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Multidrug resistance (MDR) is one of the main challenges in the chemotherapy of cancer, malaria, and
other important diseases. Here, we report the inhibitory activity of a series of 76 dihydro-â-agarofuran
sesquiterpenes, tested on NIH-3T3 cells expressing the human P-glycoprotein (Pgp) multidrug transporter,
to establish quantitative comparisons of their respective abilities to block the drug transport activity. The
screening was performed on the basis of the ability of sesquiterpenes to modulate the intracellular accumulation
of the classical Pgp substrate daunorubicin. To understand the structural basis for inhibitory activity and
guide the design of more potent Pgp inhibitors, we have performed a three-dimensional quantitative structure-
activity relationship model using the comparative molecular similarity indices analysis (CoMSIA). The most
salient features of these requirements are in the region of the substituents at the C-2, C-3, and C-8 positions,
which seem to be critical for determining the overall effectiveness of sesquiterpenes as Pgp inhibitors.

Introduction
MDRa refers to the phenomenon whereby cancer cells

undergoing chemotherapy develop resistance to a number of
drugs with very diverse molecular structures and mechanisms
of action. It is, thus, a major obstacle in cancer chemotherapy.
One of the most important mechanisms of MDR in cancer cells
is the overexpression of Pgp and other related drug transporters.1

Pgp is a plasma membrane-associated, energy-dependent efflux
pump that can effectively transport an astonishing variety of
anticancer drugs out of the cell. Overexpression of Pgp by tumor
cells is an important cause of both intrinsic and acquired
resistance to anticancer drugs. Therefore, Pgp is a promising
target for cancer therapy, and significant efforts have been
focused on the development of effective reversers of the Pgp-
mediated MDR.2

Natural products have been important sources of new
pharmacologically active agents. Plant-derived products have

led to the discovery of many clinically useful drugs for the
treatment of human diseases, such as antitumor and anti-infective
drugs.3 The sesquiterpene polyesters with a dihydro-â-agaro-
furan skeleton are the most widespread and characteristic group
of secondary metabolites isolated from theCelastraceae, which
have attracted considerable attention from synthetic organic
chemists and pharmacologists due to their complex structures
and wide range of biological properties, including MDR reversal
agents in cancer cells. On the basis of these properties,
sesquiterpenes have been selected as privileged structures.4,5

In our program for developing bioactive natural products from
theCelastraceaeas reversal agents of the MDR phenotype, we
have recently described the reversal activity of 48 dihydro-â-
agarofuran sesquiterpenes6,7 and elucidated their molecular
mechanism of action as Pgp inhibitors.6,8 Here, we studied by
a 96-well microplate-based approach the ability of 76 (1-76)
sesquiterpenes fromCelastraceaeto block the Pgp-mediated
daunorubicin (DNR) transport in intact cells. Such high-
throughput screening allowed us to determine theirKi values
(i.e., the sesquiterpene concentration that yields half-maximal
inhibition of Pgp-mediated DNR transport) for the direct
comparison of the different potencies of sesquiterpene as Pgp
inhibitors. The structural requirements for Pgp inhibition are at
present unknown. Thus, theseKi values were also employed to
develop a three-dimensional quantitative structure-activity
relationship (3D-QSAR)9 model using an extension of the
comparative molecular field analysis (CoMFA) methodology:
10,11 the comparative molecular similarity indices analysis
(CoMSIA),12 to understand the structural elements of this
sesquiterpene series that are key for Pgp inhibition. This is
accomplished through the ability of CoMFA to represent the
3D-QSAR model in terms of color contour maps that depict
locations on this sesquiterpene series where structural modifica-
tions might enhance their biological activity. These maps can
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serve as a guide for designing analogues within the same series
of compounds.

Materials and Methods
Cell Cultures and Chemicals.NIH-3T3 cells transfected

with human MDR1 gene, which encodes the wild-type (G185)
Pgp multidrug efflux pump (NIH-3T3 MDR1 cells), were
cultured as described previously.7 GF120918 was from Glaxo-
SmithKline. DNR was from Pfizer. Compounds1-76 were
obtained from eightCelastraceaespecies or by standard
synthetic methods from isolated sesquiterpenes. Compounds
1-6, 8, 10, 32, and33were isolated fromMaytenus cuzcoina;13

compounds34and35 from Euonymus europaeus;14 compounds
36-37, 41-45, 53-60, 62, and 66-68 from Zinowiewia
costaricensis;7 compounds3815 and50-52 from Crossopetalum
urogoga; compounds39 from Maytenus chubutensis;16 com-
pounds40, 46-47, 64-65, and70-76 from Maytenus magel-
lanica;16 compounds48and49 from Maytenus canariensis;17,18

compounds61 and63 from Maytenus chiapiensis.19 Synthetic
derivatives7, 9, 11-31,20 and 697 were prepared from com-
pounds3, 8, 1, 2, 4, and68 (Figure 1).

3D-QSAR/CoMSIA Method. A preliminary conformational
analysis of each compound was performed using the CHARMm-
like force field as implemented in Catalyst (Accelrys Software,
Inc., San Diego, CA). The best conformer generation option,
up to 250 maximum conformers, with a 15 kcal/mol energy
cutoff was employed. The five conformers with predicted lower
energy were, additionally, fully optimized at the HF/3-21G level
of theory. The lowest ab initio energy conformer was selected
for developing the 3D-QSAR model.

A critical step in CoMSIA is to select a proper alignment
rule. The entire set of sesquiterpene analogues was oriented in
space by superimposing the common and rigid dihydro-â-
agarofuran skeleton. TheKi values for human Pgp inhibition
are a function of both the stabilization of the complexes between
the ligand molecules and the protein receptor and the solvation
energy of the ligands and their lipophilicity. Thus, the QSAR
spreadsheet consists of the logarithmic values of the inhibition
constant pKi (dependent variable), the electrostatic, steric,
hydrophobic, and hydrogen donor and hydrogen acceptor fields
(independent variables) to mimic the stabilization energy of the
receptor-ligand complex, the solvation energy, and the partition
coefficient (independent variables). The atom-centered atomic
charges used in CoMSIA to evaluate the electrostatic contribu-
tions were computed from the molecular electrostatic potential21

using 6-31G* basis set, which is a common procedure for the
simulation of proteins, nucleic acids, and organic molecules.22

Solvation free energies (∆Gsolv) of sesquiterpenes were calcu-
lated with the PM3-SR5.42R procedure within the AMSOL
6.7.2 program.23 The potential fields were calculated at each
lattice intersection of a regularly spaced grid of 2 Å. An sp3

carbon atom with a van der Waals radius of 1.52 Å carrying a
charge of+1.0 served as a probe atom to calculated the fields
with an attenuation factor of 0.3.24 Partial least-squares (PLS)
analysis25-28 was used to derive linear equations from the
resulting matrices. Both leave-one-out (LOO) and random group
(RG) cross-validation procedures were employed to calculate
the cross-validated statistics and to select the number of principal
components. The final CoMSIA model was generated using
noncross-validation and using the number of components
suggested by the cross-validation procedures.

