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alga material in vitro cytotoxicity against A549 cell line in silico analysis
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ABSTRACT: The red alga genus Laurencia (Rhodomelaceae) is a prolific source of halogenated secondary metabolites, particularly
sesquiterpenes with diverse carbon skeletons and significant biological activities. In this study, four new perforane-type
sesquiterpenes (1—4), including two halogenated and two nonhalogenated compounds, were isolated from Laurencia obtusa
(Hudson) J. V. Lamouroux. Their chemical structures were elucidated using comprehensive spectroscopic techniques, including 1D-
and 2D-NMR, and LC-HRMS. The cytotoxic potential of the isolated compounds was evaluated against human lung
adenocarcinoma (AS49) cells, revealing notable antiproliferative effects. To explore the molecular basis of their activity, molecular
docking and molecular dynamics simulations were performed targeting key oncogenic receptors VEGFR1, VEGFR2, and EGFR.
The results demonstrated strong binding affinities and stable interactions within the active sites of these targets. Furthermore,
ADMET analyses predicted favorable pharmacokinetic profiles and acceptable toxicity parameters for the isolated compounds. These
findings suggest that the newly identified perforane-type sesquiterpenes from L. obtusa hold promise as potential candidates for the
development of novel anticancer agents targeting lung cancer.

1. INTRODUCTION sesquiterpenes, have been reported to have predominantly
chamigrane, aristolane, cuprane, bisabolane, laurane, snyderane
and brasilane skeletons.”” Sesquiterpenes from Laurencia
species have shown different activities: cytotoxic,” " anti-
inﬂammatory,H_l(’ antibacterial,'*~2> :mtifungal,n’zs’24 anti-
pa1‘asitic,25’26 antidiabetic,””~° antimalarial,*® and anthelmintic
activities,”' as well as different ecological roles.**™*° Perfo-
ranes, a relatively rare group of sesquiterpenes isolated from
Laurencia spp., contain only 22 members” and were obtained
from Laurencia obtusa,'”*® L. snyderae,”’L. perforate,’* " and
mollusks that feed on them."'

Red algae belonging to the genus Laurencia (Rhodophyta,
Ceramiales, and Rhodomelaceae) include about 140 species
distributed in warm seas, especially on temperate and tropical
coasts.' They have been recognized as a rich source of
uniquely specific metabolites with a high degree of
halogenation, particularly bromination, and a wide variety of
skeleton types.” Genus Laurencia (Rhodomelaceae) is
considered to be one of the most studied genera in the marine
environment,” and >700 compounds with unique structures
have been isolated from more than 60 species studied.” A
comprehensive study by Harizani et al. showed that Laurencia
species contain an endless source of secondary metabolites, Received: ~ August 28, 2025
including acetogenins, diterpenoids, triterpenoids, meroterpe- Revised:  December 13, 2025
noids, indole alkaloids, steroids, several aromatic compounds, Accepted:  December 29, 2025
and predominantly sesquiterpenes.” Published: January 12, 2026
More than 500 sesquiterpenes isolated from Laurencia
species, which have a remarkable capacity to biosynthesize
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Figure 1. Structures of the new compounds are isolated from L. obtusa.

Cancer is a group of diseases characterized by uncontrolled
cell growth that can spread to other parts of the body. Lung
cancer, one of the most common and deadly types of cancer, is
often linked to smoking and environmental factors. It is
primarily classified into small-cell lung cancer (SCLC) and
non-small-cell lung cancer (NSCLC), with NSCLC being
more common. Due to its aggressive nature and late diagnosis,
lung cancer has a low survival rate, highlighting the need for
early detection and targeted therapies. VEGFR1, VEGFR2, and
EGFR are key receptors involved in tumor growth and
metastasis. VEGFRs promote angiogenesis, supporting tumor
growth, and EGFR regulates cell proliferation and survival.
Inhibiting VEGFR1, VEGFR2, and EGFR is vital in lung
cancer treatment, as these receptors drive tumor growth and
metastasis. VEGFRs promote angiogenesis, supplying tumors
with nutrients and oxygen, while EGFR regulates cell
proliferation and survival.*” Targeting these receptors can
reduce tumor vascularization, slow cell growth, and enhance
the effectiveness of other therapies, ultimately improving
treatment outcomes.*’

Molecular docking, molecular dynamics (MD) simulations,
and ADMET (Absorption, Distribution, Metabolism, Excre-
tion, and Toxicity) prediction are pivotal tools in modern drug
design. Molecular docking helps identify the binding affinity
and interactions between a drug and its target, while MD
simulations provide insights into the stability and dynamics of
ligand—receptor complexes over time. ADMET prediction
models the pharmacokinetic properties and potential toxicity
of compounds, allowing for the early identification of
promising drug candidates with favorable safety and efficacy
profiles.

In this study, we isolated and characterized four new
perforane-type sesquiterpenes comprising two halogenated and
two nonhalogenated structures from Laurencia obtusa
(Hudson) J. V. Lamouroux. The study focused on elucidation
of the chemical structures of the isolates using comprehensive
spectroscopic techniques and tested for potential anticancer
activity. Cytotoxicity assays were performed to assess their
effects on human lung adenocarcinoma cells, and molecular
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docking and MD simulations were employed to predict their
binding affinity and stability in interactions with cancer-related
targets. Additionally, ADMET analysis was conducted to
predict the pharmacokinetic properties and toxicity profiles of
these compounds, providing a comprehensive evaluation of
their therapeutic potential.

2. RESULTS AND DISCUSSION

2.1. Isolation and Structure Elucidation

The red alga L. obtusa was collected from Canakkale,
Yapildakaltt region in the Aegean Sea, dried, and then
extracted with CH,Cl,:MeOH (1:1) for its secondary
metabolites. The extract was fractionated using normal-phase
vacuum liquid chromatography (VLC) on silica gel, and the
relatively less polar fraction (50% EtOAc/hexane) was
subjected to column chromatography on silica gel to yield
compounds 1—4 (Figure 1).

HR-ESI-MS of compound 1 provided clear molecular ion
signals at m/z 331.04602 ([M + H]* for C,sH,,0”Br**Cl), m/
z 333.04346 ([M + H]* for C,;sH,;0*Br**Cl), and a minor
isotopomer at m/z 335.04031 ([M + H]* for
C,sH,,0%Br*’Cl). The observed 1:1:0.3 isotopic distribution
pattern is in excellent agreement with the presence of one
bromine atom and one chlorine atom in the molecule. The
measured m/z values showed less than 2 ppm deviation from
the calculated masses (m/z 331.04643, 333.04420, and
335.0420), confirming the molecular formula C,H,,BrClO
(Figures S7 and S8). These three molecular ion peaks
indicated a molecular formula of C;sH,,”Br**ClO requiring
five degrees of unsaturation. In the 'H NMR spectrum of
compound 1, two signals observed at dy 6.28 and 3.78 were
distinguishable from other signals observed in the upfield
region between &y 1.00—2.80 (Figure S1). The carbon
chemical shift value of the proton signal observed at oy 6.28
in '"H NMR was assigned to 8¢ 129.0 in the HSQC spectrum,
and this was indicative of an olefinic structure. The signal
observed at 5y 3.78 in the 'H NMR spectrum was deduced as
either an oxy- or halo-methine proton. Its carbon chemical
shift observed at d¢ 58.9, which is characteristic of a bromine-
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bearing carbon, together with the detailed analysis of HR-MS,
indicated the presence of a bromine-containing structure. In
addition, three methylene (—CH,) signals [5¢ 44.7, 41.7, and
25.8] and four methyl (CHj;) signals [6¢ 29.7, 24.9, 20.3, and
10.9] were observed in the HSQC spectrum (Figure S4). The
presence of six quaternary carbons among a total of 15 carbon
atoms suggests that the compound likely possesses a
sesquiterpene structure. It was observed that the olefinic
hydrogen at 6 6.28 (H-4) showed three-bond correlations to
5c 1324 (C-2), 46.6 (C-6), and 203 (C-13) in HMBC
(Figure SS). In particular, the correlations of multiple protons
H-7, H-10, H-11, H-12, and H-14 with C-1 (5. 160.5) and of
H-4, H-7, H-8, H-13, and H-14 with C-6 (§; 46.7) clearly
indicate that these carbon atoms are located at the fusion
points of the bicyclic framework. Due to the bicyclic ring
structure with six- and seven-membered rings, many cross-
correlations were observed in the HMBC spectrum and are
shown in Figure 2 and Table S1. The dienone structure of the
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Figure 2. Key NOESY and HMBC correlations for compound 1.

