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Four cyclic octapeptides, squamins C-F, were isolated from the seeds of Annona globiflora Schltdl. These com-
pounds share part of their amino acid sequence, -Pro-Met(O)-Tyr-Gly-Thr-, with previously reported squamins A
and B. Their structures were determined using NMR spectroscopic techniques together with quantum mechanical
calculations (QM-NMR), ESI-HRMS data and a modified version of Marfey’s chromatographic method. All
compounds showed cytotoxic activity against DU-145 (human prostate cancer) and HeLa (human cervical car-

cinoma) cell lines. Clearly, A. globiflora is an important source of bioactive molecules, which could promote the
sustainable exploitation of this undervalued specie.

1. Introduction

In Mexico, there are about 20 species of Annona genus, mainly
located in southeastern tropical regions. Annona muricata L. (Annona-
ceae) is one the most cultivated species of the Annona genus, because it
produces exotic edible fruits (Anaya-Esparza et al., 2020). However, the
economic importance of this genus is diverse and not restricted to their
fruits, as it also includes species with aromatic, medicinal and insecti-
cidal properties (Hernandez Vidal et al., 2014). Despite this, most of
them are known as wild Annona species (Anaya-Esparza et al., 2020) and
remain underutilized. Within this group of wild native Annona species,
we focused the current study on Annona globiflora Schltdl. (Annona-
ceae). This Mexican endemic species is named “chirimoyito” by local
people, and grows in the central area of the state of Veracruz (Escobe-
do-Lopez et al., 2018). To our knowledge, previous studies of its
phytochemistry or biological activity have not been reported.

The Annona genus is well known for producing interesting com-
pounds, including alkaloids, isoquinolines, peptides, acetogenins, lec-
tins, volatile oils, etc. (Leite et al., 2020). Cyclic peptides isolated from

* Corresponding author.
** Corresponding author.
**% Corresponding author.
E-mail address: fcen@uv.mx (F. Cen-Pacheco).

https://doi.org/10.1016/j.phytochem.2021.112839

the genus Annona constitute an important class of natural molecules
with a great diversity of ring sizes (Dahiya and Dahiya, 2021). Some of
them show useful pharmacologic properties such as potent cytotoxic,
vasorelaxant or anti-inflammatory activities (Cen-Pacheco et al.,
2019b). Consequently, they have been described as interesting leads in
the drug discovery process (Anaya-Esparza et al., 2020; Dahiya and
Dahiya, 2021). Therefore, knowledge of the functional potential of wild
native Annona species, and evidence on the possible health benefits
derived from them, may promote the expansion of their cultivation and
commercial importance.

Here, we report a phytochemical study of the seeds of A. globiflora
collected in spring 2018 in Veracruz state (México), in which four pre-
viously unreported cyclopeptides named squamins C-F (1-4) were iso-
lated. Their structures were determined using NMR spectroscopic
techniques together with quantum mechanical calculations (QM-NMR)
(Daranas and Sarotti, 2021), ESI-HRMS data and a modified version of
Marfey’s method using LC-UV (Unno et al., 2020; Bhushan and Briick-
ner, 2004). Squamins C/D and E/F were found to be pairs of epimeric
methionine sulfoxides, which may be oxidation products of undetected
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cyclopeptides containing L-Met. Importantly, unlike other compounds
containing a methionine sulfoxide group, squamins can be separated by
chromatographic techniques (Capon, 2020). The cytotoxicity bioassays
undertaken indicated that these compounds possess moderate activity
against the DU-145 (human prostate cancer) and HeLa (human cervical
carcinoma) cell lines.

2. Results and discussion
2.1. Extraction and isolation

Seeds of Annona globiflora (500 g) were dried under shade and trit-
urated using a steel blender. Next, the resulting powder was extracted
using MeOH (4 x (3 L x 3 h)) at room temperature and the solvent
evaporated in vacuo to yield a brownish viscous extract (12.5 g). This
extract was first fractionated by liquid-liquid extraction, using the
modified Kupchan method (Kupchan et al., 1973; Cen-Pacheco et al.,
2019a,b). The AcOEt fraction (416 mg) was chromatographed using
medium pressure liquid chromatography Lobar LiChroprep-RP18 with
MeOH/H30 7:3, then finally purified in a p-Bondapack C-18 HPLC col-
umn using MeOH:H20 as mobile phase. This procedure yielded 2.9 mg
of squamin C (1), 2.5 mg of squamin D (2), 1.9 mg of squamin E (3) and
1.5 mg of squamin F (4).