The 3D-QSAR/CoMSIA study was carried out with the
QSAR module of the SYBYL 7.3 program,29 using default
parameters. All the quantum mechanical calculations were
performed with the Gaussian 98 system of programs.30

Modulation of DNR Efflux in NIH-3T3 MDR1 Cells by
Sesquiterpenes.We performed the screening of sesquiterpenes
by the microplate-based procedure described in our previous
work,7 which briefly consist in plating NIH-3T3 MDR1 cells
in 96-well plates the day before the experiment at a density of
2 × 104 cells per well. The resulting cell monolayers were
incubated with DNR 10µM for 2 h at 37°C in the presence of
increasing concentrations of sesquiterpene to generate concen-
tration-dependent DNR accumulation curves. After the incuba-
tion period, the cells were extensively washed prior to adding
50µL/well of lysis buffer (Tris-HCl 20 mM pH 7.4, SDS 0.2%)
to release the DNR accumulated inside the cells. Finally, the
fluorescence due to DNR (λexcitation ) 480 nm;λemission) 590
nm) was measured in a microplate spectrofluorometer “Spec-
traMax Gemini EM” (Molecular Devices, Sunnyvale, CA) using
the SoftmaxPro 4.3 software (also from Molecular Devices).
To calculate theKi for the inhibition of DNR efflux, data points
obtained at increasing concentrations of sesquiterpenes were
normalized considering the value of 100% Pgp inhibition such
obtained when incubating the cells in the presence of 2µM of
the third-generation Pgp inhibitor GF120918. Normalized data
points were plotted and fitted to the Hill equation for allosteric
interactions, using SigmaPlot2000 software:i ) (Imax × Sn)/
(Ki + Sn); where i is the inhibition of DNR efflux at a given
sesquiterpene concentration,Imax is the maximal inhibition
(100% Pgp inhibition in the presence of GF120918),S is the
concentration of sesquiterpene, andn is the Hill coefficient,
which determines the sigmoidicity of the curve. We noticed that
GF120918 yielded some level of intrinsic fluorescence at the
wavelengths used to measure DNR fluorescence, which could
contribute to overestimate the real value of maximal DNR
accumulation and, thus, diminishing the realImax of sesquiter-
penes. Therefore, we subtracted the intrinsic fluorescence due
to GF120918 in the control of Pgp maximal inhibition.

Results and Discussion
Chemistry. Repeated chromatography of then-hexane/Et2O

(1:1) extract of the fruits ofMaytenus cuzcoinaon Sephadex
LH-20 and silica gel yielded the new sesquiterpene8, along
with the known sesquiterpenes1-6, 10, 32, and33, and repeated
chromatography of the CH2Cl2 extract of the leaves ofCros-
sopetalum uragogayielded, in addition to the known compound
38, the new compounds50-52 (Figure 1).

Compound8 showed the molecular formula C27H32O11 by
HREIMS, 1H, and 13C NMR spectroscopic studies. The IR
spectrum showed absorption bands for hydroxyl (3467 cm-1)
and ester (1719 cm-1) groups. The EIMS exhibited peaks
attributable to the presence of methyl (M+ - 15,m/z517 CH3),
hydroxyl (M+ - 15-18,m/z 499, H2O), acetate (M+- 60,m/z
472, CH3COOH), and furoate (M+- 15-112,m/z 405, C4H3-
OCOOH) groups. This was confirmed by the1H NMR spectrum,
which also indicated the presence of signals for one acetyl group
at δ 2.06 (3H, s) and six protons in the aromatic region for two
furoyl groups atδ 8.17 (1H, s), 8.04 (1H, s), 7.44 (2H, s), 6.83
(1H, d,J ) 1.1 Hz), and 6.77 (1H, d,J ) 1.1 Hz), which were
confirmed by13C NMR data. In addition, five methine protons
at δ 5.64 (1H, s, H-6), 5.25 (1H, m, H-2), 5.01 (1H, d,J ) 6.7
Hz, H-9), 4.38 (1H, s, H-1), and 2.35 (1H, s, H-7), and two
sets of methylene protons atδ 2.54 (1H, m, H-8R), 2.22 (1H,
dd, J ) 1.6, 18.4 Hz, H-8â), and 2.02 (2H, m, H-3) were
observed. A methyl atδ 1.47 bound to a tertiary carbon atδ
70.1 in the13C NMR spectrum and signals for three angular
methyls, were also observed (Tables 1 and 2). All these data
indicate that compound8 is a pentasubstituted dihydro-â-
agarofuran sesquiterpene.
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The relative stereochemistry of8 was established on the basis
of the coupling constants and confirmed by a ROESY experi-
ment, showing ROE effects between H-1 and H-2 and H-3, and
between H-15 and H-6 and H-9 and Me-14. The chemical shifts
for the carbons attached to protons were assigned according to
a 2D heteronuclear HSQC experiment and the already known
proton shifts. The regiosubstitution of the ester functions was

determined by an HMBC experiment, showing a three-bond
correlation between the carboxyl signal of the acetate group at
δC 171.4 and the signal atδH 5.25 (H-2), while the carboxyl
signals of the furoate groups atδC 161.9 and 162.3 were
correlated with the signal atδH 5.01 (H-9) and 5.64 (H-6),
respectively. The hydroxyl group was located at C-1 because
the signal atδC 68.1 was correlated with the signals atδH 2.02

Figure 1. Structure of the sesquiterpenes assayed for the inhibition of the human Pgp.
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(H-3) and 1.40 (H-15). The structure of compound8 was
accordingly established as 2R-acetoxy-6â,9â-difuroyloxy-1R,4â-
dihydroxy-dihydro-â-agarofuran.

Compound50 was isolated as a colorless lacquer with the
molecular formula C42H44O13 (HREIMS). The EIMS contained
fragmentation ions, suggesting the presence in the molecule of
acetate and benzoate groups. This was confirmed by the1H
NMR spectrum, showing three acetate methyl and fifteen
aromatic protons for three benzoyl groups, data that were in
accordance with the13C NMR spectrum. In its1H NMR
spectrum were also observed six methine protons, H-1, H-2,
H-4, H-6, H-8, and H-9, two methylene systems, H-3 and H-15,
and four methyls (Table 1). All these data indicate that
compound 50 is a 1,2,6,8,9,15-hexasubstituted dihydro-â-
agarofuran sesquiterpene with three acetate and three benzoate
groups. The regiosubstitution was established by the long-range
1H-13C HMBC couplings observed between the H-1, H-6, and
H-15 proton resonances and the carboxyl signals of the acetate
groups, and the H-2, H-8, and H-9 proton resonances were
coupled to the carboxyl signals of the benzoate groups. The
relative stereochemistry was determined on the basis of the
coupling constants and the ROESY experiment, where ROE
interactions were observed between H-6/H-14, H-6/H-15, H-1/
H-2, H-1/H-3, H-12/H-8, and H-12/H-9.

Analogously, the structure of compounds51 and 52 was
elucidated by spectral methods (Tables 1 and 2). A detailed
study of the NMR spectra indicated that compound52 is the
15-acetyl derivate of51, which was confirmed by chemical
correlation.

The detailed1H and13C NMR (Tables 1 and 2) assignments
of the one known sesquiterpene (38),15 which have not been

previously reported, were achieved by 1D and 2D techniques,
including DEPT, HMBC, HSQC, COSY, and ROESY.