six-membered ring was deduced based on chemical shifts at 5¢
132.4 (C-2), 129.0 (C-4), and in the more downfield region at
8¢ 160.5 (C-1), 161.6 (C-5) in the six-membered ring.”” Four
singlet methyl groups were observed at o 1.21, 1.86, 1.94, and
2.11, which were determined as C-1, C-4, C-5, and C-8 based
on HMBC correlations (Figure 2). The presence of a Cl atom
was deduced based on the carbon chemical shift at 5. 72.8.%
The locations of chlorination and bromination were deduced
based on HMBC correlations, as shown in Figure 2. All
correlations are presented in Table S1. Using the data
obtained, it was concluded that the structure of the molecule
is a sesquiterpene with a perforane skeleton.

Relative configurations for chiral centers were determined by
the NOESY spectrum (Figure S6). The correlations among H-
14/H-15, H-8/H-15, and H-13/H-8 suggested that these
protons share the same space. The key NOESY correlations
used to determine the relative configuration, as shown in
Figure 2. Moreover, the coupling constant of H-8 (d, J = 10.2
Hz) suggested that H-8 is in the axial configuration. If H-8
were in an equatorial orientation, its multiplicity would be
expected as a doublet of doublets (dd) due to the nearly equal
dihedral angles it shares with the CH,-7 protons. However,
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since H-8 has a perpendicular dihedral angle with the CH,-7a
proton (62.84, d, ] = 16.3 Hz), it is only coupled with anti-
CH,-7f3 (64 2.35, dd, ] = 16.4, 10.3 Hz) and gave a doublet.
Consequently, compound 1, named obtusadienone A, has an
IUPAC formula 8-bromo-9-chloro-2,5,6,9-tetramethylbicyclo-
[5.4.0°]-1,4-undecadiene-3-one.

The detailed analysis of "H NMR and "*C NMR spectra of
compound 2 exhibited notable similarity to compound 1
(Figures S11 and S12). The most significant difference in the
BC NMR spectrum was the appearance of two signals
resonating at ¢ = 61.1 and 72.9. It was concluded from the
APT spectrum that one of these signals was observed at J¢
72.9 as a quaternary carbon, while the other one was observed
at 6c 61.1 as an oxymethine carbon, and its proton was
observed at dy; 2.82 based on the HSQC spectrum, indicating
the presence of a substituted epoxy ring. The HMBC
correlations from the proton resonated at Jy 2.82 to the
carbons at 5¢ 160.4 (C-1), 46.7 (C-6), 58.9 (C-8), and 72.9
(C-9) indicated that the epoxy ring was positioned at carbons
C-9 and C-10. The location of one of the methyl groups
resonated at Oy 1.85 showed two- and three-bond away
HMBC correlations with C-9 and C-8, respectively. The
location of the other methyl groups was determined to be at C-
2, C-5, and C-6 by HMBC correlations (Figure S15). All
correlations are presented in Table S2.

Using the data obtained, it was concluded that the structure
of the molecule is a sesquiterpene with a perforane skeleton.
Relative configurations of the asymmetric centers of the
structure were proposed based on NOESY correlations (Figure
S16). The correlations between H-8/H-15 and H-13/H-8
confirmed the axial configurations of the methyl groups.
Similar to compound 1, the coupling constant of H-8 (d, ] =
10.2 Hz) suggested that H-8 is in the axial configuration.
Moreover, a NOESY correlation between H-8 and H-10
suggested that the epoxy ring was equatorial. The important
NOESY correlations used to determine the relative config-
uration are listed in Figure 3.

Figure 3. Key NOESY and HMBC correlations for compound 2.

In the HR-ESI-MS spectrum (positive-ion mode) of
compound 2, no detectable [M + H]" ion was observed,
while the sodium adduct signals predominated. This behavior
is consistent with the well-known ionization preference of
halogenated oxygenated sesquiterpenes toward sodium adduct
formation under ESI(+) conditions.”" Two distinct and nearly
equi-intense peaks were detected at m/z 317.05066 and
319.04852, displaying the expected 1:1 bromine isotopic
pattern. These ions are tentatively assigned to a [M—O + Na]*
adduct, most likely generated in source from the epoxide-
containing precursor (C;sH;sBrO, — C;sH4BrO). The
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Figure 4. Key NOESY and HMBC correlations for compound 3.

Figure 5. Key NOESY and HMBC correlations for compound 4.

absence of any ion near m/z 315 further supports this
interpretation, indicating that the 317/319 pair originates from
an in-source oxygen-loss process rather than dehydration (see
Figures S17 and S18). Consequently, compound 2, named
obtusadienone B, has an IUPAC formula 8-bromo-9,10-epoxy-
2,5,6,9-tetramethylbicyclo-[5.4.0"°]-1,4-undecadiene-3-one.

The similarity of the 'H- and '*C NMR spectra of
compound 3 with those of 1 and 2 indicates that the structure
has a perforane sesquiterpene skeleton (Figures S21 and $22).
The NMR data are given in Table S3 for compound 3. The
most important difference observed was the presence of signals
at 8y values of 4.86 (d, J = 1.5 Hz) and 5.06 (d, ] = 1.5 Hz).
The coupling constant and HSQC correlations, indicating that
the protons are attached to the same carbon atom, confirm the
presence of an exocyclic double bond. The chemical shift of
the quaternary olefinic carbon was determined as §¢ 151.0 (C-
9) via HMBC correlations from exocyclic double-bond
protons.

