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A multidisciplinary approach, based on molecular dynamics/mechanics, ab initio calculations, dynamic

docking studies, and chemical reactions, has been employed to gain insight into the mechanism of the

antimalarial action of plakortin and dihydroplakortin, simple 1,2-dioxanes isolated from the sponge

Plakortis simplex. Our results show that these molecules, after interaction of the endoperoxide bond
with Fe(1n), likely coming from the heme molecule, give rise to the formation of an oxygen radical,
followed by rearrangement to give a carbon radical centered on the “western” alkyl side-chain. The
carbon radicals generated on the side-chain, amenable for intermolecular reactions, should represent

the toxic intermediates responsible for subsequent reactions leading to plasmodium death. The minimal

structural requirements necessary for the activity of this class of antimalarial agents have been

identified and discussed throughout the paper.

1. Introduction

Malaria, an infectious disease caused by protozoans belonging
to the genus Plasmodium, is still a common cause of death in
Africa and in other poor tropical countries (each year, 300-500
million people become ill with malaria and 1-3 million die).! Since
malaria is a disease of worldwide implications, and almost half of
the world’s population is currently at risk of malaria infection,
combating malaria is one of the highest priority programs of the
WHO.> A worrisome increase in the number of fatal cases has
been registered in recent years and it is principally due to the
diffusion of multi-drug resistant strains of Plasmodium, making
less effective the limited arsenal of available drugs. Moreover, the
available chemical weapons to treat malaria cases are sadly based
on very old molecules, such as the chloroquine (CQ) analogues.
Although the association of these molecules with analogues of
artemisinin (1) (Fig. 1), a natural endoperoxide derivative active
against many resistant strains,® is giving some good results, the
therapeutic choices are still too limited for the large and poor
malaria market. Therefore, there is an urgent need of new and
economically affordable antimalarial drugs.
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Fig. 1 Reference and title compounds: artemisinin (1), plakortin (2),
dihydroplakortin (3) and plakortide K (4).

In this context, several research groups are currently engaged
in the isolation of new antimalarial compounds from terrestrial
plants and marine organisms to be used as lead compounds
for the development of effective and, possibly, cheap drugs.*
We reported few years ago that plakortin (2) (Fig. 1), a simple
endoperoxide-containing polyketide isolated in high yields from
the Caribbean sponge Plakortis simplex,’ possesses significant in
vitro antimalarial activity on CQ-resistant strains of Plasmodium

Salciparum (Table 1).¢ Dihydroplakortin (3) (Fig. 1), 3-epiplakortin

and plakortide Q, very minor analogues of plakortin extracted
from the same sponge, proved to be almost equally active.” In
addition, we have recently prepared a series of semi-synthetic
derivatives of plakortin in order to gain insights into the structural
requirements of these simple 1,2-dioxanes for exhibiting anti-
malarial activity. The obtained results confirmed the crucial role
of the endoperoxide functionality (the plakortin diol is completely
inactive) and revealed conformation-dependent features critical
for antimalarial activity.?

The knowledge of further details on the mechanism of action
at the molecular level constituted an issue of key importance
to continue our investigation on the antimalarial activity of
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Table 1 In vitro antimalarial activity of compounds 1-4 against D10
(CQ-S) and W2 (CQ-R) strains of Plasmodium falciparum

D10 ICs,/uM W2 ICs/uM
Plakortin (2)* 0.87+0.35 0.39+0.13
Dihydroplakortin (3)* 0.90 £0.56 0.43£0.16
Plakortide K (4) Not available >2
Artemisinin (1) 0.013 £0.004 0.009 £ 0.005

“ Data taken from ref. 8 ® Data taken from ref. 18

plakortin derivatives. Indeed, a more detailed comprehension of
the mechanism of the action of plakortins could pave the way
for the development of totally synthetic simplified derivatives
containing only the essential pharmacophoric portion of the
plakortin scaffold.

Despite the large use of artemisinin, the exact molecular
mechanism underlying its biological activity, and that of related
antimalarial endoperoxides, is still a matter of debate.® Neverthe-
less, the ability of these molecules to interact with Fe(i)-heme
and to produce oxidative stress hallmarks in the plasmodium
and in the infected host cells has been proved.”'® The reaction
of endoperoxides with Fe(1r) involves a one-electron reduction
leading to the cleavage of the oxygen—oxygen linkage with the
consequent formation of an oxygen anion [bound to Fe(iir)] and
of an oxygen free radical. Two possible evolutions of the generated
oxygen radical have been postulated for artemisinin (Scheme 1).
In pathway 1, the oxygen Ol free radical evolves through an
intramolecular 1,5-H shift leading to a secondary free radical
at C4. Alternatively, in pathway 2, the oxygen O2 free radical
evolves through a homolytic cleavage of the C3—-C4 bond resulting
in the formation of a primary C4 free radical, the driving force
being the acquisition of thermodynamic stability by formation of
the acetate group.” Experimental data' and theoretical studies'*
show controversial results on the more relevant pathway for anti-
malarial activity. Anyway, reported structure—activity relationship
(SAR) studies on artemisinin,'* as well as on other endoperoxide
derivatives,'* failed to relate in vitro antimalarial activity with a
mechanism of action principally based on reaction pathway 2. In
addition, the lack of antimalarial activity of artemisinin analogues
with a-oriented substituents at C4 can be related to their inability
to undergo the intramolecular 1,5 H-shift (pathway 1).13

The crucial role of the endoperoxide function and of 1,2-
dioxane ring conformation that we have demonstrated for 2,2

H

3 HOu.,
1,5-shift (ISO
Fe(lll©

(o)

Scheme 1 Schematic representation of the artemisinin postulated mech-
anism of action.

together with the lack of stereoselectivity in its antimalarial
mechanism of action (3-epiplakortin showed the same activity
as 27), strongly indicated that plakortin, similarly to artemisinin,
does not interact with a specific protein target but rather with
a Fe(11) ion, most likely the heme iron derived from hemoglobin
digestion.” Our previous conclusion that the antimalarial activity
of plakortin and its analogues is strongly affected by confor-
mational parameters® prompted us to speculate on a through-
space reaction pathway for the formation of reactive species
responsible for plasmodium death. Starting from this assumption,
we carried out our investigation on compounds 2 and 3 (Fig. 1),
two related compounds which showed comparable antimalarial
activity (Table 1). The aim was to enlighten, for both these
compounds, the steps following the reductive activation of the
oxygen—oxygen bond by Fe(11) species and yielding to the death of
the parasite. Our approach followed two independent methods
based on computational analysis and chemical evidence and
represents the first investigation on the mechanism of action of
non-peroxyketal simple dioxane antimalarials.