2.2. Structural elucidation

Squamin C (1) was isolated as an optically active amorphous white
solid [oc]%5 -52 (¢ = 0.29, MeOH). ESI-HRMS mass spectra showed a
molecular ion peak [M+Na] " at m/z 843.3691, providing the molecular
formula Cs3yHs¢NgO11S. The NMR spectroscopic data were obtained
using CD30D and CD3OH as solvents. The observed 'H and '3C NMR
data for 1 allowed us to establish the presence of six CHs, eight CHj,
thirteen CH and ten non-protonated carbons. Importantly, eight signals
characteristic of carbonyl groups were observed in the '>C NMR spec-
trum, suggesting that 1 should be an octapeptide (Table 1). Indeed,
'H-'H COSY and TOCSY spectra of 1 revealed the presence of nine
'H-'H spin systems, belonging to eight amino acid units. Thus, two
alanine residues showed the typical AX3 system between Hs3-p (6 1.42,
d, J = 7.3 Hz) and H-a (84 3.99, q, J = 7.3 Hz) and between Hs3-p (8y
1.44,d, J = 7.4 Hz) and H-a (8y 4.22, q, J = 7.4 Hz). The sec-butyl group
of the isoleucine residue was identified, beginning with proton H-a (8y4
4.37, d, J = 10.4 Hz). This was correlated with the methine proton H-p
8y 2.09), then in turn with the methyl group Hs-e (6y 0.77, d,
J = 6.5 Hz) and the diastereotopic methylene Hy-y (8y 1.07/1.49). The
latter was further correlated with H3-8 (8y 0.94, t, J = 7.4 Hz). The
proline residue started with H-a (8y 4.74, dd, J = 7.9, 9.7 Hz). This was
linked to Ha-p (8 1.91/2.34), this in turn to Hy-y (8y 2.08) and the latter
to Hp-8 (8y 3.57/3.75). The TH NMR signal assignment of the non-
essential amino acid, methionine oxide, commenced with H-a (8y
4.20, t, J = 7.1 Hz), which was connected to Ha-p (8y 2.06/2.21) and
these sequentially to Ho-y (8y 2.60/2.67). For the tyrosine residue, two-
spin systems were determined: the first linked H-o (8 5.02, dd, J = 3.0,
12.4 Hz) with Hy-f (8y 2.85/3.62, dd/dd, J = 12.4, 15.8 Hz/J = 3.0,
15.7 Hz), while the second joined protons H-5/H-0 (6y 7.04, d,
J = 8.5 Hz) with H-e/H-n (8y 6.71, d, J = 8.5 Hz). Observation of a
'H-'H spin coupling between two geminal protons Hy-a (8y 3.74/4.27,
d, J = 17.1 Hz) indicated the presence of a glycine residue. Finally, the
threonine residue began at Hs-y (8y 1.23, d, J = 6.1 Hz), which was
joined with methine H-p (8y 4.52, dq, J = 3.1, 6.1 Hz), and this
sequentially connected with H-a (8y 4.89, d, J = 3.1 Hz). The peptide
sequence was unambiguously established by long-range 'H-'3C con-
nectivity, extrapolated from the HMBC experiment. This further secured
the presence of eight amino acid residues in 1. Thus, key HMBC corre-
lations between the carbonyl group of residue i and the amide and/or a
protons of residue i+1 (Ala'H-a and Thr(CO), Ala®H-o and Alal(CO),
IleH-a and Alaz(CO), ProH-a and Ile(CO), Met(O)H-a and Pro(CO),
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Table 1
NMR data (CD3OH) for squamins C (1) and D (2).