Compounds7 and9 were prepared by treatment of the natural
compounds3 and 8 with nicotinoyl chloride and benzoyl
chloride, respectively. The structure of compounds7 and9 were
elucidated by spectroscopic data. Thus, the1H NMR spectrum
of compound9 indicated that it is the 1-benzoyl derivative of
8, because the signal of the H-1 proton shifted fromδ 4.38 in
8 to δ 5.67 in 9 (Table 1) and considering the presence of
additional aromatic protons of the benzoyl group atδ 7.32 (2H,
m), 7.46 (1H, m), and 7.66 (2H, d,J ) 7.2 Hz). In the same
way, the structure of compound7 was determined as the
2-nicotinoyl derivative of3.

The compounds have the basic polyhydroxy dihydro-â-
agarofuran sesquiterpenoid cores of 2R,4â-dihydroxy-celorbicol
(7-9),31 3,4-dideoxy-maytol (38),15 and alatol (50-52).32

Biological Evaluation. Sesquiterpenes reverse MDR in NIH-
3T3 cells expressing the human Pgp due to their ability to block
the drug transport activity of Pgp as we have previously
shown.6,8 Because their potency as inhibitors depends on their
affinity for the Pgp drug-binding site, we wanted to determine
the molecular features that make a given sesquiterpene suitable
for optimal interaction with Pgp. To do so, we performed a
systematic screening of a series of 76 dihydro-â-agarofuran
sesquiterpenes fromCelastraceae(Table 3) as Pgp inhibitor and
calculated theKi values, using a fluorescence-based microplate
assay for DNR transport inhibition, which allowed us to monitor
the accumulation of the probe within intact cells. We select DNR
as a suitable Pgp substrate for the drug accumulation experi-
ments because the results obtained with our screening method
were far more consistent with the antitumoral drug DNR than
with other fluorescent probes like rhodamine 6G or Hoechst
33342 (data not shown). The levels of intracellular accumulation
of DNR in NIH-3T3 MDR1 cells were highly dependent on
the Pgp activity, which determined that even little variations in
the concentration of a Pgp inhibitor rendered wide differences
in DNR accumulation. This allowed us the calculation of the
Ki values with high accuracy.

Surprisingly, sesquiterpenes1-2, 4-8, 10, 13, 16-18, 20-
21, 24-25, 28, 30-50, 53, 5-60, 64-66, and68-76 possess
Imax values in the 70-100% range; whereas sesquiterpenes3,
9, 11-12, 14-15, 19, 22-23, 26-27, 29, 51-52, 54, 61-63,
and67 possessImax values smaller than 70%. This observation
could involve mechanistic differences in the way by which
sesquiterpenes interact with the Pgp drug-binding site. We have
recently shown that there are at least two different sesquiterpene-
binding sites within the transmembrane domains (TMDs) of
Pgp:6 a high- and low-affinity binding sites, related in a complex
allosteric manner with other drug-binding sites of the Pgp

Table 1. 1H NMR (δ, CDCl3, J in Hz in Parentheses) Data of Compounds7-9, 38, and50-52

H-1 H-2 H-3 H-4 H-6 H-7 H-8 H-9 H-15

7 5.54 m 5.82 s 2.18 ma 5.69 s 2.37 s 2.18,a 2.62 m 4.95 d (6.7) 1.62 sb

8 4.38 s 5.25 m 2.02 m 5.64 s 2.35 brs 2.22 dd (1.6, 18.4),
2.54 m

5.01 d (6.7) 1.40 s

9 5.67 ma 5.67 ma 2.06 m 5.67 ma 2.36 brs 2.18 dd (1.6, 18.1),
2.56 m

4.99 d (6.8) 1.51 sb

38 5.83 d (3.3) 5.88 m 1.97, 2.08 m 2.43 q (7.2) 6.01 s 2.27a 2.23, 2.56 m 5.48 d (7.2) 4.43, 5.36
dAB (12.6)

50c 6.27 d (4.3) 6.20 m 1.95,b 2.50 m 2.27 q (7.8) 7.23 s 2.20 d (3.6) 6.08 ma 6.30 d (6.1) 5.09, 6.08a

dAB (13.3)
51 6.00 d (3.8) 5.77 m 2.05, 2.59 m 2.52 q (7.7) 7.03 s 2.68 d (4.4) 5.94 sa 5.94 sa 4.56, 5.03

dAB (11.6)
52 6.04 d (4.0) 5.84 m 2.02, 2.67 m 2.46 q (7.7) 6.90 s 2.72 d (3.8) 5.80 dd (3.8, 6.0) 5.89 d (6.0) 4.81, 5.77

dAB (13.2)

a Overlapping signals.b Interchangeable values.c C6D6.

Table 2. 13C NMR (75 MHz) Dataa (δ, CDCl3) of Compounds8, 38,
and50-52

C 8 38 50b 51 52

C-1 68.1 d 75.1 d 77.8 d 76.7 d 77.4 d
C-2 72.8 d 70.2 d 70.5 d 70.3 d 70.0 d
C-3 42.5 t 30.9 t 32.3 t 31.4 t 31.5 t
C-4 70.1 s 33.0 d 33.6 d 32.9 d 32.8 d
C-5 91.4 s 89.2 s 91.2 s 90.2 s 90.3 s
C-6 79.7 d 78.1 d 75.7 d 75.1 s 74.8 s
C-7 49.1 d 48.8 d 54.5 d 53.3 s 53.5 d
C-8 31.1 t 34.9 t 71.8 d 70.5 d 71.1 d
C-9 72.1 d 69.4 d 73.1 d 73.4 d 72.5 d
C-10 52.6 s 53.2 s 52.3 s 54.5 s 51.5 s
C-11 84.9 s 82.8 s 81.7 s 81.8 s 81.4 s
C-12 29.7 q 30.3 q 30.7 q 30.4 q 30.4 q
C-13 25.8 q 26.0 q 25.1 q 24.7 q 24.7 q
C-14 25.2 q 18.1 q 17.4 q 17.8 q 17.0 q
C-15 20.0 q 66.0 t 62.5 t 60.5 t 61.6 t

a Data are based on DEPT, HSQC, and HMBC experiments.b C6D6.
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multidrug-binding pocket. Given that Pgp is able to recognize
ligands with a very diverse structure and to bind them in
different ways,33 it could be possible that different subsets of
sesquiterpenes bind to Pgp in subtly different ways. This could
explain why several sesquiterpenes behave as “full inhibitors”
(with Imax values in the 70-100% range) and others as “partial
inhibitors” (with Imax values less than 70%). Each group of
compounds could interact with Pgp at different places within
the TMDs.

