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Abstract The crude dichloromethane bark extract of
Pilidiostigma tropicum (Myrtaceae) from north Queens-
land, Australia, shows antibacterial and cytotoxic activity.
Bioactivity-directed separation led to the isolation of
rhodomyrtoxin B and ursolic acid-3-p-coumarate as the
biologically active materials. The structures of these com-
pounds were elucidated on the basis of spectral analysis.
The intercalation interaction of rhodomyrtoxin B with
DNA was investigated using molecular mechanics and ab
initio molecular-orbital techniques. A favorable 7t—7t inter-
action between rhodomyrtoxin B and the cytosine—guanine
base pair is predicted, but the orientation of the interaction
cannot be predicted based on frontier molecular orbitals.
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Introduction

The Myrtaceae is a significant family in herbal medicine
throughout the world. Important Australian members of the
family include FEucalyptus globulus (“blue gum”) and
Melaleuca alternifolia (“tea tree”) [1]. We have been
interested in Australian tropical rainforest members of the
family, [2] and in this work we have examined Pilidios-
tigma tropicum L.S. Smith (common name: Apricot
Myrtle) from north Queensland, Australia. To our knowl-
edge, there are no references to any ethnobotanical uses of
this tree, nor have there been any previously reported
phytochemical or pharmacological investigations.

P. tropicum is endemic to the Wet Tropics region of north
Queensland, Australia, between the Paluma Range and just
south of Cooktown [3]. Within this region it is a wide-
spread understory tree, up to 18 m. tall, with opposite,
simple leaves and flaky, often fissured bark. Its altitudinal
range is from near sea level to 1,000 m. and it occurs on a
wide range of soil types.

In this paper, we present the isolation and biological
activities of the cytotoxic and antibacterial principles from
P. tropicum. We also present a theoretical investigation of
the 71—7t interactions between rhodomyrtoxin B and the
guanine—cytosine base pair in order to determine if the
lowest-energy orientations of intercalation can be predicted
based upon frontier molecular orbital interactions.

Materials and methods
Collection and extraction of plant material

Bark samples from several specimens of P. tropicum were
collected 6th August, 1997, from a complex notophyll
vine forest [4] at ca. 720 m a.s.l. at the Curtain Fig State
Forest, Australia (17°17' S, 145°34' E) under permit issued
to A. K. Irvine (C.S.I.LR.O.). Voucher specimens have been



704

Scheme 1 Separation of Crude Extract
Pilidiostigma tropicum crude (25g)
bark extract by flash liquid
chromatography Flash LC (SiO; 5ecm D X 84 cm L)
200 mL/fraction
Hexane/EtOAc | Hexane/EtOAc Hexane/EtOAc
Hexane ©:1) :1) (1:1) EtOAc
| foren | [ F129]] F 30-69 | F70-89 | |F90-118|

deposited with the C.S..LR.O. (A.K. Irvine 1707) and the
James Cook University Herbaria. The stem bark (988 g)
was chopped and extracted with a 1:1 mixture of
chloroform/ethanol (24 h) to give 45.8 g extract.

Biological screening

The crude bark extract, chromatographic fractions, and
purified compounds were screened for antimicrobial
activity against Gram-positive bacteria, Bacillus cereus
(ATCC No. 14579) and Staphylococcus aureus (ATCC No.
29213), and Gram-negative bacteria, Pseudomonas aeru-
ginosa (ATCC No. 27853) and Escherichia coli (ATCC
No. 25922) as previously described [2]. The materials were
screened for cytotoxic activity against Human Hep G2
hepatocellular carcinoma cells (ATCC No. HB-8065) [5]
and Human MDA-MB-231 mammary adenocarcinoma
cells (ATCC No. HTB-26) [6] as described previously [2].

Bioactivity-directed isolation

The crude bark extract (25.0 g) was subjected to
bioactivity-directed flash chromatography (Scheme 1); on
a silica gel (230-400 mesh) column (84 cm Lx5 cm D).
Elution was carried out using a hexane/ethyl acetate step
gradient (hexane, 9:1 hexane/EtOAc, 4:1 hexane/EtOAc,
1:1 hexane/EtOAc, EtOAc) with detection of eluates by
TLC. Bioactivity screening of fractions led to two
biologically active compounds: rhodomyrtoxin B (recrys-
tallized from F32-33 to give 867 mg) [7] and ursolic acid-
3-p-coumarate (recrystallized from F77 to give 86.7 mg).
[8] Structures were determined by comparison of 'H and
>C NMR and MS with those reported in the literature. The

biological activities of these materials are presented in
Table 1.