Amino Position Squamin C (1) Squamin D (2)
acid - )
S¢c S8H, mult. (J in S¢ SH, mult. (J in Hz)
Hz)
Ala’ co 176.6 176.6
aCH 53.1 3.99,q (7.3) 53.1 3.95,q (7.3)
BCH3 16.4 1.42,d (7.3) 16.4 1.38,d (7.3)
NH 7.50
Ala* co 175.8 175.8
o«CH 52.4 4.22,q(7.4) 52.4 4.19,q (7.4)
BCH3 17.7 1.44,d (7.4) 17.7 1.41,d (7.9)
NH 7.50, bs 7.51, bs
Ile Cco 172.6 172.6
o«CH 56.8 4.37 d (10.4) 56.8 4.35d (10.4)
BCH 37.2 2.09 m 37.2 2.07 m
yCHy 25.1 1.07 m 25.1 1.05m
1.49 m 1.47 m
8CH3 11.7 0.94t(7.4) 11.6 0.92t(7.4)
eCH3 18.4 0.77 d (6.5) 18.0 0.75 d (6.5)
NH 7.31d (9.4 7.32d (9.4
Pro (¢0) 178.0 178.0
aCH 64.8 4.74 dd (7.9, 64.7 4.71 dd (4.0, 7.7)
9.7)
BCH2 30.5 191 m 30.5 1.90 m
2.34 ddt (5.0, 2.32m
7.9, 12.5)
yCHy 25.9 2.08 m 26.0 2.06 m
S8CH 48.6 3.57m 48.6 3.54m
3.75m 3.73m
Met(0) Cco 173.7 173.6
aCH 56.3 4.20t(7.1) 56.6 4.13dd (6.1,7.3)
BCH2 24.3 2.06 m 25.3 2.04 m
221 m 2.19m
yCH; 49.6 2.60 m 50.0 2.60 m
2.67 m 2.64 m
8CHj3 37.5 2.47s 37.9 2.56 s
Tyr CcO 174.2 174.2
aCH 53.7 5.02, dd (3.0, 53.8 4.99, ddd (3.0,
12.4) 10.0, 12.6)
BCH2 36.8 2.85, dd (12.4, 36.9 2.82, dd (12.6,
15.8) 15.8)
3.62, dd (3.0, 3.61, dd (3.0,
15.7) 15.8)
yC 129.1 129.6
8CH/ 130.1 7.04, d (8.5) 130.2  7.04,d(8.5)
6CH
eCH/ 116.5 6.71, d (8.5) 116.2 6.69, d (8.5)
nCH
¢C 157.8 157.1
NH 8.18,d (10.0) 8.18
Gly cO 172.0 172.0
aCH 44.3 3.74,d (17.1) 44.0 3.72,d (17.0)
4.27,d(17.1) 4.25,d(17.0)
NH 8.13,d (6.3) 8.16
Thr Cco 172.3 172.3
aCH 57.1 4.89,d(3.1) 57.1 4.87,d (3.1)
BCH 70.7 4.52,dq (3.1, 70.8 4.50,dq (3.1, 6.3)
6.1)
yCH3 19.7 1.23d (6.1) 19.7 1.21d (6.3)
NH 7.42d (9.9) 7.44 d (9.9)

TyrNH and Met(O)(CO), GlyHs-a and Tyr(CO), ThrNH and Gly(CO))
allowed us to determine the planar structure of 1, as shown in Fig. 1.
Squamin D (2) showed the same molecular formula as 1, C3yHsgNgO11S,
according to ESI-HRMS results that displayed a peak at m/z 843.3668
[M-+Na]". Detailed analysis of its 14 and 13C NMR data, assisted by 2D
NMR spectroscopy, established the planar structure of 2 as identical to 1.
However, slight variations between the NMR chemical shifts of the two
compounds were found, particularly involving the methylsulfinyl group
(Table 1). Sulfoxide groups can be considered as asymmetric centers,
due to their high activation energies for inversion (162-197 kJ mol 1)
that prevent enantiomers interconverting (Marom et al., 2007). There-
fore, we concluded that 1 and 2 were a pair of diasteroisomers with
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Fig. 1. Structure of squamins A-F (1-6).

different configurations at the sulfoxide stereogenic center.

