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Manadoperoxides A—D from the Indonesian Sponge Plakortis cfr. simplex. Further Insights on
the Structure—Activity Relationships of Simple 1,2-Dioxane Antimalarials
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The new endoperoxyketal polyketides manadoperoxides A—D (2—5) have been isolated from the Indonesian sponge
Plakortis cfr. simplex and their stereostructures established by means of spectroscopic data and semisynthetic
transformations. Manadoperoxides were assayed in vitro against D10 and W2 strains of Plasmodium falciparum and
showed moderate antimalarial activity compared to that of plakortin (1) and peroxyplakoric B; ester (9), the latter
differing from manadoperoxide B only by minor structural details. This unexpected difference in the antimalarial activity
has been rationalized on the basis of our recently published model for the interaction of 1,2-dioxanes with heme and
production of C-centered radicals toxic to the parasite. For the manadoperoxides, either the endoperoxide linkage is
inaccessible to the heme iron or the O1 radical cannot evolve to produce a C-centered radical.

Malaria, an infection caused by different species of Plasmodium
protozoa, involves over 400 million clinical cases and at least one
million deaths each year. A rise in mortality has been experienced
in recent years, principally due to the multidrug resistance of
parasites to the available antimalarials.'

The development of endoperoxide-based drugs can be considered
one of the most remarkable advancements in malaria chemotherapy
over the last few decades. Research in this field began in 1976
with the isolation and identification of artemisinin, an endoperoxide
sesquiterpene lactone possessing a 1,2,4-trioxane moiety, from
Artemisia annua leaves.”> Artemisinin and, principally, its derivatives
possess potent activity against chloroquine-resistant strains of
Plasmodium falciparum, and they are currently fundamental for
antimalarial combination therapy (ACT). However, their therapeutic
value is limited by the modest oral availability, the short half-life,
and the risk of embryotoxicity.* In addition, given the unsuitability
of total synthesis, all of the production of artemisinin relies on the
extraction from the natural source, which is costly and low-
yielding.* The recent reports of clinical resistance to artesunate in
Southeast Asia further draw attention to the necessity of rapidly
finding reliable alternatives to artemisinin.’

The marine environment and, in particular, invertebrate organ-
isms such as Porifera appear as an attractive source of chemodi-
versity to exploit in the design of new antimalarial compounds. In
a recent review we have listed a number of endoperoxide deriva-
tives, isolated from marine invertebrates, showing promising
antimalarial activity in vitro.° Among them, plakortin (1), an
endoperoxide polyketide obtained from the Caribbean sponge
Plakortis simplex, was particularly attractive, as it showed activity
in the nanomolar range against chloroquine-resistant strains of P.
falciparum in vitro.”-® Evaluation of the antimalarial activity of
natural analogues® and semisynthetic derivatives,'® interpreted in
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the light of computational calculations,'®'" allowed us to postulate

a detailed mechanism for the antimalarial action of simple 1,2-
dioxanes,"" which may possibly pave the way for the rational design
of new endoperoxides with optimized antimalarial activity.

In our ongoing screening for bioactive secondary metabolites
from Indonesian marine invertebrates,'>'? we recently had the
opportunity to analyze a specimen of P. cfr. simplex collected in
the Bunaken Marine Park of Manado (North Sulawesi, Indonesia).
From the organic extract of this sponge we have obtained four new
peroxyketal polyketides, which we named manadoperoxides A—D
(2—5), and herein we describe their isolation, stereostructural
characterization, and antimalarial activity. The isolation of the
manadoperoxides represented a convenient opportunity to extend
the structure—activity relationships previously established for the
antimalarial activity of the plakortin family.
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Results and Discussion

The sponge P. cfr. simplex (order Homosclerophorida, family
Plakinidae) was collected in January 2008 along the coast of
Bunaken Island. After homogenization, the organism was exhaus-
tively extracted sequentially with MeOH and CHCl;. The combined
extracts were subjected to chromatography over silica followed by
repeated column and HPLC chromatographies (n-hexane/EtOAc
mixtures) to afford manadoperoxides A—D (2—S5) in the pure state.

Manadoperoxide A (2) showed pseudomolecular ion peaks at
m/z 327 [M + H]" and 349 [M + Na]" in the positive ESI mass
spectrum, while HR measurements assigned the molecular formula
C15H3005 to 2, implying four unsaturation degrees. Analysis of 'H
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Table 1. 'H (500 MHz) NMR Data of Manadoperoxides A (2), C (4), and D (5) in CDCl,
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2 4 5
pos. Oy, mult. (J in Hz) Oy, mult. (J in Hz) Oy, mult. (J in Hz)
2a 2.97, dd (15.5, 9.5) 2.93, dd (15.7, 9.6) 2.94, dd (15.5, 9.5)
2 2.44, dd (15.5, 4.5) 246, dd (15.7, 4.1) 2.46, dd (15.5, 4.3)
3 4.43, ddd (9.5, 4.5, 3.0) 4.46, ddd (9.6, 4.1, 3.0) 4.44, ddd (9.5, 4.3, 3.0)
4 2.57, m 2.56, m 2.58, m
5a 1.68¢ 1.73¢ 1.68¢
5b 1.28¢ 1.29¢ 1.33
Ta 1.66¢ 1.69¢ 1.63¢
7b 1.32¢ 1.30¢ 1.34¢
8a 1.40¢ 1.53, m 1.42¢
8b 1.40¢ 1.53, m 1.35¢
9a 2.07, m 2.25¢ 1.64¢
9b 2.07, m 2.25¢ 1.55, m
10 5.47, dt (15.9, 6.0) 6.78, dt (16.4, 6.6) 440, m
1 6.03, d (15.9) 6.18, d (16.4) 5.45,d (8.7)
13 5.44, bq (6.9) 422, q (7.1)
14 1.69¢ 1.27,d (7.1)
4-Me 0.84,d (7.1) 0.85,d (7.1) 0.86,d (7.1)
12-Me 1.70, bs 2.25, s 1.71, bs
1-OMe 3.72, s 3.72, s 3.73, s
6-OMe 3.25, s 3.27, s 3.27, s

“ Overlapped with other signals.