Structure-Activity Relationships. Structure-activity rela-
tionship (SAR) studies of the A-ring of sesquiterpenes suggest
that a ester group at the C-2 position seems essential for the
inhibition of Pgp activity. Comparison of the inhibitory activity
of 1, 2, and4-6 versus3 and 10 [Ki(1) ) 2.2, Ki(2) ) 2.9,
Ki(4) ) 0.7,Ki(5) ) 1.1,Ki(6) ) 0.6 vsKi(3) ) 4.2,Ki(10) )
6.6] shows that introduction of the carbonyl group of the ester
moiety (OFu,1; OAc, 2; OBz, 4; OPr, 5; and OMeBut,6),
capable of acting as a H-bond acceptor in the H-bond interaction
with the receptor, produces higher Pgp inhibition with respect
to the presence at the same position of either a hydroxyl group
(OH, 3) or a hydrogen (H,10; Table 3). The C-3 position plays
also an important role because sesquiterpenes with the OAc
substituent at this position (67, 69) are more potent [Ki(67) )
4.2 vsKi(68) ) 6.9; Ki(69) ) 2.7 vsKi(66) ) 8.5] than the

compounds with a hydroxyl group at the same position (66,
68). Similarly, the OBz substituent at the C-8 position (42, 43)
causes a higher Pgp-inhibition because the nonsubstituted
compounds at the same position (36, 37) are less active [Ki(42)
) 1.7 vsKi (36) ) 4.4; Ki (43) ) 1.7 vsKi (37) ) 2.4].

The regularly observed tertiary hydroxyl group at C-4 does
not seem important for the optimal inhibition of Pgp because
its presence (40, 42) or absence (39, 43) either causes no
significant change [Ki(39) ) 0.7 vsKi(40) ) 0.6;Ki(43) ) 1.7
vs Ki(42) ) 1.7] or even worsens (36, 59) the overall activity
[Ki(36) ) 4.4 vsKi(37) ) 2.4; Ki(59) ) 3.0 vsKi(53) ) 1.6].
This finding could be extended to other positions in the
sesquiterpene scaffold. Compounds with an ester group at
positions C-1 (OAc,2), C-3 (OAc,69), and C-6 (OFu,1; OMe-
OBz, 20) are more potent than compounds with a hydroxyl
group at the same C-1 (8), C-3 (66), and C-6 (11, 13) positions
[Ki(2) ) 2.9 vsKi(8) ) 100.0;Ki(69) ) 2.7 vsKi(66) ) 8.5;
Ki(1) ) 2.2 vsKi(11) ) 5.5; Ki(20) ) 0.7 vsKi(13) ) 17.5].

Clearly, compounds with an ester group have a partition
coefficient (logP) higher than compounds with a hydroxyl group
[logP(2) ) 5.1 vs logP(8) ) 4.3; logP(69) ) 7.4 vs logP(66)
) 6.2; logP(1) ) 6.5 vs logP(11 ) ) 4.7; logP(20) ) 6.1 vs
logP(13) ) 3.4]. This might imply that the high hydrophobicity
of these inhibitors is a prerequisite for its functionality, because

Table 3. Experimental and CoMSIA-Predicted pKi of Pgp-Mediated DNR Transport by Sesquiterpenes (Ki, Imax) in NIH-3T3 MDR1 cells,a Their
Solvation Free Energy (∆Gsolv), and the Coefficient of Partition (logP)

pKi (M) pKi (M)

cmpd Ki ( SDb (µM) exp predc ∆Gsolv logP Imax cmpd Ki ( SDb (µM) exp predc ∆Gsolv logP Imax

1 2.19( 0.46 5.66 5.72 -15.5 6.5 80.5 39 0.71( 0.07 6.15 6.11 -16.3 8.4 85.8
2 2.91( 0.43 5.54 5.60 -13.7 5.1 95.7 40 0.58( 0.04 6.24 6.19 -17.2 8.2 100.0
3 4.16( 0.21 5.38 5.15d -15.5 4.3 51.8 41 7.04( 0.33 5.15 5.04 -17.3 6.9 73.0
4 0.70( 0.05 6.15 6.11 -14.0 7.1 93.1 42 1.74( 0.24 5.76 5.76 -17.7 7.6 97.0
5 1.13( 0.17 5.95 5.95 -12.8 6.2 100.0 43 1.71( 0.18 5.77 5.83 -18.3 8.3 86.2
6 0.57( 0.06 6.24 5.99 -15.6 6.6 95.5 44 0.91( 0.08 6.04 6.04 -12.3 9.2 84.9
7 7.42( 0.25 5.13 5.72e -15.7 6.1 100.0 45 1.21( 0.21 5.92 5.88 -12.5 8.4 100.0
8 100.00( 1.00 4.00 5.20e -13.4 4.3 100.0 46 7.72( 2.18 5.11 5.95e -14.0 8.7 92.3
9 3.45( 2.15 5.46 5.62d -12.7 7.2 45.3 47 11.27( 14.38 4.95 6.29e -13.0 9.4 80.7

10 6.61( 0.85 5.18 5.19 -11.4 5.3 96.3 48 1.83( 0.00 5.74 5.76 -12.0 7.0 87.7
11 5.53( 0.79 5.26 5.30d -15.7 4.7 41.2 49 1.22( 0.14 5.91 5.88 -14.7 9.6 100.0
12 4.13( 0.03 5.38 5.37d -15.6 5.1 61.7 50 33.85( 3.46 4.47 6.85e -15.4 10.3 100.0
13 17.48( 8.27 4.76 5.21e -13.8 3.4 100.0 51 1.30( 0.01 5.89 5.78d -16.3 11.5 39.5
14 100.00 4.00 -13.8 3.8 52 1.98( 1.63 5.70 6.56d -13.6 12.4 29.3
15 2.81( 0.01 5.55 5.69d -11.5 5.2 66.0 53 1.63( 0.25 5.79 5.76 -16.7 8.1 81.6
16 0.80( 0.09 6.10 6.12 -11.4 9.1 72.7 54 2.54( 0.06 5.60 5.34d -18.6 6.1 62.3
17 1.65( 0.05 5.78 5.81 -13.4 7.3 91.1 55 18.39( 5.13 4.74 5.40e -17.6 5.0 91.7
18 0.96( 0.07 6.02 5.78 -11.2 5.0 75.2 56 5.74( 2.87 5.24 5.21 -19.2 6.1 96.4
19 12.08( 2.40 4.92 5.63d -10.5 4.1 34.0 57 9.83( 4.13 5.01 5.01 -17.4 4.0 100.0
20 0.70( 0.05 6.15 5.56e -13.8 6.1 85.9 58 3.97( 0.42 5.40 5.66f -17.4 7.2 74.4
21 4.76( 0.59 5.32 5.34 -15.7 5.7 76.8 59 3.01( 0.12 5.52 5.62 -19.1 7.7 81.1
22 8.94( 1.02 5.05 5.71d -12.7 6.1 67.9 60 1.03( 0.06 5.99 6.01 -17.5 10.0 80.0
23 2.50( 0.51 5.60 5.54d -14.2 5.7 68.0 61 7.65( 2.00 5.12 4.94d -18.4 3.3 39.0
24 2.92( 0.16 5.53 5.62 -14.1 6.1 92.7 62 6.52( 0.81 5.19 5.23d -24.4 6.0 53.9
25 1.00( 0.07 6.00 6.02 -11.8 7.5 83.3 63 6.97( 9.30 5.16 5.62d -18.2 3.6 31.0
26 5.16( 3.01 5.29 6.48d -11.7 11.4 29.2 64 7.61( 0.57 5.12 5.08 -12.6 6.5 100.0
27 4.59( 0.87 5.34 6.17d -13.7 9.6 54.8 65 7.59( 1.11 5.12 5.22 -12.0 6.6 89.8
28 1.04( 0.07 5.98 6.16 -11.5 7.3 90.0 66 8.46( 1.49 5.07 5.03 -12.9 6.3 82.9
29 1.56( 0.24 5.81 6.01d -10.7 6.4 53.3 67 4.25( 1.07 5.37 5.48d -13.1 6.2 63.7
30 1.88( 0.11 5.73 5.91 -14.1 8.4 75.8 68 6.94( 3.64 5.16 5.19 -12.8 6.0 76.6
31 1.79( 0.22 5.75 5.69 -16.0 7.9 100.0 69 2.72( 0.30 5.57 5.58 -12.1 7.4 75.8
32 2.44( 0.25 5.61 5.75 -17.1 5.4 76.9 70 2.07( 0.10 5.68 5.69 -14.9 7.6 95.2
33 1.50( 0.08 5.82 6.01§ -16.3 7.3 100.0 71 25.04( 2.83 4.60 5.28e -17.0 8.0 100.0
34 1.94( 0.13 5.71 5.71 -15.9 6.9 91.3 72 3.75( 0.27 5.43 5.39 -16.5 8.0 98.8
35 4.51( 1.17 5.35 5.28 -15.7 6.5 99.4 73 1.45( 0.33 5.84 5.87 -15.9 7.5 100.0
36 4.39( 0.12 5.36 5.46 -16.3 5.0 85.0 74 1.36( 0.18 5.87 5.90 -16.1 7.8 100.0
37 2.36( 0.50 5.63 5.65 -15.1 5.7 80.8 75 0.73( 0.24 6.14 6.07 -14.2 8.8 98.7
38 0.63( 0.05 6.20 6.01f -15.2 7.7 88.0 76 1.27( 0.08 5.90 5.86 -15.1 6.8 88.7

