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ABSTRACT: In the search for antiviral cyclopeptides against
influenza A virus, five unprecedented Caryophyllaceae-type cyclo-
peptides (1—5) were isolated from the leaves of Melicope pteleifolia.
Their chemical structures and absolute configurations were
unambiguously determined by means of advanced Marfey’s analysis
and comprehensive spectroscopic analyses including two-dimen-
sional nuclear magnetic resonance and MS/MS fragmentation.
Interestingly, compounds 3—5 contain an unusual heterocycle, a
3a-hydroxypyrroloindole moiety, which was biosynthetically
formed by a nucleophilic cyclization from the least abundant amino acid, tryptophan, precursor and has aroused a great interest
in the aspect of chemical diversity and biological activity. All isolates (1—5) were evaluated for their protective effects against
influenza A viruses HIN1 and HIN2 in MDCK cells. All isolated cyclopeptides exhibited strong anti-influenza activity, especially
against HIN1. Compound 3 showed the most potent CPE inhibition effect, which was stronger than that of the positive control
ribavirin against HIN1, with an ECs, (uM) of 2.57 + 0.45 along with higher selectivity.

B INTRODUCTION

The hexahydropyrrolo[2,3-blindole (HPI) skeleton has
attracted great attention in the field of natural product
chemistry, synthetics, and biology in the aspect of structural
diversity and its myriad range of biological activities." Various
types of compounds containing HPI have been reported from
marine organisms, plant sources, and amphibians such as frogs.
Structurally, they vary from simple alkaloids containing HPI,
for example, (+)-alline,” (—)-physostigmine,” or the flustr-
amine* family, to more complex ones, such as ardeemins” and
amauromine® with two units of HPI and also echitamine’ with
fused ring systems. Although there are some HPI-containing
compounds, only a few cyclopeptides comprising the HPI
motif from natural products (extremely rare from higher
plants) have been reported to date. There are representative
cases with their biological properties such as nematicidal
activity of omphalotin D,” antineoplastic property of
phakellistatin 3,” spore germination-inhibiting activity of
kutzneride 1’ against several root-rotting fungi,10 antitumor
and antibiotic properties of himastatin,"" and chloptosin as an
apoptosis-inducing agent.'” All of the aforementioned cyclo-
peptides contain 3a-hydroxylated HPI, which is called “photo-
Trp”, as it is derived from a photooxidation product of
tryptophan.'’

Traditionally, Melicope pteleifolia has long been used for the
treatment of various diseases or symptoms, including cerebritis,
eczema, dermatitis, rheumatoid arthritis, cold, and flu
accompanying high fever and pain, as tea or traditional
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Especially, M. pteleifolia has been currently utilized as a main
raw material in various preparations such as Sanjiu weitai
granules, Sanjin cold tablets, and Zhiganjia capsules to treat
gastritis, rhinitis, influenza, and other diseases in China.'”™"
From modern pharmacological investigation, it has been
reported that extracts or compounds obtained from M.
pteleifolia showed anti-inflammatory,”® antinociceptive,”" anti-
cancer,”” and anti-influenza A virus activity."> Moreover, our
previous studies on M. pteleifolia have demonstrated that the
phloroacetophenone derivatives dominantly present in the
plant play an important role in recovery from cold by lowering
excessive heat in the animal model, by which we proved
scientifically ethnopharmacological uses of the plant.”’
Through the acid—base extraction method, alkaloid-enriched
fractions enabled us to isolate efficiently five Caryophyllaceae-
type cyclopeptides (1—S5). Especially, compounds 3—5 possess
a rare HPI moiety in their structures (Figure 1). Considering
the observation and that many cyclopeptides have been
reported to show inhibitory activity against various microbes
including viruses, the isolates (1—5) were evaluated for their
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Figure 1. Structures of cyclopeptides isolated from M. pteleifolia. Compounds 3—$ contain the unusual motif hydroxypyrroloindole (HPI).

protective effects against influenza A virus HIN1 and HIN2
subtypes by performing a cytopathic effect inhibition assay.

B RESULTS AND DISCUSSION

Melicopteline A (1) was obtained as a yellow and amorphous
solid. Its molecular formula was established as C,,;H,sN¢O,
based on its protonated high-resolution electrospray ionization
mass spectrometry (HRESIMS) ion peak at m/z 567.3517 [M

H]* (caled for C,,H,N¢O,, 567.3506) corresponding to
eight degrees of unsaturation. The IR spectrum demonstrated
the presence of amine (3311 cm™') and amide (1638 cm™)
groups. The characteristics of the peptide, which are five
exchangeable amide NH signals (8y 7.5—8.5), seven amino
acid a-proton signals (i 3.5—5.0), and 19 aliphatic methane,
methylene, and methyl signals (54 0.0—4.5), were observed in
the 'H nuclear magnetic resonance (NMR) spectrum of 1
(Table 1). Moreover, the "*C{'H} NMR spectrum showed six
distinguishable signals for amide-type carbonyl groups (¢
169.4—172.1). All of the protons and the corresponding
carbons were precisely matched by analyzing the HSQC
spectrum, and the subsequent bonding of protons within the
same spin systems of each amino acid was correlated through
COSY spectrum analysis, thus identifying every constituent
amino acid residues to be two valines (Val), threonine (Thr),
leucine (Leu), glycine (Gly), and proline (Pro). ROESY and
HMBC spectra of 1 (Figure 2) were analyzed to assemble
these units of amino acid, but the full sequence could not be
accomplished by HMBC and ROESY correlations because of
highly similar signals (6. 169.42, 169.48, 171.02, and 171.03)
and some missing correlations from nitrogen protons to the
adjacent carbons. HMBC correlations from the NH-proton
(611 840, d, ] = 4.8 Hz) of Val' and the a-proton (y; 4.52, dd,
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J = 9.8, 5.4 Hz) of Thr to the carbonyl carbon (6 172.1) of
Thr demonstrated the connectivity of Val' and Thr.

