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ABSTRACT

Strategies have been employed to address antimalarial drug resistance, including the exploration of new therapeutic targets. In
this study, the stem bark of Dalbergia miscolobium was investigated using in vitro assays against Plasmodium falciparum and
pyruvate kinase II (PyrKII), an essential enzyme for parasite development. Compounds were dereplicated from ethanolic extract
(IC5*P7 = 9 pug/mL) using LC-HRMS, revealing active constituents: procyanidin Al (2), biochanin (5) and formononetin (7). Bio-
guided fractionation of the ethyl acetate active fraction (IC5,*"’ = 8.4 ug/mL) led to the isolation of compounds with antiplasmodial
potential, identified by 1D/2D NMR as procyanidin Al (2) (ICs,"7 = 42 puM), epicatechin (9) (IC5,*? > 50 uM), lupenone (10)
(IC5*P7 = 27 uM) and lupeol (11) (ICs,*P7 = 33 uM). In addition, procyanidin Al exhibited 90% inhibition of PyrKII catalytic
activity at 200 pg/mL. These findings pave the way for the discovery of novel antiplasmodial inhibitors from D. miscolobium.

1 | Introduction vivax and Plasmodium ovale, and the prevention of gametocyte
development [2].

Malaria is a parasitic disease caused by Plasmodium species,

responsible for approximately 263 million cases and 597 000
deaths worldwide in 2023 [1]. The parasites are transmitted
through the bites of female Anopheles mosquitoes. Effective
malaria treatment targets various stages of the Plasmodium life
cycle, including the interruption of parasite replication in red
blood cells, the elimination of latent hypnozoites in Plasmodium

The emergence of drug-resistant malaria strains underscores
the urgent need to explore alternative metabolic pathways to
disrupt parasite development [3-5]. One promising target is
pyruvate kinase II (PyrKII), an enzyme located in the api-
coplast, which plays a critical role in the synthesis of essential
biomolecules involved in the parasite’s metabolism, such as lipids
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and nucleotide triphosphate (NTP) derivatives [6-10]. Genetic
deletion studies have demonstrated that PyrKII is essential
for maintaining organelle integrity during the blood stage of
parasite development. Its absence leads to organelle rupture and
subsequent parasite death, highlighting its potential as target for
novel antimalarial therapies [11]. In the search for new PyrKII
inhibitors as lead candidates for malaria drug discovery, the
investigation of natural products (NPs) is particularly relevant,
especially considering the significant number of existing anti-
malarial drugs derived from natural sources [6, 12-15]. Species
from Dalbergia genus (Fabaceae) have demonstrated antiplas-
modial potential, with isoflavones and neoflavones identified as
key secondary metabolites [16]. Dalbergia miscolobium Benth,
commonly known as “jacaranda-do-cerrado,” is an endemic
species widely distributed in the Cerrado biome. However,
knowledge about its chemical composition and biological poten-
tial remains limited [17, 18]. Previous studies have identified
triterpenes, diterpenes, and the isoflavonoid prunetin in the
leaves. Isoflavonoids, including isoflavones and isoflavans, have
also been isolated from the branches, alongside known terpenes
and steroids [18]. Isoflavonoids are considered chemotaxonomic
markers of the Fabaceae family (subfamily Papilionoideae) and
have been reported in 31 species of the Dalbergia genus [19].

Previoulsy, ethanolic extracts from Dalbergia species have
demonstrated antiplasmodial activity [16]. In this study, the
inhibitory activity of the crude ethanolic extract (EtOH) obtained
from the stem bark of D. miscolobium was evaluated in vitro
against Plasmodium falciparum, revealing its inhibitory potential
and antiplasmodial activity. The active extract was dereplicated
using liquid chromatography coupled with high-resolution mass
spectrometry (LC-HRMS). Furthermore, to identify the active
compounds responsible for the observed activity, a bioactivity-
guided fractionation was performed using the chloroquine-
sensitive P. falciparum 3D7 strain.

2 | Results and Discussion

2.1 | Chemical Prospection of Active Extract by
LC-HRMS

Several Dalbergia species have demonstrated antiplasmodial
activity, including D. louvelii [16]. However, D. miscolobium has
not previously been investigated against Plasmodium spp. In this
study, a crude ethanolic extract from the stem bark of D. miscolo-
bium (DmEDb) was prepared and tested in vitro against the P. fal-
ciparum 3D7 strain (chloroquine-sensitive). The extract (DmEDb)
exhibited 93 + 1% inhibition at a concentration of 50 yg/mL and
an IC,,P7 value of 9.0 + 0.1 ug/mL, which is considered highly
promising based on the parameters established by Singh et al. [20,
21] The cytotoxicity of DmED extract was evaluated against HepG2
cells, showing moderate inhibition (CCs, P2 = 53 + 13 pyg/mL),
with a selectivity index (SI) of 6. To determine the chemical
profile of the active extract, tandem mass spectrometry (LC-
HRMS) was employed for compound dereplication. MS/MS data
acquired in negative ionization mode [M—H]~ were analyzed
and compared with free compound screening libraries using
the CompoundCrawler software (https://www.ebi.ac.uk/chebi/,
https://www.chemspider.com/, https://www.genome.jp/kegg/,
https://pubchem.ncbi.nlm.nih.gov/) as well as with data