2. Results

2.1 Computational studies

In order to sample plakortin and dihydroplakortin conforma-
tional space we performed an integrated computational analysis,
following a protocol that combines molecular dynamics and
mechanics, as well as semi-empirical (PM6) quantum-mechanical
(QM) calculations (see the Experimental section). The generated
conformers for both 2 and 3 were grouped into families on
the basis of 1,2-dioxane ring conformation and potential energy
values (i.e., AE from the global minimum) and occurrence rates
were calculated. Obtained results (Fig. 2, Table 2) indicated that
‘Chair A’ is by far the most representative 1,2-dioxane ring
conformational family for both plakortin and dihydroplakortin.
Subsequent calculations were performed on the basis of the hy-
pothesized reaction pathway responsible for antimalarial activity.

Chair A Chair B

'Boat B

Boat A

Fig. 2 Lowest energy minima of each 1,2-dioxane ring conformation
family of plakortin. 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. Parallel families were found for dihydroplakortin.
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Table 2 Occurrence rate of 1,2-dioxane ring conformations considering
Molecular Mechanic (MM) and PM6 conformers within 5 Kcal mol™
from the global minimum

Table 4 Molecular Mechanics (MM) and PM6 conformers of plakortin
owning interatomic distances suitable for a radical shift from Ol (<3 A).
Involved atoms, occurrence rates, 1,2-dioxane ring conformations

Plakortin (%) Dihydroplakortin (%)

MM PM6 MM PM6
Chair A 92 82 93 84
Chair B 7 6 7 8
Boat A 1 11 0 7
Boat B 0 1 0 1

The first reaction step, the activation step, involves a one-electron
reduction by heme Fe(1), thus leading to the cleavage of the
endoperoxide bond, through a dissociative electron transfer (DET)
mechanism.'"” Within this step, an oxygen anion [bound to Fe(111)]
and an oxygen free radical are produced. Since the endoperoxide
linkage has two oxygen atoms exposed to the heme iron (named
O1 and O2 for 2, see Fig. 1), ab initio calculations were performed
in order to investigate the alternative formation of O1 and O2
radicals. A hydrogen atom in place of Fe(ir) was introduced to
counterbalance the negative charge of the oxygen anion. Since
the calculated occurrence rate of 1,2-dioxane ring families of
conformers indicated Chair A as the most representative family
(>80%, Table 2), we focused our ab initio calculations on Chair
A PM6 low energy conformers (i.e., within 5 kcal mol™ of the
global minimum). Three different orientations of the introduced
hydroxyl hydrogen were generated (rotating O1-C6 or O2-C3
bonds by increments of 120°) and the resulting conformations
were considered as starting geometries for ab initio optimization.
Results, reported in Table 3, indicated unambiguously a higher
stability for the O1 radical. Since the energies of the transition
states for the two alternative homolytic cleavage reactions are
likely to be in proportion to those of the corresponding products
(oxygen radicals), we can assume that the formation of the Ol
radical is kinetically preferred both for 2 and 3. Accordingly, we
continued our investigation with the assumption that the radical
is preferentially formed on O1.

Table 3  Ab initio calculated relative stability of O1 and O2 radicals

AE?/Kcal mol™ AE*

Plakortin (2)

CNF_50¢ RadO1® -73.704 0
RadO2* —69.378 4.326

CNF_152¢ RadO1® —72.865 0
RadO2° —69.534 3.331

CNF_365¢ RadO1°* -72.302 0
RadO2° —69.161 3.141

Dihydroplakortin (3)

CNF_132¢ RadO1¢ -71.314 0
RadO2* —70.408 0.906

CNF_173¢ RadO1® —72.104 0
RadO2? —69.354 2.750

“ Chair A low energy PM6 conformer used as starting geometry; * Lowest
energy Ol and O2 radical forms, presenting a hydrogen bond between
the oxygen radical and the hydroxyl hydrogen; ¢ Lowest energy O1 radical
form, presenting a hydrogen bond among the carbonyl oxygen, O1, and
02-H; Y AE = Eogicas — (Encurral. + Etiraaicar); € Energy difference calculated
with respect to the most stable oxygen radical for each conformer.

CNF* (%) Chair A’ (%) Chair B’ (%) Boat A® (%) Boat B® (%)

MM
Y¢ 9 100 0 0 0
C9 17 100 0 0 0
Hl13a 16 89 11 0 0
H13b 6 86 14 0 0
H2a 70 100 0 0 0
H2b 11 100 0 0 0

PMe6
C10 6 100 0 0 0
Y 7 100 0 0 0
C9 18 100 0 0 0
Hl3a 18 89 5 6 0
HI3b 6 100 0 0 0
H2a 76 100 0 0 0
H2b 55 97 0 0 3

“ Rate of conformers within 5 Kcal mol™ from the global minimum owning
a distance between the involved atom and O1 <3 A; ® Rate of conformers
belonging to this family; ¢ Double bond centroid.