Two closely related metabolites, squamins E (3) and F (4), were also
isolated in this study. Analysis of their ESI-HRMS data showed peaks at
m/z 831.3330 [M+Na] ™ for 3 and m/z 831.3325 [M+Na] ™ for 4, both
corresponding to a molecular formula of C35Hs52NgO12S. A detailed
structural analysis of these compounds suggested a partial amino acid
sequence -Pro-Met(0)-Tyr-Gly-Thr?-Ala’-Ala®-, identical to those
observed in squamins C (1) and D (2). However, the experimental data
indicated the presence of a new threonine residue, replacing the previ-
ously described isoleucine residue in 1 and 2. The 'H NMR spectra for
the new Thr' were assigned commencing from Hs-y (8y 1.14, d,
J = 6.5 Hz), which was coupled with methine H-p (8y 4.25, dq, J = 2.4,
6.5 Hz). This was sequentially connected with the proton of methine H-«
(81 4.64, d, J = 2.4 Hz). The new threonine residue was linked using the
HMBC experiment, where the proton Thr!H-« was correlated with Ala?
(CO, 8¢ 176.3). The signal corresponding to ProH-« (4.74, t, J = 8.2 Hz)
was also connected with Thr'(CO) (8¢ 173.4) (Table 2).

A literature search revealed that two similar molecules, squamins A
and B (5-6), had been isolated from Annona squamosa L. (Annonaceae)
(Zhi-Da et al., 2000; Ren-Wang et al., 2003). Squamins C and D (1-2)
show an alanine residue in place of the valine residue present in 5 and 6.
Squamins E and F (3-4), in addition to the previous substitution,
incorporate a new threonine residue instead of the characteristic
isoleucine in 5 and 6.

Absolute configurations of the amino acid residues were established

Table 2
NMR data (CDsOH) for amino acid sequence, -Ala®-Thr!-Pro-, of squamin E (3)
and F (4).

Amino Position Squamin E (3) Squamin F (4)
acid 3¢ 8H, mult. (J in 8¢ 8H, mult. (J in
Hz) Hz)
Ala2 co 176.3 176.2
«CH 52.4 4.25, q (7.4) 52.4 4.23, q (7.4)
BCH3 17.6 1.49, d (7.4) 17.6 1.47,d (7.4)
NH 7.77, bs 7.69, bs
Thr! co 173.4 173.6
«CH 54.9 4.64,d (2.4) 54.9 4.68, d (2.9)
BCH 68.7 4.25, dq (2.4, 68.8 4.31, dd (2.9,
6.5) 6.5)
YCHs 20.2 1.14, d (6.5) 20.2 1.17, d (6.5)
NH 7.37, d (9.6) 7.38, d (9.6)
Pro co 177.5 177.2
«CH 64.2 4.74,t(8.2) 64.3 4.73,t(8.2)
BCH, 30.6 1.91, m 30.7 1.91, m
2.35, m 2.36, m
yCH, 26.0 2.04, m 25.9 2.05, m
2.08, m 2.08, m
5CH, 48.8 3.54, m 49.0 3.55, m
3.68, m 3.67, m
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by a modified version of Marfey’s method (Bhushan and Briickner,
2004). Thus, each compound (1-4) was first hydrolyzed using HCl and
subsequently each hydrolysate was derivatized using Na-(2,4-dini-
tro-5-fluorophenyl)-L-alaninamide (L-FDLA). The chromatographic
retention times of these FDAA amino-acid derivatives were established
by HPLC, monitored by UV absorption at 340 nm. All FDAA derivatives
were identified by comparison of their HPLC retention times with those
measured for amino-acid standards. The absolute configurations of the
amino-acid residues of 1-4 were all identified as L. However, regarding
the configuration of the methionine oxide residues, it has to be noted
that sulfoxides are quickly racemized in HCI solution (Mislow et al.,
1694), such as that used for peptide hydrolysis in Marfey’s analyses.
Consequently, the rapid interconversion between the L-Met
(R*/S*)-oxides in acid conditions made it impossible to assign a
configuration to the sulfoxide groups in compounds 1-4. Although a
number of methods to determine the configuration of chiral sulfoxides
have been described, it is still far from a routine matter to establish them
reliably. The comparison between experimental and calculated values
have been successfully used to address complex stereochemical prob-
lems involving natural products (Li et al., 2020; Daranas and Sarotti,
2021; Dominguez et al., 2014), without the need of a total synthesis
(Kutateladze and Holt, 2019). In fact, this approach has been success-
fully used on chiral sulfoxides (Li et al., 2008). Methods based on Bayes’
theorem such as DP4, DP4+ or J-DP4 stand out (Smith and Goodman,
2010; Grimblat et al., 2015; Grimblat et al., 2019). Moreover, specific
methodologies have been proposed to assign the configuration of groups
of stereoisomers when experimental NMR data is available for all of
them, as for squamins 1-6 (Smith and Goodman 2009). Specifically, the
recently proposed statistical parameter MAEx ;5 (MAE = Mean Average
Error) calculates differences between the experimental and calculated
NMR data for groups of stereoisomers, reducing systematic errors and
providing a more robust assignment than DP4-based methods in these
cases (Lauro et al., 2020). Nevertheless, the great similarity observed in
the NMR data experimentally measured for all pairs of squamin ste-
reoisomers studied here makes this approach very challenging. In effect,
the resemblance between the experimental NMR data of 1 and 2 sug-
gests that both compounds adopt a similar conformation. They mainly
diverge only in the configuration of the sulfoxide group, as observed in
their crystalline structures. Thus, the crystallographic structures of
squamins A (5) (CCDC 196170) and B (6) (CCDC 196169) were used to
test if the previously mentioned approach could be useful for these
molecules (Ren-Wang et al., 2003).