available in the literature. Eight compounds were annotated
from the extract, including flavonoids, terpenoids, and phenolic
derivatives: proanthocyanidin (1) [22], procyanidin (2) [22,
23], methoxy-trihydroxyflavone (3) [24, 25|, dimethoxy-
hydroxyacetophenone (4) [26], dihydroxy-methoxyisoflavone
(biochanin) (5) [24, 27, 28], dihydroxy-dimethoxyisoflavanone
(6) [24], hydroxy-methoxyisoflavone (formononetin) (7) [24, 29],
and isomer of phytuberin (8) [30] (Table 1; Figures S15S-S22).

Compound 1 was assigned based on its deprotonated molecular
ion at m/z 863.1829 (C4sH;,0y4) and the following product ions:
m/z 711.1378 (resulting from retro-Diels-Alder [RDA] cleavage),
573.1039, 451.1016, 411.0717, 289.0717 [22]. Proanthocyanidins are
flavan-3-ol polymers commonly found in the Dalbergia genus,
including species such as Dalbergia monetaria and Dalbergia
boehmii [31-35].

Compound 2 was annotated with a characteristic ion at m/z
575.1195 (C,,H,,0,,), and exhibited fragment ions at m/z 449.0879,
423.0707, 289.0710, and 109.0306. The ion at m/z 449.0879 is
associated with heterocyclic ring fission, while the ion at m/z
289.0710 corresponds to cleavage of the epi/catechin unit. The
ion at m/z 423.0707, resulting from an RDA rearrangement,
supported the annotation of this compound as procyanidin [22,
23]. Compound 2 was isolated from the ethyl acetate fraction
(DmA) and was also fully characterized in this study using
1D and 2D NMR spectroscopy. Procyanidin is known for its
antiplasmodial activity [31], and its presence in the crude extract
supports the observed biological potential.

Compound 3 was annotated based on its deprotonated molecular
ion at m/z 299.0561 (C¢H,,0,) and the fragment ions: m/z
284.0308 (—15.0253 Da, loss of CH,), 283.0232, 256.0337, 255.0294,
151.0055, and 147.0097, in comparison with literature data [25,
28]. The fragmentation behavior of compound 3 suggests it is
a methoxylated flavone derivative of luteolin, likely chrysoeriol,
whose aglycone and the glycoside forms have been reported
in Dalbergia stipulacea [36]. Compounds from the isoflavone
and flavone classes are commonly found in the Dalbergia
genus, and isoflavones have been specifically identified in D.
miscolobium [37]. The presence of isoflavones reinforces the
phytochemical consistency and chemotaxonomic classification of
the Dalbergia genus, as these secondary metabolites are known
chemotaxonomic markers for the Fabaceae family [19].

Compound 4 was annotated as dimethoxy-hydroxyacetophenone
(acetosyringone) [30] based on its deprotonated molecular ion
at m/z 195.0664 (C,,H;,0,), and characteristic fragment ions at
m/z 180.0414, 167.0347, 152.0105, 136.0161, 135.0091, and 121.0296.
In the MS? spectrum, the loss of the acetyl group (—43.0558 Da)
is evidenced by the signal at m/z 152.0105. From this ion, a
further fragment at m/z 135.0091 was generated by the loss
of a hydroxyl group [M—17]. The product ion at m/z 180.0414
corresponds to the loss of a methyl group [M-15]. Phenolic
derivatives have previously been identified in D. odorifera [38].
Although acetosyringone has demonstrated antibacterial activity,
particularly against Pseudomonas species, there are no reports of
its antiprotozoal activity [39].

Compounds 5, 6, and 7 were annotated based on their deproto-
nated molecular ions at m/z 283.0612 (C,,H;,05), m/z 315.0874
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TABLE 1 | Compounds identified in the extract DmEb by LC-HRMS.

Calculated
m/z [M—H]~

Observed m/z

Cpd RT (min) Formula [M—H]~

Product ion in
MS/MS
spectra

Error (ppm) Annotation

1 53 C4sHy0p 863.1829 863.1831

CyH,,0p 5751195 5751198

CyH,,0, 299.0561 299.0555

CH,,0, 195.0664 195.0666

Cy H,,04 283.0612 283.0612

C,H,,0, 315.0874 315.0870

C,H,,0, 267.0663 267.0664

8 138 C,H,0, 293.1758 293.1754

0.8 711.1378;
573.1039;
451.1016;
411.0717,
289.0717

-0.5 449.0879;
423.0707,
289.0710;
109.0306

2.0 284.0308;
283.0232;
256.0337;
255.0294;
151.0055;
147.0097

=17 180.0414;
167.0347,
152.0105;
136.0161;
135.0091;
121.0296

0.1 268.0372;
240.0415;
239.0345;
211.0400;
151.0022;
131.0140

12 300.0576;
285.0397,
135.0088;
165.0180;
149.0241

-0.6 252.0419;
224.0457,
223.0401;
195.0453;
135.0089

14 236.1050;
221.1545;
192.1155

Proanthocyanidin

Procyanidin

Methoxy-trihydroxyflavone

Dimethoxy-
hydroxyacetophenone

Dihydroxy-
methoxyisoflavone

Dihydroxy-

dimethoxyisoflavanone

Hydroxy-methoxyisoflavone

Phytuberin

Note: The MS? spectra data described in this table were analyzed by using the programs CompoundCrawler and Data Analysis 4.
Abbreviations: Cpd, compound; DmEDb, crude ethanolic extract from the stem bark of Dalbergia miscolobium; RT, retention time.