We next evaluated the distance between the endoperoxide
oxygen Ol and the possible partners for an intramolecular radical
shift through an analysis of conformational search results. Since
for both compounds, more than one possible reaction partner
(Tables 4 and 5) was found, we deepened this investigation. To this
end, the lowest energy PM6 conformers possessing intramolecular
distances suitable to allow an intramolecular radical shift from O1
(<3 Ay were subjected to ab initio calculations in the neutral,
as well as, in the Ol radical form, and, finally, intramolecular
distances were checked on the obtained conformations (Fig. 3).
The evaluation of these results (Tables 6 and 7) suggested the
double bond of plakortin and the methylene hydrogens at C13
of dihydroplakortin as the most likely partners for interaction
with the O1 radical. Indeed, our calculations suggested that, as a
consequence of the conformational rearrangement following the
cleavage of the endoperoxide bond, in both compounds, the O1-
centered radical approached the “western” alkyl side-chain [i.e.,
the double bond in 2 and C(13)H in 3, respectively] shrinking
from the ester side-chain [i.e., C(2)H]. This conformational shift
is in agreement with the previously explored SARs on 1,2-
dioxane derivatives that indicated a negligible role for the “eastern”
ester side-chain.® On the other hand, the role of the “western”
alkyl side-chain for the antimalarial activity of 1,2-dioxanes is
well highlighted by plakortide K (4) (Fig. 1). This compound,
obtained from Plakortis sp.,"”® proved to be completely inactive as
antimalarial agent (Table 1), in spite of its similarity to plakortin,
including an identical ester side-chain (Fig. 1). In agreement with
our results, the lack of activity should be ascribed to the presence of
the A’® trans double bond, whose geometry prevents the location
of'areaction partner on the western side chain at a distance suitable
for the intramolecular shift.
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Table 5 Molecular Mechanic (MM) and PM6 conformers of dihy-
droplakortin owning interatomic distances suitable for a radical shift
from O1 (<3 A). Involved atoms, occurrence rates, 1,2-dioxane ring
conformations

Table 7 Dihydroplakortin: Interatomic distances between O1 and possi-
ble intramolecular radical shift partners calculated on the neutral and
Ol radical forms of ab initio conformers and on putative bioactive
conformation

Hga Hgb

3
Hiza L Hoa Hb

Involved
atom CNF* (%) Chair A® (%) Chair B® (%) Boat A’ (%) % Boat B®
MM
Hl13a 28 89 11 0 0
HI13b 16 87 13 0 0
H9a 15 93 7 0 0
H9 24 96 4 0 0
H2a 65 100 0 0 0
H2b 11 100 0 0 0
PM6
Hi3a 20 86 11 3 0
HI13b 9 100 0 0 0
H9a 7 100 0 0 0
H9b 15 93 7 0 0
H2a 76 99 0 0 1
H2b 42 97 0 0 0

“ Rate of conformers within 5 Kcal mol™ from the global minimum owning
a distance between the involved atom and O1 < 3 A;? Rate of conformers
belonging to this family.

Table 6 Plakortin: Interatomic distances between Ol and possible in-
tramolecular radical shift partners calculated on the neutral and O1 radical
forms of ab initio conformers and on bioactive conformation

Distances/A
Plakortin 0O1-C10 Ol1-Y O01-C9 Ol-H2a OI1-H2b
CNF_1 Neutral 3.78 3.33 2.97 2.49 3.78
Radical® 2.94 2.63 2.47 2.99 4.44
CNF_2 Neutral  3.07 3.17 3.39 2.48 3.78
Radical*  2.60 2.65 2.87 2.80 4.29
BC?® Neutral 3.98 3.47 3.04 2.93 2.70

“ Lowest energy Ol radical form, presenting a hydrogen bond between O1
and O2-H; ® Putative plakortin bioactive conformation.

In order to refine the structural features underlying the anti-
malarial activity of 2 and 3, all ab initio conformers reported
in Fig. 3 were used as starting geometries for dynamic docking
studies in complex with heme (Fe(11)-FPIX). To ensure that the
results obtained were independent from the starting geometries,
during these docking simulations, the system (ligand and heme)
was left free to move and a Monte Carlo conformational search
was applied considering all the rotating bonds of the ligand;
moreover, a Simulated Annealing procedure was performed (see
the Experimental section). Interestingly, both plakortin and
dihydroplakortin conformations resulting from docking studies
shared crucial structural parameters for the hypothesized carbon

Distances/A
Dihydroplakortin Ol-H13a O1-H13b Ol1-H2a OI-H2b
CNF_1 Neutral 2.25 3.74 3.89 3.31
Radical® 2.20 3.80 4.53 4.61
CNF_2 Neutral 2.32 3.25 2.78 2.75
Radical® 2.15 3.03 3.71 2.37
BCe Neutral 2.47 3.77 3.95 3.44

“ Lowest energy Ol radical form, presenting a hydrogen bond among the
carbonyl oxygen, O1, and O2-H; ® Lowest energy O1 radical form, present-
ing a hydrogen bond between O1 and O2-H; ¢ Putative dihydroplakortin
bioactive conformation.
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Fig. 3 (A-D): comparison between ab initio conformers in the neutral
(cyan) and O1 radical form (yellow) of plakortin (CNF_1 (A) and CNF_2
(C)) and dihydroplakortin (CNF_1 (B) and CNF_2 (D)). The molecules
are colored by atom type (O = red and H = white). Hydrogens are omitted
for sake of clarity, with the exception of those involved as possible partners
in a “through-space” intramolecular radical shift.

radical formation with CNF_1 ab initio conformers (Fig. 4; Table 6
and 7). As depicted in Fig. 4C, D, in agreement with previous
results, both plakortin and dihydroplakortin interacted with the
heme adopting the Chair A conformation of the 1,2-dioxane
ring and positioning the “western” alkyl side-chain in proximity
to Ol. In particular, in the case of plakortin, the closest atom
was the first carbon of the double bond (C9), while, in the
case of dihydroplakortin the closest atoms were the hydrogen
atoms attached at C13. As for the possible interaction of the Ol
radical with C2 methylene hydrogens, docking studies revealed
a different behavior for plakortin and dihydroplakortin. In the
latter compound, an interaction of the ester carbonyl oxygen with
heme iron pushes C2 hydrogen atoms far from Ol. In contrast,
in the case of plakortin, the proximity of the Ol radical and C2

This journal is © The Royal Society of Chemistry 2010
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Fig.4 (A-B): Ab initio conformers of plakortin (A) and dihydroplakortin
(B). (C-D): docking results of plakortin (C) and dihydroplakortin (D) in
complex with heme. The molecules are colored by atom type (C = cyan
and green for ab initio and docking conformers, respectively; O = red;
N = blue; Fe = magenta and H = white). Iron atoms vdW volumes are
shown. Hydrogens are omitted for sake of clarity, with the exception of
those involved as possible partners in a “through-space” intramolecular
radical shift.

