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ABSTRACT: Phomopchalasins A (1) and B (2), two novel
cytochalasans with unprecedented carbon skeletons, and
phomopchalasin C (3), containing a rare hydroperoxyl motif,
were obtained from the endophytic fungus Phomopsis sp. shj2,
which was first isolated from the Isodon eriocalyx var. laxiflora.
Their structures were elucidated by extensive spectroscopic

Phomopsis sp. shj2

analyses, electronic circular dichroism (ECD) calculation, and X-ray crystallographic analysis. Notably, 1 possessed an
unprecedented 5/6/5/8-fused tetracyclic ring system, and 2 featured a novel 5/6/6/7/5-fused pentacyclic skeleton. The
cytotoxic, anti-inflammatory, and antimigratory activities of 1—3 were evaluated in vitro.

C ytochalasans comprise a large group of fungal polyketide
synthase-nonribosomal peptide synthetase (PKS-NRPS)
hybrid metabolites' with a wide range of biological activities
including cytotoxic,” antiviral,” immunosuppressive,* antiangio-
genenic effects,” and so on. Since the first representatives,
cytochalasins A and B, were discovered in 1966,° more than 200
cytochalasans have been found from a plethora of fungal genera
such as Phomopsis, Penicillium, Asperigillus, and Chaetomium,
which have also aroused great interest from synthesis and
biosynthesis scientists.” The complex structures were typically
characterized by the presence of a reduced isoindolone nucleus
fused to a 9—1S-membered macrocyclic ring,”
periconiasin A (9-membered), armochaeglobine A® (10-
membered), cytochalasin J (4),” and cytochalasins N—S”° (11-
membered), cytochalasin Z,”* (12-membered), chaetoglobosin
A"’ (13-membered), and so on.

Our efforts to discover structurally unique and bioactive
natural products from the endophytic fungus Phomopsis sp. shj2
(GenBank Accession No. KUS533636) included, first, isolation
from the stems of Isodon eriocalyx var. laxiflora. It resulted in the
isolation of three new cytochalasans, phomopchalasins A—C (1—
3), together with a known one, cytochalasin J (4) (Figure 1).

To the best of our knowledge, 1 is the first example of 5/6/5/
8-fused tetracyclic 10-phenyl[11]-cytochalasan, and 2 is first
reported as a 10-phenyl[11]-cytochalasan bearing a novel 5/6/
6/7/5-fused pentacyclic ring system. 3 has a rare hydroperoxyl
motif in its structure. Herein, we report the isolation, structure
elucidation, and biological evaluation as well as the plausible
biosynthetic pathway of 1 and 2.
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cytochalasin J

Figure 1. Structures of compounds 1—4.

Phomopchalasin A (1) was isolated as colorless needles with
the molecular formula C,gH;,NO, which was determined by its
HRESIMS data ([M + Na]*, m/z 474.2619, calcd for 474.2615),
corresponding to 11 degrees of unsaturation. The 'H NMR
spectrum (Table 1) showed typical signals assignable to one
tertiary methyl at 6y (1.73, 3H, s), two secondary methyl groups
at 6 (0.96,3H, d, ] = 6.3 Hz; 0.98, 3H, d, ] = 7.0 Hz), an olefinic
methylene group (exocyclic double bond) at 5;; (4.98 and 5.14,
2H, both s), three oxygenated methine groups at 5y (4.26, 1H, d,
J = 9.0 Hz; 3.41, 1H, overlap; 3.53, 1H, br s), and one single-
substituted phenyl at 5 (7.19—7.32, SH). The '*C NMR (Table
2) and DEPT spectra of 1 displayed resonances for 28 carbons,
ascribed to three methyls, four methylenes (including one
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Table 1. "H NMR Data for Compounds 1—3“ (§ in ppm, J in