First, both structures were geometrically optimized using the B3LYP/
6-31G(d) functional/basis set. Next, 11 and '3C NMR chemical shifts for
the two structures were calculated at the MPW1PW91/6-31 + G(d,p)
level of theory. Finally, the MAE,; parameter was calculated for the
two possible experimental/calculated comparisons. As a result, an S
configuration turned out to be the most likely answer for compound 5,
while an R configuration should be proposed for compound 6 (Table 3).
Importantly, our result agrees with a previous proposal made for 5,
where the configuration of the sulfoxide group was also determined as S
based on a chemical shift comparison with a standard sample of S-oxo-

Table 3
MAE value for two sets of experimental/calculated data for squamins A-B, C-D
and E-F.

Squamins A&B calcA-B/expl-2 calcA-B/exp2-1
MAEL3sC 1.09 1.23
MAE}sH 0.23 0.24
Squamins C&D calcA-B/expl-2 calcA-B/exp2-1
MAELC 1.13 1.17
MAE}zsH 0.20 0.22
Squamins E&F calcA-B/expl-2 calcA-B/exp2-1
MAEXAC 0.92 0.76
MAE} zsH 0.10 0.12
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methionine (Shi et al., 1999). The structures of squamins C (1) and D (2)
were built using the crystallographic coordinates of compounds 5 and 6,
but modifying the valine to an alanine residue. Next, quantum me-
chanical NMR calculations and the previously described analysis were
undertaken. As a result, an S configuration was found for compound 1
and an R for compound 2. Finally, the same procedure was applied to
squamins E (3) and F (4). Despite the 3D structures for 3 and 4 adopting
a preferential conformation similar to other squamins, the configuration
at the sulfoxide could not be assured (Fig. 2). The reason was that the
MAE 5 parameter calculated using 'H data pointed to an S configura-
tion for compound 3 and an R for compound 4, but the opposite was
found using the 13C NMR data (Table 3 and S17-S19). In order to solve
this discrepancy, experimental data were compared. This showed that
the 'H NMR chemical shift measured for the methyl group of the
oxo-methionine residue was 2.35 ppm in squamin A (5), 2.34 ppm in
squamin C (1) and 2.36 ppm in squamin E (3), indicating that all of them
share the same S configuration. On the other hand, squamins B (6), D (2)
and F (4) showed signals above 2.5 ppm, indicating that all three share
the R configuration.