(CsHsO¢), and m/z 267.0663 (C,(H,0,), respectively, along
with characteristic fragment ions consistent with isoflavonoids
structures [24, 27-29]. For compound 5, the fragment ions were
observed at m/z268.0372 (—15.0240 Da, loss of CHj;), and 240.0415
(—27.9957 Da, loss of CO). A subsequent loss of a hydrogen
radical yielded the ion at m/z 239.0345. From this fragment,
the product ion at m/z 211.0400 was generated (—27.9945 Da,
further loss of CO), which is consistent with fragmentation at
ring C, resulting in two hydroxyl groups remaining on ring

A. The distinction between biochanin and its isomer, glycitein,
was observed through differences in their fragment ion patterns,
particularly the lack of the product ion at m/z 147, which is
typically associated with the presence of a methoxy group at
C, of ring A in glycitein [24]. Although RDA-derived frag-
ments were detected at lower abundance (m/z 151.0022 and m/z
131.0140), they still supported the presence of two hydroxyl groups
on ring A and a methoxy group on ring B, respectively [24,
28].
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TABLE 2 | Percentage of inhibition (%), antiplasmodial activity (ICs,3P7), cytotoxicity (CCs,HePC?), and selectivity index (IS) of fractions obtained

from ethanolic extract DmEDb.

IC503D7 (ug/mL),

CCSO HepG2 (pg/mL) s

Extract Inhibition (%), 50 pg/mL mean + SD mean + SD SI
DmH 95 +2 1.7+ 0.6 30+3 17
DmA 93+1 8.4+0.7 9+11 7
DmHa 61+7 46 +3 54 +16 1
ART 9 +1 15+ 5nM nd nd

Abbreviations: ART, artesunate (positive control); DmA, ethyl acetate; DmH, hexane; DmHa, hydroalcoholic fractions; nd, not determined.

For compound 6, the product ions were observed at m/z 300.0576
(15.0298 Da, loss of CHj;), 285.0397, 257.0459, and 135.0088. The
loss of methyl group is a common fragmentation pathway in
methoxylated flavonoids. In addition, cleavage of ring C by RDA
rearrangement generated product ions at m/z 165.0180 and m/z
149.0241, which allowed the prediction of a substitution pattern
consisting of one hydroxyl and one methoxyl group on each of
rings A and B, characteristic of the cajanol structure (Figure S14)
[24, 28]. The MS? spectrum of compound 7 showed fragment ions
at m/z 252.0419, 224.0457 (—27.9962 Da, loss of CO), 223.0401, and
135.0089. The product ion at m/z 135.0089 is consistent with RDA
cleavage of ring C, suggesting the presence of a single hydroxyl
group on ring A [24, 29]. Biochanin (5) and formononetin (7) have
previously been identified in D. odorifera [38, 40]. However, to
date, there have been no reports of these secondary metabolites
in D. miscolobium.

Biochanin (5) and formononetin (7) have demonstrated
antiplasmodial activity against the chloroquine-sensitive P.
falciparum poW strain. Compound 5 exhibited an ICs,*V value
of 46.8 pg/mL, while compound 7 showed an IC;"°V value
greater than 50 ug/mL [41]. In addition, cajanol (6) has also been
evaluated for its antiplasmodial potential but exhibited poor in
vitro inhibitory activity (IC5, > 100 uM) [42].

Terpenoid 8 showed a deprotonated molecular ion at m/z 293.1758
(C,;H,50,). The MS? spectrum revealed characteristic fragment
ions consistent with phytuberin [30], including those at m/z
236.1050, 221.1545, and 192.1155. The loss of an acetate unit
(—57.0708 Da) was evidenced by the peak at m/z 236.1050. This
fragment subsequently generated a product ion at m/z 221.1545,
corresponding to the loss of a methyl (—14.9505 Da). The signal at
m/z 192.1155 resulted from the loss of an isopropyl acetate group
(-101.0603 Da). Phytuberin (8) has previously been identified in
Cyphomandra betacea, and structurally related sesquiterpenoids
are known to occur in D. odorifera [26, 38].