—

hydrogen atoms cannot be excluded, since interaction between
the

heme iron and the carbonyl oxygen is prevented by unfavorable
steric contacts occurring between the two (i.e., ester and “western”)
alkyl side-chains. However, the greater reactivity of the double
bond in an electron transfer reaction must be taken into account
and, in place of the conformational preference, as in the case of
dihydroplakortin, could be the factor driving the rearrangement
of Ol-centered radical toward the “western” alkyl side-chain. This
hypothesis is supported by the intramolecular distances calculated
on ab initio conformers of plakortin, which evidenced a strong
interaction between the double bond and O1 when the radical
is formed (compare these distances between neutral and radical
forms in Table 6).

Taken together, all the computational outcomes indicated the
structures reported in Fig. 4 as putative plakortin and dihy-
droplakortin bioactive conformations, being able to undergo: 1)
a one-electron reduction reaction of the endoperoxide bond by
heme Fe(11) through a DET mechanism, leading to the formation
of an oxygen radical at Ol; 2) a subsequent through-space one

electron reaction between O1 radical and the double bond (C9), in
the case of plakortin, and between O1 radical and an ethyl chain
(C13) hydrogen, in the case of dihydroplakortin. The generated
carbon radicals could represent, according to the hypothesized
mechanism of action, toxic intermediates responsible for subse-
quent reactions leading to plasmodium death.

2.2 Reaction with Fe(ir) chloride

To check experimentally the results of computational calculations,
we decided to utilize the model Fe(i1)-induced reduction of the
endoperoxide bond® and to analyze the behavior of both 3 and 2
by detailed characterization of their degradation products. Among
the possible experimental models, we preferred the use of (inor-
ganic) salts of Fe(11) in aqueous solution due to the efficiency and
reproducibility of the reaction.? Data available in the literature for
artemisinin and other endoperoxide antimalarials are almost ex-
clusively based on the use of Fe(11) chloride, sulfate, or gluconate.*!
A recently appeared investigation has established that Fe(ir)
chloride is very efficient in triggering artemisinin endoperoxide
bond cleavage and subsequent intramolecular rearrangement.?

Thus, 3 was allowed to react with FeCl, in CH;CN-H,O 4:1
at r.t. for 2 h. Chromatographic purification of the reaction
mixture afforded two major products (5a and 5b, Scheme 2),
whose stereostructure was identified by detailed spectroscopic
investigation.

Compound 5a showed ESI-MS molecular ions at n:/z 373 and
375 [M+Na]* (relative intensity approx. 3: 1), an isotopic pattern
suggesting the presence of a chlorine atom. This was confirmed by
HR-EIMS, which indicated the molecular formula C,;H;;ClO,,
with one unsaturation degree. Since the methyl ester group is
still present in compound 5a (6. 174.6; 6. 51.0, 8y 3.72), the
molecule must be acyclic (proton NMR spectrum of Sa available as
ESIf). Analysis of the 2D COSY and HSQC spectra of 5a allowed
us to disclose two distinct spin systems (highlighted in Fig. 5),
which strictly mirrored the spin systems of dihydroplakortin, with
more significant differences restricted to the “western” moiety.
Within this moiety, the attachment of the chlorine atom at C13
(0n 4.53, 8¢ 64.2) resulted from the COSY coupling of H13 with
the relatively deshielded methyl protons at 6y 1.45 (H;14) and
with the methine H8 (Jy 1.83), this latter proton belonging to a 6-
carbon linear chain (from C7 to C12). The HMBC spectrum of Sa
confirmed this assignment and allowed the complete elucidation
of the planar structure of compound 5a. The most significant

= 8 = 16
W Fe(Il)Cl, (5 equiv.)2 wl T,
O. COOCH, ————— OH COOCH
o) 3 CH,CN/H,0 4: 1 MEEAT R ®

3 2hrt.

/ =
O COOCH;

2 2hrt.

Fe(I)Cl, (5 equiv.)

_—

CH4CN/H,0 4:1

5a 13R 5b 13S

6a 10R

6b 10S

Scheme 2 Products obtained upon reaction of plakortin and dihydroplakortin with iron(1r) chloride
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Fig.5 COSY and key HMBC cross-peaks detected for compound 5a.

HMBC cross-peaks are reported in Fig. 5. Elucidation of absolute
configuration at the single newly created chiral center C13 was
not trivial. To solve this issue, the J-based configuration analysis
proposed by Murata for relative configurations in acyclic system
was applied.” This method is based on the combined analysis of
the coupling constants *Jy (in systems 'H-C-*C-X, related to
the dihedral angle between the proton and the heteroatom), *Jy 4
and *J., (both related to conformational parameters through
the Karplus rule). The original method was proposed for X =
OR but it was successively extended also to X = Cl and other
different electron-withdrawing groups.* Since C13 was adjacent
to the chiral carbon atom C8, and the small value of *Jyugmis
(1.5 Hz) indicated that a dominant rotamer (with the two protons
in a gauche orientation) existed around the C8/Cl13 axis, our
molecule appeared to possess all the requirements essential for
application of the Murata’s method.? We qualitatively determined
the four required heteronuclear coupling constants through an
analysis of the phase-sensitive HMBC (PS-HMBC) spectrum and
the obtained J data indicated a threo stereochemical relationship
between C8 and C13 in compound 5a (Fig. 6). Consequently, on
the basis of the known S configuration assigned at C8 for 3, we
deduced an R configuration at C13 of 5a.

H8
H13 C14 C8-C13 axis

3J (H8-H13) = small

co c7 3J (H13-C9) = small

3J (H8-C14) = small

cl 2J (H8-C13) = small

threo 2J (H13-C8) = small

Fig. 6 Application of the Murata method to the C8-Cl13 axis of
compound 5a.