Table 2. *C (125 MHz) NMR Data of Manadoperoxides A (2),
C (4), and D (5) in CDCl,4

2 4 5

pos. ¢, mult. Oc, mult. Oc, mult.
1 171.9,C 172.3,C 172.2,C
2 31.8, CH, 31.4, CH, 31.7, CH,
3 80.1, CH 79.8, CH 79.7, CH
4 27.6, CH 27.1, CH 27.2, CH
5 34.6, CH, 34.4, CH, 34.5, CH,
6 103.4,C 103.0, C 103.0, C
7 32.4,CH, 34.3, CH, 31.4, CH,
8 23.6, CH, 21.8, CH, 22.0, CH,
9 33.7, CH, 32.6, CH, 38.4, CH,
10 126.0, CH 147.0, CH 70.1, CH
11 135.8, CH 132.1, CH 127.1, CH
12 133.3,C 198.7, C 142.0,C
13 124.8, CH 72.8, CH
14 12.2, CH; 17.9, CH;
4-Me 17.0, CH; 17.2, CH; 17.1, CH;
12-Me 13.0, CH; 27.3, CH; 13.7, CH;
1-OMe 52.2, CH; 52.2, CH; 52.2, CH;
6-OMe 48.8, CH; 48.8, CH; 48.7, CH;

and C NMR spectra of 2 (CDCl;, Tables 1 and 2), guided by
inspection of the 2D HSQC experiment, revealed the presence of
two sp® methines (one of which is oxygenated: oy 4.43, d¢ 80.1),
five sp? methylenes, and five methyls (two of which are methoxy
groups: Oy 3.72, O¢ 52.2; Oy 3.25, O¢ 48.8). In addition, the presence
of three sp?> methines (Oy 5.44, d¢c 124.8; Oy 6.03, d¢ 135.8; On
5.47, 6c 126.0) and of one quaternary sp®> carbon (dc 133.3)
indicated that two double bonds (one trisubstituted and one
disubstituted) must be part of the molecule. The two remaining
quaternary carbon atoms (Oc 171.9 and 103.4) were attributable to
an ester and to a ketal group, respectively.

The COSY spectrum of 2 disclosed the sequential arrangement
of proton resonances indicating the presence of three spin systems
(A—C, depicted in bold in Figure 1). The first one (A) encompasses
a methyl-branched C, chain (from C-2 to C-5); the second spin
system (B) builds up a Cs unbranched chain starting from the
disubstituted double bond, while the third spin system (C) includes
only a sp? methine coupled to a methyl group. These moieties were
connected through interpretation of the 2D HMBC spectrum (key
23Jcy correlations are depicted in Figure 1). In particular, cross-
peaks of 12-Me with C-11, C-12, and C-13 allowed us to join
moieties B and C through C-12; analogously, the cross-peaks of
H,-5, H,-7, and the methoxy group resonating at oy 3.25 with C-6
established this carbon as the connection point for moieties A and

— cosy
¥ c HMBC

Figure 1. NMR COSY and key HMBC correlations detected for
manadoperoxide A (2).

A=~cooMe

Figure 2. NMR ROESY correlations detected for manadoperoxide
A (2).

B. Furthermore, the ester carbonyl (Oc 171.9) was placed at C-1
on the basis of its HMBC correlations with H,-2 and H-3. Finally,
the presence of an endoperoxide bond connecting C-3 and C-6,
accounting for the remaining unsaturation degree of the molecular
formula, was supported by '*C NMR resonances at o¢c 80.1 (C-3)
and 103.4 (C-6), typical values for oxygenated carbons belonging
to endoperoxyketal rings.'*

The E geometry of the A'° double bond was deduced from the
large vicinal coupling constant Jy.jom.11 = 15.9 Hz. The spatial
proximity (evidenced through a ROESY spectrum) between H-11
and H-13 indicated the E geometry of the A'? double bond. The
ROESY spectrum (Figure 2) also allowed us to define the relative
orientation of the three stereogenic carbons belonging to the six-
membered ring. Particularly informative was the ROESY cross-
peak of H-4 with OMe-6, indicating the cis diaxial orientation of
these protons. On the other hand, the frans equatorial—axial
orientation of H-3/H-4 was indicated by the small value of the
vicinal coupling constant Jy.3u.4 = 3.0 Hz and was supported by
the ROESY cross-peak of H-5,, with H-2a. This evidence allowed
us to completely define the relative configuration of manadoperoxide
A (2).

The determination of the absolute configuration at the three
stereogenic centers of 2 was accomplished through application of
the modified Mosher’s method'> on a semisynthetic derivative
(Figure 3). The reductive cleavage (Zn/AcOH) of the endoperoxide
bond yielded a product, whose quite complex 'H and '3C NMR
spectra clearly indicated the presence of an equilibrium mixture
including the hydroxyketone 6 and the two diastereomeric hemiketal
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Figure 3. Application of the modified Mosher’s method to a semisynthetic derivative of manadoperoxide A (2). Ad(S — R) values are in

ppm.

forms 6a.'® This mixture was allowed to react with R- and S-MTPA
chloride to obtain the corresponding S- and R-MTPA esters (7a
and 7b), respectively. Analysis of the AS(S — R) values of the
MTPA esters according to the Mosher’s model indicated the S
configuration at C-3. On the basis of the previously determined
relative configuration, a 35,4S,6R configuration was assigned to
manadoperoxide A.