2.3. Biological activity

Cyclopeptides show a variety of biological properties; among these
their cytotoxicity is important (Anaya-Esparza et al., 2020). Therefore,
the in vitro cytotoxic activity of squamins C-F (1-4) was assessed using
XTT assays and two cancer cell lines: DU-145 (human prostate cancer)
and HeLa (human cervical carcinoma) (Cen-Pacheco et al., 2012). As
shown in Table 4, all these compounds were able to inhibit cell prolif-
eration at pM concentration.

3. Conclusions

In conclusion, the structures of four previously undescribed cyclo-
peptides, named squamins C-F (1-4), were determined by the combined
use of computational and spectroscopic techniques (QM-NMR) as well as
a modified version of Marfey’s chromatographic method. Compounds
1-4 turned out to be two pairs of conformational isomers that differed in
the configuration of an asymmetric sulfoxide group, characteristic of
methionine oxide residues. Squamins C-F (1-4) are structurally related
to the squamins A and B (5-6), epimers previously isolated from A.
squamosa. All compounds were active against the cell lines DU-145
(prostate cancer) and HeLa (human cervical carcinoma) in the range
8-25 pM. These results suggested that this type of compounds could be
candidates in the search for lead therapeutic compounds. Clearly, A.
globiflora is an important source of bioactive molecules, which could

Fig. 2. Optimized geometries of squamins A-F (1-6) at B3LYP/6-31G(d)
functional/basis set.
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Table 4
In vitro growth inhibitory activity of compounds 1-4 on human tumor cells. ICso
are means of three experiments.

Compound ICs0 (1M + SD)

DU-145 HeLa
1 12.1 +2.91 20.8 + 3.15
2 18.1 + 3.01 10.9 +1.88
3 11.7 £ 3.70 19.1 + 3.00
4 8.8 +£3.77 24.7 +£1.89
Doxorubicin 1.3 £0.51 0.8 + 0.27

promote the sustainable exploitation of this undervalued species.
4. Experimental
4.1. General experimental procedures

Optical rotation was determined on a Perkin-Elmer 241 polarimeter
(Waltham, MA, USA), using a sodium lamp operating at 589 nm. NMR
spectroscopy was performed on Bruker AVANCE 600 MHz instruments
using CD30D and CD3OH at 298 K, and coupling constants are given in
Hz. The NMR, COSY, HSQC-TOCSY, HSQC and HMBC data were ac-
quired using standard pulse sequences. 3JH,H values were measured from
1D 'H NMR. NMR data were processed using MestReNova software (v
11.01, Santiago de Compostela, Spain). Mass spectra were recorded on a
VG AutoSpec FISON spectrometer (Danvers, MA, USA). HPLC separa-
tions were carried out with an LKB 2248 system (LKB-Producter AB,
Bromma, Sweden) equipped with a photodiode array detector. All of the
solvents used were HPLC-grade. HPLC was monitored by TLC, per-
formed on AL Si gel Merck 60 F254 (Kenilworth, NJ, USA). TLC plates
were visualized by UV light (365 nm) and phosphomolybdic acid solu-
tion 10 wt % in ethanol.

4.2. Plant materials

The seeds of Annona globiflora Schltdl. (Annonaceae) were collected
from the municipality Medellin de Bravo, Veracruz Ignacio de la Llave
(México) in May 2018 (wet season) (19°01’44.5"N 96°08'20.4"W) and
identified by taxonomists of the Institute for Biological Research at
Veracruz University. After collection, the biological material was dried
at room temperature for one week, and then triturated using a steel
blender (particle size 0.1-0.5 cm).

4.3. Extraction and chromatographic separation

Annona globiflora seeds (500 g) were extracted with MeOH
(4 x (3L x 3 h) at room temperature and the solvent removed in vacuo to
give a brownish viscous oil (AGS-1 12.5 g). The methanolic extract was
first fractioned for liquid-liquid extraction using a modified Kupchan
method (Kupchan et al., 1973; Cen-Pacheco et al., 2019a,b). The ethyl
acetate fraction (AGS-1C; 416 mg) was chromatographed at medium
pressure in a Lobar LiChroprep-RP18, eluted with MeOH/H,0 (6:4) at
2.5 mL/min flow. Fractions collected between 19 and 24 min, and
25-28 min were pooled together (AGS-1C6 and AGS-1C7 19.7 and
21.5 mg, respectively). Both fractions (AGS-1C6 and 1C7) were finally
purified in a p-BondapakTM C-18 (1.9 @ x 15 cm) HPLC column, using
H20/MeOH (7:3 or 8:2) as mobile phase at 1 mL/min, to afford pure
squamin C (1) (2.9 mg), squamin D (2) (2.5 mg), squamin E (3) (1.9 mg)
and squamin F (4) (1.5 mg).