In the 'H NMR, the signals observed at 5y 5.58 and 4.10
were determined as oxymethine protons that were also
supported by carbon chemical shift values at 6c 73.5 and
72.4, respectively. The location of the proton observed at dy
5.58 was determined to be C-4, considering its HMBC
correlations with carbons C-3, C-5, and C-16. The location of
the second oxymethine proton (§y 4.10) was determined as C-
8 thanks to the HMBC correlations that were shown with
carbons C-5 and C-6. Another remarkable group of the peak in
the spectrum was a signal belonging to a hydrocarbon chain
with a high integral value observed at 1.25—130 ppm in the
high magnetic field. Two key HMBC correlations were
observed from &y 5.58 (H-4) and 2.37 (H-17) to the same
ester carbon signal at §c 173.1, suggesting that the placement
of the long chain was at §¢ 73.5 (C-4). The presence of the
terminal methyl group of the chain was observed resonating at
5 0.88 (H-31) as a triplet, which was verified by HMBC and
COSY correlations at § 1.29 (H-30) and 1.25 (H-29) (Figures
$23—825). The integral of the signal observed at 1.28 ppm
indicates the presence of 20 protons; hence, 10 methylene
protons revealed an overlapping chemical shift. The
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information obtained from the NMR data that the side chain
has 16 carbons, including the ester carbonyl, was supported by
the molecular ion peak observed in HRMS. Accordingly, in
HRMS, the sodium adduct ion [M + Na]* observed at m/z
511.37500 agreed with the molecular formula C;H;,O,Na
(calcd. for 511.37633).

Exocyclic double bond protons were determined by NOESY
correlations (Figure S26). H-8 showed a correlation with
exocyclic double-bond protons H-15a (6y 5.06) and H-15b
(84 4.86). However, H-10a (2.69 ppm) showed a NOESY
correlation with H-15b, only. Relative configurations of the
chiral centers were determined by the NOESY spectrum. The
correlations among H-4/H-13, H-4/H-8, and H-5/H-14
suggested that these protons share the same space. Key
NOESY correlations used to determine the relative config-
uration are shown in Figure 4. Consequently, compound 3,
named obtusaenone A, has an IUPAC formula 4-hexadeca-
noyloxy-8-hydroxy-9-exomethylene-2,5,6-trimethylbicyclo-
[5.4.0°]-undeca-1-ene-3-one.

The 'H NMR spectrum of 4 was similar to that of
compound 3, and two doublets at dy 5.79 and 5.63 with J =
12.0 Hz coupling constant indicated the presence of a double
bond in the ring (Figure S30). The HMBC correlations from
Oy 5.79 to C-1, C-5, and C-9 and from &y 5.63 to C-6, C-10,
and C-15 suggested the location of the double bond between
C-7 and C-8. It was understood that one of the methyl signals
observed at 6y 1.27 was attached to an oxygen-bearing
quaternary carbon, which is observed at d¢ 72.0, as confirmed
by the HMBC correlation (Figure S34). Other HMBC
correlations from this methyl at 6y 1.27 to C-10 (6¢ 39.1)
and C-8 (8¢ 138.3) suggested its location at C-9 (Table S4).

The significant HMBC correlations from &y 5.59 (H-4) to
the ester carbon signal at ¢ 173.2 confirm the attachment of
the long chain to the bicyclic ring system. Similar to compound
3, a long hydrocarbon chain was established by an intense
signal at 5y 1.28 in the "H NMR. Relative configurations of
chiral centers were determined by the NOESY experiment
(Figure S35). The correlations among H-4/H-S, H-8/H-15,
H-7/H-14, H-7/H-S, and H-7/HS8 suggested that these
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Figure 6. Cell viability results of the isolated compounds from L. obtusa (24 and 48 h).

protons share the same space. Key NOESY correlations used
to determine the relative configuration are shown in Figure S.
The molecular ion peak observed in the HRESI-MS analysis
suggested that the side chain has a total length of 14 methylene
units. Its molecular formula was established as C;,H,0, by
positive-ion HRESI-MS of the sodiated molecular ion [M +
Na]* at m/z 511.37479 (calcd. for 511.37633; Figure S36).
Consequently, compound 4, named obtusaenone B, has an
IUPAC formula 4-hexadecanoyloxy-9-hydroxy-2,5,9-trimethyl-
bicyclo-[5.4.0"]-undeca-1,7-diene-3-one.

2.2. In Vitro Cytotoxic Activity

To evaluate the cytotoxic effects of the isolated new
compounds, their activities were tested against both AS49
(human lung adenocarcinoma) and BEAS-2B (normal
bronchial epithelial) cell lines. The cell viability results of the
compounds isolated from L. obtusa are presented in Figure 6.
The selectivity index (SI) was calculated to determine the
compounds’ specificity toward cancer cells relative to normal
cells. This assessment aimed to identify compounds with
potent anticancer activity while ensuring minimal toxicity to
healthy cells. The cytotoxic activity and selectivity results are
summarized in Table 1. According to the results, all
compounds demonstrated significant cytotoxicity against
AS49 cells, with ICs, values ranging from 5.87 to 10.21 uM.
Compound 1 exhibited the highest potency (ICy, = 5.87 uM),
followed by compound 2 (ICy, = 7.42 uM).

The selectivity index (SI), used to assess specificity toward
cancer cells, was the highest for compound 1 (21.7) and
compound 2 (21.5), indicating strong selectivity. Compounds
3 and 4 showed moderate selectivity, with SI values of 11.5 and
11.8, respectively.

In comparison, doxorubicin displayed a lower SI (8.16),
suggesting greater toxicity to normal cells. In summary, the
isolated compounds from L. obtusa, particularly compounds 1
and 2, demonstrated strong cytotoxic effects against AS49
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Table 1. Cytotoxic Activity Results of the Isolated
Compounds from L. obtusa (48 h)“

ICq, [uM] selectivity index (SI)
compounds A549 BEAS-2B BEAS-2B/A549
1 5.87 + 1.12 127.60 + 1.27 21.7
2 742 + 1.14 159.90 + 1.31 21.5
3 8.58 + 1.13 98.97 + 1.16 11.5
4 10.21 + 1.10 121.30 + 1.29 11.8
doxorubicin 11.50 + 0.20 93.80 + 2.41 8.16

“Doxorubicin was used as a reference drug. Data were presented as
mean =+ standard deviation of individual experiments performed in

three parallel measurements (p < 0.05).

cancer cells and high selectivity indices, outperforming the
reference drug doxorubicin in terms of safety and efficacy.

2.3. Molecular Docking Studies

In this study, molecular docking studies were performed to
evaluate the binding affinity and potential inhibitory effects of
the isolated compounds against key cancer-related targets,
including VEGFRI1, VEGFR2, and EGFR. The docking
analysis aimed to identify the interactions between the
compounds and these receptors, which are critical for
angiogenesis and tumor growth. The MM-GBSA (molecular
mechanics generalized Born surface area) and IFD (induced fit
docking) scores were calculated to further assess the binding
strength and stability of the ligand—receptor complexes. These
docking results, along with the associated binding energies, are
summarized in Table 2, providing valuable insights into the
compounds’ potential as targeted cancer therapies. Docking
scores and MM-GBSA AG binding free energies of isolated
compounds are listed in Table 2.