Three additional manadoperoxides (B—D, 3—5) were isolated
from the organic extract of P. cfr. simplex, and their stereostructural
elucidation followed the same spectroscopic approach detailed
above for 2, including analysis of 1D and 2D NMR (COSY, HSQC,
HMBC, ROESY) spectra. The complete assignment of proton and
carbon resonances is reported in Tables 1 and 2, respectively (for
4 and 5), or in the Experimental Section (for 3). For brevity, only
the significant differences between each of these molecules and
manadoperoxide A will be highlighted in the following discussion.
These differences are restricted to the length and/or functionalization
of the “western” alkyl chain; accordingly, the H/C resonances from
positions 1 to 8 of 3—5 were almost coincident to those of 2.
Furthermore, ROESY cross-peaks as well as proton coupling
constants obtained for 3—5 confirmed that the relative configuration
around the six-membered ring is also identical to that of compound
2. Due to the limited amounts available for manadoperoxides B—D,
and wanting to reserve some for biological tests, the absolute
configurations at C-3/C-4/C-6 of 3—5 have not been determined;
their stereostructures have been drawn extending the configurations
deduced above for manadoperoxide A. In the case of manadoper-
oxide D (5), we decided to use an aliquot of the sample to determine
the absolute configuration of the side chain stereocenters (see
below).

Manadoperoxide B (3), C;9H3,05s by HRMS, contained only an
additional methylene group compared to compound 2. This group
was easily located at C-14 (0y 2.09; d¢ 21.9) on the basis of the
vicinal couplings of Hy-14 with both H-13 (dy 5.40, t) and the
methyl H;-15 (dy 1.00, t). Also in this case, the ROESY cross-
peak H-11/H-13 indicated the E geometry of the A'’double bond.

Manadoperoxide C (4), C,H2606 by HRMS, showed a shortened
side chain compared to compound 2. Inspection of the 'H and '*C
NMR (Tables 1 and 2, respectively) and COSY spectra of 4
indicated the presence of a single double bond, located at the
terminus of the five-carbon spin system starting from H,-7. The
relatively low field resonances of H-10 (dy 6.78) and H-11 (dy
6.18) and the presence of a carbonyl resonance at dc 198.7, in the
13C NMR spectrum of 4, suggested the presence of a conjugated
ketone group. This was supported by the >/ HMBC cross-peaks
of the relatively downfield shifted methyl singlet at dy 2.25 both
with the ketone carbonyl (C-12) and with C-11. The coupling
constant Jy.jon.11 = 16.4 Hz was indicative of the E geometry of
A,
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Figure 4. NMR COSY and key HMBC correlations detected for
manadoperoxides C (4) (left) and D (5) (right).

The molecular formula of manadoperoxide D (5), C;sH3,07 by
HRMS, indicated the presence of two additional oxygen atoms
compared to compound 2. The 1D NMR spectrum of 5, analyzed
with the help of COSY and HSQC spectra, disclosed the arrange-
ment of the proton multiplets of the “western” side chain within
two spin systems (Figure 4), comprising two oxygenated methines.
The first spin system spans from Hy-7 to the single sp? methine
H-11 (Oy 5.45, d¢ 127.1) and includes an oxymethine at position
10 (Oy 4.40, Oc 70.1); the second spin system includes only the
second oxymethine (Oy 4.22, O¢ 72.8) coupled with a methyl group
(On 1.27, ¢ 17.9). The HMBC cross-peaks of 12-Me with C-11,
C-12, and C-13 determined the connection for the above moieties,
thus defining the gross structure of the “western” side chain for
manadoperoxide D. The spatial proximity of 12-Me with H-10
(ROESY cross-peak) indicated the E geometry of the side chain
double bond.

The absolute configuration at the two stereogenic carbons C-10
and C-13 of 5§ was determined through application of the Riguera
method for 1,n-diols.!” To this aim, two aliquots of 5 were allowed
to react with R- and S-MTPA chloride, obtaining the diesters 8a
and 8b, respectively (see Supporting Information). Positive Ad(S
— R) values for protons going from H-9 to H-13 indicated,
according to the Riguera model,'” the 118, 15S configuration.

The presence of methoxy groups in the structures 2—5 could
raise the question whether these compounds are actually artifacts
produced during the extraction process with MeOH. This possibility
was ruled out through extraction of a small piece of the P. cfr.
simplex with EtOH. Following the same chromatographic procedure
described above, manadoperoxides were obtained.