2.2 | Bio-Guided Fractionation of Active Fractions

The ethanolic extract (DmED, ICs,*P7 of 9.0 + 0.1 pyg/mL) was
subjected to liquid-liquid partitioning, yielding hexane (DmH),
ethyl acetate (DmA) and hydroalcoholic fractions (DmHa), which
were evaluated for their antiplasmodial activity and cytotoxicity
(Table 2). Among these, DmH and DmA demonstrated promising
activity against the P. falciparum 3D7 strain, with 95 and 93%
inhibition at 50 pg/mL, respectively. The half-maximal inhibitory
concentrations (ICs,"7) were determined to be 1.7 and 8.4 ug/mL,

OH

“'OH

FIGURE 1 | Active compounds isolated through bioguided-

fractionation of the active EtOAc fraction of Dalbergia

miscolobium.

respectively (Table 2). The cytotoxic effects of DmH and DmA
were assessed against HepG2 cells, showing moderate inhibition
(CC4s™PC2 of 30 and 59 pg/mL, respectively), with SIs of 17 and
7, respectively (Table 2).

Phytochemical analysis of the EtOAc fraction (DmA) led to
active subfractions (Figures S1 and S2; Tables S1-S3), some of
which enhanced the antiplasmodial potential. These subfractions
afforded active flavonoids, including procyanidin (2) and epicat-
echin (9), as well as terpenoids such as lupenone (10) and lupeol
(11) (Figure 1).

The ESI-TOF-MS data showed a protonated ion [M+H]|" at m/z
577 (C3H,,04,) for compound 2. The 'H NMR spectrum revealed
two ABX systems in the aromatic region (6 6.8-7.1), a singlet at
8y 6.09 (s, H-6"), and meta-coupled doublets at 6.02 and 6.08 ppm
(each d, J = 3.0 Hz, H-6 and H-8) characteristic of procyanidin
[29]. The first flavonoid moiety exhibited a broad singlet at &y, 4.26
(s, H-4) and the proton at &y; 4.07 (d, J = 5.4 Hz, H-3), suggesting
an epicatechin unit. The coupling constants of the diastereotopic
protons at &y 2.75 and 6y 2.94 (dd, J=16.8 and 7.0 Hz for H-4’a and
J=17.0, 3.6 Hz for H-4'f) together with the multiplet at &y 4.10
(m, H-3') and a doublet at 8; 4.40 (d, J = 4.8 Hz, H-2), indicate a
catechin-type isomer.
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BC NMR data obtained from HSQC and HMBC projections
(Figures S3-S7), including long-range heteronuclear correlations
between the proton at §; 4.26 (s, H-4) and the carbons at §, 106.3
(C-8") and 150.8 (C-8'a), confirmed the structure as procyanidin
Al. Notably, this is the first report of procyanidin Al in the species
D. miscolobium. Compound 2 exhibited moderate antiplasmodial
activity, with an 1C5,*"7 value of 24 ug/mL (42 uM), and showed
90% inhibition of PyrKII at 200 pg/mL (347 uM).

The 'H NMR spectrum of compound 9 exhibited an ABX system
with signals at § 6,75 (d, J = 8 Hz, H-5), § 6,79 (dd, J = 2 Hz
and 8 Hz, H-6'), and 6 6,97 (d, J = 1.8 Hz, H-2'). For ring A, a
meta-coupling pattern of aromatic protons was observed at § 5.94
(d, J = 2.16 Hz, H-6) and 6 5.92 (d, J = 2.16 Hz, H-8). The low
coupling constants of the C-ring protons at § 2.71 (dd, J = 2.76 Hz,
16.9 Hz, H-4a), & 2.84 (dd, J = 4.76 Hz, 16.9 Hz, H-48) and &
4.16 (m, J = 1.4 Hz, H-3) suggested an epicatechin skeleton [43].
The antiplasmodial activity of epicatechin has been previously
reported, with an IC5, > 50 uM [44]. Structurally related com-
pounds, such as epigallocatechin gallate and epicatechin gallate,
have also been evaluated, exhibiting ICs,*P” values of 37 and
11 uM, respectively [45].

Compounds 10 and 11 were isolated as white powders and
identified based on 'H and *C NMR data obtained from HSQC
and HMBC projections. The chemical shifts of both protons and
carbons (Figures S8-S13; Tables S4 and S5) were compared with
literature data [46-48]. The 'H NMR spectrum of compound 10
showed seven methyl singlets between 6 0.98 and 1.72, and vinylic
protons at & 4.55 (m, H-29b) and 4.68 (d, J = 2,4 Hz, H-29a).
Heteronuclear correlations between the protons at § 0.98 (H-24)
and 1.02 (H-23) with the carbonyl group at § 216.8 (C-3), and with
the olefinic carbons at § 151.6 (C-20) and 109.6 (C-29), supported
the identification of a lupenone skeleton.

The 'H NMR spectrum of compound 11 revealed seven methyl
singlets between 6 0.74 and 1.64, and a doublet of doublets at § 3.14
(dd,J=5.16,11.12 Hz, H-3). Olefinic protons appeared at § 4.49 and
4.61, while the corresponding carbons were observed at § 150.0
and 108.4; in addition, a signal at § 78.4 (C-3) was consistent with
the presence of a hydroxylated carbon. These data supported the
assignment of a lupeol structure. Compound 10 was previously
identified in the n-hexane extract from the bark of D. miscolobium,
while compound 11 was isolated from the leaves of the same
species [17, 18].