In vitro cytotoxicity studies revealed that compounds 1 and 2
were the most active against the A549 lung cancer cell line and
showed a high selectivity index. Molecular docking results
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Table 2. Docking Scores and MM-GBSA AG Binding Free Energies of Isolated Compounds

docking scores (kcal/mol) MM-GBSA AGg;,q (kcal/mol)

compounds VEGFR1 VEGFR2 EGFR VEGFR1 VEGFR2 EGFR
1 —10.102 —8.476 —5.352 —54.93 —40.19 —32.56
2 —8.832 —10.180 —7.390 —-51.76 —45.88 —43.68
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However, compounds 3 and 4 showed superior molecular
interactions overall. Compound 3 exhibited the best binding
energy for VEGFR1 (—92.97 kcal/mol), along with strong
interactions with VEGFR2 (—9.352 and —78.77 kcal/mol) and
EGFR (-8.315 and —61.17 kcal/mol). Compound 4
demonstrated the strongest docking score for VEGFR2
(—=12.481 kcal/mol) and a high binding stability with
VEGFRI1 (—83.63 kcal/mol) and EGFR (—72.94 kcal/mol).
These results highlight compound 3 as the most promising for

showed that compound 1 had the strongest affinity for
VEGFRI1 (—10.102 kcal/mol) and VEGFR2 (—8.476 kcal/
mol), while compound 2 exhibited excellent binding to
VEGFR2 (—10.180 kcal/mol) and moderate interactions
with VEGFR1 (—8.832 kcal/mol) and EGFR (—7.390 kcal/
mol). MM-GBSA binding free energy analysis supported these
findings, with compound 1 showing stable interactions with
VEGFR1 (—54.93 kcal/mol) and VEGFR2 (—40.19 kcal/

mol), and compound 2 demonstrating slightly stronger
stability with VEGFR2 (—45.88 kcal/mol) and EGFR
(—43.68 kcal/mol).
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VEGFRI inhibition, while compounds 3 and 4 exhibit strong
potential as multitarget inhibitors, complementing the potent
in vitro activity of compounds 1 and 2.
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2.3.1. Molecular Docking Analysis on VEGFR1. Based
on in vitro and in silico results, compounds 1 and 2
demonstrated notable anticancer potential in vitro and showed
comparable scores and ligand—protein affinities in silico.
Molecular docking ligand—protein interaction (LPI) analyses
were conducted for all compounds, focusing on the most
promising targets, VEGFRI1 and VEGFR2. The 2D and 3D
LPI profiles of these compounds with VEGFRI1 are presented
in Figures 7 and 8, respectively.

Hydrogen bonding was the dominant interaction type across
all compounds, with Asp-1040 consistently playing a central
role. For compound 1, the oxygen atom of the ketone carbonyl
formed a hydrogen bond with Cys-912, while its bromine and
chlorine atoms established halogen bonds with Cys-1039 and
Asp-1040, respectively, highlighting the importance of halogen
interactions in stabilizing the complex (Figure 7a). Compound
2 displayed a different interaction pattern, with the oxygen of
the ketone carbonyl forming a hydrogen bond with Lys-861,
and the epoxide oxygen contributing another hydrogen bond
with Gln-843, providing a diverse interaction network (Figure
7b).
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Compound 3 showed strong binding to VEGFR1, with the
oxygen atom of its @, f-unsaturated carbonyl group forming
two hydrogen bonds with Asn-916, while the hydroxyl group
simultaneously established hydrogen bonds with Lys-913, Tyr-
911, and Lys-831 (Figure 7c). Compound 4 exhibited similar
strong interactions, with its ester carbonyl oxygen forming two
distinct hydrogen bonds with Cys-1039 and Asp-1040, while
its hydroxyl group established an additional hydrogen bond
with Ile-1019. These results indicate that Asp-1040 and Cys-
1039 are key residues across all complexes, consistently
involved in stabilizing ligand binding (Figure 7d).

Figure 8 illustrates the 3D LPI between isolated compounds
(1—4) and VEGFRI. The hydrogen bonds are represented by
yellow dashes, while purple dashes depict halogen bonds. The
gray surface (protein surface binding area) and blue surface
(ligand surface binding area) demonstrate the complementar-
ity between the ligand and the receptor. In Figure 8a, the 3D
LPI of the 1-VEGFRI1 complex shows hydrogen bond and
halogen bond lengths of 1.75, 1.51, and 1.52 A, respectively.
The ligand and protein surface binding areas completely
overlap, indicating that the ligand is perfectly embedded within
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the active site of VEGFR1, forming a stable complex. Figure 8b
depicts the 2-VEGFR1 complex, where hydrogen bond lengths
of 1.61 and 1.80 A are observed. Similar to compound 1, the
surface binding areas of the ligand and protein are fully aligned,
demonstrating a strong and stable interaction within the active
site.

The 3D LPI of the 3-VEGFR1 complex is shown in Figure
8c, with hydrogen bond lengths of 1.93 and 2.60 A. The
ligand’s and protein’s surface areas are entirely overlapping,
ensuring tight binding. Additionally, the 16-carbon side chain
of compound 3 exhibits free movement within the binding
region, facilitating complete ligand accommodation and
contributing to a highly stable complex. Finally, in Figure 8d,
the 3D LPI of the 4-VEGFRI complex features hydrogen bond
lengths of 1.82, 1.90, and 2.10 A. Like compound 3, the 16-
carbon side chain in compound 4 moves freely within the
binding region, allowing the ligand to fully settle into the active
site. This flexibility results in the formation of a highly stable
complex. Overall, Figure 8 demonstrates that all compounds
are well-integrated into the VEGFRI binding site, with
complete overlap of ligand and protein surface areas and
critical interactions such as hydrogen and halogen bonding.
Compounds 3 and 4 stand out due to the stabilizing effect of
their flexible 16-carbon side chains, enhancing their binding
efficiency and complex stability.
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2.3.2. Molecular Docking Analysis on VEGFR2. The 2D
and 3D LPI profiles of these compounds with VEGFR2 are
presented in Figures 9 and 10, respectively.

In Figure 9a, the 1-VEGFR2 complex exhibits a hydrogen
bond between the oxygen atom of the ketone carbonyl and
Lys-868, along with a halogen bond formed by the chlorine
atom with Cys-919. Similarly, Figure 9b shows that the 2-
VEGFR2 complex features a hydrogen bond between the
ketone carbonyl oxygen and Cys-919, while the bromine atom
forms a halogen bond with Lys-868, mirroring a comple-
mentary interaction pattern with compound 1. For compound
3, depicted in Figure 9¢, the oxygen atom of its a, p-
unsaturated carbonyl group forms a hydrogen bond with Arg-
1027, while the hydroxyl group establishes an additional
hydrogen bond with Asp-1046. Finally, for compound 4,
shown in Figure 9d, the ester carbonyl oxygen atom engages in
two hydrogen bonds with Asp-1046 and Cys-1047, whereas its
hydroxyl group forms another hydrogen bond with Ile-1025.

In Figure 10a, compound 1 forms hydrogen and halogen
bonds with lengths of 1.60 and 3.30 A, respectively, with the
ligand fully occupying the protein’s active site, as their surface
binding areas perfectly overlap. Figure 10b shows compound 2
with hydrogen and halogen bond lengths of 1.71 and 2.65 A,
respectively, again demonstrating complete overlap of the
ligand and protein surface binding areas. Figure 10c presents
compound 3, where two hydrogen bonds of 2.03 and 2.08 A
stabilize the complex. The 16-carbon side chain of the ligand
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facilitates free movement, allowing the ligand to fit completely
into the binding site and form a more stable complex.
Similarly, Figure 10d, for compound 4, with hydrogen bond
lengths of 1.83, 1.90, and 1.97 A, shows the ligand achieving a
complete fit in the protein’s binding site. Like compound 3, the
16-carbon side chain aids in stabilizing the complex by
ensuring proper accommodation of the ligand.