Interestingly, Scheuer and co-workers isolated from a Plakortis
sp. collected near Manado, in the same area of the sponge analyzed
in this work, the C-6 epimer of manadoperoxide A, named manadic
acid A methyl ester."® It should be noted that manadic acid or its
esters were completely undetectable in the organic extract of P.
cfr. simplex, and thus apparently the two Plakortis specimens
elaborate the same secondary metabolite, but with the opposite
configuration at a single carbon atom. A similar case, involving a
different class of marine metabolites, has been recently reported
by Crews and co-workers,'® who discovered distinct Theonella
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Table 3. In Vitro Antimalarial Activity of Manadoperoxides
A—D (2—5) against D10 (CQ-S) and W2 (CQ-R) Strains of P.
falciparum®
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Table 4. Occurrence Rate (%) of 1,2-Dioxane Ring
Conformations Considering PM6 Conformers within 5 kcal/mol
from the Global Minimum

D10 ICsp, uM W2 ICsy, uM compound chair A“ chair B¢ boat A“ boat B¢
1 0.87 +0.35 0.39 +0.13 2 0 85 15 0
2 6.88 + 0.37 3.74 +£0.92 3 5 72 23 0
3 6.76 + 0.32 3.69 + 0.88 4 3 81 13 3
4 4.54 £ 0.66 2.33 +0.48 5 7 80 10 3
5 10.38 £0.76 7.93 +0.68 1 82 6 11 1
chloroquine 0.026 £ 0.004 0.41 4+ 0.06 9 37 37 26 0

“ Data are means £ SD of three different experiments in triplicate.

OCH;Z OCH;
W" AN
O~y ~COOCH, 0 O~ ~~CO0CH;
: 2 H Ch,

manadoperoxide B
IC50 = 6.76 uM

peroxyplakoric B3 ester
IC50=0.12 uM

Figure 5. Comparison of chemical structure and activity of
manadoperoxide A (2) with those of peroxyplakoric Bj ester (9).

swinhoei populations producing either 2S-motuporin or 2R-motu-
porin. In our opinion, these intriguing observations are worthy of
further investigations.

In this context, another interesting observation is related to the
comparison between the chemical composition of the Indonesian
P. cfr. simplex and that of a Caribbean specimen that we extensively
investigated over the past few years.”'® We observed marked
differences in the structures of the endoperoxide polyketides, which
constitute the main secondary metabolites in both sponges. In
particular, the Indonesian specimen elaborates compounds of the
peroxyketal-type, while in the Caribbean one the methoxy group
at C-6 is invariably replaced by a methyl/ethyl group. In the
evaluation of this interesting observation, both a possible specific
difference of Indonesian and Caribbean specimens and the biosyn-
thetic role of microbial symbionts, demonstrated for the Caribbean
P. simplex,?° should be taken into account.

The endoperoxide derivatives 2—5 were assayed in vitro against
D10 (chloroquine-sensitive, CQ-S) and W2 (chloroquine-resistant,
CQ-R) strains of P. falciparum using the pLDH assay. The results
(Table 3) evidenced moderate antimalarial activity (low uM range)
against both CQ-R and CQ-S P. falciparum strains with no
significant differences for the four manadoperoxides 2—5. The
variations in the side chains modestly influenced the antimalarial
activity, with manadoperoxide C (4) slightly being the most active
compound of the series. Furthermore, the ICs values of 2—5 against
the CQ-R strain were almost half of those (higher efficacy) against
the CQ-S strain, as already found for plakortin analogues.®'°

The modest antimalarial activity of manadoperoxides could
appear surprising upon comparison of the structures of the mana-
doperoxides (e.g., manadoperoxide B, 3) with that of peroxyplakoric
Bj ester (9) (Figure 5), isolated in 1993 by Kobayashi et al. from
a Plakortis sp."* In spite of the very small structural differences (a
methyl group linked at C-2 in 9 in place of two methyl groups at

Fedl) .~

o. COOCH,

“ See Figure 8 for these conformations.

C-4 and C-13 in 3, in addition to a small variation in the side chain),
compound 9 exhibited much higher in vitro antimalarial activity
(ICs0: 0.12 uM on P. falciparum FCR3 cycloguanil-resistant strain
from Gambia)?' compared to 3.

This unexpected difference can be rationalized on the basis of
our recently published model for the antimalarial activity of 1,2-
dioxanes.'' We proposed that plakortin (1) and dihydroplakortin
(10), upon reaction with Fe(II), generate a radical at O1, which is
simultaneously transferred by means of a “through-space” mech-
anism to a “western” side chain carbon (Figure 6)."' The resulting
carbon radicals should represent the toxic species responsible for
the antimalarial activity, similarly to artemisinin.'' Because a
concerted dissociative electron transfer (DET) mechanism was
hypothesized for the plakortins, their structures must simultaneously
orient all of the intramolecular reaction partners (i.e., Fe(Il), O1,
and the intramolecular radical shift partner) in order to trigger the
production of the toxic carbon radical, thus implying two require-
ments for the bioactive conformation: (i) accessibility of endoper-
oxide oxygen atoms to Fe(Il) and (ii) correct orientation of O1 with
respect to reaction partners for an intramolecular (1,4 or 1,5) radical
shift. Finally, the presence of additional Fe(II)-interacting atoms,
other than the endoperoxide oxygens, could affect the antimalarial
activity influencing the endoperoxide approach to Fe(Il). This model
is in agreement with the reported structure—activity relationships
of plakortins, which evidenced the key role played by conforma-
tional parameters on the antimalarial activity of simple 1,2-
endoperoxides.'®

Based on the hypothesized mechanism of action, a molecular
modeling study has been performed to account for the lower
antimalarial activity of compounds 2—5 with respect to 1 and 9. In
order to sample the conformational space of 2—5 and 9, an
integrated computational analysis combining molecular dynamics
and mechanics, as well as semiempirical (PM6) quantum mechan-
ical calculations (see Experimental Section), was carried out. The
generated conformers were grouped into families on the basis of
their 1,2-dioxane ring conformation and ranked by their potential
energy values (i.e., AE from the global energy minimum) (Table
4, Figure 7). The conformational search results were also analyzed
by calculating occurrence rates and by measuring the distance
between the endoperoxide oxygen O1 and possible partners on the
“western” side chain for a “through-space” (1,4 or 1,5) intramo-

i A» Q,, 0 COOCH . OH COOCH
/\/)/\c(ojg:oocm3 ) 3 i\ 3

10

Feqlll) Fe(lll)

Figure 6. Mechanism proposed for the formation of the toxic side chain carbon radical for plakortin (1) (top) and dihydroplakortin (10)

(bottom).
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T

Chair A Chair B
Boat A Boat B

Figure 7. Lowest energy minima of each conformational family
of the plakortin 1,2-dioxane ring. Carbons are in green (chair A),
cyan (chair B), orange (boat A), and yellow (boat B); oxygens are
in red. All hydrogens are omitted for clarity.