a Screening of sesquiterpenes inhibition Pgp-mediated DNR transport in NIH-3T3 MDR1 cells. TheKi was defined as the concentration of sesquiterpene
that produces 50% inhibition of Pgp.Ki values were determined using the equation described in Experimental section: Results are expressed as the mean
of 2-3 independent experiments performed in triplicate.b The standard deviation SD (P < 0.001).c A dash indicates that the compound was not included
in the CoMSIA analysis.d Compound not used in the CoMSIA model becauseImax < 70%. e Compound not used in the CoMSIA model because the residual
value was greater than two standard deviations.f Compound used to test the CoMSIA model.
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they have to be dissolved in the plasma membrane before being
able to interact with the Pgp drug-binding site.34

On the other hand, the regiosubstitution of the dihydro-â-
agarofuran skeleton is an important element for the activity,
contributing the substituents at the A-ring more than those at
the B-ring. The most active sesquiterpenes as Pgp inhibitors
possess a tetra- or penta-substituted 4â-hydroxydihydro-â-
agarofuran skeleton.

3D-QSAR/CoMSIA Model. A 3D-QSAR/CoMSIA analysis
can only be performed with compounds that bind to the same
receptor and act in essentially the same mechanistic manner.35

Thus, theKi values determined experimentally for the “full
inhibitors” (Imax values in the 70-100% range, see above) were
related to the independent variables by the PLS methodology
(see Methods). Randomly chosen compounds33, 38, and58
were not included in the training set to test the derived CoMSIA
model predictiveness. Compounds7, 8, 13, 20, 46, 47, 50, 55,
and 71 were not included because their residual values were
greater than two standard deviations. Importantly, these excluded

compounds have either extreme values of logP (all excluded
compounds except7, 20, and 71); Hill coefficients different
from one (8, 20, and50, data not shown), and large standard
deviations in the experimentalKi values (13, 46-47, and55).
Thus, their mechanism of action or binding mode could be
different.36 Table 4 shows the statistical properties of the model.
From a statistical point of view, the obtained values of the LOO
and RG cross-validated correlation coefficient (q2 ) 0.602 and
0.559, respectively) reveal that the model is a useful tool for
predicting the biological activity of these compounds. The
theoretically predicted and experimentally determinedpKi

values, for the whole set of compounds, are listed in Table 3
and plotted in Figure 2.

As a further test of robustness, the CoMSIA model was
applied to the excluded sesquiterpenes33, 38, and 58. The
theoretically predicted values for these compounds (marked in
Table 3) are in agreement with the experimentally determined
ones. The relative contributions of the CoMSIA model for the
electrostatic, steric, hydrogen bond donor and acceptor on the
receptor, hydrophobic, solvation term, and logP are shown in
Table 4. Figure 3 illustrates the CoMSIA steric (i), electrostatic
(ii ), hydrophobic (iii ), and hydrogen bond donor and acceptor
on the receptor (iV) maps for the MDR model, using compounds
39 and75 (white) and10 and65 (blue) as reference structures
(the color code of the maps is described in the caption).

Figure 2. Plot of the predicted versus the experimental values of the
inhibition constant (pKi) for Pgp-mediated DNR transport by applying
the CoMSIA model. Ligands33, 38, and 58 (open triangles) were
excluded in the CoMSIA model to test its derived predictive values.

Figure 3. Steric (A), electrostatic (B), hydrophobic (C), and hydrogen bond donor and acceptor (D) maps for Pgp inhibition COMSIA models.
Compounds39 and75 (white) and10 and65 (blue) are shown as reference structures, these being high and low Pgp inhibitors, respectively. The
color code is as follows: (A) green and yellow areas depict zones of the space where occupancy by the ligands decreases or increases theKi values,
respectively; (B) areas where a high electron density provided by the ligand decreases (red) theKi values; (C) yellow and white areas defines
regions of space where hydrophobic and hydrophilic groups, respectively, are predicted to decreaseKi; and (D) areas where H-bond donors on the
receptor are predicted to enhance (magenta) or decrease (orange) Pgp inhibition, and blue contours show areas where H-bond acceptor zones on the
receptor are predicted to increase theKi values.

Table 4. Statistical Results ofKi Values of the Inhibition of Human
Pgp in CoMSIA Models

Ki

q2a 0.602
q2b 0.559
Nc 8
nd 45
r2e 0.933
F 62.728
electrostaticf 36.4
stericf 8.1
H-bond donorf,g 11.5
H-bond acceptorf,g 13.1
hydrophobicityf 15.6
solvationf 5.8
logPf 9.5

a LOO correlation coefficient.b RGs cross-validation correlation coef-
ficient (five groups).c Optimal number of principal components.d Number
of compounds.e Noncross-validated correlation coefficient.f Percentage of
contribution.g On the receptor.
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The C-2 and C-3 Positions.The steric contour plot (Figure
3A) shows two favorable green areas at the C-2 and C-3
positions, indicating that bulky substituents at these positions
increase Pgp inhibition. The bulkier the substituent at C-2, the
more efficient is the inhibition (OMeBut,6 > OBz, 4 > OPr,
5). The hydrophobic contour map shows a yellow area at the
C-2 position and a gray area both at the C-2 and C-3 positions
(Figure 3C). Thus, hydrophobicR-substituents at C-2 and
hydrophilic â-substituents at both C-2 and C-3 positions (the
carbonyl group of the ester moiety, see below) increase Pgp
inhibition. The red area in the electrostatic contour map also
shows the importance of electronegative groups at these C-2
and C-3 positions for inhibitory activity (Figure 3B). Accord-
ingly, the two magenta regions (in the H-bond donor on the
receptor map, Figure 3D) suggest that the electronegative
carbonyl group of the ester moiety of the substituents at C-2
and C-3 form a H-bond interaction with the receptor.

