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Targeting the baculoviral inhibitor of apoptosis proteins repeat (BIR) 3 of X-linked inhibitor of apoptosis
proteins (XIAP) represents an innovative strategy for the design of chemosensitizers. Acylated flavonol
monorhamnosides (AFMR) from Eriobotrya japonica Lindl. (Rosaceae) were virtually predicted as ligands
of the XIAP BIR3 domain by using a previously generated pharmacophore model. From the methanol leaf
extract of E. japonica an enriched mixture of AFMR was obtained showing chemosensitizing potential in
combination with etoposide in XIAP-overexpressing Jurkat cells. The HPLC-SPE-NMR hyphenated tech-
nique facilitated the structure elucidation of three known and two new natural AFMR. The main consti-
tuent and virtual hit, kaempferol-3-O-a-L-(200,400-di-E-p-coumaroyl)-rhamnoside (3) was isolated from
the enriched fraction. Applying a fluorescence polarization based binding assay, 3 was identified as XIAP
BIR3 ligand with a dose-dependent affinity (IC50 10.4 lM). Further, 3 induced apoptosis in XIAP-over-
expressing Jurkat cells and activated caspase-9 in combination with etoposide. Docking experiments
revealed a major impact of the coumaric acid and sugar moieties of 3 on XIAP BIR3 binding, which
was experimentally confirmed. To conclude, this study elucidates 3 as natural, small-molecular weight
XIAP BIR3 inhibitor using a combination of in silico and HPLC-SPE-NMR hyphenated techniques.

� 2010 Published by Elsevier Ltd.
1. Introduction

Apoptosis is an essential cell suicide process that is of crucial
importance for suppression of oncogenesis in multi-cellular organ-
isms.1 This process can be initiated by intristic or extrinsic pathways.
The extrinsic pathway implicates the activation of death receptors.
The intrinsic pathway is activated by extra-cellular cues and internal
insults such as DNA damage, oxidative stress or signals induced by
chemotherapeutic drugs. These events lead to the activation of the
initiator caspase-9, a cysteine protease. The subsequent cascade of
effector caspases results in the disassembly of the cell. This process
can be inhibited by the members of the inhibitor of apoptosis protein
(IAP) family, which are able to directly inhibit the caspases. At least
eight distinct IAPs have been identified in the mammalian genome,
each of which contains one to three copies of the baculoviral IAP
repeat (BIR) domain. The best characterized family member X-
linked IAP (XIAP), which is overexpressed in many tumors, binds
and inhibits caspase-9 through its BIR3 domain.2 This caspase-9
inhibition is neutralized by a mitochondrial protein named Smac/
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DIABLO (second mitochondria-derived activator of caspases/direct
IAP-binding protein with low isoelectric point) by interacting di-
rectly with the XIAP BIR3 domain.3

The discovery of XIAP BIR3 ligands, so-called Smac-mimetics, is
a promising strategy for the design of compounds modulating
apoptosis pathways in chemoresistant cells in order to increase
their sensitivity to conventional chemotherapeutic drugs (chemo-
sensitizers). There are two major approaches, which have been at-
tempted to discover Smac-mimetics. On the one hand, antisense
oligonucleotides emerged as potentially useful agents: AEG
35156 reducing XIAP levels and sensitizing tumors to chemother-
apy is currently under clinical assessment.4,5 However, due to their
limitations such as poor cell-permeability and in vivo stability,
many groups focused on the discovery of small-molecular weight
inhibitors of XIAP BIR3 on the other hand.6–10

In the field of natural products, embelin, a benzoquinone with
an 11-carbon alkyl side chain originally isolated from the Japanese
Ardisia herb (Ardisia japonica, Myrsinaceae), has been identified as
XIAP BIR3 inhibitor.10 For thousands of years, natural products
have played a crucial role in the discovery and development of
pharmaceuticals. Today, they are still a significant source of novel
drugs, especially in the field of anti-cancer therapeutics.11 In the
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time frame from the 1940s to 2006, 73% of the 155 small molecules
approved as anti-cancer drugs are naturally derived agents, with
47% being either natural products or their derivatives.12 This
success is based on their biosynthesis by numerous enzymes and
co-evolvement with the requirements of ligand functionality.13,14

The identification of embelin as XIAP BIR3 inhibitor has been
enabled by a computational structure-based database search using
the docking software DOCK. Whereas molecular modeling is well
established as an important and successful method to discover
and rationalize bioactivities in medicinal chemistry, its application
has proven to be also a powerful tool to exploit the natural
products’ bioactivities.15 Recently, natural products as molecular
cancer therapeutics discovered or rationalized by molecular
modeling have been reviewed.16