Table 5. PM6 Conformers of 3 Owning Interatomic Distances
Suitable for a Radical Shift from O1 (= 3 A) (Involved Atoms,
Occurrence Percentages, 1,2-Dioxane Ring Conformations)

8a 8 &

C11 HH § \
= = \\\“‘(—>":,/COOMG
0-0
H H o1
9a 9b

atom chair A“ chair B¢ boat A¢ boat B
Cl1 0% 2% 0% 0%
H9a 0% 9% 2% 0%
H9b 0% 3% 2% 0%
H8a 0% 25% 9% 0%
H8b 2% 18% 3% 0%

“ Percentage of conformers within 5 kcal/mol from the global
minimum having a distance between the involved atom and O1 of =3
A.

lecular radical shift for all energetically accessible conformers, i.e.,
within 5 kcal/mol from the global minimum (Tables 5 and S1—S4).

The results were compared with those obtained by applying the
same computational procedure to 1.'%'! In the case of this latter
compound, chair A (Figure 7) represented the preferred conforma-
tion of the 1,2-dioxane ring (Table 4), due to the 1,3-diaxal steric
effect between the ethyl group at C-4 and the alkyl side chain at
C-6, as well as the bioactive one (Figure 8A). On the contrary,
conformers with the same arrangement of the dioxane ring (chair
A) (but with a different position of the substituents due to the
inversion of configuration at C-3, C-4, and C-6) are scarcely present
in the conformational space of compounds 2—5, which showed a
strong conformational preference for chair B (Table 4). This is likely
due to the 1,3-diaxial steric effect between the methyl group at
C-4 and the alkyl side chain at C-6, hampering chair A conformation
for the 2—5 dioxane rings (Figure 8B). Furthermore, chair A
conformers of 2—5 do not include significant amounts of side chain
conformations bearing the intramolecular distances suitable for the
possible “through-space” (1,4 or 1,5) intramolecular radical shift
(Tables 5 and S2—S4). Indeed, as depicted in Figure 8B, the methyl
group at C-4 hinders the approach of the “western” side chain to
O1. As for chair B, which represents the most populated family of
conformers for 2—5 (Table 4), a significant number of conforma-
tions bearing the required distances for hypothesized intramolecular
shift are included (Table 5). However, when chair B conformers
were analyzed, Connolly surfaces revealed that accessibility to the

Fattorusso et al.

Figure 8. Comparison between chair A bioactive conformations
of plakortin (1) (A, green), compound 9 (C, magenta), and the
corresponding conformer of manadoperoxide A (2) (B, orange).
The molecules are colored by atom type (O = red, H = white, and
lone pairs = cyan). Possible partners in a “through-space” intramo-
lecular radical shift are shown as balls.

endoperoxide oxygen lone pairs is impaired by the axial position
of the methoxy substituent at C-6 (Figure S2). In summary, for
compounds 2—5 (i) the endoperoxide linkage is unlikely to be
accessible to the heme iron in the most populated chair B
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conformers, while (ii) in the minimally populated chair A conform-
ers, the Ol radical cannot evolve to produce a toxic C-centered
radical.

Compound 9, lacking the methyl substituent at C-4, presents 37%
of low-energy conformers adopting chair A as the 1,2-dioxane ring
conformation (Table 4), and one-third of them have distances
suitable for a “through-space” (1,4 or 1,5) intramolecular radical
shift from O1 to possible partners on the “western” side chain
(Figure 8C and Table S1, Supporting Information). As in the case
of 2—5 and contrarily to what happened for 1, compound 9 presents
an axially oriented alkyl chain at C-6 when the 1,2-dioxane ring
assumes the chair A conformation. As a consequence, as illustrated
in Figure 8C, in the putative bioactive conformation of 9 the
methoxy group at C-6 is positioned in equatorial position, thus
favoring the endoperoxide approach to the Fe(II)-heme. Finally,
according to the hypothesized mechanism of antimalarial action,
the formation of a carbon radical on the “western” side chain of 9
is more favored with respect to the formation of a carbon radical
on the “western” side chain of 1. Taken together, these results can
account for the comparable antimalarial activity shown by 1 and 9
against P. falciparum drug-resistant strains.

Conclusions

Throughout this paper we have reported the isolation and the
stereostructure elucidation of four new endoperoxide peroxyketal
derivatives (2—5) from the Indonesian sponge P. cfr. simplex. Their
in vitro antimalarial activity is quite modest compared to that of
the previously reported plakortin (1) and peroxyplakoric methyl
ester B3 (9). In light of our recently published hypothesis for the
mechanism of action of simple 1,2-dioxanes, the computational
analysis herein reported provides a reasonable explanation for this
marked difference in the antimalarial activity. Our explanation
reveals that minor structural changes can have a deep impact on
the antimalarial activity when they affect the conformational
behavior of the molecule and, consequently, affect the molecule’s
ability to interact with heme and produce the toxic C-centered
radical, which is responsible for the final activity.