Small amounts of the epimer at position 13, 5b (C3H;;ClO,
by HR-EIMS), were also obtained. This molecule was easily
identified on the basis of the broad similarities among its 'H
and *C NMR spectra and corresponding spectra of 5a. The
planar structure and signal assignment were then unambiguously
deduced on the basis of *H-NMR spectral (COSY, HSQC,
HMBC) data. Since the small differences between the two series
of NMR data are restricted to C/H resonances bordering with
position 13, we confidently assigned the stereostructure of 5b as the
epimer of 5a at the newly created chiral center C13. The reaction
affording 5a and 5b is not stereospecific, however it produces Sa
in consistently higher amounts (about 6: 1).

Reaction with FeCl, was then repeated for 2 in the same condi-
tions (solv. CH;CN-H,0 4: 1; r.t.; 2 h) previously employed for 3,
yielding only two major products, 6a and 6b (Scheme 2), inab. 2: 1

relative yields. Determination of the complete stereostructures of
these products proved to be quite simple, indeed, the structure
of compound 6a, C;3sH;;ClO, by HR-EIMS, was assigned on
the basis of the absolute identity of its spectroscopic data ([o]p,
'"H NMR, "*C NMR) with those of plakortether C, a natural
analogue of plakortin that we isolated some years ago from
Plakortis simplex and whose complete absolute stereostructure
was established (proton NMR spectrum of 6a available as ESIt).

Compound 6b showed the same molecular formula and very
similar '"H and *C NMR spectra compared to 6a. Investigation of
the 2H-NMR spectra (COSY, HSQC, HMBC) of 6b indicated that
this molecule must possess the same planar structure of 6a; thus, as
for 3, the reaction produced a mixture of diastereomers. Inspection
of the ROESY spectrum of 6b disclosed a cis relationship between
H9 and H;l15, identical to that of compound 6a. Therefore,
the difference between compounds 6a and 6b must reside on
the configuration at C10 and consequently, compound 6b was
identified as the epimer at C10 of 6a.

3. Discussion

The above described computational and experimental investi-
gations completely agree in suggesting the possible steps con-
necting the interaction of Fe(il)heme/plakortin [or Fe(ir)heme/
dihydroplakortin] with the death of the parasite. In addition,
obtained results stimulate some interesting considerations about
the mechanism of antimalarial action of plakortins and related
simple 1,2-dioxanes.

The formation of the products 6a/6b obtained upon reaction of
2 with FeCl,, can be interpreted only by assuming the preferential
formation of the oxygen radical at O1 (Scheme 3), in agreement
with anticipation of computational calculations. In addition, the
formation of O1-C9 linkage indicates that the O1 radical tends
to react with the “western” side-chain double bond, giving the
consequent formation of the carbon radical at C10. Interestingly,
the obtainment of a single configuration at C9 suggests that the
reaction proceeds through a concerted mechanism, where the
following events occur in a single step: i) electron uptake from iron,
ii) O1-02 bond breaking with consequent O1 radical formation,
iii) O1-C9 bonding with consequent C10 radical formation. This
latter species represents the key toxic intermediate responsible for
plakortin antimalarial activity and it is involved in a subsequent
intermolecular reaction. These are valuable insights for the design
of new derivatives since this reaction mechanism implies that

B Fe(I)Cl 7,
/ z (INCly _~7.,
Oy COOCH;3 _\

|
Fe(ll)Cl
6a and 6b (ICL,

Scheme 3 Mechanism hypothesized for the formation of compounds 6a
and 6b upon reaction of plakortin (2) with FeCl,.
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the structure must simultaneously orientate all intramolecular
reaction partners in order to trigger production of the toxic
carbon radical. These results are in agreement with our previous
conclusions that the lower activity of plakortins compared to
artemisinin could be also attributed to the marked difference in
the conformational behavior exhibited by these molecules.?

In the experimental model, the C10 carbon radical reacts to give
the chlorine-linking mixture 6a/6b (Scheme 3). The formation
of this diastereomeric mixture evidenced that the chlorination
was not concerted with the electron transfer reaction leading to
formation of C10 radical.

Also in the case of dihydroplakortin (Scheme 4), the obtained
products suggest that the endoperoxide bond cleavage produced
preferentially an oxygen radical at Ol. In addition, products
5a/5b indicate a selective involvement of C13 hydrogens in the
subsequent rearrangement which, most likely, takes place through
a 1,5-H shift with formation of a carbon radical at that position.
Then, the diastereoisomeric mixture of products 5a/5b was formed
upon chlorination at C13. As a consequence, in the case of 3, the
C13 carbon radical should be the toxic intermediate responsible
for the antimalarial activity.

Data about the exact mechanism going from carbon radicals
of both plakortin (at C10) and dihydroplakortin (at C13) to the
corresponding chlorinated species are not available. A plausible
hypothesis is a “chloro-Fenton” reaction involving direct ab-
straction of a chlorine atom linked at the Fe(r) center, recently
proposed in a similar case.”

The observation of a diastereomeric mixture of chlorinated
products, both for 2 and 3, supports the availability of the formed
carbon radicals (i.e., C10 and C13, respectively) for intermolecular
reactions. These carbon radicals may exert their toxicity through
direct reaction with plasmodium biomolecules (e.g., food vacuole
membrane lipids, heme, protein residues, glutathione), not requir-
ing molecular oxygen to induce the oxidative stress in the parasite.
The key role of carbon radicals, available for intermolecular
reactions, is also supported by the behavior of artemisinin and
derivatives, where steric hindrance significantly affecting carbon
radical reactivity has a negative impact on antimalarial potency.>!®

Another remarkable outcome of our experiments is the com-
plete absence (or undetectable presence) of cleavage products,
upon reaction of 2 and 3 with FeCl,. Indeed, following the
mechanism of oxygen radical evolution described for artemisinin
derivatives (Scheme 1),>'5 the formation of the carbon-carbon
cleavage products depicted in Scheme 5 could be hypothesized.