4.3.1. Squamin C (1)

Amorphous white solid; [a]3® -52 (¢ = 0.29, MeOH); ESI-MS m/z
856.4, 843.4, 821.3, 579.3, 433.2, 413.3; ESI-HRMS m/z 843.3691
[M+Na]* (calc for Cs;Hs6NgOq11NaS m/z 843.3687); H (600 MHz,
CD30D) and '3C NMR (125 MHz, CD30D) data in CD3OD are given in
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Table 1.

4.3.2. Squamin D (2)

Amorphous white solid; [0(]2135 -48 (¢ = 0.25, MeOH); ESI-MS m/z
845.4, 844.4, 843.4, 450.2, 413.3; ESI-HRMS m/z 843.3668 [M+Na]*
(calc for C37Hs6NgO11NaS m/z 843.3687); H (600 MHz, CD30D) and
13C NMR (125 MHz, CD30D) data in CD3OD are given in Table 1.

4.3.3. Squamin E (3)

Amorphous white solid; [oc]ZD5 -42 (¢ = 0.19, MeOH); ESI-MS m/z
833.3, 832.3, 831.3, 676.3, 675.3, 427.2; ESI-HRMS m/z 831.3330
[M+Na]* (calc for CssHsoNgOqoNaS m/z 831.3323); 'H (600 MHz,
CD30D) and 3C NMR (125 MHz, CD30D) data in CD30D are given in
Table S3.

4.3.4. Squamin F (4)

Amorphous white solid; [(1]12)5 -41 (¢ = 0.15, MeOH); ESI-MS m/z
833.3, 832.4, 831.3, 675.3, 463.3, 427.2; ESI-HRMS m/z 831.3325
[M+Na]* (cale for C3sHsaNgO12NaS m/z 831.3323); 'H (600 MHz,
CD30D) and 3C NMR (125 MHz, CD30D) data in CD30D are given in
Table S4.

4.4. Marfey’s analysis

Samples of squamins C-F (1-4) (400 pg) were hydrolyzed in 200 pL
6 N HCl at 50 °C for 24 h. After the residual HCI was removed in vacuo, to
the residues was added 100 pL of an acetone solution containing 0.1 M of
NaHCOs3 and 25 pg of 1-fluoro-2,4-dinitrophenyl-5-d-alaninamide (L-
FDAA). The solution was heated at 75 °C for 4 h. Next, the reaction
mixtures were cooled, neutralized with 2 N HCI (50 pL) and dissolved in
MeOH (200 pL). Ten pL of each solution of FDLA derivatives was
analyzed by HPLC. Additionally, standards of Gly, L-Ala, L-Thr, L-Ile, L-
Pro, L-Met(O), L-Tyr (Sigma-Aldrich) were treated with L-FDAA as
described above. The L-FDAA derivative of the L-amino acid standard
was analyzed by HPLC-UV, and the retention times L-FDAA (8.16 min),
Gly (5.80 min), L-Ala (6.60 min), L-Thr (4.84 min), L-Ile (12.49 min), L-
Pro (7.35 min), L-Met(O) (4.17 min), L-Tyr (15.97 min) were compared
with the Marfey’s derivative of 1-4. HPLC conditions: a 5 pM X-Bridge®
C-18 column (100 x 4.6 mm) maintained at 40 °C was operated at
0.8 mL/min with a gradient elution profile of CH3CN/H0 (2:8; acidified
with 0.05% HCOOH) to CH3CN/H,O (6:4; acidified with 0.05%
HCOOH) over 45 min, monitoring at 340 nm.