Lupenone (10) and lupeol (11) exhibited promising activity
against the P. falciparum 3D7 strain, with 1C5,3"7 values of 27
and 33 uM, respectively. Furthermore, both compounds showed
low cytotoxicity toward hepatocarcinoma cells (CCs,7P%2 > 100
and > 50 pg/mL, respectively). In line with these results, the
antiplasmodial activity of lupenone has previously been reported
against the W2, D6, and K1 strains of P. falciparum [49], while
lupeol has demonstrated inhibitory activity in the schizont
maturation assay [21].

The DmH fraction was further investigated by GC-MS, which
enabled the dereplication of three esters: compounds 12, 13,
and 14. Compound 12 was assigned as ethyl hexadecanoate,
exhibiting a molecular ion peak at m/z 284 and molecular
formula CgH,,0,, with characteristic fragment ions at m/z 55,

73, 88, 101, 157, and 241. The peak at m/z 88 is attributed to
a McLafferty rearrangement (—196 Da), followed by the loss of
CH; group, generating a product ion at m/z 73. Compounds 13
and 14 were assigned as ethyl linoleate (13) and ethyl elaidate
(14), respectively, with molecular ion peaks at m/z 308 and m/z
310, and fragment ions characteristic of esters functionalities [17,
50-53].

Structurally related carboxylic acid derivatives have previously
been reported in D. miscolobium [17]. These compounds also
exhibit reported biological activities, including antibacterial and
antioxidant properties [53, 54]. Furthermore, antiplasmodial
activity has been shown to be more pronounced in carboxylic acid
derivatives with a higher degree of unsaturation [55].

Compounds isolated from D. miscolobium extract showed
inhibitory activity in the micromolar range, whereas standard
antimalarials such as chloroquine and artesunate act in the
low nanomolar range. Nonetheless, the structural diversity and
novelty of these NPs represent valuable scaffolds that could
be optimized to enhance potency. Targeting key metabolic
pathways in the parasite may provide new opportunities for
antimalarial drug development [56, 57]. In this context, PyrKII
is an understudied enzyme within the P. falciparum druggable
genome [58], and no inhibitors have been reported to date.
Therefore, these findings may serve as a starting point for the
discovery of novel PyrKII inhibitors as potential lead candidates
for antimalarial therapy.

2.3 | Molecular Modeling of Procyanidin Al
Binding to PyrKII

To gain structural insights into the binding mode and affinity
of procyanidin Al (2) toward PyrKII, a molecular docking study
was performed. Due to the ligand’s molecular size and polarity,
KVFinder [59, 60] was used to identify potential binding pockets.
The analysis revealed that the PyrKII active site was the largest
and most accessible cavity. Notably, the active site contains a
Mg?* ion (cofactor), which is known to coordinate electronegative
groups, making it particularly relevant for interactions with the
phenolic substituents present in procyanidin Al. Docking results
(Figure 2) showed a binding pose where one hydroxyl group of
procyanidin Al coordinates with the Mg?" ion. This hydroxyl
group also forms a hydrogen bond with the side chain of Asp376,
which may enhance the electron density on the coordinating
oxygen and promote coordination with the metal ion. Additional
hydrogen bonds were observed between the ligand and the side
chains of Arg416 and His35, as well as between another phenolic
group and the backbone carbonyl of Ile8. These findings suggest
that procyanidin Al is capable of binding to the active site and
may act as a competitive inhibitor with ATP. However, further
experimental validation is required to confirm this mechanism
of inhibition.

3 | Conclusions
This study demonstrated the antiplasmodial potential of the

crude extract and its hexane and ethyl acetate fractions from the
stem bark of D. miscolobium. Through an integrated approach
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FIGURE 2 | Predicted binding pose of procyanidin Al in the active
site of PfPyrKII. The Mg?* cofactor is depicted as a green sphere.
Coordination bonds between the ligand, Asp376, Glu352, and three
structural water molecules are shown as yellow dashed lines. Hydrogen
bonds are indicated by cyan dashed lines. The ligand is displayed in stick
representation, and key interacting residues are labeled.

combining in vitro assays, LC-HRMS, and bio-guided fractiona-
tion, several active compounds were identified. LC-HRMS analy-
sis of the crude extract revealed isoflavones such as biochanin and
formononetin, known chemotaxonomic markers of the Fabaceae
family, with antiplasmodial activity. From the EtOAc fraction,
structurally diverse compounds with antiplasmodial potential
were isolated and characterized by NMR spectroscopy, including
procyanidin Al, lupenone, and lupeol. Notably, procyanidin Al
exhibited moderate inhibition of the PyrKII enzyme, suggesting
this kinase as a possible molecular target contributing to its
antiplasmodial activity. Altogether, these findings highlight D.
miscolobium as a promising natural source of antiplasmodial
compounds, supporting the bioprospecting of this genus and
strengthening the link between NPs and antimalarial drug
discovery.