Hz)
no. 1 2} 3
2 - 7.85 (s) 5.62 (s)
3 3.42 (overlap) 322 (dd, 4.6, 4.5) 3.33 (brt, 7.5)
4 249 (m) 240 (t, 4.5) 249 (brs)
S 2.65 (m) 2.69 (m) -
7 426 (d, 9.0) 3.76 (d, 13.0) 4.16 (d, 10.3)
8 2.55(t,13.0) 232 (t, 12.8) 3.06 (d, 10.2)
10 2.79 )(dd, 133, 276 (dd, 13.5, 5.4) 3.00 (dd, 13.4, 6.7)
5.4
2.76 (m) 2.62 (dd, 13.5, 4.6) 2.96 (dd, 13.4, 8.7)
11 0.96 (d, 6.3) 0.90 (d, 6.7) 1.45 (s)
12 5.14 (s), 5.11 (s), 5.02 (s) 1.75 (s)
4.98 (s)
13 2.72 (m) 1.39 gddd, 124,100,  6.06 (dd, 15.7, 10.2)
9.5
14 3.41 (overlap)  3.46 (ddd, 12.0, 9.4, 5.42 (ddd, 15.5, 10.6,
32) 4.8)
15 1.87 (m), .53 1.72 (dd, 10.8, 3.0), 2.05 (dd, 12.2, 4.7),
(br d, 14.0) 1.07 (dd, 22.7, 11.4) 1.85 (dd, 12.2, 3.8)
16 2.08 (m) 2.00 (m) 1.80 (m)
17 2.63 (m), 1.75  S5.13 (s) 1.88 (dd, 10.7, 3.5),
(m) 1.56 (br d, 3.0)
19 547 (d, 7.5) 2.09 (t, 9.6) 5.55 (dd, 16.5,2.2)
20 2.43 (m) 438 (ddd, 9.6,8.1,3.5) 5.71 (dd, 16.5, 2.1)
21 3.53 (brs) 3.11 (4, 3.5) 5.81 (s)
22 0.98 (d, 7.0) 1.03 (d, 6.1) 1.05 (d, 6.8)
23 1.73 (s) 1.86 (s) 1.37 (s)
2,6 7.19 (d, 7.0) 7.21 (d, 7.0) 7.19 (d,7.2)
3,8 7.32 (t, 7.0) 7.30 (t,7.3) 7.32 (,7.5)
4 7.27 (t,7.0) 7.23 (t,7.3) 7.25 (overlap)
21-0OAc  — - 229 (s)
2000H - 4.30 (d, 8.1) -
21-O0H - 4.77 (d, 3.9) -

“1 and 3 were recorded at 600 MHz in CDCly; 2 was recorded at 500
MHz in DMSO-d,; assignments were based on DEPT, HSQC, COSY,
HMBC, and ROESY experiments.

exocyclic carbon—carbon double bond), 11 methines (one
olefinic), four quaternary carbons (two olefinic groups and one
amide carbonyl), and six other signals assignable to the single-
substituted phenyl group. Thus, the above-mentioned results
indicated that 1 should be a novel pentacyclic cytochalasan
including a benzene ring, which was greatly different from the
cytochalasan skeletons reported previously.

Analyses of the NMR data of 1 with those of cytochalasin J
(4)”" indicated their structural similarities for the phenylalanine
moiety (rings A and B) and the manifest differences of the
substructures of rings C and D in 1 from those of 4. And the
complete structure of 1 was established by extensive analysis of
its 2D NMR spectra.

The proton spin system of H-7/H-8/H-13/H-20/H-21
deduced by the "H—"H COSY and HSQC spectra of 1 (Figure
2), along with HMBC correlations from H-8 (6;;2.55,t, 13.0 Hz)
to C-1, C-4, C-9 and H-4 (8;; 2.49, m) to C-21, established a five-
membered ring C, which was fused to ring B via C-8 and C-9.
Additionally, an unusual eight-membered carbon ring D was
elucidated by the '"H—"H COSY correlations of H-13/H-14/H-
15/H-16/H-17 and HMBC correlations from H-19 (5 5.47, d,
7.5 Hz) to C-17, C-21, and C-23 and from H-15b (5,5 1.53, br d,
14.0 Hz) and H-17 (84 1.75, m; 2.63, m) to C-22.

The relative configurations of 1 in rings A and B were
determined to be the same as those of 4 by analysis of the ROESY
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Table 2. *C NMR Data of Compounds 1-3 (§ in ppm)“

no. 1 2 3
1 179.5 175.2 175.0
3 52.9 53.0 60.7
4 43.2 44.8 50.5
S 31.5 36.3 128.8
6 150.0 150.3 131.6
7 71.5 754 83.5
8 513 42.5 44.8
9 57.1 48.5 51.8
10 43.2 42.9 45.0
11 13.0 14.7 17.5
12 113.6 1119 14.2
13 S51.7 43.0 129.4
14 76.8 88.1 135.6
15 43.9 39.2 43.2
16 312 28.8 283
17 37.8 133.1 54.1
18 134.8 140.7 74.6
19 128.1 41.1 138.5
20 53.4 70.0 125.8
21 81.9 73.5 75.3
22 24.8 23.9 26.6
23 26.7 22.5 30.7
1’ 137.5 136.8 137.6
2,6 129.6 130.4 129.3
3,5 128.6 128.1 129.1
4 126.9 126.4 1272
21-OAc - - 170.6,21.2

“1 and 3 were recorded at 150 MHz in CDCly; 2 was recorded at 125
MHz in DMSO-dg; assignments were based on DEPT, HSQC, COSY,
HMBC, and ROESY experiments.