4.5. Cell culture

DU-145 (prostate cancer) and HeLa (human cervical carcinoma) cells
were maintained in DMEM culture medium containing 10% (v/v) heat-
inactivated fetal bovine serum (FBS), 2 mM L-glutamine, 100 U/mL
penicillin, and 100 pg/mL streptomycin at 37 °C in air containing 95%
humidity and 5% CO,. Cells were periodically tested for Mycoplasma
infection using the MycoAlert© Mycoplasma detection kit (Lonza, Basel,
Switzerland) as well as the Venor©GeM Advance Mycoplasma PCR
detection Kit (Minerva Biolabs, Berlin, Germany), and found to be
negative.

4.6. Preparation of samples for assay

Squamins C-F (1-4) were dissolved initially in DMSO at 40 mM,, i.e.,
400 times the maximum test concentration. For each test compound, the
cells were exposed to serial decimal dilutions in the range of 10~ to
107° M for a period of 48 h. Doxorubicin used as a positive control
rendered ICsq values in the order of 107® - 1077 M and 0.25% DMSO as
negative control.
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4.7. Cell growth inhibition assay

The effect of each compound on the proliferation of human tumor
cell lines was determined using the XTT (sodium 3’-[1-(phenyl-
aminocarbonyl)-3,4-tetrazolium]-bis (4-methoxy-6-nitro) benzene sul-
fonic acid hydrate) cell proliferation kit (Roche Molecular Biochemicals,
Mannheim, Germany), as previously described (Cen-Pacheco et al.,
2012). Cells (1.5-5.0 x 10°in 100 pL) were incubated in DMEM culture
medium containing 10% heat-inactivated FBS, in the absence and
presence of the indicated compounds at a concentration range of 10~ to
10~° M, in 96-well flat-bottomed microtiter plates. Following 72 h of
incubation at 37 °C in a humidified atmosphere of air/CO5 (19/1), the
XTT assay was performed. Measurements were made in triplicate, and
each experiment was also repeated three times. The ICs (50% inhibitory
concentration) value, defined as the drug concentration required to
cause 50% inhibition of cell proliferation with respect to the untreated
controls, was determined for each compound. Data are shown as
means + standard deviation (SD) of three independent experiments,
each performed in triplicate.

4.8. Computational details

QM-NMR calculations followed the approach previously described
by Lauro et al. This relies on establishing the statistical MAEas
parameter, defined as

>7(A46)

Naas

MAEAA& =

obtained from the summation (X) of the n computed absolute § error
values (A6), normalized to the number of AS errors considered (n).

The crystallographic structures for squamins A (CCDC 196170) and B
(CCDC 196169) were optimized at the B3LYP/6-31G (d) level of theory.
These optimized structures were then used to obtain the calculated
magnetic shielding constants () at the mPW1PW91/6-31 + G(d,p) level
of theory. Subsequently, unscaled chemical shifts (5,) were calculated
using TMS as reference standard according to the expression 6, = 6¢- Oy,
where oy is the shielding tensor and oy is the shielding tensor of TMS
computed at the same level of theory used to calculate oy. The structures
of squamins C-F (1-4) were built using the crystallographic coordinates
of compounds 5 and 6 as templates, making the necessary modifications
in selected amino acids. Afterward, the resulting structures were
geometrically optimized at the B3BLYP/6-31G (d) level of theory. Due to
the large size of the molecules, availability of crystallographic structures
for 1-2 and the resemblance of their NMR data with those of 3-6 (which
suggests that all of them adopt very similar conformations) computa-
tional studies were undertaken using only single conformations for each
compound.

As all comparisons are between two sets of calculated data (A, B) and
two sets of experimental data (1, 2), the number of possible comparisons
for each pair of data is two (AB/12 and AB/21). For each comparison,
Adcalc and Adey, parameters are calculated using the equation Adcaica-
B = OcalcA- OcalcB, Where S¢aica and Seqlep are chemical shifts calculated for
A and B data sets. This procedure is also followed to calculate Adeyp.
Finally, the specific Adcalc and Adeyp values are compared atom by atom,
using the AAS parameter defined as AAS = | Adcalc - Adexp |- The AAS
parameter detects similarities between calculated and experimental data
sets and is used for calculating the MAE x5 parameter (Table 3 and S17-
S19).
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