The C-4 Position.Cyan regions in the H-bond acceptor on
the receptor map (Figure 3D) are present at the C-4 position,
indicating that H-bond donor groups, like the hydroxyl group,
would decrease Pgp inhibition (see structure-activity relation-
ships section).

The C-6 Position.The importance of the OBz substituent at
the C-6 position [Ki(33) ) 1.5; Ki(39) ) 0.7; Ki(40) ) 0.6] is
reflected in the yellow area at the bottom of the hydrophobic
contour map (Figure 3C). Interestingly, comparison of the
inhibitory activity [Ki(39) ) 0.7 vsKi(37) ) 2.4; Ki(40) ) 0.6
vsKi(36) ) 4.4] of 39and40 (with ONic and OBz substituents
at C-2 and C-6) versus37 and36 (with OAc at both positions)
shows the importance of bulky aromatic groups at these C-2
and C-6 regions (yellow areas in Figure 3C).

The C-8 Position. The influence of the substituent at the
C-8 position is only reflected in the magenta area in the H-bond
donor on the receptor map (Figure 3D). Similarly to the C-2
and C-3 positions, the carbonyl group of the OAc (74, 76) or
OBz (42-44, 73, 75) substituents is beneficial for Pgp inhibition
by forming a H-bond interaction with the receptor.

Conclusions

The ability of cancer cells to develop resistance to cytotoxic
drugs is a major barrier to successful chemotherapy. ATP
binding cassette (ABC) transporters are involved in the resis-
tance to many cytotoxic drugs. Therefore, the development of
inhibitors for these transporters is of high clinical relevance.
We have described that natural and semisynthetic dihydro-â-
agarofuran sesquiterpenes isolated fromCelastraceaeplants are
highly effective, specific reversers of the MDR phenotype in
human Pgp-expressing cells, and some of them could be
considered as lead compounds for further development of potent
and specific MDR reversers. Due to the lack of detailed
structural information at the discrete atomic level about the
tertiary structure of Pgp, a 3D-QSAR/CoMSIA model has been
developed to characterize those structural elements of sesquit-
erpenes that are keys for the efficient inhibition of Pgp (Figure
4). The most outstanding features are the carbonyl groups at
the C-2, C-3, and C-8 positions, which act as a H-bond acceptor
in the H-bond interaction with areas of the receptor depicted as
pink spheres; a bulky hydrophobic substituent at the C-2â
position depicted as a green sphere; and a hydrophobic
substituent at the C-6 position depicted as a blue sphere.

In general, the important trends of sesquiterpenes for high
inhibitory activity are the overall esterification level of the
compounds, the presence of at least two aromati-ester moieties
(such as benzoate-nicotinate or benzoate-benzoate), and the

size of the molecule. Sesquiterpenes tetra- or penta-substituted
show the highest potency, whereas additional esters in the
molecule lead to inactive compounds. In contrast to other
models,35 the presence of a basic tertiary nitrogen atom is not
essential for Pgp inhibition.

The recently determined structures37,38 of ABC transporters
will contribute in the near future to our understanding of the
mechanisms, whereby Pgp recognizes so many different mol-
ecules. Weak polar and hydrophobic interactions, through
aromatic residues in transmembrane segments of Pgp seem to
play an important role in the recognition process.39,40

Experimental Section

General Experimental Procedures. Optical rotations were
determined on a Perkin-Elmer 241 automatic polarimeter in CHCl3

at 20°C and the [R]D are given in 10-1 deg cm2 g-1. UV spectra
were obtained on a JASCO V-560 spectrometer in absolute EtOH.
IR (film) spectra measured on a Bruker IFS 55 spectrophotometer.
1H and 13C, DEPT, COSY, ROESY, HSQC, and HMBC NMR
experiments were performed on a Bruker Avance 400, or a Bruker
Avance 300 spectrometer and chemical shifts are shown inδ (ppm)
with tetramethylsilane (TMS) as internal reference. EIMS and
HREIMS were recorded on a Micromass Autospec spectrometer.
Silica gel 60 (15-40 µm) for column chromatography, silica gel
60 F254 for TLC, and nanosilica gel 60 F254 for preparative HPTLC
were purchased from Macherey-Nagel, and Sephadex LH-20 for
exclusion chromatography was obtained from Pharmacia Biotech.
All the reagents were purchased from Aldrich and used without
further purification.

Plant Material. Maytenus cuzcoinaLoesener (Celastraceae) was
collected in December 2000 at Huayllabamba-Urquillos, province
of Urubamba, Cusco (Peru). A voucher (“cuz” 02765 A.T. 1004
MO) specimen is deposited in the herbarium of Vargas, Department
of Botany, in the National University of San Antonio Abad, Cusco,
Peru.

The leaves ofCrossopetalum uragogaKuntze was collected in
August 1999, in the “El Imposible” National Park, El Salvador. A
voucher specimen (JMR-577) was deposited at the Herbarium of
the La Laguna Botanic Garden, Santa Tecla, El Salvador.

Extraction and Isolation. The dried fruits ofM. cuzcoina(250
g) were extracted withn-hexane/Et2O (1:1) in a Soxhlet apparatus.
Removal of the solvent under reduced pressure provided 40 g of
extract, which was chromatographed on a silica gel column, using
increasing polarity mixtures ofn-hexane-EtOAc as eluant to afford
six fractions. In this way, thus, after several chromatographies on

Figure 4. Most outstanding structural elements of the ligands that are
keys to high Pgp inhibition obtained with the 3D-QSAR/CoMSIA
methodology. Pink spheres represent areas of the receptor that interact
with H-bond acceptor moieties of the ligand (i.e., the carbonyl group
at the C-2R, C-3, and C-8 positions). The green sphere stands for bulky
hydrophobic substituent of the ligand at the C-2â position. The blue
region shows the importance of a hydrophobic substituent at the C-6
position of the ligand.
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Sephadex LH-20 (n-hexane-CHCl3-MeOH, 2:1:1), silica gel (CH2-
Cl2-acetone or CH2Cl2-EtOAc of increasing polarity), and
preparative HPTLC of the fractions 4 and 5, the known compounds
1-6 and10,13 and the new compound8 (26.0 mg) were isolated.
Semisynthetic compounds7 and 9 were prepared by standard
methods.