¥ s ROESY

— 'H.'THcosy -~ HMBC

Figure 2. Key '"H—'H COSY, HMBC, and ROESY correlations of 1.

spectrum. The NOE correlations of H-8/H-20, H-20/H-14, and
H-14/H-16 implied that they were cofacial and assigned as f-
orientated. In contrast, the NOE correlations of H-7/H-13 and
H-13/H-21 suggested that H-7, H-13, and H-21 were on the
same side with an a@-orientation. The structure including its
relative configuration was confirmed by single-crystal X-ray
diffraction analysis of 1 (CCDC 1440709) as shown in Figure 3.

The calculated ECD spectra for 1 were performed using time-
dependent density-functional theory (TDDFT) at the B3LYP/6-
31++G(d,p) level in the gas phase'' in order to determine its
absolute configuration. We found that the calculated ECD
spectrum of the conformers of 1 with 3§, 4R, 5S, 7S, 8R, 9R, 13R,
14R, 16R, 208, 21R (Figure S44, Supporting Information (SI)) is
in good accordance with the experimental spectrum (Figure 4).
Consequently, the absolute configuration of 1 was unambigu-
ously assigned.

Phomopchalasin B (2) was obtained as a colorless gum and
gave an HRESIMS ion peak at m/z 450.2641 [M + H]" (calcd for
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Figure 3. X-ray structure of 1.
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Figure 4. Experimental and calculated ECD spectra of 1.

450.2639), which corresponded to a molecular formula of
C,sH3sNO, with 12 degrees of unsaturation. A comparison of its
corresponding *C and 'H NMR data (Tables 1 and 2) with
those of 1 indicates that these two compounds are closely related.
The major structural difference between the two compounds is
that the 5/8-rings C and D in 1 were changed to the 6/7-rings C
and D in 2. Additionally, a new five-membered epoxy unit (ring
E) was formed by the dehydration reaction between 7-OH and
14-OH.

The gross structure of 2 was established by analyses of the
NMR spectra (Tables 1 and 2). The phenylalanine moiety (rings
A and B) of 2 was elucidated based on the HMBC correlations
from H-2 (6 7.85, s) to C-1, C-3, C-4, and C-9, from H-8 (5
2.32,t,12.8 Hz) to C-1, C-6, and C-9, from H,-10 (5y 2.76, dd,
13.5,5.4 Hz; 2.62, dd, 13.5, 4.6 Hz) to C-1/, C-2/, and C-6’, from
H;-11(8y4 0.90, d, 6.7 Hz) to C-4, C-5, and C-6, and from H,-12
(8y S.11, s; 5.02, s) to C-5, C-6, and C-7, along with '"H—"H
COSY correlations of H,-10/H-3/H-4/H-5/H;-11 and H-7/H-
8.

Furthermore, a six-membered ring C and a seven-membered
ring D in 2 varied greatly from the 11-membered ring in 4, which
was determined by the HMBC correlations from H-8 to C-13, C-
14, and C-21, from H-13 (8 1.39, ddd, 12.4, 10.0, 9.5 Hz) to C-
7, C-8, C-14, C-15, and C-18, from H-19 (5y; 2.09, t, 9.6 Hz) to
C-13,C-14, C-17, C-18, and C-20, from H-20 (5 4.38, ddd, 9.6,
8.1,3.5 Hz) to C-18 and C-19, from 21-OH (8 4.77, d, 3.9 Hz)
to C-9, from H;-22 (6 1.03, d, 6.1 Hz) to C-15, C-16, and C-17,
and from H;-23 (8 1.86, s) to C-17, C-18, and C-19, along with
the '"H—"H COSY correlations of H-8/H-13/H-19/H-20/H-21
and H-13/H-14/H-15/H-16(H;-22)/H-17 (Figure S).