4 | Experimental Section

4.1 | General Experimental Materials, Equipment,
and Chemicals

Isolation procedures were carried out using Silica gel 60 (70-
230 mesh, Macherey-nagel GmbH & Co. KG, Diiren, Germany),
Sephadex LH-20 (Sigma-Aldrich, St. Louis, MO, USA) and cellu-
lose (200-400 mesh; Sigma-Aldrich). Thin-layer chromatography
(TLC) was employed to monitor isolation process, using silica
gel 60 F,;, precoated aluminum plates (Fluka, Sigma-Aldrich).
TLC spots were visualized under UV s, 545 light (Spectroline ENF-
260C) and by spraying with a sulfuric acid-vanillin solution,
followed by heating. All solvents used in the extraction and isola-
tion procedures were purchased from Dinidmica (Indaiatuba, SP,
Brazil) and Vetec (Duque de Caxias, RJ, Brazil). 'H and *C NMR

spectra (1D and 2D) were recorded in MeOH-d,, CDCl;, acetone-
ds and DMSO-d, (Cambridge Isotope Laboratories Tewksbury,
MA, USA or Deutero GmbH, Kastellaun, Germany) on a Bruker
400 MHz spectrometer Ascend model (Bruker Biospin GmbH,
Rheinstetten, Germany) and on a Bruker 600 MHz spectrometer
(14.1 T) using TMS as the internal reference.

LC-HRMS analyses were performed using a 1290 Infinity IT
UHPLC system (Agilent, Barueri, SP, Brazil) coupled to a high-
resolution quadrupole time-of-flight mass spectrometer (QTOF
Impact HD) with an electrospray ionization (ESI) source (Bruker
Daltonics, Bremen, Germany) (FAPESP 2014/50244-6). Com-
pound purification was performed using a Shimadzu HPLC sys-
tem equipped with an LC-20AR pump, an SIL-10AF autosampler,
and an SPD-M20A photodiode array detector.

GC-MS analyses were carried out using an Agilent 5975 MSD
systems (Agilent Technologies, Santa Clara, CA, USA), oper-
ating in electron impact mode (IE, ionization energy 70 eV,
source temperature 230°C). Chromatograms and mass spectra
were processed using Enhanced ChemStation software (MSD
ChemStation E.02.02.1431, Agilent Technologies).

4.2 | Plant Material

The stem bark of D. miscolobium was collected on May 26, 2021, in
Cataldo, Goias, Brazil (coordinates: 18°0948.5” S; 47°55'04.8” W).
The species was identified by H. N. Consolaro, and a voucher
specimen (Voucher # 244503) was deposited at the Herbarium
of the University of Brasilia (UB), UnB. Access to the genetic
patrimony was registered in the SISGEN database (https://sisgen.
gov.br/) under registration code A96F19E.

4.3 | Extraction and Isolation

Air-dried and powdered stem bark of D. miscolobium (1.2 kg) was
subjected to maceration with ethanol for 9 days, with solvent
replacement every 3 days. The ethanolic extract was concentrated
under reduced pressure using a rotatory evaporator at 40°C to
yield a crude extract after complete solvent removal. The dried
extract was subjected to antiplasmodial assay and LC-HRMS
analysis.

The active ethanolic extract (ICs,*7 = 9.0 + 0.1 yg/mL; 70 g)
was suspended in a mixture of ethanol and water (EtOH/H,0, 1:3
v/v) and sequentially partitioned by liquid-liquid extraction with
hexane and ethyl acetate (EtOAc). This procedure yielded three
fractions: hexane (0.54 g), ethyl acetate (57 g), and hydroalcoholic
(EtOH/H,0) (7.86 g).

The EtOAc fraction from stem bark showed significant antiplas-
modial activity (ICs,*"” = 8.4 + 0.7 ug/mL). Due to the substantial
yield and polarity suitable for biological assays, this fraction was
selected for bioactivity-guided fractionation. Chromatography
procedures were monitored by TLC and in vitro assays against
P. falciparum 3D7 strain. EtOAc fraction (4.76 g) was subjected
to Sephadex LH-20 column chromatography (26.5 X 5.7 cm,
MeOH, isocratic), affording 21 subfractions (A1-A21). Among
them, subfractions A16 and A20 were identified as flavonoids 9
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(43.8 mg, ICs, > 50 uM) and 2 (353 mg), respectively. Compound
2 was further purified by semi-preparative HPLC using a Gemini
C18 column (5 um, 110 A, 250 x 10 mm; Phenomenex, CA, USA)
and a gradient elution of H,0 (A) and acetonitrile (ACN, B) with a
flow rate of 2.0 mL/min. The gradient increased from 20% to 100%
of B over the run, followed by 1 min at 100% B for column cleaning,
and a 10 s re-equilibration to initial conditions (20% B). This
process afforded 1.4 mg of compound 2 (ICs,*P7 = 24.0 ug/mL).

Active subfraction A9 (274.2 mg, 1C5,*®” = 4.2 + 0.2 pg/mL)
was further chromatographed on silica gel (22 X 2.5 cm; hex-
ane/ethyl acetate, 9:1), yielding 26 subfractions. Subfraction 11
was identified as the triterpene 10 (3.6 mg, ICs,*"7 = 26.6 uM).