Computational studies

Hartree-Fock ab initio calculations at the 3-21G(¥*) level
were carried out using both GAUSSIAN 98W and
SPARTAN '04 computer programs. The 7t—7t interaction
of thodomyrtoxin B with the cytosine—guanine (C-G) base
pair was investigated at the post-Hartree-Fock level, using
the MP2/6-31G* method, as implemented by the GAUSS-
IAN 98W computer program. The structures of rhodo-
myrtoxin B and the base pair (assuming planarity) were
optimized at the HF 3-21G(*) level. Single-point MP2/6-
31G* calculations were carried out using different coplanar
orientations and positions of rhodomyrtoxin B, held at
3.4 A above the plane of the base pair, to map the energy
surface. Molecular mechanics calculations using MM2
were carried out to investigate the intercalation of rhodo-
myrtoxin B with a C-G dimer, 3.4 A separation, using the
preferred orientation of rhodomyrtoxin B with C-G.

Results

The crude bark extract of P. tropicum showed in vitro
cytotoxic activity against Hep-G2 (human hepatocellular
carcinoma) and MDA-MB-231 (human mammary adeno-
carcinoma) cell lines, as well as antibacterial activity
against the Gram-positive bacteria Bacillus cereus and
Staphylococcus aureus (Table 1). Bioactivity-directed flash
chromatographic separation (Scheme 1) led to two
biologically active compounds: rhodomyrtoxin B and

Table 1 Cytotoxic and antibacterial activities of Pilidiostigma tropicum bark extract and constituents

Material Cytotoxicity (LCsg) Antibacterial activity (MIC)

Hep-G2 MDA-MB-231 Bacilluscereus  Staphylococcus aureus
P, tropicum crude bark extract ~ 95.6+0.7% kill at 250 pg/ml  100% kill at 250 ug/ml  <19.5 pg/ml <19.5 pg/ml
Rhodomyrtoxin B 19.0(£9.0) uM 2.50(+0.27) uM 0.14 uM 0.28 uM
Ursolic acid-3-p-coumarate 1.43(+0.36) uM 15.3(£3.1) uM 1.63 uM 6.5 uM
Positive control 1.19(£0.67) uM?* 9.23(+7.89) uM?* 2.14 uM® 1.07 uM®

#Vinblastine sulfate
Gentamicin sulfate



Fig. 1 HF 3-21G(*) optimized
structure and numbering scheme
of rhodomyrtoxin B

ursolic acid-3-p-coumarate. The biological activities of
these materials are presented in Table 1.

Rhodomyrtoxin B

Ursolic acid-3-p-coumarate

Fig. 2 HF 3-21G(*) optimized
structure (constrained to be
planar) and numbering scheme
of guanine—cytosine
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The 3-21G(*) optimized structures for rhodomyrtoxin B,
and the cytosine—guanine base pair are shown in Figs. 1
and 2, respectively. Mulliken atomic charges, HF 3-21G
(*), for rhodomyrtoxin B, cytosine, and guanine are listed
in Tables 2 and 3. Frontier—molecular—orbital (FMO)
energies for C—-G are: HOMO=-7.35 eV, LUMO=2.39 eV;
and for rhodomyrtoxin B are: HOMO=-7.69 eV,
LUMO=1.89 eV. Thus, the important frontier—molecular—
orbital interactions are expected to be the HOMO of
cytosine—guanine and the LUMO of rhodomyrtoxin B.
These FMO’s are shown in Fig. 3. Mapping the -7t
interaction energy between rhodomyrtoxin B and the C-G
base pair at the MP2/6-31G* level revealed six low-energy
orientations (Figs. 4, 5, 6, 7, 8 and 9). Molecular mechanics
(MM2) calculations indicate that the lowest-energy orien-
tation from the ab initio study cannot be accommodated in
an intercalative model. Thus, the MM2 strain energy
increase in intercalation of thodomyrtoxin B into the C-G
complementary dimer is 82.7 kcal mol ' (see Fig. 10).
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Table 2 Mulliken atomic charges, HF 3-21G(*), of rhodomyrtoxin
B

Atom Charge Atom Charge
Cl 0.498 03 —-0.760
C2 —0.267 H(03) 0.426
C3 0.431 Cl11 —0.616
c4 —0.135 Ha(Cl11) 0.275
C4da 0.445 Hb(C11) 0.221
05 —0.768 He(Cl11) 0.220
Csa 0.425 Cl12 —0.544
Co —0.153 Ha(C12) 0.233
Cc7 0.517 Hb(C12) 0.232
C8 —0.296 Hc(C12) 0.215
Cc9 0.460 o7 —0.790
C9a —-0.077 H(O7) 0.458
Cob —0.064 C13 0.732
(0] —0.847 04 —0.681
H(O1) 0.481 C18 —0.433
C10 0.731 H(C18) 0.297
02 —0.680 C19 —0.548
Cl4 —0.415 Ha(C19) 0.228
H(C14) 0.278 Hb(C19) 0.200
C15 —0.556 Hc(C19) 0.199
Ha(C15) 0.221 C20 —0.380
Hb(C15) 0.214 Ha(C20) 0.226
He(C15 0.212 Hb(C20) 0.208
Cl16 —0.379 C21 —0.600
Ha(C16) 0.236 Ha(C21) 0.218
Hb(C16) 0.206 Hb(C21) 0.202
C17 —0.593 He(C21) 0.197
Ha(C17) 0.213