Molecular docking studies demonstrated that compound 3
exhibits the strongest binding affinity for VEGFR1, with the
best docking score of —10.045 kcal/mol and an MM-GBSA
binding energy of —92.97 kcal/mol, indicating potent
inhibition. Compound 4 showed the highest docking score
for VEGFR2 (—12.481 kcal/mol) and strong stability with
MM-GBSA values of —88.34 kcal/mol for VEGFR2 and
—72.94 kcal/mol for EGFR, positioning it as a promising
multitarget inhibitor. Key amino acids, such as Asp-1040, Cys-
1039, Lys-868, and Cys-919, were integral to stabilizing the
ligand—protein complexes, with Asp-1040 and Cys-1039
playing central roles in VEGFRI binding and Cys-919 and
Lys-868 being critical in VEGFR2 interactions. The flexibility
of the 16-carbon side chains in compounds 3 and 4 further
enhanced binding stability, ensuring optimal accommodation
within the receptors’ active sites. Overall, these results
underscore the potential of these compounds as both effective
single-target and multitarget inhibitors, with compound 3
emerging as a particularly promising candidate for VEGFR1
inhibition and compound 4 showing potential as a multitarget
inhibitor.
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2.3.3. Molecular Docking Analysis on EGFR. The 2D
and 3D LPI profiles of these compounds with EGFR are
presented in Figures 11 and 12, respectively. Figure 1lla
illustrates the 2D LPI diagram of the 1-EGFR complex, where
the ketone carbonyl group of compound 1 forms a single
hydrogen bond with Cys-797. Similarly, in Figure 11b, the
ketone carbonyl of compound 2 establishes a hydrogen bond
with Met-793. Figure 11c represents the 2D LPI diagram of the
3-EGFR complex, which involves a total of three hydrogen
bonds: one between the hydroxyl group and Asp-855, a second
between the ester carbonyl and Phe-722, and a third between
the ketone carbonyl and Ala-222. Likewise, compound 4 forms
three hydrogen bonds within the active site of EGFR: the
hydroxyl group interacts with Met-793, the ester carbonyl
interacts with Ser-720, and the ketone carbonyl interacts with
Cys-797 (Figure 11d). Overall, these observations reveal that
Cys-797 and Met-793 are key conserved residues across
multiple EGFR—ligand complexes, frequently engaging with
the ketone and hydroxyl functional groups of the ligands.

Figure 12 presents the 3D LPI diagrams and binding modes
of the EGFR complexes. In all four complexes, the ligand
binding surface areas completely overlap with the correspond-
ing protein binding surfaces, indicating that the molecules are
well accommodated within the EGFR active site. The yellow
dashes represent hydrogen bonds. In the 1-EGFR complex, the
hydrogen bond lengths are 2.32 and 2.34 A (Figure 12a). In
the 2-EGFR complex, a single hydrogen bond with a length of
1.91 A is observed (Figure 12b). For the 3-EGFR complex, the
hydrogen bond lengths are 2.03, 2.27, and 2.78 A (Figure 12c).
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Finally, in the 4—EGFR complex, four hydrogen bonds are
observed with lengths of 1.89, 2.00, 2.16, and 2.52 A (Figure
12d). In the 3D visualizations, it is noteworthy that in both the
1-EGFR and 4-EGFR complexes, Cys-797 forms two distinct
hydrogen bonds, although these interactions are observed as
single bonds in the corresponding 2D diagrams. This suggests
that Cys-797 plays a consistent and critical role in stabilizing
the ligand—EGFR interactions across multiple complexes.

2.4. Molecular Dynamics Simulations

In this study, MD simulations were performed for all four
compounds against VEGFR1 and VEGFR2 proteins over a 100
ns time scale. Key LPIs, as well as RMSD, RMSF, and
fractional interaction histograms, were analyzed in the MD
simulation. Table 3 summarizes the RMSD (root mean square
deviation) and RMSF (root mean square fluctuation) values
for the protein Ca atoms and ligand atoms in all complexes.
Among the tested compounds, compound 3 exhibited the
most stable and compact binding with both VEGFRI and
VEGEFR2, as reflected by its lower RMSD and RMSF values
compared to those of other compounds. This indicates
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reduced structural deviation and flexibility during the
simulation, consistent with a strong and stable inhibitory
interaction. Additionally, the inclusion of EGFR in the MD
analysis revealed that compound 2 formed the most stable
EGFR complex, showing the lowest ligand RMSD (1.2 A) and
minimal protein fluctuations. This suggests that compound 2
maintains a highly stable conformation within the EGFR
binding site, further supporting its potential as an EGFR
inhibitor. Overall, these MD simulation results highlight that
while compound 3 displays superior binding stability toward
VEGFR1 and VEGFR2, compound 2 demonstrates the most
favorable dynamic behavior in the EGFR complex.

The 100 ns MD simulation analysis of the 3-VEGFRI1
complex is given in Figure 13.

Figure 13a illustrates the 2D key LPI observed during the
simulation of the 3-VEGFR1 complex. The hydroxyl group
formed hydrogen bonds with Lys-913 (35%) and Tyr-911
(31%), while the ester carbonyl established both a water-
bridged hydrogen bond with Asn-916 (22%) and a direct
hydrogen bond with the same residue (35%). Additionally, the
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Table 3. RMSD and RMSF Values of the VEGFR1-2
Complexes of the Title Compounds

average RMSF
average RMSD (&) (A)
protein ligand fit ligand fit protein

complexes Ca Protein Ligand Ca ligand
1-VEGFR1 2.4 11.5 0.5 1.6 3.5
2-VEGFR1 24 S.0 0.9 1.6 1.7
3-VEGFR1 2.4 2.5 LS 0.8 2.0
4-VEGFR1 2.4 2.8 1.6 1.6 2.1
1-VEGFR2 22 4.5 0.4 1.5 0.9
2-VEGFR2 2.2 4.0 0.8 1.5 2.0
3-VEGFR2 22 2.5 2.0 0.8 1.0
4-VEGFR2 1.8 3.5 2.5 1.5 1.1
1-EGFR 1.8 3.0 0.2 0.9 12
2-EGFR 1.5 1.2 0.4 1.0 1.0
3-EGFR 1.8 2.0 1.1 12 12
4-EGFR 1.8 2.1 1.0 1.0 12

ketone carbonyl formed a hydrogen bond with Asn-916 that
persisted for 75% of the simulation time. These interactions
emerged as the key stabilizing contacts within the complex.
Figure 13b represents the RMSD of the protein and ligand
atoms. The average RMSD of the protein Car atoms was 2.4 A
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(pale blue), while the ligand exhibited an average RMSD of 2.5
A (red). The ligand’s deviation from its initial position was
minimal, with an average of 1.5 A, indicating stable binding
throughout the simulation.

Figure 13c,d depicts the RMSF values for protein Ca atoms
and ligand atoms, respectively. The protein’s average RMSF
was 0.8 A, reflecting very limited residue flexibility. The
ligand’s RMSF averaged 2.0 A, suggesting minor fluctuations in
specific ligand regions. In Figure 13c, vertical green bars
represent amino acid contacts with 26 total contacts identified,
emphasizing the consistent interactions between the ligand and
key residues.