/\/)/ \”/\QOOC .
COOCH,

Fe(llCl,

Fe(II)Cl, ) I
~ moocm

O\
Fe(ll1)Cly

m \QOOCH3
Fe(III )Ch WOOCW

Fe(III Cly

Scheme 5 Postulated mechanism for the formation of carbon-carbon
cleavage products from plakortin (or dihydroplakortin).

Thus, the absence of the postulated ketone derivatives as well as of
products which could derive from the rearrangement/reaction of
the postulated primary carbon radicals indicated that, at least in
our experimental conditions, the cleavage mechanism does not
operate for 2 and 3. In this regard, it is interesting to notice
that peroxyketal derivatives, structurally related to plakortin (e.g.
compound 7,7 Scheme 6), have been reported to produce, upon
reaction in similar experimental conditions (FeSO, in aqueous
solution), mostly cleavage products (e.g. 8, Scheme 6).2* Given
the wide similarity between the two carbon scaffolds, the marked
difference between the products obtained, upon reaction of 7 and
2 with ferrous ion, is a clear evidence that minor differences in
the functionality pattern of a 1,2-dioxane (e.g. the presence of
a peroxyketal in 7) can result into dramatic differences in the
evolution of the oxygen radicals.

OCH; Fe(ll)SO, OCH;,

\/\/\ofj\/coocm \mCOOCHs
o )
7 / |
Fe(ll1)SO,4

H,CO
o~ + \’(‘)/\’\/COOCH3

?
8  Fe(ll)SO,

Scheme 6 FeSO,-induced cleavage of compound 7. Data taken from ref.
27.

= Fe(I1)Cl, /\/I\V/\C
N 0 COOCH,
moows HS b

Fe(llI)Cl,
H OH COOCH; moocm
Gy — o)
|
Fe(lllCl,
5a and 5b

Scheme 4 Mechanism hypothesized for the formation of compounds Sa and Sb upon reaction of dihydroplakortin (3) with FeCl,.
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The results of our combined studies on plakortin and dihy-
droplakortin evidenced that plakortin alkyl chain double bond
reactivity likely supports carbon radical formation, on the other
hand, the weaker side-chain reactivity of dihydroplakortin is
balanced by favorable conformational parameters. This accounts
for the comparable antimalarial activity of the two compounds
(Table 1), despite the structural differences in their alkyl chains.

The results of our investigation, in agreement with previously
reported SARs,? also evidenced that the ester side-chain is not
directly involved in the formation of carbon radical intermediates,
nevertheless, our docking results demonstrated that the presence
of ester group may play a role in the interaction with iron, affecting
endoperoxide approach to heme. Thus, the presence of iron-
coordinating groups, other than the endoperoxide functionality,
must be taken into consideration for the design of new plakortin-
like antimalarials.

4. Experimental
4.1 Molecular modeling

Molecular modeling calculations were performed using SGI
Origin 200 8XR 12000, while molecular modeling graphics were
generated on SGI Octane 2 workstations.

Compounds 2 and 3 were built using the Insight 2005 Builder
module. Atomic potentials and charges were assigned using the
CFF91 force field.”” The conformational space of the compounds
was sampled through 500 cycles of Simulated Annealing (¢ =
80*r) by following this protocol: the system was heated up to
1000 K over 2000 fs (time step = 3.0); a temperature of 1000 K
was applied to the system for 2000 fs (time step = 3.0) with the aim
of surmounting torsional barriers; successively the temperature
was linearly reduced to 300 K in 1000 fs (time step = 1.0). The
resulting structures were subjected to energy minimization within
the Insight 2005 Discover module (CFF91 force field; ¢ = 80*r)
until the maximum RMS derivative was less than 0.001 kcal A,
using Conjugate Gradient* as the minimization algorithm. The
obtained conformers were ranked by their conformational energy,
torsional angles and interatomic distance values.

In order to properly analyze the electronic properties, all
conformers, obtained from molecular dynamics and mechanics
calculations, were subjected to a full geometry optimization by
semiempirical calculations, using the QM 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 criteria
for terminating all optimizations was increased by a factor of
100, using the keyword PRECISE. The resulting conformers
were ranked by their conformational energy, torsional angles and
interatomic distances values. The most stable conformers of 2 and
3 were selected for ab initio calculations.

4.2  Ab initio calculations

All the calculations were carried out using the Gaussian 03
package** using the PBEO hybrid density functional® with Pople’s
basis set 6-31G(d).% After full geometry optimization, the different
stationary points were characterized as minima or transition
states by calculating the harmonic vibrational frequencies. Bulk

solvent effects were taken into account by the PCM,*”* in
which the solvent is represented by an infinite dielectric medium
characterized by the relative dielectric constant of the bulk, and the
UAHF radii28 are used for building the effective cavity occupied
by the solute in the solvent.

4.3 Docking studies

In order to find the bioactive conformation of 2 and 3, docking
studies were carried out on both compounds in complex with
heme, using a docking methodology (Affinity, SA_Docking;
Insight2005, Accelrys, San Diego) which considers all the systems
flexible (i.e., ligand and protein). Atomic potentials were assigned
using the Heme29.frc,* a force field including heme parameters,
while the atomic partial charges were assigned using PM6, a
QM method able to parameterize the iron atom. According to
the estimation of heme apparent pK, values, calculated by using
the ACD/pK, DB version 11.00 software (Advanced Chemistry
Development Inc., Toronto, Canada), the total charge of the heme
was set at 1 and the heme was considered both fully deprotonated
and monoprotonated at the level of propionic moieties. Although
in the subsequent dynamic docking protocol all the systems were
perturbed by means of Monte Carlo and simulated annealing
procedures, nevertheless the dynamic docking procedure formally
requires a reasonable starting structure. As starting conformations
for the ligands, all the conformers of 2 and 3 obtained from ab initio
calculations were selected, while for the heme, the its conformation
in the homology model of lanosterol 14-o-demethylase of C.
albicans was selected.® The ligands were placed above the heme
taking into account the crystal structure of a peroxo-bridged
heme-—copper dinuclear complex (CSD code: UKACIS).