In addition, a larger portion of the EtOAc fraction (10.54 g) was
subjected to cellulose column chromatography (18.50 x 8.7 cm;
hexane/EtOAc, 1:1), yielding six subfractions (B1-B6). The active
subfraction B2 (IC5,*"7 = 3.2 + 0.04 pg/mL) was fractionated
on silica gel column (17 X 3.7 cm; hexane/EtOAc, 9:1), affording
34 subfractions. Subfraction eight was identified as the triter-
pene 11 (9.5 mg, I1C5,"7 = 33.3 uM). The isolated compounds
were characterized by 'H and *C NMR, DEPT-135, HSQC, and
HMBC experiments, and their spectral data were compared with
previously reported literature values [29, 43, 46-48].

4.4 | Chemical Dereplication by LC-HRMS

The analysis was performed using a Cortecs C18+ analytical
column (2.7 pm particle size; 100 X 2.1 mm; Waters, Milford,
MA, USA). The mobile phase consisted of 0.1% formic acid in
water (solvent A) and 0.1% formic acid in acetonitrile (solvent B).
The elution was carried out using a linear gradient from 5% to
100% B over 26 min. The flow rate was set to 0.4 mL/min, with a
temperature of 40°C and an injection volume of 5 pL.

Ionization experiments were conducted in negative ion mode
[M—H]~, with the following ESI source parameters: capillary
voltage, 4500 V; quadrupole energy, 5 eV; collision cell energy,
5eV; transfer time, 50 and 90 ps; pre-pulse time: 6 ps; nebulization
pressure, 4 bar; drying gas flow, 8 L/min; and source temperature,
180°C. Full-scan MS data were acquired over an m/z range of
50-1300. Data dependent MS/MS acquisition was performed in
automatic mode using a 3-s time cycle, with collision energies
of 20, 25, 30, 35, and 40 eV applied across the full m/z range.
For internal calibration, sodium formate (1 mM) was used. Com-
pound identification from the crude extract was performed using
Bruker Smart Formula 3D, CompoundCrawler and DataAnalysis
4.0 software (Bruker Daltonics, Bremen, Germany).

4.5 | GC-MS Analysis

Injections were performed in split mode using the following oven
temperature conditions: initial temperature of 60°C (held for
2 min), followed by a ramp of 4°C/min to 70°C, then 25°C/min
to 200°C, and 4°C/min to 300°C, with a final isothermal hold for
2min. Helium was used at a flow rate of 1.0 mL/min. Separation of
the sample’s chemical constituents was carried out using an HP-
5MS capillary column (30 m X 250 um i.d., 0.25 um film thickness;
Agilent).

Data acquisition was performed in scan mode over an m/z range
of 50-600. Compound identification from the hexane fraction
was based on comparison of the experimental mass spectra
with entries in the NIST Mass Spectral Library 2.0. Reten-
tion indices were also determined using hydrocarbon standards
(Sigma-Aldrich) injected under identical analytical conditions.

4.6 | InVitro Assay in P. falciparum

The P. falciparum 3D7 strain was maintained in culture at 37°C in
a humidified incubator using RPMI-1640 medium supplemented
with 25 mM NaHCO;, 25 mM HEPES (pH 7.4), 11 mM glucose,
3.67 mM hypoxanthine, 50 pyg/mL gentamicin, and 0.5% (w/v)
Albumax II. Culture medium was replaced daily, and parasitemia
was maintained below 10% at a hematocrit of 2.5% using O
human erythrocytes. Parasites were synchronized using the sor-
bitol method [61] and cultures were adjusted to 0.5% parasitemia
and 2% hematocrit for assays.

Antiplasmodial activity was assessed by adding 180 uL of the
parasites culture to each well of a 96-well plate, followed by
20 uL of 10X concentrated compound solutions. Negative controls
included non-parasitized erythrocytes and untreated infected
cultures were set up in parallel. The final DMSO concentration
in all wells was kept below 0.05%. Plates were incubated for
72 h at 37°C in a humidified atmosphere containing 5% CO,.
After incubation, the culture medium was removed, and cells
were resuspended in 100 uL of PBS buffer. Lysis was achieved
by adding 100 pL of lysis buffer containing 0.002% (v/v) SYBR
Green I. Plates were incubated at room temperature for 30 min,
and fluorescence (proportional to parasite density) was measured
using a SpectraMAX Gemini EM plate reader (excitation at
485 nm and emission at 535 nm). ICs,P7 values were determined
by nonlinear regression of concentration-response curves using
Origin 2016 software (OriginLab Corporation).

4.7 | In Vitro Cytotoxicity Evaluation

Hepatoma cells (HepG2) were cultured in RPMI medium sup-
plemented with 10% (v/v) fetal bovine serum and 0.2% (v/v)
penicillin/streptomycin at 37°C and 5% CO,. Cells were trans-
ferred into 96-well plates at a density of 10 000 cells/well and
incubated at 37°C for 24 h to allow adhesion. Subsequently, the
plates were incubated in different concentrations of the tested
materials (ranging from 400 to 1.6 ug/mL) for 72 h at 37°C and 5%
CO,. Cytotoxicity was evaluated using a colorimetric assay based
on cellular metabolic activity, employing 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT). A volume of 20 L
of MTT solution (5 mg/mL) was added to each well, followed by
incubation for 3-5h at 37°C.