Experimental Section

General Experimental Procedures. Optical rotations (CHCl;) were
measured at 589 nm on a Perkin-Elmer 192 polarimeter. IR (KBr)
spectra were recorded on a Bruker model IFS-48 spectrophotometer.
UV spectra were obtained in CH3;CN using a Beckman DU70
spectrophotometer. 'H (500 MHz) and '*C (125 MHz) NMR spectra
were measured on a Varian INOVA spectrometer. Chemical shifts were
referenced to the residual solvent signal (CDCls: oy 7.26, d¢ 77.0).
Homonuclear 'H connectivities were determined by the COSY experi-
ment; one-bond heteronuclear 'H—"C connectivities by the HSQC
experiment; two- and three-bond 'H—'3C connectivities by gradient-
HMBC experiments optimized for a >3J of 8 Hz. Through-space 'H
connectivities were evidenced by using a ROESY experiment with a
mixing time of 500 ms. ESIMS spectra were performed on a LCQ
Finnigan MAT mass spectrometer. Medium-pressure liquid chroma-
tography was performed on a Biichi apparatus using a silica gel
(230—400 mesh) column; HPLC were achieved on a Knauer apparatus
equipped with a refractive index detector. The Knauer HPLC apparatus
was used to purify and assess purity (>95%) of all final products. LUNA
(normal phase, SI60, 250 x 4 mm) (Phenomenex) columns were used,
with elution with EtOAc/n-hexane mixtures and 0.7 mL/min as the
flow rate.

Animal Material. A specimen of Plakortis cfr. simplex (order
Homosclerophorida, family Plakinidae) was collected in January 2008
along the coasts of the Bunaken island in the Bunaken Marine Park of
Manado. Differences in spicule size between the Indonesian and
Caribbean specimens suggest caution in this specific attribution. A
voucher sample (no. MANO08-02) has been deposited at the Diparti-
mento di Chimica delle Sostanze Naturali, Universita di Napoli Federico
1L

Extraction and Isolation. After homogenization, the organism was
exhaustively extracted, in sequence, with MeOH and CHCl; (dry weight
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after extraction 199.3 g). The combined extracts (8.6 g) were subjected
to chromatography over a silica column (230—400 mesh) eluting with
a solvent gradient of increasing polarity from hexane to MeOH.
Fractions that eluted with n-hexane/EtOAc, 9:1, were subjected to
repeated column and HPLC chromatographies (n-hexane/EtOAc, 95:
5), affording manadoperoxides A (2, 8.5 mg) and B (3, 6.2 mg) in the
pure state. Fractions that eluted with n-hexane/EtOAc, 8:2, were
rechromatographed by HPLC (n-hexane/EtOAc, 85:15) to give mana-
doperoxide C (4, 2.0 mg). Fractions that eluted with n-hexane/EtOAc,
3:7, were rechromatographed by HPLC (n-hexane/EtOAc, 4:6), af-
fording pure manadoperoxide D (5, 3.1 mg).

Manadoperoxide A (2): colorless, amorphous solid; [a]*®p —5.2
(¢ 0.3, CHCl;); UV (CH3CN) Aoy (log €) 233 (4.3) nm; IR (KBr) vy
2970, 1730, 1455, 1287 cm™'; 'TH NMR (CDCls, 500 MHz) Table 1;
3C NMR (CDCls, 125 MHz) Table 2; (+)-ESIMS m/z 327 [M + H]*,
349 [M + Na]™; HRESIMS m/z 327.2177 (caled for C;gHj 05
327.2171).

Manadoperoxide B (3): colorless, amorphous solid; [a]*p —5.5
(¢ 0.2 in CHCl3); UV (CH3CN) Ay (log €) 233 (4.3) nm; IR (KBr)
Vmax 2970, 1730, 1455, 1287 cm™!; 'TH NMR (CDCls, 500 MHz) Oy
6.03 (1H, d, J =159 Hz, H-11), 5.47 (1H, dt, J = 15.9, 6.0 Hz, H-10),
5.40 (1H, t, J = 6.1 Hz, H-13), 4.43 (1H, m, H-3), 3.72 (3H, s, 1-OMe),
3.26 (3H, s, 6-OMe), 2.97 (1H, dd, J = 15.5, 9.5 Hz, H-2a), 2.57 (1H,
m, H-4), 2.44 (1H, dd, J = 15.5, 4.5 Hz, H-2b), 2.09 (2H, overlapped,
H-14), 2.07 (2H, overlapped, H-9), 1.70 (3H, s, 12-Me), 1.69 (1H,
overlapped, H-5a), 1.66 (1H, overlapped, H-7a), 1.40 (2H, overlapped,
H-8), 1.36 (1H, overlapped, H-7b), 1.28 (1H, m, H-5b), 1.00 (3H, t, J
= 7.1 Hz, H-15), 0.84 (3H, d, J = 7.1 Hz, 4-Me); '3*C NMR (CDCl;,
125 MHz) d¢ 172.5 (C, C-1), 136.0 (CH, C-11), 133.8 (CH, C-13),
133.3 (C, C-13), 125.8 (CH, C-10), 103.4 (C, C-6), 80.2 (CH, C-3),
52.2 (CHs, 1-OMe), 48.8 (CH3, 6-OMe), 34.6 (CH,, C-5), 33.6 (CH,,
C-9), 32.1 (CH,, C-7), 31.4 (CH,, C-2), 27.6 (CH, C-4), 23.5 (CH,,
C-8), 21.9 (CH,, C-14), 17.0 (CHs, C-4-Me), 15.0 (CH;, C-12-Me),
13.0 (CHs, C-15); (+)-ESIMS m/z 341 [M + H]*, 363 [M + Na]*;
HRESIMS m/z 341.2333 (caled for Cj9H3305 341.2328).