In this study, kaempferol-3-O-a-L-(200,400-di-E-p-coumaroyl)-
rhamnoside (3) has been identified as a natural, small-molecular
weight XIAP BIR3 inhibitor using (i) virtual screening of a focused
3D multi-conformational natural product database with a gener-
ated pharmacophore model of the XIAP BIR3 binding groove as
search query and (ii) docking experiments to rationalize the impact
of substructures on bioactivity.
2. Results and discussion

2.1. Description of pharmacophore model Hypo2-
1TFQexcludvolumes7

The pharmacophore model Hypo2-1TFQexcludedvolumes7
consists of two donor features describing the ligand’s peptide nitro-
gens which are supposed to bind to the amino acids Thr308 and
Gly306, respectively. Furthermore, a hydrogen acceptor function
was localized from the Trp323 to the ligand’s N-terminal peptide
oxygen. The three hydrophobic features mimic the bulky tert-butyl
residue of the ligand, its proline ring, and its 1,2,3,4-tetrahydronaph-
thalene, respectively. Additionally, excluded volume spheres
representing side chains of the protein and therefore inaccessible
areas for the ligand have been included in the model.
2.2. Establishment and in silico screening of a natural product
database

Loquat or Eriobotrya japonica (Thunb.) Lindl. from the Rosaceae
family is an ornamental tree native to South China and Japan. It is
also cultivated in Europe since the 18th century due to its delicious
fruits. The leaves are used in Traditional Chinese Medicine for the
treatment of bronchitis, cough, fever, and nausea. In literature,
constituents of the leaves, especially polyphenols and triterpene
acids, are reported as being cytotoxic or showing anti-cancer prop-
erties in vitro and in vivo.17–20 Although information concerning
the down-regulation or suppression of XIAP is available for some
constituents such as (�)-epigallocatechin-3-gallate (EGCG),
kaempferol and ursolic acid, no ligands of the XIAP BIR3 groove
have been reported yet.21–24 E. japonica has been selected as plant
material for this study due to (i) its long-term use as medicinal
plant, (ii) its pharmacological profile described in literature, and
(iii) its availability.

In order to identify potential XIAP BIR3 inhibitors, a 3D multi-
conformational database of the known constituents from the leaves
of E. japonica has been established and labelled as ERIO. Using the
pharmacophore model Hypo2-1TFQexcludedvolumes7 as search
query, this database, which consists of 121 compounds, was virtu-
ally screened resulting in 35 hits (28.9%). The acylated flavonol
monorhamnosides emerged as one of the most promising phyto-
chemical classes, because they all mapped all the features of the
pharmacophore model (100%). Based on the finding that the model
found only 14% of the flavonoid glycosides, we assume that acylation
of the molecules has an influence on the mapping results and conse-
quently also on bioactivity. Therefore, this interesting phytochemi-
cal class has been selected for further investigations.

2.3. Enrichment of acylated flavonol monorhamnosides

Fractionation of the methanol crude extract by silica gel and
Sephadex LH-20 column chromatography resulted in an enriched
acylated flavonol monorhamnoside (eAFMR) fraction. To facilitate
the structural characterization of the main compounds of this
complex mixture, the HPLC-SPE-NMR hyphenated technique was
employed. By applying mass spectrometry, 1D and 2D NMR
experiments and comparison with data from literature,25 three
compounds have been identified as kaempferol-3-O-a-L-(300-Z,400-
E-di-p-coumaroyl)-rhamnoside (1), kaempferol-3-O-a-L-(300,400-di-
E-p-coumaroyl)-rhamnoside (2), and kaempferol-3-O-a-L-(200,
400-di-E-p-coumaroyl)-rhamnoside (3) (Fig. 1). In literature, com-
pound 1 is described as having been isolated from Epimedium sag-
ittatum as well as being instable becoming a mixture of six acylated
flavonol monorhamnosides via isomerization and trans-esterifica-
tion after storage overnight.25,26 Compounds 2 and 3 have been
isolated from various plant materials including Machilus philippin-
ensis, E. sagittatum, and Laurus nobilis,25–27 whereas compounds 1
and 2 have not been isolated before from E. japonica. Additionally,
a mixture of two compounds (4 and 5), which had been trapped to-
gether, could be assigned to novel acylated flavonol mono-
rhamnosides (Fig. 1). To our best knowledge, these compounds
are described for the first time. The LC-HR-ESI-MS (positive mode)
of compounds 4 and 5 showed [M+Na]+, [M+H]+, and [M+K]+ at m/z
777.1803, 755.1988, and 793.1533, respectively, suggesting an
additional methoxy group for each compound in respect to 1–3.
Integration of the signals of the 1H NMR spectrum revealed the
ratio of the mixture (5:3) and facilitated the assignment of the
NMR signals to the compounds. Furthermore, the spectrum dis-
played signals for two kaempferol moieties, an AX system for H-
6 (d 6.26, d, J = 1.8) and H-8 (d 6.45, d, J = 1.8) and an AA0XX0 system
for H-20 (H-60, d 7.85, d, J = 8.4) and H-30 (H-50, d 7.06 and 7.07, d,
J = 8.4), two rhamnopyranosyl moieties (dH-100 5.72 and 5.74, d,
J = 1.8; dH-600 0.85, d, J = 6.6), two E-coumaroyl moieties and two
E-feruloyl moieties (JH-200 00/H-300 00 = 16.2, dH-1000 00 3.91 and 3.94, s). In re-
spect to the protons of a non-substituted rhamnose, the signals of
H-200 and H-400, analyzed by the COSY spectrum, were down-field
shifted in both compounds. In accordance to literature data of
the chemical shifts of H-200 00 and H-300 00,25,28 compounds 4 and 5
could be assigned to kaempferol-3-O-a-L-(200-E-feruloyl,400-E-p-
coumaroyl)-rhamnoside and kaempferol-3-O-a-L-(200-E-p-couma-
royl,400-E-feruloyl)-rhamnoside, respectively (Table 1).