Table 3 Mulliken atomic charges, HF 3-21G(*), of cytosine and

guanine

Guanine Cytosine

Atom Charge Atom Charge
N1 —1.048 N1 —0.943
H1 0.477 Cl1 -0.327
c2 1.020 HI11 0.209
N2 -0.915 H12 0.248
H21 0.399 H13 0.249
H22 0.346 C2 1.141
N3 -0.813 02 -0.674
C4 0.772 N3 —0.885
C5 0.028 C4 0.814
Cco6 0.946 N4 —0.940
06 —0.696 H41 0.342
N7 —0.629 H42 0.440
C8 0.344 C5 —0.423
HS8 0.266 H5 0.259
N9 -0.933 C6 0.266
Cc9 -0.321 Hé6 0.291
HI91 0.249

H92 0.225

H93 0.216

Fig. 3 HOMO of C-G and LUMO of rhodomyrtoxin B

Discussion

Rhodomyrtoxin B, isolated previously from Rhodomyrtus
macrocarpa, [7] is a dibenzofuran derivative. This class of
compounds has exhibited remarkable bioactivity, most
notably the polychlorinated dibenzofurans, [9] but natural
dibenzofurans are active as well [10-14]. Dibenzofurans
are known to bind to the aryl hydrocarbon receptor [15] as
well as to intercalate into DNA [16-20].

Ursolic acid [21] as well as coumarate esters of
terpenoids have also shown cytotoxic activity [22-24].
Ursolic acid itself has been shown to inhibit the enzymes

Fig. 4 Lowest-energy orientation of rhodomyrtoxin B with cyto-
sine—guanine



Fig. 5 Low-energy (E.=1.47 kcal mol ") orientation of rhodo-
myrtoxin B with cytosine—guanine

topoisomerase 1 and II, DNA polymerase, lipoxygenase,
and tyrosine kinase, and induces apoptosis possibly
involving activation of caspases [25]. Hydroxycinnamic
esters probably exhibit their bioactivity by inhibition of
respiratory chain-linked electron transport. The lipophilic
triterpenoid allows penetration into membranes and the
phenolic moiety produces stable free radicals, thus inter-
fering with redox reactions [26, 27].

Interactions between 7t-systems such as benzene dimer
[28, 29], naphthalene dimer [30], substituted benzenes with
benzene [31, 32], substituted benzenes with aromatic
nitrogen bases, [33] and guanine assemblies, [34] have
been studied computationally as model systems for m—7t
interactions [35]. Dispersion interactions, which have their
origins in electron correlation, are important facets in 7—7t
interactions, and therefore, electron correlation must be
included [36, 37]. In this study, the second order Moller—
Plesset perturbation (MP2) [38] was used to account for
correlation effects.

Intercalating antitumor drugs [39] function by forming a
ternary cleavable complex with DNA and various DNA
polymerases. These drugs intercalate or otherwise insert
themselves into DNA and form a complex with proteins
such as topoisomerase I and II that replicate and repair DNA
such that they cannot continue to move along the DNA
strand [40—43]. These agents have the greatest effect on cells

Fig. 6 Low-energy (E.=
1.95 keal mol ') orientation
of rhodomyrtoxin B with
cytosine—guanine
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Fig. 7 Low-energy (E.=2.20 kcal mol™') orientation of rhodo-
myrtoxin B with cytosine—guanine

that replicate rapidly and/or frequently, as tumor cells are
known to do [40, 44]. DNA-intercalating ligands are a
diverse group of compounds containing an aromatic chro-
mophore that bind reversibly to double-stranded DNA by
insertion between base pairs [45, 46]. Drugs that are cur-
rently used to treat cancers and leukemias such as doxoru-
bicin and amsacrine [47] have been shown to intercalate into
the DNA of these rapidly proliferating cells. Intercalating
agents like these are typically aromatic heterocycles com-
prised of three fused six-membered rings. It is not known
whether these agents exhibit sequence selectivity beyond
two or three base pairs.