Finally, Figure 13e shows the fractional interaction histo-
gram, where each interaction type is color-coded: green for
hydrogen bonds, blue for water-bridged hydrogen bonds, and
purple for hydrophobic interactions. In a simulation, a single
amino acid can interact with multiple functional groups of the
ligand, and similarly, a single functional group can interact with
multiple amino acids. These interactions are cumulatively
represented in a fractal interaction histogram. The most
significant interactions were observed with Asn-916, Tyr-911,
and Lys-923, which played central roles in ligand binding and
contributed to the stability and specificity of the complex.
Overall, the simulation results underscore the importance of
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Figure 13. 100 ns MD simulation analysis of the 3-VEGFR1 complex. (a) 2D key LPIs, (b) RMSD graphics, (c) RMSF of protein Ca, (d) RMSF

of ligand, and (e) fractional interaction histogram.

these residues in stabilizing the 3-VEGFRI1 complex, supported
by the stable binding profile of the ligand.

The 100 ns MD simulation analysis of the 3-VEGFR2
complex is given in Figure 14. Figure 14a illustrates the two-
dimensional key LPI observed during the simulation of the 3-
VEGFR2 complex. The hydroxyl group of compound 3 formed
hydrogen bonds with Lys-868 (76%) and Asp-1046 (98%)
while also engaging in a water-bridged hydrogen bond with
Leu-1049 (22%). On the other hand, the ketone carbonyl

4146

formed a hydrogen bond with Arg-1027 (78%) and a water-
bridged hydrogen bond with His-1026 (22%). These persistent
interactions emerged as the key stabilizing contacts within the
complex. Figure 14b presents the RMSD values of the protein
and ligand atoms. The average RMSD of the protein Car atoms
was 2.2 A (pale blue), indicating a stable protein structure
during the simulation. The ligand exhibited an average RMSD
of 2.5 A (red) with a minimal deviation of 2.0 A from its initial
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position, demonstrating consistent binding within the active
site.

Figure 14c,d shows the RMSF values for the protein Ca
atoms and ligand atoms, respectively. The average RMSF of
the protein Ca atoms was 0.8 A, indicating very limited
flexibility in the protein’s structure. The ligand’s RMSF was 1.8
A, suggesting only minor fluctuations and stable binding
behavior. In Figure 14c, vertical green bars mark the amino
acid contacts with a total of 23 contacts identified, reflecting
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robust interactions between the ligand and the protein. Figure
14e represents the fractional interaction histogram, which
consolidates all LPIs. The histogram reveals that Asp-1046,
Arg-1027, Lys-868, and Phe-1047 exhibited the highest
interaction frequencies, reaffirming their critical roles in ligand
stabilization. Overall, the simulation results demonstrate that
the 3-VEGFR2 complex is highly stable, with these key
residues maintaining strong hydrogen bonding and interaction

https://doi.org/10.1021/acsomega.5c08806
ACS Omega 2026, 11, 4135-4154


https://pubs.acs.org/doi/10.1021/acsomega.5c08806?fig=fig14&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c08806?fig=fig14&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c08806?fig=fig14&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c08806?fig=fig14&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.5c08806?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf
(a) o mLig) fit on ProtmmiLig) fit on Lig (b)
4® 16
14
- 12 -
2 §
4 2 10 a
x -
_‘_: 08 5
H0 e o
£ S
04
02
Time (nsec)
(C) e it on Protein (d)
32 1.4 4
2.8 1.2
24 10
“3 20 E
[TH w 0.8
: :
16
© T 0.6
12
0.4
08
0.2 1
0.4
wtr—
0 0 100 150 200 250 350 123 456 7 8 9101112131415 16 17 18
Residue Index Atom Index
(e
< 0.81
i)
5
®
£ 0.6 4
w
[
-
T 0.4 A1
®
-
E
= 0.2 1
0-0 = T T
‘\‘\% .\'\? .\Q .\h" & \ng
&’ & N & &’ &’
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networks. The ligand’s stable binding and minimal fluctuations
further confirm its potential as a VEGFR2 inhibitor.

The 100 ns MD simulation analysis of the 2-EGFR complex
is given in Figure 15. Figure 15a shows the 2D LPI diagram of
the 2-EGFR complex throughout the MD simulation. The
ketone carbonyl group of the ligand maintained a hydrogen
bond with Met-793 for approximately 99% of the simulation
time, indicating a highly stable and strong interaction.
Additionally, the epoxide oxygen formed two distinct water-
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bridged hydrogen bond interactions with Asp-855 and Arg-
841, observed for 58 and 44% of the simulation time,
respectively.

The ligand’s RMSD relative to its initial binding position
remained around 0.4 A (pink), confirming its stable orientation
within the EGFR active site throughout the 100 ns simulation.
Figure 15¢,d displays the RMSF profiles for the protein and
ligand atoms, respectively, with average RMSF values of 1.0 A
for both, suggesting minimal structural fluctuations and the
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overall stability of the complex. Finally, the fractional
interaction histogram (Figure 15e) indicates that Met-793 is
the most dominant interacting residue, followed by Arg-841
and Asp-85S. These results highlight the critical role of Met-
793 as a key anchoring residue in stabilizing the ligand—EGFR
complex, supported by additional interactions with Arg-841
and Asp-85S.
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MD simulations demonstrated that compound 3 is a highly
stable dual VEGFR1/VEGFR2 inhibitor with strong and
persistent binding. In VEGFR1, key contacts included Lys-913,
Tyr-911, and Asn-916, while in VEGFR2, Asp-1046, Arg-1027,
Lys-868, and Phe-1047 dominated the interaction network.
RMSD and RMSF analyses confirmed minimal ligand
deviation and limited protein flexibility, and fractional
interaction histograms highlighted these residues as being
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critical for stabilization. In addition, the inclusion of EGFR in
the MD study revealed that compound 2 formed the most
stable complex among the tested ligands, maintaining a strong
and consistent hydrogen bond with Met-793 for 99% of the
simulation time. Water-mediated interactions with Asp-855
and Arg-841 further contributed to the overall binding stability.
RMSD and RMSF values for the 2-EGFR complex (1.4 and 1.0
A, respectively) indicated exceptional conformational stability
throughout the simulation. Overall, these findings suggest that
compound 3 exhibits potent dual inhibition against VEGFR1
and VEGFR2, while compound 2 shows strong and selective
affinity toward EGFR. Together, they highlight the potential of
these molecules as complementary anticancer agents targeting
angiogenesis and EGFR-driven signaling pathways. The 100 ns
MD simulation analysis of other complexes is given in Figures
S$39-847.

The dynamic behavior and stability of the selected protein—
ligand complexes during the 100 ns MD simulations were
further analyzed in terms of hydrogen bond timelines and
structural parameters, as illustrated in Figure 16.

Figure 16a shows that in the 3-VEGFRI complex, Asn-916
maintained a stable hydrogen bond interaction throughout the
entire simulation period. Tyr-911 also preserved its hydrogen
bond interaction except between 40—60 ns, while Lys-913
formed hydrogen bonds mainly during the second half of the
simulation, which contributed to the overall stability of the
complex. The radius of gyration (rGyr) values ranged between
6.6 and 8.4 A, indicating compact structural behavior. The
molecular surface area (MolSA) values remained between 520
and 536 A2, while the solvent-accessible surface area (SASA)
and polar surface area (PSA) fluctuated between 80—160 A*
and 80—100 A% respectively. These parameters collectively
reflect the compactness, solvent exposure, and polarity balance
of the protein—ligand complex during the simulation. In Figure
16¢, the 3-VEGFR2 complex shows persistent hydrogen bond
interactions with Asp-1046, Arg-1027, and Lys-868 throughout
the entire simulation, identifying these residues as key
contributors to the complex stability. As shown in Figure
16d, the rGyr values ranged from 6.4 to 8.8 A, while MolSA,
SASA, and PSA varied between 510—540 A% 60—240 A% and
80—104 A respectively. These stable surface and compactness
profiles confirm the strong and consistent binding of
compound 3 within the VEGFR2 active site. Figure 16e
demonstrates that in the EGFR complex, Met-793 maintained
a continuous hydrogen bond interaction for the entire
simulation period. Arg-841 showed intermittent hydrogen
bonding during approximately two-thirds of the simulation,
whereas Asp-855 engaged in hydrogen bond interactions
primarily between 20—80 ns. As illustrated in Figure 16f, the
rGyr values of the complex remained within 3.28—3.40 A,
indicating a highly compact and stable structure. MolSA,
SASA, and PSA values were measured in the ranges of 245—
250 A%, 0-120 A% and 52-60 A? respectively, further
supporting the overall conformational stability and effective
ligand accommodation within the EGFR binding pocket.