Another oxygen-containing five-membered ring E was
deduced by the analysis of its HRESIMS and NMR data. Four
oxygenated methines were located at C-7, C-14, C-20, and C-21
based on the HSQC spectra, of which C-20 and C-21 were,
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Figure 5. Key '"H—'H COSY, HMBC, and ROESY correlations of 2.

respectively, connected with a hydroxyl group (80.594-30,d, J =
8.1 Hz; Syoay, 477, d, J = 3.9 Hz, Table 1). In addition, the
chemical shifts of C-7 (8¢ 76.0 in CDCl; and 75.4 in DMSO-dy)
and C-14 (8¢ 89.3 in CDCl; and 88.1 in DMSO-dj) in 2 were
significantly shifted downfield compared with C-7 (5¢ 71.5 in
CDCl,) and C-14 (6 76.8 in CDCly) in 1. Thus, the connection
from C-7 to C-14 via an oxygen atom was deduced no doubt by
the above evidence.

The relative configurations of 2 in rings A and B were
determined to be the same as those of 1 and 4°° by analysis of the
ROESY spectra. The NOE correlations of H-3/H;-11, H-7/H-
13, and H-13/H-20, along with the small coupling constant
between H-20 and H-21 (g, = 3.5 Hz), implied that they were
cofacial and a-oriented, whereas the NOE correlations of H-8
with H-5, H-14, and H-19 and of H-16 with H-14 and H-19
suggested that H-5, H-8, H-14, H-16, and H-19 have the same f-
orientations.

Considering the almost complete consistent CD spectra of 1
and 2 (Figure 4), the absolute configuration of 2 was determined
as 38, 4R, 58, 7S, 8R, 9R, 13R, 14R, 168, 19R, 20R, 218.

Phomopchalasin C (3), with a molecular formula of
C3oH;39NOg and 12 degrees of unsaturation, was determined
by its HRESIMS. The ion peak at m/z 478 ([M—0O, + H]*) in
the positive ESIMS/MS (Figure S43, SI) suggested that 3 should
possess a hydroperoxyl group. X-ray crystallographic analysis of 3
confirmed the above deduction. The Flack parameter 0.15(9)
and Hooft parameter of 0.16(11) for 1966 Bijvoet pairs'* allows
an explicit assignment of the absolute structure as 3S, 4R, 7§, 8R,
9R, 168, 18R, 21R with a probability of 1.000 (Figure 6) (CCDC
1439969).

Figure 6. X-ray structure of 3.

Both 1 and 2 might rationally share the same biosynthetic
precursor 4 originating from a polyketide chain (octaketide) and
an amino acid (phenylalanine) (Scheme 1).”* 4 might
subsequently involve dehydration, intramolecular rearrange-
ment, and hydroxylation to produce the 5/6/5/8-fused
tetracyclic skeleton of 1. In another pathway, 4 undergoes
dehydration, epoxidation, intramolecular nucleophilic addition,
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Scheme 1. Plausible Biosynthetic Pathway of 1 and 2

! b

and hydroxylation to yield the 5/6/6/7 tetracyclic intermediate
g. The subsequent intramolecular dehydration affords a
tetrahydrofuran ring and leads to the formation of 2, which
possesses a 5/6/6/7/5-fused pentacyclic ring system.

Compounds 1—3 were evaluated for in vitro cytotoxicity (cis-
platin as the positive control), anti-inflammatory (MG132 as the
positive control), and antimigratory (cytochalasin D as the
positive control) activities (Tables S1—S3 in the SI). 3 displayed
moderate cytotoxicity against HL-60, SMMC-7721, and A-549
cell lines (ICys, 14.9, 22.7, and 21.1 uM, respectively) and
inhibitory activity against NO production in LPS-activated RAW
264.7 macrophages with an IC;, value of 11.2 yM. Both 2 and 3
exhibited an antimigratory effect against MDA-MB-231 in vitro
with ICsq values of 19.1 and 12.7 uM, respectively.

In summary, phomopchalasins A (1) and B (2) represent the
first examples of cytochalasans featuring unprecedented 5/6/5/
8-fused tetracyclic and 5/6/6/7/5-fused pentacyclic skeletons,
implying that 1 and 2 are the representatives of two new
subclasses of the cytochalasan family with an 11-membered
carbocyclic ring. Additionally, 3 possesses a rare peroxide
functionality,® distinguished from other cytochalasins. Notably,
their complex structures with the shared biosynthetic inter-
mediate shed new light on the biosynthesis diversity of the
complex cytochalasans, which implied the diversity of the
endophytic fungal secondary metabolites from the medicinal
plant L eriocalyx var. laxiflora.
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