Flexible docking was achieved using the Affinity module in
the Insight 2005 suite, setting the SA_Docking procedure,® and
using the Cell_Multipole** method for non-bond interactions.
Heme and the ligands were left free to move during the entire
docking calculations with the exception of the heme pyrrolic
carbons, that were fixed. A Monte Carlo/minimization approach
for the random generation of a maximum of 20 acceptable
ligand/heme complexes, for each compound, was used. During
the first step, starting from the previously obtained roughly docked
structures, the ligand was moved by a random combination
of translation, rotation, and torsional changes (Flexible_Ligand
option, considering all rotatable bonds) to sample both the
conformational space of the ligand and its orientation with respect
to the heme (MxRChange = 3 A; MxAngChange = 180°). During
this step, vdW and Coulombic terms were scaled to a factor
of 0.1 to avoid very severe divergences in the Coulombic and
vdW energies. If the energy of a complex structure resulting from
random moves of the ligand was higher by the energy tolerance
parameter than the energy of the last accepted structure, it was not
accepted for minimization. To ensure a wide variance of the input
structures to be successively minimized, an energy tolerance value
of 10° kcal mol™ from the previous structure has been used. After
the energy minimization step (conjugate gradient; 2500 iterations;
¢ = 80*r), the Metropolis test, at a temperature of 310 K, and
a structure similarity check (rms tolerance = 0.3 kcal A™'), were
applied to select the 20 acceptable structures. Each subsequent
structure was generated from the last accepted structure.
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All the accepted complexes resulting from the Monte
Carlo/minimization approach were subjected to a molecular dy-
namics simulated annealing protocol, including 5 ps of a dynamic
run divided in 50 stages (100 fs each) during which the temperature
of the system was linearly decreased from 500 to 300 K (Verlet
velocity integrator; time step = 1.0 fs). In simulated annealing,
the temperature is altered in time increments from an initial
temperature to a final temperature. The temperature is changed
by adjusting the kinetic energy of the structure (by rescaling the
velocities of the atoms). Molecular dynamics calculations were
performed using a constant temperature and constant volume
(NVT) statistical ensemble, and the direct velocity scaling as
temperature control method (temp window = 10 K). In the first
stage, initial velocities were randomly generated from Boltzmann
distribution, according to the desired temperature, while during
the subsequent stages initial velocities were generated from
Dynamics Restart Data. A temperature of 500 K was applied
with the aim of surmounting torsional barriers, thus allowing an
unconstrained rearrangement of the ligand and the heme (initial
vdW and Coulombic scale factors = 0.1). Successively temperature
was linearly reduced to 300 K in 5 ps, and concurrently the scale
factors have been similarly decreased from their initial values (0.1)
to their final values (1.0). A final round of 10* minimization steps
(conjugate gradient, ¢ = 80*r) followed the last dynamics steps,
and the minimized structures were saved in a trajectory file.

After this procedure, the resulting docked structures were
ranked by their conformational energy and the geometry of
endoperoxide—iron coordination bond.

The ligand—enzyme interaction energy of each complex was
evaluated by calculating: i) the total energy between the ligand and
the heme, using the Evaluate command in the Docking module
of Insight 2005 (vdW and electrostatic energy contribution; no
CUT_OFF), ii) the nonbond interaction energy between the
ligand and the heme, using the Discover_3 Module of Insight2005
(vdW and electrostatic energy contribution; no CUT_OFF). The
complex with the best compromise between the binding energy and
the coordination geometry was selected as structure representing
the most probable binding mode.

4.4 General chemical procedures

Low-resolution ESI-MS was performed on a LCQ Finnigan MAT
mass spectrometer. Optical rotations (CHCl;) were measured at
589 nm on a Perkin-Elmer 192 polarimeter equipped with a
sodium lamp (A = 589 nm) and a 10 cm microcell. "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 (CDCl;: &y 7.26, 6 77.0). Homonuclear 'H
connectivities were determined using the COSY experiment. One-
bond heteronuclear "H-"C connectivities were determined using
the HSQC experiment. Two- and three-bond 'H-"*C connectivities
were determined by HMBC experiments optimized for a >3J of
7 Hz. Through-space 'H connectivities were evidenced using a
ROESY experiment with a mixing time of 500 ms. Two and
three bond 'H-"C connectivities were determined by gradient 2D
HMBC experiments optimized for a >*J of 9 Hz. Phase sensitive
(PS)-HMBC spectra were recorded with the delay set at 40 ms
and a data size of 2 K (F2) x 128 (F1) points. Reactions were
monitored by TLC on Merck 60 F,5, (0.25 mm) plates, that were

visualized by UV inspection and/or staining with 5% H,SO, in
ethanol and heating. A Knauer HPLC apparatus equipped with
refraction index detector was used to purify and assess purity
(>95%) of all final products. LUNA (normal phase) (Phenomenex)
columns were used, with elution with EtOAc-n-hexane mixtures
and 0.7 mL min™ as the flow rate.