The ROESY correlations between the NH-proton (5y 7.12,
t-like) of Gly and the a-proton (g 4.06, t, ] = 8.4 Hz) of Leu,
between the a-proton (8y 3.73, overlap) of Gly and the NH-
proton (8y 7.93, br s) of Val?, and between the a-proton (5y
4.23, overlap) of Val* and the a-proton (8 4.45, br d, ] = 8.0
Hz) of Pro suggested the linkage of the Leu—Gly—Val>~Pro
sequence.

In order to link the partial sequences (Thr—Val' and Leu—
Gly—Val’*~Pro), MS/MS fragmentation patterns in the
positive mode were analyzed. Considering that cleavage occurs
predominantly at the N-terminal for Pro when Val, His, Asp,
Ile, and Leu are located right before Pro, based on the “proline
effect”, the protonated ion at m/z 567 [M + H]*, subsequent
MS/MS fragments at m/z 468, 298, and 199, and their
corresponding dehydrated ions at m/z 450, 280, and 181 were
detected. The sequential losses of Val’, Gly, Leu, Val!, and
H,O from the remaining Thr were also observed, indicating a
cleavage between Val* and Pro (Figure S9 and Table S1).**
The partial sequences due to the sequential losses and the
above-mentioned results indicated that compound 1 is linked
in a cyclo-sequence (Pro—Thr—Val'~Leu—Gly—Val*) (Figure
3).

For the determination of the absolute configuration of each
amino acid a-carbon, the advanced Marfey’s method was
implemented (Table S2 and Figure S44). Compound 1 was
hydrolyzed and derivatized with L-FDLA (N*-(S-fluoro-2,4-
dinitrophenyl)-L-leucinamide). Retention times and mass by
liquid chromatography/mass spectrometry analysis were
compared with those of the derivatives of standard amino
acids.”® The results showed the absolute configuration for Pro,
Val, Thr, and Leu residues to be L configurations. Especially, as
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Table 1. '"H NMR Data [§y in ppm, Multiplicity (J in Hz)] for Compounds 1—5¢

position 1 2 3 4 S
Pro Pro HPI HPI HPI
a 4.45,br d (8.0) a 4.37,d (8.6) 2 4.16, overlap 2 4.76, dd (10.4, 6.0) 2 4.18, overlap
B 218, dd (12.1, B 1.99, m; 1.70, m 3 240, dd (12.8,9.6); 3 276, dd (142, 104); 3 241, m; 2.32, dd
6.4); 1.93, m 229, dd (13.6, 4.8) 2.05, dd (14.2, 5.9) (167, 4.4)
y 1.84, m; 1.67, Y 1.71, m; 1.45, m 4 7.25,d (7.5) 4 7.21,d (7.5) 4 7.26, d (7.2)
overlap
8 3.52, ddd (11.5, 5 3.46, m; 3.40, m S 6.75, t (7.4) S 6.79, t (7.4) S 6.75, t (8.0)
11.5, 7.2);
3.40, m
Thr Tyr 6 7.11, t (7.6) 6 7.11, t (7.9) 6 7.12,)ddd (8.0, 8.0,
1.6
a 4.52,dd (9.8, 54) « 4.48, dd (14.8, 7.9) 7 6.66, d (7.9) 7 6.60, d (7.9) 7 6.66, d (8.0)
4.24, overlap p 2.80, m 8a 5.63,d (3.9) 8a 5.58, d (4.7) 8a 5.65,d (4.8)
y 1.04, d (6.3) ortho 691, d (8.1) NH 690, d (4.5) NH 7.0, overlap NH  6.90,d (4.5)
NH 8.20, br s meta  6.62,d (8.5) OH 6.17, br s OH OH 6.29, br s
OH  5.15,brs NH 709, d (72) Val Val Val
Val' Leu a 4.14, overlap a 4.11, dd (10.5, 4.4) a 4.16, overlap
a 3.74, dd (11.3, a 3.86, m B 211, m B 2.10, m B 211, m
5.3)
B 2.09, m B 1.55, m v 0.86, d (6.8) 7 0.50, d (6.9) v 0.86, d (6.4)
y 0.95, d (6.7) Y 143, m 0.87, d (6.8) 0.35,d (6.9) 0.88,d (7.2)
0.94, d (6.9) B 0.87,d (66); 0.8, NH  7.92,d (12.0) NH 753, d (10.0) NH 779, d (9.9)
d (6.7)
NH 840, d (4.8) NH 866, d (7.4) Thr Thr Ile
Leu Gly a 430, dd (6.7, 2.9) a 4.13,dd (5.3, 3.8) a 428 m
a 4.06, t (8.4) a 4.15, dd (150, 86); p 4.02, br s B 405, m B 1.68, m
3.16, dd (147, 2.4)
p 1.67, overlap; NH 7.19, br d (7.6) Y 0.95,d (6.2) 7 1.00, d (6.5) 7 0.77,d (7.2)
1.55, overlap
y 1.51, overlap Ile NH 7.55,d (6.9) NH 7.11, d (7.0) 8 0.89, m
5 0.86,d (6.6); 0.82, a 435, t (9.0) OH 519, brs OH € 074, t (7.2)
d (6.4)
NH 814, brs p 1.80, m Phe Phe NH 745, d (1.6)
Gly Y 0.73, d (6.8) a 4.15, overlap a 427, m Tyr
a 3.73,overlap; 3.49, ¢ 0.99, overlap p 3.18,dd (14.2,5.5); B 2.99, dd (13.9, 6.4); a 4.05, m
dd (157, 4.1) 2.89, dd (142, 9.3) 2.89, dd (13.9, 8.8)
NH 7.12, t-like e 0.79, t (7.5) ortho 7.27, m ortho  7.24, m p 3.05, dd (14.3, 5.8);
279, dd (14.4,9.1)
Val® NH  7.95,d (9.0) meta  7.29, m meta 731, t (7.6) ortho  6.99, d (8.0)
a 4.23, overlap para 721, t (6.9) para 724, t (6.7) meta  6.66, d (8.0)
B 202, m NH 822, d (44) NH 795, d (43) NH 823 s
y 0.87, d (6.9); 0.96, Gly' Gly' Gly'
d(69)
NH 793, brs a 3.94,dd (168, 7.3); « 3.87,dd (17.0,7.1); « 3.95, dd (16.7, 7.5);
341, dd (169, 4.8) 343, dd (17.0, 5.0) 336, dd (16.8, 4.4)
NH 866, t (5.5) NH 8.6t (5.9) NH 846, brs
Gly? Gly* Gly?
a 450, dd (17.0, 82); « 451,dd (17.8, 81); @ 447, m; 3.81,
3.89, d (16.8) 398, d (17.4) d (15.6)
NH  7.90, overlap NH 8.04, d (8.0) NH  8.14,brd (7.2)