Doxorubicin
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Experimental structural studies of intercalating ligands and
oligonucleotides have been carried out in the solid state using
X-ray crystallography [48, 49] and in solution using high-
resolution NMR techniques [50-56]. Interaction of DNA
intercalators has been modeled using molecular mechanics/
molecular dynamics [47, 57-61]. These modeling studies
have concentrated on electrostatic interactions and hydrogen
bonding. Although it is commonly accepted [47] that
intercalating ligands align themselves within the DNA
helix to “effect optimal 7t overlap with the two base pairs
that constitute the binding site, there is no theory available
that adequately explains the nature of the hydrophobic forces
in nucleic acids” [62]. Nucleotide base stacking has been
examined using high-level ab initio methods [63—65]. These
workers have concluded that electron correlated ab initio
calculations are strictly required for obtaining reliable
energies for 7—7t interactions, and that density functional
(DFT) methods fail to adequately describe nucleotide stacked

Fig. 8 Low-energy (E.=2.53 kcal mol ') orientation of rhodo-
myrtoxin B with cytosine—guanine

Fig. 9 Low-energy (E.=2.59 kcal mol ") orientation of rhodo-
myrtoxin B with cytosine—guanine

base pairs. Recently, Reha and co-workers [66] have
examined the nature of intercalative interactions of ethidium,
daunomycin, ellipticine, and 4',6-diaminide-2-phenylindole
with DNA base pairs using ab initio, density functional
theory (DFT), and empirical potential methods. These
workers have concluded that only theoretical procedures
properly covering dispersion, polarization, and charge-trans-
fer effects can be used to study intercalation. Thus, simple
Hartree-Fock (HF) methods or DFT/B3LYP methods are not
recommended; whereas inclusion of Meller-Plesset second
order electron correlation (MP2) or DFTB-D methods
provide the dispersion energy necessary for 71—t stacking.

Frontier—molecular—orbital interactions have been con-
sidered in 7t-stacking (self organization) of naphthalene
with pyromellitimide [67]. The self-organized 7t-stacked
naphthalene-pyromellitimide-naphthalene sandwich shows
favorable orbital overlap between the highest occupied
molecular orbital (HOMO) of naphthalene and the lowest
unoccupied molecular orbital (LUMO) of pyromellitimide.
In the case of thodomyrtoxin B and the C—G base pair, the
HOMO of the base pair is located on guanine while the
LUMO of rhodomyrtoxin B is located predominantly on
one of the benzene rings (see Fig. 3). However, the lowest
energy orientation of rhodomyrtoxin B with the C—G base
pair (Fig. 4) does not allow maximum complementary
overlap of the HOMO of C-G with the LUMO of
rhodomyrtoxin B. Indeed, the orientation that gives the
best frontier molecular orbital overlap pictorially is
13.5 kcal mol ™" higher in energy than the lowest-energy
orientation. Thus, in this case, favorable frontier-molecu-
lar—orbital overlap cannot be used to predict the preferred
orientation of the intercalator.



Fig. 10 Intercalation model of
rhodomyrtoxin B with a C-G
duplex (a base-pair separation
of 6.8 A. b intercalation of
rhodomyrtoxin B)
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Electrostatic interactions are generally considered to be
important for DNA intercalation. Thus, for example,
electrostatic interactions play a major role in the position-
ing of 9-aminoacridine as a DNA intercalator and a
significant stabilizing role in the binding of ethidium in
DNA [68]. Examination of the atomic charges on
rhodomyrtoxin B and the C—G base pair does not reveal
compelling evidence of favorable electrostatic interactions
in this case, however. Dipole—dipole interactions may also
be important in DNA intercalation. It has been suggested
that intercalation of methylene blue between DNA base
pairs is stabilized by favorable dipole-dipole interactions as
well as -7t interactions [69]. The molecular dipoles of
rhodomyrtoxin B and the C—G base pair in the lowest-
energy orientation do, in fact, align in nearly opposite
directions (Fig. 11). Thus, dipole—dipole interactions may

be the important interaction governing the orientation of
rhodomyrtoxin B in DNA.

Conclusions

The bioactive agents responsible for the cytotoxic and
antimicrobial activity of the crude bark extract of
Pilidiostigma tropicum are rthodomyrtoxin B and ursolic
acid-3-p-coumarate. These compounds exhibit bioactiv-
ities comparable to the antitumor drug vinblastine or the
antibiotic gentamicin. The computational results from this
study are consistent with an intercalative mechanism as the
possible source of the cytotoxic activity of rhodomyrtoxin
B. Although lowest-energy positions and orientations of
rhodomyrtoxin B with the C—G base pair have been



710

Fig. 11 Calculated molecular
dipoles of rhodomyrtoxin B and
C—G base pair

calculated using the MP2 method, these positions cannot
be predicted based upon simple frontier-molecular—orbital
interactions, electrostatic interactions, or dipole-dipole
interactions. Steric interactions of the alkyl side chains of
rhodomyrtoxin B may also preclude these orientations in
DNA itself.
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