2.5. ADME Prediction

Assessment of the absorption, distribution, metabolism, and
excretion (ADME) properties is a crucial step in evaluating the
drug-likeness and pharmacokinetic potential of novel com-
pounds. In this study, in silico ADME predictions were
performed for the isolated perforane-type sesquiterpenes, and
the results are summarized in Table 4. These analyses provide
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Table 4. ADME Prediction of Isolated Compounds

reference
descriptors” 1 2 3 4 values
mol MW 331.67 311.21 488.74 488.74 130 to 725
donor HB 0 0 1 1 0to6
accept HB 2 4 6 N 2 to 20
QPlogPo/w 4.104 2.792 7.591 7.953 -2 to 6.5
QPlogS —4.742 —=3273 -9383 —9438 —6.5t00.5
QPPCaco 3646 3432 971 1095 <25 poor,
>500 great
QPlogBB 0.418 0.340 -1.720 -1.615 —3to 12
QPPMDCK 6162 4213 479 545 <25 poor,
>500 great
% human oral 100 100 100 100 >80 high, <25
abs. poor
Lipinski rule of 0 0 1 1 Max 4
five
Jorgensen rule 0 0 1 1 Max 3
of three

“The results of in silico ADME predictions.

valuable insights into the pharmacological suitability of the
compounds, complementing experimental cytotoxicity and
computational docking studies, and help identify promising
candidates for further preclinical development.

The in silico ADME analysis of the isolated perforane-type
sesquiterpenes (Table 4) revealed favorable pharmacokinetic
profiles for all compounds. Molecular weights of the
compounds ranged from 311 to 488 Da, within the acceptable
range for drug-likeness. Hydrogen bond donors were low (0—
1), and acceptors ranged from 2 to 6, indicating the potential
for good membrane permeability. Compounds 1 and 2 showed
moderate lipophilicity (QPlogP,,,, 4.104 and 2.792), while
compounds 3 and 4 were more lipophilic (7.591 and 7.953),
slightly exceeding the recommended upper limit. Solubility
(QPlogS) was adequate for compounds 1 and 2 (—4.742 and
—3.273), whereas compounds 3 and 4 displayed low aqueous
solubility (—9.383 and —9.438), which may require for-
mulation strategies. Both Caco-2 and MDCK permeability
predictions were high for compounds 1 and 2, suggesting
excellent intestinal absorption, whereas compounds 3 and 4
showed moderate permeability.

Predicted human oral absorption was 100% for all
compounds, and blood—brain barrier penetration (QPlogBB)
values indicated limited CNS exposure for compounds 3 and 4.
Overall, Lipinski and Jorgensen rules were satisfied for
compounds 1 and 2, while compounds 3 and 4 violated one
rule each, reflecting their higher molecular weight and
lipophilicity. These results indicate that all four sesquiterpenes
have favorable ADME properties, with compounds 1 and 2,
exhibiting the best overall drug-likeness and compounds 3 and
4 remaining promising candidates with minor considerations

for solubility and permeability.
3. CONCLUSIONS

In conclusion, four new perforane-type sesquiterpenes (1—4)
were successfully isolated and structurally elucidated from
Laurencia obtusa, and all demonstrated significant cytotoxicity
against AS49 lung adenocarcinoma cells, with compounds 1
and 2 showing the highest potency and selectivity indices,
surpassing the reference drug doxorubicin. Molecular docking
and MM-GBSA analyses revealed that compounds 3 and 4
possess the strongest binding affinities, with compound 3
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emerging as the most promising VEGFRI inhibitor and a
highly stable dual VEGFR1/VEGFR2 binder. In contrast,
compound 4 exhibited potential as a multitarget inhibitor,
particularly for VEGFR2 and EGFR. Key residues, including
Asp-1040, Cys-1039, Lys-868, Asp-1046, Arg-1027, Tyr-911,
and Asn-916, were critical in stabilizing the ligand—protein
complexes, as confirmed by MD simulations, RMSD/RMSF
analyses, and fractional interaction histograms. ADMET
predictions further indicated favorable pharmacokinetic
profiles and acceptable toxicity for all of the compounds.
Overall, these findings highlight the therapeutic potential of
these perforane-type sesquiterpenes as selective, potent, and
multitarget anticancer agents targeting angiogenesis and lung
cancer pathways.

4. EXPERIMENTAL SECTION

4.1. General Experimental Procedures

Optical rotations were measured on an AA-6S Series Automatic
Polarimeter. The absorbance and IR spectra were obtained on a
HITACHI U-2900 UV—Vis spectrophotometer and a Bruker ALPHA
II FTIR spectrometer, respectively. NMR spectra were recorded with
chloroform as an internal standard (5 77.0, 8;; 7.26) on a Bruker 500
MHz spectrometer. High-resolution electrospray ionization mass
spectra (HR-ESIMS) of the isolated compounds were obtained using
a Thermo Q Exactive mass spectrometer (Thermo Scientific).

4.2. Alga Material

The red alga Laurencia obtusa (Hudson) J. V. Lamouroux was
collected from the Aegean Sea, coast of Canakkale (Yapildakalti),
Tiirkiye, in July 2018 at a depth of 0.5—1 m by SCUBA diving. A
voucher specimen (No. E15) is deposited at the Faculty of Aquatic
Sciences and Fisheries, Akdeniz University, Antalya, Tiirkiye, where
its taxonomic identification was confirmed by Emine ikran Okudan
(Figure 17).

Figure 17. Laurencia obtusa (photograph courtesy of Dr.Emine
Siikran Okudan).

4.3. Extraction and Isolation

The dried and powdered alga (281.7 g) was exhaustively extracted at
room temperature with dichloromethane (DCM)—methanol
(MeOH) (1:1, v/v; 1 L) for 48 h. The extraction was repeated
four times, and the combined extracts were filtered and concentrated
under reduced pressure to afford a dark-green crude extract (15.5 g,
5.5% yield).

The crude extract was subjected to vacuum liquid chromatography
(VLC) on silica gel (type H, 10—40 ym) and eluted successively with
solvent mixtures of increasing polarity. The following solvent systems
were used: 100% hexane (A), 25% EtOAc/hexane (B); 50% EtOAc/
hexane (C); 75% EtOAc/hexane (D); 100% EtOAc (E); 75%
EtOAc/MeOH (F); 50% EtOAc/MeOH (G); 25% EtOAc/MeOH
(H); 100% MeOH (I). Nine fractions (A—I) were thus obtained.
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Each fraction was monitored by TLC under UV light (254 and 365
nm) and visualized by spraying with 10% aqueous ceric sulfate
reagent, followed by heating at 100 °C.