“Data were measured in DMSO-dy at 800 MHz.

isomers of Thr show peaks of very similar retention times
because of their one more stereogenic center at the f position,
their configuration was determined unambiguously to be L-Thr
using different high-performance liquid chromatography
(HPLC) conditions equipped with MS (Figure $45). A strong
ROESY correlation between the a-proton (5y 4.4, br d, ] =
8.0 Hz) of Pro and the a-proton (& 4.23, overlap) of Val® and
the Adcy_c, values (9.4 ppm) of Pro suggested that the amide
bond of Val*-Pro was in a cis configuration (Figure 2 and Table
2).20%7 Consequently, the structure of 1 was fully determined
to be cyclo (1-Pro—L-Thr—1-Val'—L-Leu—Gly—1-Val®).
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Melicopteline B (2) was isolated as a pale yellow and
amorphous solid. The molecular formula of 2 was established
as C,gH, N;O4 based on a HRESIMS ion peak at m/z
5443134 [M + HJ*, corresponding to 11 degrees of
unsaturation index. The comparison of 'H and “C{'H}
NMR spectra (Tables 1 and 2) of 2 with those of 1 indicated
that 2 has Pro, Leu, and Gly, which were also confirmed by
HMBC and COSY NMR analyses. The double intensity peaks
at 6c 130.0 and 114.8 and the double integration of the proton
peaks with doublet splitting patterns at 0y 6.91 and 6.62 were
characteristics of tyrosine (Tyr), which was also verified by
two-dimensional (2D) NMR analysis. The combined HSQC,

https://dx.doi.org/10.1021/acs.joc.0c02137
J. Org. Chem. 2021, 86, 1437—1447
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HMBC spectrum.
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Figure 3. MS/MS fragmentation patterns of compounds 1 and 2.

HMBC, and COSY analysis proved that 2 consisted of five
amino acids, including Pro, Tyr, Leu, Gly, and isoleucine (Ile)
(Figure 2). The sequence of constituent amino acid residues
was further determined by HMBC analysis. The HMBC
correlations from the NH-proton (5y 7.09, d, ] = 7.2 Hz) of
Tyr to the carbonyl carbon (¢ 170.9) of Pro, from the NH-
proton (8 8.66, d, ] = 7.4 Hz) of Leu to CO (8¢ 171.1) of
Tyr, from the NH-proton (8y 7.19, br d, ] = 7.6 Hz) of Gly to
CO (8¢ 172.2) of Leu, from the NH-proton (8y 7.95, d, J =
9.0 Hz) of Ile to CO (6 168.8) of Gly, and from the 5-proton
(8 3.40, m) of Pro to CO (8¢ 170.5) of lle clearly allowed us
to determine the sequence to be cyclo (Pro—Tyr—Leu—Gly—
Ile). These results were additionally supported by ROESY
analysis as well. The absolute configurations of the amino acids
constituting 2 were determined by the advanced Marfey’s
method above, and they all turned out to be of the -
configuration (Table S2 and Figure S46). In the case of Ile,
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which has one additional stereogenic center at the f position, a
different solvent system with trifluoroacetic acid (TFA) was
used to refine the obvious differences of retention time (Figure
$47). Through the Adc4_c, values (10.1 ppm) of Pro,”*” the
amide bond of Ile—Pro was in the cis configuration (Table 2).
Therefore, the structure of 2 was elucidated as a cyclic
pentapeptide with the sequence cyclo (-Pro—L-Tyr—L-Leu—
Gly—L-Ile) and named melicopteline B (2).

Melicopteline C (3) was isolated as a white and amorphous
solid. The molecular formula of 3 was established as
C33H, N,Og based on a HRESIMS ion peak at m/z
664.3099 [M + H]*, corresponding to 17 degrees of
unsaturation. Similar to those of 1 and 2, one-dimensional
(1D) NMR spectrum analysis of 1 indicated the presence of
one unit of Val, Thr, and Phe and two units of Gly (Tables 1
and 2). However, some unassigned carbon resonances and the
insufficient degree of unsaturation index (five from Phe, one

https://dx.doi.org/10.1021/acs.joc.0c02137
J. Org. Chem. 2021, 86, 1437—1447
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Table 2. “C{"H} NMR Data (6 in ppm, Type) for Compounds 1—5°

position 1 2
Pro Pro HPI
co 171.03%, C co 1709, C co
a 60.8, CH a 61.0, CH 2
p 30.8, CH, p 31.3, CH 3
4 21.4, CH, 4 21.2, CH2 3a
5 46.2, CH, 5 46.4, CH2 3b
Thr Tyr 4
CO 172.1, C CcO 171.1, C S
a 58.3, CH a 54.5, CH 6
B 67.3, CH B 36.8, CH, 7
v 19.6, CH, v 1268, C 7a
Val' ortho 130.0, CH 8a
co 1713, C meta 114.8, CH Val
a 61.1, CH para 156.0, C cO
B 28.5, CH Leu a
v 19.0, CH, co 1722, C B
18.3, CH, a 51.9, CH v
Leu p 37.7, CH,
co 171.02%, C Y 24.4, CH Thr
a 514, CH o 23.1, CH,; CO
B 38.6, CH, 21.5, CH3 a
y 24.5, CH Gly p
B 23.3, CH, co 1688, C v
207, CH, a 42.5, CH, Phe
Gly Ile CcO
CcO 169.5, C CcoO 170.5, C a
a 42.6, CH, a 54.1, CH B
Val* B 37.0, CH Y
CO 1694, C y 24.1, CH, ortho
a 56.5, CH o 11.1, CH; meta
p 29.7, CH € 14.6, CH; para
v 19.1, CH, Glyl
17.8, CH, co
a
Gly*
CcO
a