The dried leaves ofCrossopetalum uragoga(3.4 kg) were sliced
into chips, extracted with EtOH in a Soxhlet apparatus, and
concentrated under reduced pressure. The EtOH extract (390.0 g)
was partitioned between CH2Cl2/H2O (1:1) to provide CH2Cl2 (87.0
g) and H2O fractions. The CH2Cl2 fraction was chromatographed
on a silica gel column, using increasing polarity mixtures of
n-hexane-EtOAc as eluant to afford four fractions. Fractions 2-4
were subjected to column chromatography over Sephadex LH-20
(n-hexane-CHCl3-MeOH, 2:1:1) and silica gel (CH2Cl2-acetone
of increasing polarity). Preparative HPTLC was used to purify the
new compounds50 (63.4 mg),51 (3.2 mg), and52 (7.3 mg), in
addition to the known compound38 (45.6 mg).15

1R-Acetoxy-6â,9â-difuroyloxy-4â-hydroxy-2R-nicotinoyloxy-
dihydro-â-agarofuran (7). A mixture of nicotinoyl chloride (20.0
mg), triethylamine (5 drops), compound3 (3.5 mg), 4-(dimethy-
lamino)-pyridine (2.0 mg), and imidazole (2.0 m) in dry dichlo-
romethane (2.0 mL) was heated under reflux for16 h. The reaction
was quenched by the addition of ethanol (0.5 mL) followed by
stirring for 30 min at room temperature. The mixture was evaporated
to dryness, and the residue was purified by preparative TLC using
CH2Cl2/Et2O (5:1) to give7 (1.4 mg): colorless lacquer; [R]20

D )
+33.6° (c 0.14, CHCl3); IR γmax (film) 3423, 2956, 2915, 2847,
1722, 1308, 1284, 1230, 1159, 1023, 761 cm-1; 1H NMR (CDCl3)
δ 1.54 (3H, s), 1.57 (3H, s), 1.60 (3H, s), 1.74 (3H, s, OAc-1),
3,07 (1H, s, OH-4), OFu× 2 [6.75 (1H, s), 6.84 (1H, s), 7.44 (2H,
m), 8.04 (1H, s), 8.18 (1H, s)], ONic [7.44 (1H, m), 8.22 (1H, dd,
J ) 1.6, 4.9 Hz), 8.79 (1H, d,J ) 4.9 Hz), 9.17 (1H, s)], for other
signals, see Table 1; MS (EI)m/z (%) 637 (M+, 2), 622 (1), 510
(1), 402 (1), 322 (8), 279 (7), 167 (17), 149 (82), 111 (16), 97
(26), 57 (100); HRMS (EI)m/z calcd for C33H35NO12, 637.2159;
found, 637.2169.

2R-Acetoxy-6â,9â-difuroyloxy-1R,4â-dihydroxy-dihydro- â-
agarofuran (8). Colorless lacquer; [R]20

D ) +18.1° (c 0.16,
CHCl3); UV (EtOH) λmax (log ε) 231 (3.8), 220 (3.7) nm; IRγmax

(film) 3467, 2956, 2925, 2847, 1719, 1640, 1361, 1310, 1159, 1073,
1025, 877, 760 cm-1; 1H NMR (CDCl3) δ 1.47 (3H, s, Me-14),
1.53 (3H, s, Me-13), 1.56 (3H, s, Me-12), 2.06 (3H, s, OAc-2),
3.02 (1H, s, OH-4), OFu× 2 [6.77 (1H, d,J ) 1.1 Hz), 6.83 (1H,
d, J ) 1.1 Hz), 7.44 (2H, s), 8.04 (1H, s), 8.17 (1H, s)], for other
signals, see Table 1;13C NMR (CDCl3) δ OAc-2 [21.3 (q), 171.4
(s)], OFu× 2 [109.8 (2× d), 119.4 (s) 119.7 (s), 143.9 (d), 144.0
(d), 147.7 (d), 149.1 (d), 161.9 (s,-CO2-9), 162.3 (s,-CO2-6)],
for other signals, see Table 2; MS (EI)m/z (%) 517 (M+ - CH3, 2),
499 (1), 472 (1), 422 (2), 405 (3), 360 (3), 342 (2), 248 (5), 230
(4), 173 (4), 149 (4), 95 (100), 77 (5); HRMS (EI)m/z calcd for
C26H29O11 (M+ - CH3), 517.1710; found, 517.1693.

2R-Acetoxy-1R-benzoyloxy-6â,9â-difuroyloxy-4â-hydroxy-di-
hydro-â-agarofuran (9). A mixture of benzoyl chloride (4 drops),
compound8 (3.4 mg), 4-(dimethylamino)-pyridine (2.0 mg), and
imidazole (2.0 m) in dry pyridine (2.0 mL) was heated under reflux
for 16 h. The mixture was evaporated to dryness and the residue
was dissolved in Et2O and washed with H2O, 10% NaHCO3, and
brine. The organic layer was stirred over KF (64.0 mg) for 1 h and
filtered through celite. The filtrate was dried over anhydrous
MgSO4, filtered, and concentrated under reduced pressure. The
residue was purified by preparative TLC using CH2Cl2/Et2O (9:1)
to give 9 (3.3 mg): colorless lacquer; [R]20

D ) +24.7° (c 0.17,
CHCl3); IR γmax (film) 3442, 2956, 2924, 2846, 1724, 1452, 1270,
1157, 1026, 760, 713 cm-1; 1H NMR (CDCl3) δ 1.57 (6H, s), 1.69
(3H, s), 2.00 (3H, s, OAc-2), 3.05 (1H, s, OH-4), OFu× 2 [6.50
(1H, s), 6.85 (1H, s), 7.32 (1H, m), 7.46 (1H, m), 7.84 (1H, s),
8.19 (1H, s)], OBz [7.32 (2H, m), 7.46 (1H, m), 7.66 (2H, d,J )
7.2 Hz)], for other signals, see Table 1; MS (EI)m/z (%) 621 (M+

- CH3, 1), 577 (1), 532 (2), 509 (2), 464 (11), 192 (10), 105 (100),

95 (76); HRMS (EI) m/z calcd for C33H33O12 (M+ - CH3),
621.1972; found, 621.1957.

1R,6â,15-Triacetoxy-2R-9â-dibenzoyloxy-dihydro-â-agarofu-
ran (38). Colorless lacquer; [R]20

D ) +68.2° (c 0.11, CHCl3); UV
(EtOH) λmax (log ε) 231 (4.1), 274 (3.2), 282 (3.1) nm; IRγmax

(film) 2922, 2852, 1723, 1458, 1273, 1097, 759 cm-1; 1H NMR
(CDCl3) δ 1.24 (3H, d,J ) 7.2 Hz, Me-14), 1.44 (3H, s, Me-12),
1.48 (3H, s, Me-13), 1.52 (3H, s, OAc-1), 2.11 (3H, s, OAc-6),
2.27 (3H, s, OAc-15), OBz× 2 [7.51 (6H, m), 8.06 (2H, dd,J )
1.2, 7.1 Hz), 8.12 (2H, dd,J ) 1.4, 7.0 Hz)], for other signals, see
Table 1;13C NMR (CDCl3) δ OAc-15 [20.4 (q), 170.7 (s)], OAc-6
[21.2 (q), 170.0 (s)], OAc-1 [21.3 (q), 169.3 (s)], OBz× 2 [128.3
(2 × d), 128.6 (2× d), 128.7 (2× d), 129.1 (s), 129.7 (s), 129.8
(2 × d), 130.1 (d), 133.2 (d), 165.3 (s,-CO2-9), 166.0 (s,-CO2-
2)], for other signals, see Table 2; MS (EI)m/z (%) 621 (M+ -
CH3, 5), 594 (18), 472 (2), 257 (3), 215 (3), 143 (4), 105 (100), 77
(18); HRMS (EI)m/z calcd for C34H37O11 (M+ - CH3), 621.2336;
found, 621.2343.