Comparing the HPLC analysis of eAFMR with a fresh methanol
crude extract from the leaves of E. japonica revealed compounds
3, 4, and 5 being genuine in the plant material, and suggested com-
pounds 1 and 2 being artefacts. Probably, the latter ones are iso-
mers of labile genuine constituents yielded during the isolation
process. Compound 3 was the only constituent which showed rea-
sonable stability, whereas the others became a mixture when
stored over night.25 Therefore, assessment of chemosensitizing ef-
fects was performed with the mixture eAFMR containing com-
pounds 1–5 and the isolated compound 3.

2.4. Determination of chemosensitizing activity

For pre-evaluation of cytotoxicity, a range of different
concentrations of eAFMR was measured by the MTT assay in wild
type Jurkat cells (data not shown). Based on these data, the con-
centration interval for a 90% cell-viability was determined for
eAFMR with approximately 5 lg/mL.
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Figure 1. Structural formula of identified acylated flavonol monorhamnosides from the leaves of E. japonica.

Table 1
1H and 13C NMR spectroscopic data of compounds 4 and 5 (600 MHz, CD3CN)

Carbon No. 4 5

1Ha 13C 1Ha 13C

Kaempferol moiety
6 6.26 (d, 1.8) 99.6 6.26 (d, 1.8) 99.6
8 6.45 (d, 1.8) 94.7 6.45 (d, 1.8) 94.7
20 , 60 7.85 (d, 8.4) 131.9 7.85 (d, 8.4) 131.9
30 , 50 7.06 (d, 8.4) 116.5 7.07 (d, 8.4) 122.9

Rhamnose moiety
100 5.72 (d, 1.8) 98.5 5.74 (d, 1.8) 98.5
200 5.49 (m) 72.3 5.49 (m) 72.3
300 4.07 (m) 68.1 4.07 (m) 68.1
400 4.89 (t, 9.6) 74.3 4.89 (t, 9.6) 74.3
500 3.27 (m) 69.4 3.27 (m) 69.4
600 0.85 (d, 6.6) 17.4 0.85 (d, 6.6) 17.4

200-E-Feruloyl moiety 400-E-Feruloyl moiety
200 00 6.47 (d, 16.2) 115.3 6.34 (d, 16.2) 115.7
300 00 7.66 (d, 16.2) 146.6 7.53–7.60b 146.1
500 00 7.27 (d, 1.8) 111.5 7.28 (d, 1.8) 111.5
800 00 6.86 (d, 8.4) 116.5 6.88 (d, 8.4) 116.5
900 00 7.13 (dd, 1.8, 8.4) 124.5 7.17 (dd, 1.8, 8.4) 123.9
1000 00 3.91 (s) 56.7 3.94 (s) 56.7

400-E-Coumaroyl moiety 200-E-Coumaroyl moiety
200 00 6.30 (d, 15.6) 115.7 6.42 (d, 15.6) 114.9
300 00 7.53–7.60b 146.1 7.68, (d, 15.6) 146.6
500 00 , 900 00 7.53–7.60b 131.3 7.53–7.60b 131.3
600 00 , 800 00 6.85–6.90b 116.3 6.85–6.90b 116.5

a Coupling constants (J values in Hz) in parentheses.
b Signal patterns are unclear due to overlapping.
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Using the Nicoletti assay, eAFMR was tested in XIAP-over-
expressing Jurkat cells for its chemosensitizing potential
(Fig. 2A). Whereas 5 lg/mL eAFMR caused only weak effects itself
(1.6% apoptotic cells), its combination with 1 lM etoposide
strongly induced cell death (37.5% apoptotic cells) suggesting a
synergistic effect of eAFMR and etoposide.