3 4 5

HPI HPI
1711, C Cco 172.1, C Cco 171.0, C
623, CH 2 622, CH 2 62.4, CH
41.8, CH2 3 43.5, CH2 3 41.7, CH2
88.0, C 3a 88.4, C 3a 88.1, C
132.1, C 3b 133.0, C 3b 132.0, C
123.0, CH 4 122.8, CH 4 123.0, CH
118.8, CH 5 119.9, CH 5 118.8, CH
129.3, CH 6 129.1, CH 6 129.3, CH
110.7, CH 7 111.4, CH 7 110.7, CH
148.8, C 7a 1472, C 7a 148.7, C
83.6, CH 8a 85.1, CH 8a 83.6, CH

Val Val
170.6, C Cco 170.0, C Cco 170.8, C
59.1, CH a 57.0, CH a 589, CH
30.8, CH p 30.1, CH p 312, CH
18.3, CH3 7 15.9, CH3 7 18.1, CH,
19.7, CH3 18.5, CH3 19.6, CH,

Thr Ile
170.4, C Cco 169.8, C Cco 170.9, C
56.7, CH a 56.5, CH a 56.4, CH
66.7, CH B 65.6, CH B 38.0, CH
18.4, CH3 7 17.1, CH3 7 19.7, CH2

Phe 5 11.5, CH3
171.0, C Cco 171.6, C £ 15.3, CH3
56.1, CH a 56.0, CH Tyr
35.7, CH2 p 382, CH2 Cco 170.8, C
138.0, C Y 136.8, C a 55.9, CH
129.0, CH ortho 128.9, CH B 34.7, CH,
128.3, CH meta 128.4, CH 7 127.6, C
126.4, CH para 126.6, CH ortho 129.7, CH

Glyl meta 115.0, CH
169.1, C Cco 168.8, C para 155.8, C
42.6, CH, a 42.6, CH, Gly'

Gly” Cco 169.4, C
168.5, C Cco 167.5, C a 42.5, CH,
42,0, CH, a 41.7, CH, Gly”

Cco 168.7, C
a 41.7, CH,

“Data were measured in DMSO-dg at 200 MHz. “These values can be interchangeable.

from Val, one from Thr, and two from two units of Gly out of
17) suggested the presence of another highly conjugated
subunit. As shown in Figure 2, extensive analysis of HMBC
and 'H-'H COSY spectra allowed us to find the 3a-
hydroxypyrroloindoline (HPI) moiety in the structure,”
resulting in the satisfaction of the degree of unsaturation
index. HMBC correlations from the a-proton (§y 4.15,
overlap) of Phe to the adjacent CO (8¢ 170.4) of Thr and
from the NH-proton (8 7.55, d, J = 6.9 Hz) of Thr to CO (5
170.4) of Thr and CO (8c 170.6) of Val demonstrated the
connectivity of the subunit (Val-Thr—Phe). In the same
manner, HMBC correlations from the a-proton [y 3.94 (dd, |
=16.8, 7.3 Hz) and 3.41 (dd, J = 16.9, 4.8 Hz)] of Gly' to CO
(6c 169.1) of Gly' and from the a-proton [y 4.50 (dd, J =
17.0, 8.2 Hz) and 3.89 (d, J = 16.8 Hz)] of Gly* to CO (5
168.5) of Gly* and CO (8 169.1) of Gly' indicated the linkage
between two Gly units (Figure S23). Similar to the case of 1,
full sequences of units could be made with the aid of ROESY
analysis because of highly overlapped carbon resonances
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(Figures 2 and S25). The key ROESY correlations between
the NH-proton (6 8.66, t, ] = 5.5 Hz) of Gly' and the a-
proton (8y 4.15, overlap)/f-proton (6 3.18, dd, ] = 14.2, 5.5
Hz) of Phe proved the connectivity of (Val—-Thr—Phe—Gly'—
Gly?). The key ROESY correlations between the a-proton (5
3.89,d, ] = 16.8 Hz) of Gly* and H-8a (& 5.63, d, ] = 3.9 Hz)
and between H-2 (8 4.16, overlap)/H-3 (5y 2.29, dd, ] =
13.4, 5.1 Hz) and the NH-proton (6y 7.92, d, ] = 12.0 Hz) of
Val established the full sequence to be (Val—Thr—Phe—Gly'—
Gly>—HPI). The absolute configuration in 3 was established
using the advanced Marfey’s method (Table S2 and Figures
S48 and S49). For HPI, ROESY analysis was intensively
applied to determine the absolute configurations of the HPI
moiety in terms of spatial correlations with the adjacent Val
and biosynthetic pathway. The process of determination of the
absolute configuration is explained further for compounds 4
and § altogether.

Melicopteline C (4) was isolated as a white and amorphous
solid. The molecular formula of 4 was established as

https://dx.doi.org/10.1021/acs.joc.0c02137
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1988

4 (anti-endo)

5 (syn-exo)

Figure 4. Key correlations of ROESY (dashed arrows) of HPI-containing compounds 3—5 for the determination of the absolute configuration of
the HPI moiety. The correlations here are mainly focused on the differences of spatial relations between the HPI moiety and the adjacent methyl
groups (y-protons) of Val to determine the absolute configuration of the HPI It turned out that compounds 3 and $ adopt a syn-exo configuration,

whereas compound 4 has a anti-endo one.

C;33H,N,Oq based on a HRESIMS ion peak at m/z 664.3123
[M + H]J*, corresponding to 17 degrees of unsaturation. The
comparison of 1D NMR spectra (Tables 1 and 2) to those of 3
indicated that 4 is an isomer of 3, also supported by the same
molecular weight. When 4 was subjected to advanced Marfey’s
derivatization, it turned out that all of the amino acids are in L-
configurations except for the HPI moiety (Table S2 and
Figures S48 and S49). Therefore, it was likely that the
difference lay on the absolute configuration of the HPI motif.
The absolute configuration of 4 was determined with
compounds 3 and S.

