, Me-27, Me-28; Me-27/H-25; Me-28/H-25; ESIMS

(negative) m/z 460 [M — H]~; ESIMS (positive) m/z 462 [M + H]*;
HRESIMS m/z 462.2409 [M + H]* (caled for C,H;,N;0,,
462.2393).

16-Deoxo-paraherquamide J (5): colorless, amorphous powder;
[a]®p =70.3 (c 0.05, MeOH); UV (MeOH) 4,,, (log &) 225 (4.4)
nm; IR v, (ATR) 2927, 1670, 1491, 1327, 1199, 1048 cm™"; CD (c
0.2 mM, MeOH) Ae +51.9 (239), —38.2 (264), —6.4 (293); "*C and
'"H NMR (500 and 125 MHz, acetone-dy), see Table 2; NOESY
correlations H-4/H-5, H-10b, Me-22; H-5/H-4, Me-27, Me-28; H-
10a/H-10b, Me-29; H-10b/H-4, H-10a, H-12a, H-12b, Me-22; H-12a/
H-10b, H-12b, Me-22; H-14a/H-14b, Me-17; H-14b/H-14a, H-15, H-
19b; H-15/H-14b, Me-17; H-16a/H-16b; H-16b/H-12b, H-16a, Me-
17; Me-17/H-14a, H-15; H-19a/H-19b, H-20; H-19b/H-19a, Me-22;
H-20/H-19a, Me-23; Me-22/H-4, H-10b, H-12a, H-19b, Me-23; Me-
23/H-20, Me-22; H-24/H-25; H-25/H-24, Me-27, Me-28; Me-27/H-
25; Me-28/H-25; Me-29/H-10a; ESIMS (negative) m/z 476 [M —
H]~; ESIMS (positive) m/z 478 [M + H]*; HRESIMS m/z 478.2688
[M + H]* (calcd for C,gH;4N;0,, 478.2706).

16-Deoxo-paraherquamide K (6): colorless, amorphous powder;
[a]®p —16.7 (c 0.02, MeOH); UV (MeOH) 4,,,, (log €) 245 (3.8)
nm; IR v, (ATR) 2922, 1677, 1454, 1204, 1138, 1058 cm™; CD (c
0.1 mM, MeOH) Ae —20.5 (228), —15.3 (275); "*C and 'H NMR
(500 and 125 MHz, acetone-d;), see Table 2; NOESY correlations H-
4/H-5, H-10b, Me-22; H-5/H-4; H-10a/H-10b, Me-29; H-10b/H-
10a, H-12a, H-12b; H-12a/H-10b, H-12b, Me-22; H-14a/H-14b, Me-
17; H-14b/H-14a, H-15; H-16a/H-16b; H-16b/H-12b, H-16a, Me-17;
Me-17/H-14a, H-15; H-19a/H-14b, H-19b, H-20; H-19b/Me-22; H-
20/H-19a, Me-23; Me-22/H-4, H-12a, H-19b, Me-23; Me-23/H-20,
Me-22; H-24/H-25; H-25/H-24, Me-27, Me-28; Me-29/H-10a;
ESIMS (negative) m/z 460 [M — H]7; ESIMS (positive) m/z 462
[M + H]* HRESIMS m/z 4622774 [M + H]" (caled for
C,5H36N; 05, 462.2757).

Brevione L (7): yellowish, amorphous powder; [a]*, +13.2 (c 0.02,
MeOH); UV (MeOH) 4, (log £) 215 (42), 244 (3.5), 296 (3.6)
nm; IR v, (ATR) 2934, 1693, 1573, 1443, 1217, 1126 cm™; CD (c
0.3 mM, MeOH) Ae +36.4 (244), —5.7 (280); **C and 'H NMR (500
and 125 MHz, CDCl;), see Table 3; NOESY correlations H-1/H-2a,
H-2b, H-11a, Me-20; H-2a/H-1, H-2b, Me-18, Me-20; H-5/H-6a, H-
7b, H-9, Me-19; H-6a/H-5, H-7a, H-7b; H-7a/H-6a, H-7b, H-15a, H-
15b, Me-17; H-7b/H-S, H-6a; H-9/H-5, H-7b, H-11a; H-11a/H-1, H-
12; H-11b/Me-17, Me-20; H-12/H-11a, H-11b, Me-16; H-15a/H-7a,
Me-17; H-15b/Me-16, Me-17; Me-16/H-12, H-15b; Me-17/H-6b, H-
11b, H-15a, Me-20; Me-18/H-2a, Me-20; Me-19/H-5, H-6a; Me-20/
H-1, H-2a, H-6b, H-11b, Me-17, Me-18; Me-6'/Me-7'; Me-7'/Me-6';
ESIMS (negative) m/z 4SS [M — H]~; ESIMS (positive) m/z 457 [M
+ H]*; HRESIMS m/z 457.2576 [M + H]* (caled for C,,;H;O04,
457.2590).