Manadoperoxide C (4): colorless, amorphous solid; [a]*p —3.3
(¢ 0.1, CHCl3); UV (CH3CN) Apax (log €) 236 (4.0) nm; IR (KBr) vy
2956, 1720, 1680, 1435, 1295 cm™'; 'TH NMR (CDCl;, 500 MHz) Table
1; ®C NMR (CDCl;, 125 MHz) Table 2; (+)-ESIMS m/z 315 [M +
H]", 337 [M + Na]*; HRESIMS m/z 315.1801 (calcd for C;¢H,70s,
315.1808).

Manadoperoxide D (5): colorless, amorphous solid; [a]*p —4.2
(c 0.2, CHCl;); UV (CH3CN) Aipax (log €) 235 (4.5) nm; IR (KBr) vpax
3200, 1735, 1450, 1250 cm™!; 'H NMR (CDCl;, 500 MHz) Table 1;
13C NMR (CDCls, 125 MHz) Table 2; (4)-ESIMS m/z 361 [M + H]*,
383 [M + Na]*; HRESIMS m/z 361.2222 (caled for C;3H3307,
361.2226).

Reductive Cleavage of Manadoperoxide A (2) and Reaction with
R- and S-MTPA Chloride. Compound 2 (5.0 mg, 15.3 umol) in 100
uL of dry ether was treated with 50 uL of acetic acid and an excess
(20 mg) of Zn dust and then stirred vigorously for 24 h at room
temperature (rt). After confirmation of disappearance of the starting
material by TLC, the solution was neutralized with Na,CO; and the
solid removed by filtration. The solvent was then evaporated, and the
obtained product was partitioned between H,O and CHCl;. An aliquot
of the organic phase (1.0 mg) was treated with R-MTPA chloride (30
uL) in 400 uL of dry pyridine with a catalytic amount of DMAP
overnight at rt. Then, the solvent was removed and the product was
purified by HPLC (n-hexane/EtOAc, 97:3) to obtain the S-MTPA ester
7a (1.3 mg, 80% yield). When the organic phase (1.0 mg) was treated
with S-MTPA chloride, following the same procedure, 1.3 mg (80%
yield) of R-MTPA ester 7b was obtained.

S-MTPA ester (7a): amorphous solid; ESIMS (positive ions) m/z
485 [M + H]™; 'H NMR (CDCls) 6 7.35 and 7.45 (MTPA phenyl
protons), 6.03 (1H, d, J = 15.9 Hz, H-11), 5.65 (H-3, m); 5.45 (1H, q,
J = 6.9 Hz, H-13), 5.42 (1H, dt, J = 15.9, 6.0 Hz, H-10), 3.72 (3H, s,
1-OMe), 3.55 (3H, s, 6-OMe), 2.77 (1H, dd, J = 15.5, 9.5 Hz, H-2a),
2.54 (1H, m, H-4), 2.44 (1H, dd, J = 15.5, 4.5 Hz, H-2b), 2.42 (1H,
m, H-5a), 241 (2H, t, J = 7.4 Hz, H-7), 2.17 (1H, m, H-5b), 2.09
(2H, m, H-9), 1.70 (3H, overlapped, H-14), 1.68 (3H, s, 12-Me), 1.68
(2H, overlapped, H-8), 0.89 (3H, d, J/ = 7.1 Hz, 4-Me).

R-MTPA ester (7b): amorphous solid; ESIMS (positive ions) m/z
485 [M + H]™; 'H NMR (CDCls) 6 7.32 and 7.55 (MTPA phenyl
protons), 6.03 (1H, d, J = 15.9 Hz, H-11), 5.65 (H-3, m); 5.45 (1H, q,
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J=6.9 Hz, H-13), 5.42 (1H, dt, J = 15.9, 6.0 Hz, H-10), 3.72 (3H, s,
1-OMe), 3.55 (3H, s, 6-OMe), 2.78 (1H, dd, J = 15.5, 9.5 Hz, H-2a),
2.51 (1H, m, H-4), 2.46 (1H, dd, J = 15.5, 4.5 Hz, H-2b), 2.40 (1H,
m, H-5a), 2.41 (2H, t, J = 7.4 Hz, H-7), 2.15 (1H, m, H-5b), 2.08
(2H, m, H-9), 1.70 (3H, overlapped, H-14), 1.68 (3H, s, 12-Me), 1.67
(2H, overlapped, H-8), 0.85 (3H, d, J/ = 7.1 Hz, 4-Me).

Reaction of 5 with R- and S-MTPA Chloride. Compound 5 (1.0
mg, 2.8 umol) was treated with R-MTPA chloride (30 u«L) in 400 uL
of dry pyridine with a catalytic amount of DMAP overnight at rt. Then,
the solvent was removed and the product was purified by HPLC (n-
hexane/EtOAc, 97:3) to obtain the S-MTPA diester 8a (1.8 mg, 81%
yield). When compound 5 (1.0 mg, 2.8 #mol) was treated with S-MTPA
chloride, following the same procedure, 1.7 mg (76% yield) of R-MTPA
ester 8b was obtained.