Melicopteline E (S) was isolated as a white and amorphous
solid. The molecular formula of 5 was established as
C;sHy s N,Og based on a HRESIMS ion peak at m/z
692.3415 [M + HJ*, corresponding to 17 degrees of
unsaturation. Comparison of 1D NMR spectra to those of 3
demonstrated that § also contained one unit of Val and HPI
and two units of Gly (Tables 1 and 2). However, 'H NMR
peaks [8y 6.99 (d, ] = 8.0 Hz) and 6.66 (d, ] = 8.0 Hz)]
integrating for multiples of two in the aromatic region and the
indicative triplet methyl group (8y 0.74, t, ] = 7.2 Hz) with the
aid of 2D NMR including 'H—"H COSY indicated that § is
composed of Tyr and Ile instead of Phe and Thr. The
sequence of the constituent amino acid residues was
determined by means of HMBC and ROESY analyses (Figure
2). HMBC correlations from the NH-proton (g 7.4S, d, ] =
1.6 Hz) of Ile to the adjacent CO (S 170.8) of Val and from
the NH-proton (Sy 7.79, d, ] = 9.9 Hz) of Val to CO (¢
171.0) of HPI and ROESY correlations between the NH-
proton of Val and H-2 (8 4.18, overlap)/H-3 (6 2.32,dd, ] =
16.7, 4.4 Hz) of HPI suggested the connectivity of the subunit
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(HPI-Val—Ile). In the same manner, HMBC correlations
from the NH-proton (y; 8.46, br s) of Gly' to CO (5 170.8)
of Tyr and from the NH-proton (5 8.14, br d, ] = 7.2 Hz) of
Gly* to CO (8¢ 169.4) of Gly' indicated the linkage of (Tyr—
Gly'-Gly*) (Figures 2 and $39). Owing to the faint
correlation spots of HMBC and highly overlapped carbon
resonances, the full sequence could be accomplished by the
obvious ROESY correlations (Figures 2 and S41). The key
ROESY correlations between the NH-proton (&y 8.23, s) of
Tyr and the a-proton (y 4.28, m)/f-proton (5 1.68, m) of
Ile and also between the a-proton (5y 3.81, d, ] = 15.6 Hz) of
Gly* and the NH-proton (8 6.90, d, J = 4.5 Hz)/H-8a (64
5.65, d, ] = 4.8 Hz) of HPI indicated the full sequence as
(Tyr—Gly'—Gly>*~HPI—Val—Ile). All of the amino acids
turned out to be in L-configurations except for the HPI moiety
by the advanced Marfey’s analysis (Table S2 and Figures S47
and S50).

For the determination of the absolute configurations of HPI,
ROESY analysis could be used efficiently as the structure of the
cyclopeptide is semirigid, and the configuration of amino acids
right next to HPI was determined unambiguously by using a
chemical reaction. The pyrroloindole moiety only can be
formed in the cis junction in either the exo or endo product
when cyclization occurs."”'” Also, based on the relationship
with regard to the hydroxyl group at C-3a and carboxamido
group at C-2, syn or anti configuration can be deduced, which
is determined by whether the HPI is originated from L-Trp or
p-Trp.'""? Therefore, there are four possibilities (Figure S51)
(syn-exo, syn-endo, anti-exo, anti-endo). Thus, all four
configurations were subjected to the energy minimization
with an MM2 forcefield using Chem3D software. L-Val was the

https://dx.doi.org/10.1021/acs.joc.0c02137
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Figure S. Plausible biosynthetic pathways for compounds 3—S. (A) Formation of ribosomally synthesized and post-translationally modified

peptides. (B) Photooxygenation of tryptophan in compounds 3—S.

key amino acid to determine the chirality of C-2 of HPL If the
H-2 is in the « configuration, the HPI is originated from L-Trp
and two methyl groups of the adjacent Val and H-2 of HPI are
in anti-cofacial relationship, whereas they are in a cofacial
relationship in the case of the § position of H-2 (Figure S52).
Extensive analysis of the ROESY data demonstrated that there
were no correlations between H-2 and two methyl groups of
Val in 3—5 (Figures 4 and S53).