Brevione M (8): yellowish, amorphous solid; [a]®p +39.1 (c 0.02,
MeOH); UV (MeOH) 4, (log €) 215 (4.1), 295 (3.3) nm; IR v,
(ATR) 2925, 1689, 1574, 1443, 1200, 1132 cm™’; CD (c 02 mM,
MeOH) Ae +25.3 (238), —2.6 (276); 3C and 'H NMR (500 and 125
MHz, CDCl,), see Table 3; NOESY correlations H-1/H-2, H-11, Me-
20; H-2/H-1; H-5/H-6, H-7b, Me-19; H-6/H-5, H-7a, H-7b, Me-17,
Me-20; H-7a/H-6, H-7b, H-15a, Me-17; H-7b/H-5, H-6; H-9/H-7b,
H-11; H-11/H-1, H-12, Me-17, Me-20; H-12/H-11, Me-16; H-15a/H-
7a, Me-17; H-15b/Me-16, Me-17; Me-16/H-12, H-15b; Me-17/H-6,
H-11, H-15a, Me-20; Me-18/Me-20; Me-19/H-5, H-6; Me-20/H-1,
H-6, H-11, Me-17, Me-18; Me-6'/Me-7'; Me-7'/Me-6'; ESIMS
(negative) m/z 437 [M — H]~; ESIMS (positive) m/z 439 [M +
H]; HRESIMS m/z 4392485 [M + HJ* (caled for Cy,H,;,Os,
439.2484).

Computational Methods. Starting from the conformation of
every compound deduced from NOESY spectra and Chem3D
modelings, the conformational search with the MMFF94 force field
was performed first using MOE software,” and the conformers were
selected for geometry optimizations. Geometry optimizations and
reoptimizations on the B3LYP/6-31+G(d) level were finished by the
Gaussian 09 package.”” TDDFT CD calculations for the optimized
conformers were performed at the CAM-B3LYP/SVP level with a
CPCM solvent model in methanol, and the calculated CD spectra of
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different conformers were simulated with a half bandwidth of ~0.4 eV.
The CD curves were extracted by SpecDis 1.62 software.”’ The overall
CD curves of all the compounds were weighted by Boltzmann
distribution after UV correction.

Inhibition of Af Aggregate-Induced Toxicity. To test the
protection of isolated compounds against Af-induced toxicity, PC12
cells (rat pheochromocytoma cells) were employed because PC12 cells
are a commonly used cellular model to study neurodegenerative
diseases.*” PC12 cells obtained from Korea Cell Line Bank (Seoul,
Korea) were cultured in RPMI 1640 medium (Welgene, Daegu,
Korea) supplemented with 5% heat-inactivated fetal bovine serum
(Equitech-BIO, Kerrville, TX, USA) and 15% heat-inactivated horse
serum (Gibco BRL, Carlsbad, CA, USA) at 37 °C. PC12 cells were
plated in 96-well plates with approximately 9 X 10* cells per well and
incubated with various concentrations of all isolated compounds. After
1 h, 10 uM of aggregated Af,s_;5 (Bachem AG, Bubendorf,
Switzerland) was added into each well. Then the cells were incubated
for an additional 24 h at 37 °C. Cell viability was determined using an
MTT toxicity assay (Sigma-Aldrich, St. Louis, MO, USA).>

Inhibition of A Aggregation. To quantify the aggregate
formation of Af, the thioflavin T assay was performed.”* The Af,_,,
(GL Biochem, Shanghai, China) was dissolved in DMSO at 1 mg/mL
concentration. To monitor the effects of all isolated compounds on the
aggregate formation of A, 20 uM Ap,_,, was incubated with various
concentrations of samples at 37 °C for 24 h. Then, 3 yM thioflavin T
was added and fluorescence was measured after 30 min using an Emax
precision microplate reader (Molecular Devices, CA, USA) with
excitation at 442 nm and emission at 485 nm. The Af was used as a
control, and each assay was performed in triplicate.

Protection of Cells by Inhibition of Af Aggregation. To
monitor the effects of compounds inhibiting Af aggregation, three
compounds (4, 5, and 9) were diluted with DMSO (4, 20, and 100
ug/mL) and incubated with 10 uM Af,_,, at 37 °C. After 24 h, a
mixture of compounds and Af was added to the PC12 cells. The cells
were then incubated for an additional 24 h at 37 °C. Then the cell
viability was determined using an MTT assay by adding 10 yL of 5
mg/mL MTT to the cells.”® After 3 h of incubation, the medium was
removed, and DMSO was added to the cells to dissolve the crystals.
The absorbance was measured at 570 nm using an Emax precision
microplate reader. The cell viability was calculated by dividing the
absorbance with test compounds (corrected for background) by the
absorbance with medium alone (corrected for background).
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