Fraction C (3.1 g), eluted with 50% EtOAc/hexane in VLC, was
further separated by silica gel column chromatography under the same
gradient system (100% hexane to 100% EtOAc, followed by 5%
MeOH/EtOAc). A total of 637 subfractions were obtained and
combined into 25 fractions according to identical R; values.

The combined fractions of F11—F14 eluted with 5% EtOAc/
hexane were rechromatographed on a smaller silica column (1 X 40
cm) using fine polarity steps (1—5% EtOAc/hexane), yielding two
pure compounds, 1 (8.4 mg) and 2 (6.8 mg). A subsequent portion,
eluted with 6% EtOAc/hexane, contained two coeluting compounds
and was further purified by preparative TLC using 10% EtOAc/
hexane as the developing solvent to afford compounds 3 (6.3 mg) and
4 (19.6 mg).

4.3.1. Obtusadienone A (1). White amorphous; [a]y —13.48 (c
0.002, MeOH); IR v, /cm™": 3434, 2921, 2851, 1729, 1450,1382,
830, 589; for '"H NMR (CDCl,;, 500 MHz) and *C NMR (CDCl,,
125 MHz) spectral data, see Tables S1; HR-ESI-MS m/z 331.04529
(C1sH,”Br>ClO) and 333.04294 (C,sH,*'Br**ClO) (caled. for
331.603861 and 332.03656). gHNMR,,,: >95% (Table S5).

4.3.2. Obtusadienone B (2). White amorphous; [a]¥ —18.57 (c
0.003, MeOH); IR v, /cm™: 3696, 2922, 2850, 1658, 1612, 1278,
713; for 'H NMR (CDCl;, 500 MHz) and *C NMR (CDCl,, 125
MHz) spectral data, see Tables S2; HR-ESI-MS m/z 311.16873
(CisHyBrO,) (caled for 310.05684). qHNMR,,,: >95% (Table
S6).

4.3.3. Obtusaenone A (3). White amorphous; [a]3 +20.63 (c
0.001, MeOH); IR v, /cm™: 3570, 2918, 2849, 1665, 1736, 1462,
1032; for 'H NMR (CDCl,;, 500 MHz) and '*C NMR (CDCl,, 125
MHz) spectral data, see Tables S3; HR-ESI-MS [M + Na]" observed
at m/z 511.37500 agreed with the molecular formula C;Hg,0,Na.
qHNMR,,, ;. >96% (Table S7).

4.3.4. Obtusaenone B (4). White amorphous; [a]¥ +42.89 (c
0.009, MeOH); IR v, /cm™: 3467, 2925, 2853, 1740, 1688, 1460,
1380, 747; for '"H NMR (CDCl,, 500 MHz) and *C NMR (CDCl,,
125 MHz) spectral data, see Tables S4; HR-ESI-MS [M + Na]*
observed at m/z 511.37500 agreed with the molecular formula
C3Hy,0,Na. GHNMR, ;0 >95% (Table S8).

4.4. Cell Culture

AS49 and BEAS cells were cultured in DMEM/F12 and DMEM,
respectively, both supplemented with 10% FBS and 100 units/mL of
penicillin—streptomycin. The cultures were maintained at 37 °C in a
humidified incubator with 5% CO,. When the cells reached 80%
confluence, they were detached using 0.25% trypsin-EDTA.
Subsequently, for further experiments, the cells were resuspended in
the growth medium after being collected and centrifuged.*>*!

4.5. MTT Assay

The MTT (3-(4,5-dimethylthiazol-2-yl) 2,5-diphenyltetrazolium bro-
mide) assay was employed to assess the cytotoxicity of the test
compounds. Six different concentrations (100, 50, 25, 12.5, 6.2, and
3.12 uM) of each compound were tested on each cell line.
Specifically, S X 10 cells were seeded in a flat-bottomed 96-well
plate with the growth medium. After a 24 h incubation period, the
cells were exposed to increasing concentrations of the compounds for
24 h before conducting the assay. For termination of the assay, 10 uL
of MTT solution (S mg/mL in PBS) was added to each well. After 3 h
of incubation at 37 °C, 100 uL of DMSO was added to each well and
absorbance was read at 540 nm using an ELISA microplate reader. All
experiments were performed in triplicate, and the results were
presented as the mean =+ standard deviation. A concentration-
dependent graph was generated by comparing data collected from at
least three measurements of each substance, and the relative % cell
viability was determined. To assess the cytotoxic impact of the
compounds on the cell viability, untreated cells were considered 100%
viable. Cell viability was calculated using the following formula: %
Cell viability = (Sample/ Control) X 100.*4*

urity:
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4.6. Computational Studies

Molecular docking and dynamics simulations were conducted using
Schrédinger Molecular Modeling Software (2025-1) with the Maestro
interface (version 14.3) and Desmond (D. E. Shaw Research 2024-4).
Protein and ligand preparation followed previously published
methods.”> For ligand preparation, the LigPrep module of
Schrodinger was used to generate all possible ionization and
tautomeric states at pH 7.4, ensuring the correct geometry and
ionization states for docking simulations. Ligands were then
minimized using the OPLS4 force field before docking. For protein
preparation, the Protein Preparation Wizard in Schrédinger was
employed to prepare the target enzymes VEGFR1 (PDB ID: 3HNG),
VEGFR2 (PDB ID: 4ASE), and EGFR (PDB ID: 3W2S), which were
retrieved from the Protein Data Bank. The protein structures were
optimized by adding missing hydrogens, assigning correct protonation
states, and performing energy minimization to remove steric clashes.*®

Glide docking and induced fit docking (IFD) were performed to
dock ligands into the target receptors. In the IFD procedure, 20
docking poses were generated for each ligand using Glide XP (extra
precision) with a box size of 20 X 20 X 20 A to encompass the entire
binding site. The best docking poses were selected based on their IFD
docking scores, and the optimal interactions were further refined. For
the IFD protocol, the receptor was flexibly allowed to adjust to ligand
binding, and the ligand was docked iteratively. This approach ensures
that both the protein and ligand conformations are well-optimized to
reflect the dynamic nature of the binding process.*” Prime MM-GBSA
analysis was used to estimate binding free energies for the protein—
ligand complexes using the VSGB solvation model. This calculation
provides insights into the strength and nature of the binding
interactions, incorporating both electrostatic and van der Waals
contributions.*’

MD simulations were performed using Desmond, where the
protein—ligand complex was solvated using the TIP4P water model
with Na* and CI” ions added to neutralize the system. The simulation
box size was set to 10 X 10 X 10 A, providing sufficient space for
protein—ligand interactions and solvation. The system was first
minimized to remove any bad contacts, followed by an equilibration
phase in the NPT ensemble (constant pressure and temperature).
The production run was conducted for 100 ns at 300 K and 1 atm.
RMSD values for both the protein backbone and ligand atoms were
monitored to assess the stability of the complex throughout the
simulation. Additionally, interactions such as hydrogen bonds,
hydrophobic contacts, and salt bridges were analyzed to evaluate
the stability and strength of the protein—ligand complex during the
simulation. These steps ensured accurate assessment of ligand binding
and complex stability in a dynamic environment.**~>°
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