Also, the distance between any two methyl groups of Val and
either H-8a (OH-3a) or NH of HPI depends on the
configuration of H-2. In other words, if H-2 possesses the o
configuration, either H-8a (OH-3a) or NH of HPI will be very
close to any of the methyl groups of the adjacent Val,
regardless of whether the junction is in the endo or exo
configuration (Figure S54). In the § position of H-2, none of
the methyl groups are close to H-8a (OH-3a) and NH of HPI
(more than 4 A). In compound 3, obvious ROESY correlations
between H-8a (8 5.63, d, ] = 3.9 Hz)/OH-3a (5 6.17, br s)
and the methyl group (6y 0.86, d, ] = 6.8 Hz) of Val were
observed (Figures 4 and S55). ROESY correlations between
the NH-proton (8y 7.20, overlap) of HPI and the methyl
group (8 0.50, d, J = 6.9 Hz) of Val and between OH-3a (54
6.29, br s) and the methyl group (& 0.86, d, J = 6.4 Hz) of Val
were observed in compounds 4 and S, respectively (Figures 4,
S33, S41, and S54). Therefore, configurations of the C-2
position in 3—S5 were adopted as @, which can also be
explained by the fact that amino acids of naturally occurring
cyclopeptides from plants adopt an L-configuration in most
cases. However, the ROESY correlation between H-2 and H-8a
was observed in 4, which means that they are facing the same
plane, whereas no correlation was observed in 3 (Figures 4 and
S56). Therefore, 3 adopts an exo configuration in the junction
of HPI, whereas 4 has an endo one. These results can also be
supported by reported 'H NMR chemical shifts (Table S3 and
Figure S57)."> The previously reported paper clearly showed
the differences of chemical shifts of H-2 and H-8a between the
synthesized endo-configured HPI and the exo one. The
chemical shifts of H-2 and H-8a in an exo form are 3.86 (q,
J = 12.0, 7.0 Hz) and 5.40 (s), respectively, whereas, those in
the endo form are 4.34 (t, ] = 7.0 Hz) and 5.31 (s),
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respectively. The tendency was same with 3 and 4. The
chemical shifts of H-2 and H-8a in 3 are 4.16 (overlap) and
5.63 (d, J = 3.9 Hz), respectively, whereas those in 4 are 4.76
(dd, J = 10.4, 6.0 Hz) and 5.58 (d, ] = 4.7 Hz), respectively
(Table 1). Interestingly, the pyrrolidine and indoline rings
across the junction folded in an endo form showed the ROESY
correlations between aromatic protons of HPI and methyl
groups of Val, whereas no correlation was observed in the exo
form because of the relatively planar conformation (Figures 4
and $58). In compound 4, strong ROESY correlations exist
between a methyl group (0.50, d, ] = 6.9 Hz) and aromatic
protons [H-4 (7.21,d, J = 7.5 Hz), H-6 (7.11, t, ] = 7.9 Hz),
H-7 (6.60, d, ] = 7.9)], whereas no correlations were observed
in 3. Therefore, 3 and 4 adopt the exo and endo form,
respectively. With the same logical deduction, the absolute
configuration of § was also determined to be an exo form.
There was no ROESY correlation between H-2 (4.18, overlap)
and methyl groups of Val (Figure 4), whereas clear correlation
between OH-3a (8} 6.29, br s) and the methyl group (5 0.86,
d, ] = 6.4 Hz) was observed, confirming the chirality of H-2
(Figure S41). For the manner of fusion at the ring junction,
there were no correlations between H-2 and H-8a (5.65, d, ] =
4.8 Hz) and between methyl groups of Val and aromatic
protons of HPI. Also, the chemical shifts of H-2 and H-8a are
comparable with those of 3 (Table 1).

Biosynthetically, although HPI-bearing molecules, except for
cyclopeptides, have been reported, HPI-bearing cylopeptides
are very rare in plants. Interestingly, Rutaceae, to which the
genus Melicope belongs, is one of the major families producing
orbitides, which are N-to-C cyclized plant peptides that do not
contain a disulfide bond, along with Caryophyllaceae.”
Orbitides, consisting of smaller cyclic peptides of 5—12
amino acid residues, are initially synthesized by a ribosome
to be a precursor peptide in many eukaryotic cells. Then, the
core peptide undergoes post-translational modification,
followed by proteolysis and cyclization by enzymes in plant
cells.”?° Tryptophan is also not commonly found in
cyclopeptides, is even highly susceptible to oxidation, and is
easy to change into other derivatives by stimuli, including UV,
heat, or radicals along with methionine, this transformation

https://dx.doi.org/10.1021/acs.joc.0c02137
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Table 3. Antiviral Activity of Cyclopeptides against Influenza A Viruses HIN1 and HON2

ECso (uM)

SI (=CCsy/ECyp)

compound CCy, (uM) HIN1

1 >100 543 £ 232
2 >100 475 + 1.39
3 >100 2.57 + 045
4 >100 3.70 + 0.2§
R >100 4.28 + 2.41
Ribavirin® >100 3.92 + 0.79

“Positive control.

HI9N2 HIN1 HI9N2
11.20 + 2.46 22.53 £ 5.51 9.38 + 1.61
9.93 + 2.94 23.02 + 4.77 11.04 + 2.30
547 + 0.40 40.14 + 5.60 18.38 + 1.2§
5.85 £ 1.12 27.1§ + 1.71 17.74 £ 2.75
6.96 + 2.28 3421 + 842 16.10 + 3.55
247 + 098 26.59 + 4.28 48.05 + 11.50

being called photooxygenation.”’ In the deprotonated ion
peaks in the MS chromatogram, Trp was detected instead of
3a-HPI of compounds 3—5 from the EtOAc fraction of the
extract of M. pteleifolia (Figure SS9). Porphyrins, coumarins,
and furoquinolines are known to have photosensitive or
phototoxic properties.””** Interestingly, M. pteleifolia contains
a furoquinoline alkaloid as one of its major constituents, and
also a variety of furoquinoline alkaloids were detected in a
positive mode of mass spectrometry.’” Therefore, furoquino-
line alkaloids in M. pteleifolia are highly likely to act as a
photosensitizer to aid the photooxygenation reaction of Trp-
bearing cyclopeptides. Thus, M. pteleifolia may initially produce
cyclopeptides that contain Trp rather than intact HPI-bearing
ones, and the Trp moiety in cyclopeptides is subjected to
photooxygenation by coexisting photosensitizing molecules
such as furoquinoline alkaloids to give rise to the HPI moiety
(Figure S).

Influenza A virus has been a continuous threat to human life
throughout history by several devastating pandemics such as
the “Spanish flu” and “Hong Kong flu”. Even though several
antivirals, including M2 ion channel blockers of the
adamantane class (e.g,, amantadine), neuraminidase inhibitors
(e.g, oseltamivir and zanamivir), which are most widely
prescribed, and recently the polymerase inhibitor baloxavir,
have been licensed over the last half a century,”* many global
pharmaceutical companies are making every possible effort to
develop anti-influenza virus drugs because of the frequent
emergence of drug-resistant viruses. The ethnopharmacological
uses of M. pteleifolia to relieve various symptoms caused by
influenza and the discovery of cyclopeptides containing the
rare moiety HPI prompted us to test their anti-influenza
activities. As a result, all cyclopeptides showed moderate or
strong activity, with an ECyy (#M) ranging from 2.57 + 0.4S to
1120 + 2.46 (Table 3). They exhibited stronger activity
against the swine influenza subtype, HIN1, than the avian one,
HON2. Interestingly, the HPI moiety-bearing compounds 3—5
exerted more potent activity against both subtypes than the
normal cyclopeptides 1 and 2. These results strongly suggest
that the HPI motif might increase anti-influenza activity as an
important pharmacophore. Among compounds 3-S5, com-
pound 3 showed much stronger activity (ECso, 2.57 + 0.45
uM) than the positive control ribavirin (ECsy, 3.92 + 0.79
uM), with higher selectivity. Considering the fact that initial
viral infection can often open doors for secondary bacterial
infection,” compound 3 can be a promising candidate or lead
compound for the development of an anti-influenza agent.