After incubation, the supernatant was removed, and the for-
mazan crystals formed were solubilized in 100 uL of DMSO.
Absorbance, which correlates with the number of viable cells, was
measured using a SpectraMAX Plus 384 plate reader (1 = 570 nm)
[62]. The CCy,1ePG2 value was determined by nonlinear regression
analysis of the dose-response curve using GraphPad Prism 8
software. The SI was calculated as the ratio between cytotoxicity
and antiplasmodial activity (SI = CCs,HP2/1C4,3P7).
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4.8 | Expression and Purification of PyrKII

The gene encoding P. falciparum PyrKII (PfPyrKII), cloned
into the pMAL-cHT expression vector, was kindly donated by
Professor Dr. Sean Prigge (Johns Hopkins University). Briefly,
PyrKII expression was carried out in Escherichia coli BL21 Rosetta
(DE3) strain in LB medium with the addition of pRIL supple-
mentary plasmid. Selected colonies containing both plasmids,
PMAL-cHT-PKII (ampicillin resistant) and pRIL (chlorampheni-
col resistant), were grown in LB medium at 37°C with shaking at
220 rpm. At an ODy, of 0.6, the addition of 0.4 mM IPTG was
followed by cells incubation for 4 h at 27°C. Cells were harvested
by centrifugation (4400 rpm, 40 min, 4°C), and 1 L of expression
was resuspended in 15 mL of buffer (20 mM Tris-HCI, pH 7.5,
100 mM KCl) and stored at —20°C. For purification, the frozen
cells were resuspended in 50 mL of lysis buffer (20 mM Tris-HC],
pH 7.5, 100 mM KCI, 2 mg/mL lysozyme, 50 pL/mL benzonase,
and 1 mM PMSF). Lysis was performed using an ultrasound probe
(amplitude 25; pulse-on 25 s; pulse-off 30 s) for 10 min. The lysate
was centrifuged at 11 000 X g for 40 min at 4°C, and the soluble
fraction was purified in three steps: (1) Chromatography using
an MBPTrap column (1 mL); (2) Proteolytic cleavage with TEV
protease; (3) Purification on a HisTrap column (5 mL). The final
protein was concentrated and stored in freezing buffer (20 mM
Tris-HCI pH 7.5, 100 mM KCl, 10% glycerol) [11].

4.9 | Enzyme Inhibition Assay

To evaluate the inhibition of the extracts against the PfPyrKII,
a coupled assay using PyrKII and luciferase enzymes was per-
formed [63]. The reaction mixture (Mix I) contained 100 mM
MOPS buffer (pH 7.4),1.0 mM -mercaptoethanol, 1.5 mM MgCl,,
1.0 mM ADP, and 50 nM PyrKII, in a total volume of 50 uL. Test
samples (0.5 uL of 5 mg/mL stock solution) were added to 46.5 uL
of Mix I and incubated for 20 min at 37°C.

After, 3 uL of phosphoenolpyruvate (PEP; final concentration
40 uM) was added, followed by another 20 min incubation at 37°C.
Subsequently, 50 uL of the Kinase Glo Plus reagent (Promega) was
added, and luminescence was measured at 550 nm after 5 min
of incubation. A positive control (Mix I and PEP) and a negative
control (Mix I only) were used.

4.10 | Molecular Modeling

The three-dimensional structure of PfPyrKII was generated using
AlphaFold2 [64] based on its primary amino acid sequence and
the crystallographic structures of P. falciparum PyrKI (PfPyrKI;
PDB: 6KHS) as template. To guide model interpretation and
placement of cofactor, we aligned the resulting structure with
the crystallographic structures of PfPyrKI (PDB: 6KHS), co-
crystallized with oxalate and ATP, and the rabbit muscle pyruvate
kinase (PDB: 1A49). From this structural alignment, Mg*" ions
and coordinating water molecules were manually inserted into
the PfPyrKII model. Protonation states of the amino acid residues
were assigned using PDB2PQR [65] at pH 7.5, matching the assay
conditions.

The SMILES string of procyanidin Al was converted into a 3D
structure (mol2 format) using Open Babel. Its ionization state

at physiological pH was verified with FixpKa [66] (OpenEye).
Molecular docking was performed using GOLD [67], consider-
ing Mg** and the coordinating waters as part of the binding
site. GOLD was configured to evaluate whether the structural
water should be retained or displaced during docking. Binding
pockets in the PfPyrKII model were identified and analyzed
using KVFinder Web [59, 60], which allowed calculation of
cavity volume and spatial distribution based on the protein’s 3D
conformation. The binding site was defined as a 20 A sphere
centered at x = 0.000, y =13, and z = 5, corresponding to the ATP
binding site in PDB 6KHS. Docking poses were visually evaluated,
with special attention to hydrogen bonding and the coordination
geometry around Mg**.
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