1R,6â,15-Triacetoxy-2R,8R,9R-tribenzoyloxy-dihydro-â-aga-
rofuran (50). Colorless lacquer; [R]20

D ) +5.0° (c 0.18, CHCl3);
UV (EtOH) λmax (log ε) 230 (4.2), 274 (3.1), 282 (3.0) nm; IR
γmax (film) 2926, 2853, 1728, 1602, 1452, 1270, 1095, 710 cm-1;
1H NMR (C6D6) δ 1.28 (3H, d,J ) 7.8 Hz, Me-14), 1.29 (3H, s,
Me-12), 1.47 (3H, s, Me-13), 1.51 (3H, s, OAc-6), 1.72 (3H, s,
OAc-1), 2.11 (3H, s, OAc-15), OBz× 3 [6.95 (2H, t,J ) 7.5 Hz),
7.06 (2H, t,J ) 7.4 Hz), 7.19 (3H, m), 7.32 (2H, t,J ) 7.5 Hz),
8.14 (2H, dd,J ) 1.2, 7.2 Hz), 8.42 (2H, m), 8.52 (2H, d,J ) 7.3
Hz)], for other signals, see Table 1;13C NMR (C6D6) δ OAc-6
[20.7 (q), 170.2 (s)], OAc-1 [21.3 (q), 169.8 (s)], OAc-15 [21.9
(q), 171.2 (s)], OBz× 3 [129.2 (2× d), 129.3 (2× d), 129.5 (2
× d), 130.2 (s), 130.3 (s), 130.5 (2× d), 130.9 (2× d), 131.1 (2
× d), 131.7 (s), 133.6 (d), 133.8 (d), 133.9 (d), 165.7 (s,-CO2-9),
166.6 (s,-CO2-2), 166.8 (s,-CO2-8)], for other signals, see Table
2; MS (EI) m/z (%) 756 (M+, 1), 742 (2), 714 (11), 592 (3), 305
(2), 228 (4), 188 (5), 105 (100), 77 (11); HRMS (EI)m/z calcd for
C42H44O13, 756.2782; found, 756.2817.

6â-Acetoxy-1R,2R,8R,9R-tetrabenzoyloxy-15-hydroxy-dihydro-
â-agarofuran (51). Colorless lacquer; [R]20

D ) -5.6° (c 0.09,
CHCl3); UV (EtOH) λmax (log ε) 228 (3.9), 274 (3.0), 281 (2.8)
nm; IR γmax (film) 2924, 2852, 1729, 1601, 1451, 1269, 1093, 708
cm-1; 1H NMR (CDCl3) δ 1.47 (3H, d,J ) 7.7 Hz, Me-14), 1.50
(3H, s, Me-12), 1.69 (3H, s, Me-13), 2.15 (3H, s, OAc-6), OBz×
4 [6.82 (2H, t,J ) 8.0 Hz), 7.03 (2H, t,J ) 7.9 Hz), 7.13 (1H, t,
J ) 7.6 Hz), 7.30 (1H, t,J ) 7.6 Hz), 7.50 (10H, m), 7.98 (2H,
dd, J ) 1.4, 7.1 Hz), 8.04 (2H, dd,J ) 1.4, 7.1 Hz)], for other
signals, see Table 1;13C NMR (CDCl3) δ OAc-6 [21.2 (q), 169.9
(s)], OBz× 4 [127.6 (2× d), 128.0 (2× d), 128.6 (2× d), 128.7
(s), 128.8 (2× d), 129.0 (s), 129.1 (2× d), 129.2 (2× d), 129.4
(s), 129.5 (2× d), 129.6 (2× d), 130.0 (s), 132.5 (d), 132.7 (d),
133.1 (d), 133.5 (d), 164.2 (s,-CO2-9), 165.1 (s,-CO2-2), 165.2
(s, -CO2-1), 165.7 (s,-CO2-8)], for other signals, see Table 2;
MS (EI) m/z (%) 776 (M+, 1), 743 (5), 654 (3), 532 (2), 410 (5),
322 (7), 245 (4), 218 (6), 160 (10), 105 (100), 77 (3); HRMS (EI)
m/z calcd for C45H44O12, 776.2833; found, 776.2804.

6â,15-Diacetoxy-1R,2R,8R,9R-tetrabenzoyloxy-dihydro-â-aga-
rofuran (52). Colorless lacquer; [R]20

D ) -6.0° (c 0.10, CHCl3);
UV (EtOH) λmax (log ε) 229 (4.2), 274 (3.0), 281 (2.9) nm; IR
γmax (film) 2926, 2853, 1729, 1604, 1451, 1270, 1228, 1095, 707
cm-1; 1H NMR (CDCl3) δ 1.28 (3H, d,J ) 7.7 Hz, Me-14), 1.53
(3H, s, Me-12), 1.69 (3H, s, Me-13), 1.91 (3H, s, OAc-15), 2.16
(3H, s, OAc-6), OBz× 4 [6.82 (2H, t,J ) 7.9 Hz), 7.04 (2H, t,J
) 7.9 Hz), 7.04 (1H, t,J ) 7.5 Hz), 7.30 (1H, t,J ) 7.5 Hz), 7.50
(10H, m), 8.01 (2H, dd,J ) 1.2, 7.2 Hz), 8.06 (2H, dd,J ) 1.2,
7.2 Hz)], for other signals, see Table 1;13C NMR (CDCl3) δ OAc-
15 [21.2 (q), 171.1 (s)], OAc-6 [21.3 (q), 169.7 (s)], OBz× 4 [127.6
(2 × d), 127.9 (2× d), 128.3 (2× d), 128.5 (2× d), 128.9 (s),
129.1 (s), 129.2 (2× d), 129.3 (2× d), 129.4 (s), 129.8 (2× d),
129.9 (2× d), 130.2 (s), 132.5 (d), 132.6 (d), 133.2 (d), 133.3 (d),
164.6 (s,-CO2-9), 165.2 (s,-CO2-2), 165.7 (s,-CO2-1), 166.2
(s, -CO2-8)], for other signals, see Table 2; MS (EI)m/z (%) 803
(M+ - CH3, 1), 776 (7), 714 (1), 654 (3), 474 (4), 414 (3), 105
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(100), 77 (12); HRMS (EI)m/z calcd for C46H43O13 (M+ - CH3),
803.2704; found, 803.2700.

Acetylation of 51. A mixture of acetic anhydride (2 drops),
triethylamine (4 drops), compound51 (1.5 mg), and 4-(dimethy-
lamino)-pyridine in dichloromethane (2.0 mL) was stirred at room
temperature for 16 h. The reaction was quenched by the addition
of ethanol (0.5 mL) followed by stirring for 30 min at room
temperature. The mixture was evaporated to dryness, and the residue
was purified by preparative TLC usingn-hexane/ethyl acetate (1:
1) to give compound52 (1.0 mg).
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Bazzocchi, I. L.; Pardo, L.; Ravelo, A. G.; Castanys, S.; Gamarro,
F. Dihydro-â-agarofuran sesquiterpenes: A new class of reversal
agents of the multidrug-resistant phenotype mediated by P-glyco-
protein in the protozoan parasite.Curr. Pharm. Des.2005, 11, 3125-
3139.
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