B CONCLUSIONS

Five Caryophyllaceae-type cyclopeptides (1—5) were isolated
from the leaves of M. pteleifolia by means of acid—base

1444

extraction and extensive MS/MS chromatogram analysis.
Interestingly, compounds 3—$ contains the HPI moiety
which is very rare, especially from plants, and their absolute
configurations were determined undoubtedly by comprehen-
sive spectroscopic analyses using NMR and MS/MS and
advanced Marfey’s analysis. Based on the characteristics of the
constituents from M. pteleifolia, a plausible biosynthetic
pathway is suggested. Evaluation of the anti-influenza A virus
activity of isolates revealed that all of the cyclopeptides showed
antiviral activity; especially, HPI-bearing compounds (3—5)
exhibited more potent activity than the others, suggesting that
the HPI motif can exert additive anti-influenza activity and be
used as a lead compound for the development of future anti-
influenza drugs.

B EXPERIMENTAL SECTION

General Experimental Procedures. Optical rotations were
recorded on a JASCO P-2000 polarimeter (JASCO International
Co. Ltd., Tokyo, Japan). UV and electronic circular dichroism (ECD)
spectra were measured using a Chirascan-Plus (Applied Photophysics
Ltd., Surrey, UK). IR data were obtained using a Nicolet 6700 Fourier
transform infrared spectrometer (Thermo Fisher Scientific, Waltham,
MA, USA). 1D and 2D NMR spectra were recorded in deuterated
solvents using an AVANCE 800 MHz spectrometer (Bruker, Billerica,
MA, USA). HRESIMS was performed using a Waters Xevo G2
QTOF mass spectrometer (Waters MS Technologies, Manchester,
UK) equipped with an electrospray ionization (ESI) source. A Gilson
HPLC purification system was used for isolation and UV detection at
205 and 254 using an Optima Pak Cg column (10 X 250 mm, S ym
particle size; RS Tech, Seoul, Korea). Regular column chromatog-
raphy (CC) was carried out with silica gel (particle size: 63—200 um,
Zeochem AG, Riiti, Switzerland), RP-C,; (particle size: 75 um,
Nacalai Tesque, Kyoto, Japan), and Sephadex LH-20 (GE Healthcare,
Little Chalfont, UK). Silica gel 60 F,s, and RP-18 F,,S TLC plates
were obtained from Merck (Darmstadt, Germany). Industrial-grade
ethanol, ethyl acetate, and n-butanol were used for extraction and
purification. Analytical-grade acetonitrile and methanol were used for
isolation and analysis. All solvents were purchased from Daejung
Chemical (Siheung, Korea). Fluorescence measurements were
recorded with a fluorescence microplate reader (Spectra Max Gemini
XPS, Molecular Devices, San Jose, CA, USA). Biological data were
obtained using a microplate reader (VersaMax, Molecular Devices,
San Jose, CA, USA).

Plant Material. The leaves of M. pteleifolia were purchased from
Ba Vi district, Hanoi, Vietnam, in June 2016. The samples were
identified based on morphological characteristics by Dr. Pham of
Hanoi University of Pharmacy. A voucher specimen (SNU-12-2016)
was deposited in the herbarium of the College of Pharmacy at Seoul
National University.

Extraction and Isolation. The leaves of M. pteleifolia (S kg) were
extracted with 94.5% EtOH (2 X 13 L, for 2 h each) at 40 °C. The
combined extract was concentrated using an evaporator to yield a dry
residue (244.8 g). The alkaloid fraction was then prepared using
acid—base extraction as follows. The crude extract was suspended in
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5% HCI aqueous solution and then partitioned with EtOAc three
times. The water layer was basified with KOH and successively
partitioned with EtOAc three times, resulting in 3.2 g of the alkaloid
fraction. The alkaloid fraction (3.2 g) was subjected to Sephadex LH-
20 open CC with an isocratic solvent system of 100% MeOH to
obtain 10 subfractions (F.1-F.10). F.5 (32 mg) was subjected to
semipreparative HPLC with CH;CN/H,O (v/v, 40/60) containing
0.05% formic acid (flow rate, 4 mL/min), resulting in the isolation of
compound 1 (5.3 mg, t; = 7.7 min). F.7 (25 mg) was subjected to
semipreparative HPLC with CH;CN/H,O (v/v, 40/60) containing
0.05% formic acid (flow rate, 4 mL/min), resulting in the isolation of
compound 2 (3.4 mg, tz = 10.8 min). F.9 (1.4 g) was subjected to
medium pressure liquid chromatography with a gradient solvent
system of MeOH/H,0 (v/v, 10/90 — 100/0) containing 0.05%
formic acid to obtain subfractions (F.9.1—F.9.20). F.9.12 (130 mg)
was applied to Sephadex LH-20 open CC with an isocratic solvent
system of 100% MeOH to obtain nine subfractions (F.9.12.1—
F.9.12.9). F.9.12.9 (44.2 mg) was applied to semipreparative HPLC
with CH;CN/H,O (v/v, 29/71) containing 0.05% formic acid (flow
rate, 2 mL/min) to obtain compound 3 (4.2 mg, t; = 23.8 min),
compound 4 (2.4 mg, tp = 26.9 min), and compound $ (3.5 mg, t; =
31.5 min).

Melicopteline A (1). Yellow amorphous solid; [a]h —39.5 (c 0.4,
MeOH); UV (MeOH) 4,,,, (log €) 200 (4.0), 269 (2.7) nm; CD
(MeOH) (Ae) 221 (—4.0); IR vy, 3311, 2967, 1638, 1545, 1454,
1055 cm™!; 'H and *C{"H} NMR data, see Tables 1 and 2; HRMS
(BSI) m/z: [M + HJ]' caled for Cp,H,NO, 567.3506, found,
567.3517.