S-MTPA ester (8a): amorphous solid; ESIMS (positive ions) m/z
793 [M + HJ*; '"H NMR (CDCl3) & 7.35 and 7.45 (MTPA phenyl
protons), 5.61 (1H, m, H-10), 5.45 (1H, d, J = 8.7 Hz, H-11), 541
(1H, q, J = 7.1 Hz, H-13), 4.37 (1H, m, H-3), 3.70 (3H, s, 1-OMe),
3.55 (6H, s, MTPA-OMe), 3.17 (3H, s, 6-OMe), 2.83 (1H, dd, J =
15.5, 9.5 Hz, H-2a), 2.47 (1H, m, H-4), 2.37 (1H, dd, J = 15.5, 4.5
Hz, H-2b), 1.77 (3H, s, 12-Me), 1.65 (1H, overlapped, H-5a), 1.60 (1H,
m, H-9a), 1.55 (2H, m, H-7), 1.40 (1H, m, H-9b), 1.35 (2H, overlapped,
H-8), 1.35 (1H, overlapped, H-5b), 1.31 (3H, d, J = 7.1 Hz, H-14),
0.78 3H, d, J = 7.1 Hz, 4-Me).

R-MTPA ester (8b): amorphous solid; ESIMS (positive ions) m/z
793 [M + HJ*; '"H NMR (CDCl;) 6 7.32 and 7.55 (MTPA phenyl
protons), 5.59 (1H, m, H-10), 5.43 (1H, d, / = 8.7 Hz, H-11), 5.38
(1H, q, J = 7.1 Hz, H-13), 4.37 (1H, m, H-3), 3.70 (3H, s, 1-OMe),
3.55 (6H, s, MTPA-OMe), 3.22 (3H, s, 6-OMe), 2.83 (1H, dd, J =
15.5, 9.5 Hz, H-2a), 2.45 (1H, m, H-4), 2.37 (1H, dd, J = 15.5, 4.5
Hz, H-2b), 1.75 (3H, s, 12-Me), 1.65 (1H, overlapped, H-5a), 1.60 (1H,
m, H-9a), 1.55 (2H, m, H-7), 1.37 (1H, m, H-9b), 1.37 (1H, overlapped,
H-5b), 1.34 (2H, overlapped, H-8), 1.29 (3H, d, J = 7.1 Hz, H-14),
0.78 (3H, d, J = 7.1 Hz, 4-Me).

Molecular Modeling. Molecular modeling calculations were per-
formed on a SGI Origin 200 8XR12000 workstation, while molecular
modeling graphics were visualized on a SGI Octane 2 workstation.
Compounds 2—5 and 9 were built using the Insight 2005 Builder
module (Accelrys Software Inc.). Atomic potentials and charges were
assigned using the CFF91 force field.?

The conformational space of the compounds was sampled through
200 cycles of simulated annealing (¢ = 80r) applying the following
protocol: the system was heated to 1000 K over 2000 fs (time step =
3.0 fs); the temperature of 1000 K was applied to the system for 2000
fs (time step = 3.0 fs) with the aim of surmounting torsional barriers;
successively, temperature was linearly reduced to 300 K in 1000 fs
(time step = 1.0 fs). The resulting structures were subjected to energy
minimization within the Insight 2005 Discover module (CFF91 force
field; e = 80r) until the maximum rms derivative was less than 0.001
keal/A, using conjugate gradient®” as the minimization algorithm. All
conformers obtained from molecular dynamics and mechanics calcula-
tions were subjected to a full geometry optimization by semiempirical
calculations, using the quantum mechanical method PM6?* in the
Mopac2007 package® and EF?° (eigenvector following routine) as the
geometry optimization algorithm. The GNORM value was set to 0.01.
To reach a full geometry optimization, the criterion for terminating all
optimizations was increased by a factor of 100, using the keyword
PRECISE. Resulting conformers were grouped into families on the basis
of their 1,2-dioxane ring conformation and ranked by their potential
energy values (i.e., AE from the global energy minimum). Occurrence
rates, together with the distance between O1 and possible partners for
a “through-space” (1,4 and 1,5) intramolecular radical shift, were
calculated for all conformers. The accessible surface area of the
endoperoxide oxygens’ lone pairs has been evaluated by calculating
Connolly surfaces (Insight 2005, Accelrys Software Inc.).

In Vitro Drug Susceptibility Assay of P. falciparum. The CQ-
sensitive (D10) and the CQ-resistant (W2) strains of P. falciparum were
cultured in vitro as described by Trager and Jensen.?’ Parasites were
maintained in human type A-positive red blood cells at 5% hematocrit
in RPMI 1640 (Gibco BRL, NaHCO; 24 mM) medium with the
addition of 1% AlbuMaxII (Invitrogen), 0.01% hypoxantine, 20 mM
Hepes, and 2 mM glutamine. The cultures were maintained at 37 °C
in a standard gas mixture consisting of 1% O,, 5% CO,, and 94% N,.
Test compounds were dissolved in either H,O or DMSO and then
diluted with medium to achieve the required concentrations (final
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DMSO concentration <1%, which is nontoxic to the parasite).
Compounds were added in serial dilutions to 96-well flat-bottom
microplates (COSTAR). Asexual parasite stages derived from asyn-
chronous cultures with parasitemia of 1—1.5% were aliquoted into the
plates (final hematocrit 1%) and incubated for 72 h at 37 °C. Parasite
growth was determined spectrophotometrically (ODgsp) by measuring
the activity of the parasite lactate dehydrogenase (LDH), according to
a modified version of Makler’s method in control and treated cultures.?®
Chloroquine was used as reference control. The antiplasmodial activity
is expressed as the 50% inhibitory concentration (ICsp). Each ICs, value
presented in Table 3 is the mean and standard deviation of three separate
experiments performed in triplicate.
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