4.5 Reaction of dihydroplakortin (3) with FeCl,

Dihydroplakortin (3, 25.0 mg, 0.080 mmol) was dissolved in
CH,;CN-H,0 4:1 (5 mL) and freshly purchased FeCl,-4H,0O
(78 mg, 0.40 mmol) was added. The reaction mixture was left
under stirring at room temperature for 2 h. Light was excluded
from the reaction. Then the obtained mixture was partitioned
between water and EtOAc. The organic phase, dried over Na,SO,,
was purified by HPLC (SI60 n-hexane-EtOAc 85:15) affording
compounds Sa (15.0 mg, 0.040 mmol, 50%) and 5b (2.5 mg,
0.0067 mmol, 8%) in the pure state. Compound 5a. Colorless oil.
[o]Z +35 (¢ 0.10 in CHCL;). '"H NMR (CDCl;, 500 MHz): 6 4.53
(H13,dq, J 6.90, 1.5);4.19 (H3, m); 3.72 (OMe, s); 2.56 (H2a, dd, J
16.4,10.5);2.37 (H2b, dd, J 16.4, 10.5); 1.97 (H4, m); 1.83 (HS, m);
1.77 (H7a, dd, J 14.2, 5.6); 1.67 (H5a, dd, J 14.4,9.0); 1.45 (H,14,
d, J 6.90); 1.39-1.31 (H,9, H,10, H,11, m) 1.31 (H7b, overlapped);
1.29 (H5b, overlapped); 1.27 (H16a, overlapped); 1.17 (H;-15, s);
1.16 (H16b, overlapped); 0.90 (H,12, t, J 7.2). 3.C NMR (CDCl,,
125 MHz): 8 174.6 (C1); 71.9 (C6); 70.8 (C3); 64.2 (C13); 51.0
(OMe); 45.1 (C7); 42.8 (C5); 41.3 (C8); 40.1 (C4); 37.0 (C2); 31.2
(C9); 30.3 (C10); 26.9 (C17); 26.4 (C15); 23.4 (C11); 23.0 (C14);
13.4 (C12); 12.9 (C18). ESI-MS: m/z 373 and 375 3:1) [M +
Na]*. EIMS: m/z 350 and 352 (M). HR-EIMS: m/z 350.2229,
caled. for C;sH;5*ClO, m/z 350.2224. Compound 5b. Colorless
oil. [a]y; +22 (¢ 0.10 in CHCl;). '"H NMR (CDCl,, 500 MHz): &
4.58 (H13, m); 4.19 (H3, m); 3.72 (OMe, s); 2.56 (H2a, dd, J 16.4,
10.5);2.37 (H2b, dd, J 16.4, 10.5); 1.97 (H4, m); 1.83 (H8, m); 1.77
(H7, dd, J 14.2, 5.6); 1.67 (H5a, dd, J 14.4, 9.0); 1.37 (H;-14, d,
J 7.2); 1.39-1.31 (H,9, H,10, H,11) 1.31 (H7b, overlapped); 1.29
(HS5b, overlapped); 1.27 (H16a, overlapped); 1.17 (H;-15, s); 1.16
(H16b, overlapped); 0.90 (H;12, t, J 7.2). ESI-MS: m/z 373 and
375 (3:1) [M + Na]*. EIMS: m/z 350 and 352 (M). HR-EIMS:
m/z 350.2217, caled. for C3Hs**ClO, m/z 350.2224.

4.6. Reaction of plakortin (2) with FeCl,

Plakortin (2, 50.2 mg, 0.16 mmol) was dissolved in CH;CN-H,O
4:1 (8 mL) and FeCl,-4H,0 (155 mg, 0.80 mmol) was added.
The reaction mixture was left under stirring at room temperature
for 2 h. Light was excluded from the reaction. Then the obtained
mixture was partitioned between water and EtOAc. The organic
phase, dried over Na,SO,, was purified by HPLC (SI60 n-hexane—
EtOAc9:1) affording compounds 6a (27.0 mg, 0.077 mmol, 48%)
and 6b (13 mg, 0.037 mmol, 23%) in the pure state. Compound
6a. Colorless oil. [o]5 -6 (¢ 0.10 in CHCI;). ESI-MS: m/z 371
and 373 (3:1) [M + NaJ]*. HR-EIMS: m/z 348.2059, calcd. for
CsH3;*ClO, m/z 348.2067."H and “C NMR: see data reported
in ref. 25. Compound 6b. [a]} —13 (c 0.10 in CHCL;). 'H NMR
(CDCl;, 500 MHz): 6 4.32 (H3, m); 3.91 (H10, m); 3.81 (H9, m);
3.70 (OMe, s); 2.66 (H2a, dd, J 16.4, 10.5); 2.36 (H2b, dd, J 16.4,
10.5); 2.22 (H8, m); 2.06 (H7a, m); 1.87 (H,11, m); 1.78 (H4, m);
1.69 (H5a, dd, J 14.0, 9.0); 1.55 (H7b, overlapped); 1.51 (H5b,
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overlapped); 1.39 (H16a, m); 1.28 (H;15, s); 1.25 (H,13, m); 1.20
(H16b, m); 1.06 (H;12, t, J 7.2); 0.94 (H;14, t, J 7.2); 0.92 (H;17,
d, J 6.90). ESI-MS: m/z 371 and 373 (3: 1) [M + Na]*. HR-EIMS:
m/z 348.2070, calcd. for C,sH;;*ClO, m/z 348.2067.

5. Conclusions

Throughout this paper, computational calculations and experi-
mental models concurred to clarify the antimalarial mechanism of
action of plakortins, based on the interaction of their endoperoxide
bond with the Fe(11) belonging to the heme molecule. This mecha-
nism involves the formation of an oxygen radical and its “through-
space” rearrangement to give a carbon radical centered on the
“western” alkyl side-chain, which is the toxic intermediate able to
directly react with parasite biomolecules. Moreover, the following
minimal structural requirements, necessary for the activity of this
class of antimalarial agents, were identified (Fig. 7): 1) a 1,2 dioxane
ring able to react with Fe(i1) species through its endoperoxide
group and to form an oxygen radical; ii) a side-chain bearing
possible partners for a “through-space” intramolecular radical
shift from the oxygen to a carbon atom, iii) a conformational
preference for the conformer which allows the correct orientation
of all the intramolecular reaction partners, and iv) the formation of
a carbon radical amenable of intermolecular reactions. On these
bases, a 1,2-dioxane ring side-chain combining good reactivity
(such as in plakortin) with favorable conformational preference
(such as in dihydroplakoritn) should improve antimalarial activity.
The synthesis of 1,2-dioxanes, rationally designed on the basis of
the above concepts, is in progress in our labs.

a significant conformational preference
llowing the correct ori ion of all
intramolecular reaction partners

a side-chain bearing
possible partners

for a “through-space”
intramolecular
radical shift from
the oxygen to a
carbon

1,2-dioxane ring able to react with Fe(ll) species

and to form an oxygen radical
Fig.7 A view of the structural requirements necessary for the antimalar-
ial activity of 1,2-dioxanes.
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