Melicopteline B (2). Pale yellow amorphous solid; [a]} —24.7 (¢
0.4, MeOH); UV (MeOH) A, (log £) 200 (4.3), 225 (3.9), 275
(3.4) nm; CD (MeOH) (Ae) 222 (=3.7); IR v, 3303, 2966, 1658,
1517, 1455, 1369 cm™; 'H and *C{'H} NMR data, see Tables 1 and
2; HRMS (ESI) m/z: [M + H]" calcd for C,gH,,N;Og, 544.3135,
found, 544.3134.

Melicopteline C (3). White amorphous solid; [a]} +2.6 (¢ 0.37,
MeOH); UV (MeOH) 4, (log €) 201 (4.0), 235 (3.1), 289 (2.7)
nm; CD (MeOH) (Aeg) 214 (—1.1),227 (—1.1); IR v,: 3435, 2969,
1734, 1653, 1560, 1033 cm™'; 'H and 3C{"H} NMR data, see Tables
1 and 2; HRMS (ESI) m/z: [M + H]* caled for C33H,,N,O,
664.3095, found 664.3099.

Melicopteline D (4). White amorphous solid; [a] +30.8 (c 0.4,
MeOH); UV (MeOH) A, (log €) 201 (4.1), 233 (3.3), 288 (2.8)
nm; CD (MeOH) (Ag) 212 (—0.9), 231 (~1.7); IR v,,,: 3317, 2966,
1654, 1560, 1032 cm™; '"H and "*C{'H} NMR data, see Tables 1 and
2; HRMS (ESI) m/z: [M + H]" caled for Cy3H,,N,Oq, 664.3095,
found, 664.3123.

Melicopteline E (5). White amorphous solid; [a]f —10.5 (c 0.4,
MeOH); UV (MeOH) 4, (log £) 201 (4.7), 226 (4.1), 284 (3.6)
nm; CD (MeOH) (Ag) 226 (4.1), 284 (3.6); IR v,,,,. 3318, 2966,
1644, 1518, 1438, 1282, 1033 cm™'; 'H and *C{'H} NMR data, see
Tables 1 and 2; HRMS (ESI) m/z: [M + H]" calcd for C3sH 6N,Oyg,
692.3408, found, 692.3415.

Advanced Marfey’s Analysis for Compounds 1-5.
Compounds 1-5 (0.5 mg each) were hydrolyzed with 6 N HCI (200
uL) at 115 °C for 1.5 h. The residual HCI was removed using a rotary
evaporator. The dried hydrolysates of 1—5 were suspended in H,0
(20 pL) and treated with 1 M NaHCOj; (20 L) and 25 mM 1-FDLA
in acetone (100 uL). The solutions were heated at 37 °C for 1 h. The
reaction was quenched by adding 20 yL of 1 N HCl and diluted with
CH;CN. Aliquots of the solutions were used for the subsequent
HPLC analysis. For comparison with the derivatives of authentic
standard amino acids, pairs of L- and p-Val, Tyr, Leu, Pro, Thr, allo-
Thr, Ile, allo-Ile, and Phe were also derivatized successfully with L-
FDLA. The retention times of amino acids derivatives in 1—5 were
compared with those of authentic ones. Especially, Thr was analyzed
by HPLC—ESI-MS for clarity, and a S ym Kinetex C-18 column (250
X 4.6 mm, 100 A) was eluted at 0.4 mL min~! [0.1% HCOOH in
H,0 and CH;CN] with the gradient system (20 — 80% CH;CN over
1S min, isocratic 80% CH;CN over S min). The retention time (tg =
17.09) with mass (412 m/z from extraction ion chromatogram of the

25,36,37
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negative mode) of the derivative of Thr in 1 was compared with that
of L-Thr (tg = 17.08), p-Thr (t; = 18.53), v-all-Thr (t; = 17.41), and
p-all-Thr (t = 17.96), assigning its absolute configuration to be L-Thr.
In the same manner, Thr in 3 and 4 was determined to be L-Thr
(Figures S45 and S49). For Ile, the gradient system (25 — 60%
CH,CN over 70 min) at 1.0 mL min~" [0.05% TFA in H,0O and
CH,CN] was used. The retention time (t; = 37.27) of Ile in 2 was
compared with that of L-Ile (t = 37.29), L-all-lle (t; = 36.86), p-Ile
(tr 50.19), and p-all-lle (tg 50.19), assigning its absolute
configuration to be L-Ile (Figure S47). In the same manner, Ile in §
was also determined to be L-Ile. For the rest of the amino acids, the
gradient system (20 — 65% CH,CN over 35 min) at 1.0 mL min™"
[H,O and 0.1% HCOOH in CH;CN] was used. The retention times
of the derivatives of amino acids in 1—$ were compared to those of
authentic ones and determined to be L-form (Table S2 and Figures
S44, S46 and S48).

Cytopathic Effect Inhibition Assay.>®3° MDCK cells were
seeded on 96-well culture plates at a density of 1 X 10° cells per well.
After incubation for 24 h, the medium was removed, and the cells
were washed twice with phosphate-buffered saline (PBS). The
influenza HIN1 and H9N2 viruses at a multiplicity of infection of
0.01 were inoculated onto near-confluent MDCK cell monolayers
using Dulbecco’s modified Eagle’s medium (DMEM) containing 0.15
pug/mL trypsin and S pg/mL bovine serum albumin for 2 h. The
medium was removed, the cells were washed with PBS, and new
medium with several compounds at different concentrations was
added. After being incubated for 3 days at 37 °C under a 5% CO,
atmosphere, the cell medium was replaced with DMEM, 20 uL of 2
mg/mL MTT was added to each well, and the plate was incubated for
4 h at 37 °C. After that, the subsequent steps followed those of the
cytotoxicity assay procedures, and the 50% effective concentration
(ECs) was evaluated by regression analysis. A selective index (SI)
value was determined via the formula SI = CCy(/ECy,. The statistical
significance was calculated via comparison with the null group.
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