The activation of the initiator caspase-9 was elucidated by wes-
tern blot analysis. As shown in Fig. 2B after 48 h stimulation
eAFMR in combination with etoposide caused an activation of cas-
pase-9 in XIAP-overexpressing Jurkat cells. At this time point eto-
poside alone does not affect the cleavage of the caspase.

2.5. Virtually predicted binding interactions

Screening the ERIO database with the pharmacophore model
Hypo2-1TFQexcludedvolumes7 as search query, compound 3
emerged as virtual hit. As compounds 1, 2, 4, and 5 have been iden-
tified from the leaves of E. japonica for the first time during this
study, these compounds were not present in the ERIO database.
Therefore, they were mapped into the pharmacophore model
revealing compound 1 also as virtual hit. Since compound 1 was
described as being chemically instable,25 no further modelling
experiments were performed on this structure. In order to get fur-
ther insights into the possible binding mode of the virtual hit 3, it
was docked into PDB complex 2JK7 (X-ray structure of XIAP BIR3
bound to a Smac mimetic),8 using CCDCs software GOLD.29 GOLD
implements a genetic algorithm for flexible ligand placement in
protein binding sites. The most relevant docking pose was selected
by (i) automatically generating a 3D pharmacophore using the
program LigandScout 2.030,31 and (ii) subsequent scoring according
to the geometric fit of the relevant interactions. The chemical
features used for this workflow are shown in Fig. 3. The set of



Figure 2. (A) Testing of eAFMR for its chemosensitizing potential in XIAP-
overexpressing Jurkat cells towards etoposide-induced apoptosis (data are the
mean ± SEM of three independent experiments performed in triplicate, 24 h
stimulation). ***P <0.001, analysis of variance (ANOVA/Bonferroni). (B) After 48 h
treatment eAFMR in combination with sub-toxic doses of etoposide activates
caspase-9 in XIAP-overexpressing Jurkat cells. Cleavage products which indicate
active caspase-9 are shown by arrows. Actin was used as loading control. A
representative experiment out of two independent experiments is shown.
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interactions includes hydrogen bonds with Gly306, Leu307, and
Thr308, and a p-cation interaction with Lys297. Additionally,
Figure 3. 3D pharmacophore showing the relevant interactions of PDB complex
2JK7 (Smac mimetic bound to XIAP BIR3). Hydrophobic areas are shown as yellow
spheres, hydrogen bond donors and acceptors as green and red arrows, respectively,
and aromatic interactions as purple tori.
hydrophobic contacts with Leu307, Trp310, Ly297, and Trp323
can be observed.

The results of the docking experiment show a possible binding
mode of compound 3 (Fig. 4), where the sugar moiety replaces the
central ring system in the Smac mimetic compound allowing the
carbonyl oxygen of the ester moiety to form a hydrogen bond
acceptor interaction with Thr308. The hydroxyl moiety in 300 posi-
tion possibly interacts with Gly306 to form a hydrogen bond donor
(similar as the amide moiety in the Smac mimetic) and at the same
time acts as an H-bond acceptor with Tyr324. Further common
interactions observed are the p-cation interaction with Lys297.
The placement of compound 3 in the XIAP BIR3 binding site sug-
gests a similar location of hydrophobic areas. To illustrate the spa-
tial arrangement of lipophilic areas between ligands and protein,
Fig. 5 shows both the Smac mimetic and compound 3 overlaid on
the protein surface, which is coloured by hydrophobicity.

2.6. XIAP BIR3 inhibiting activity and assessment of structural
requirements

To evaluate the proposed bioactivity, we isolated compound 3,
because it is one of the main constituents of eAFMR and was not
yet described as being instable in contrast to the virtual hit 1.25

The isolation of 3 was achieved by means of preparative HPLC
starting from eAFMR. Before testing 3 in the fluorescence polariza-
tion based binding (FP) assay, its stability was investigated under
FP test conditions, and was found to be stable. The mixture eAFMR
(calculated with an average molecular weight of 725) and com-
pound 3 showed similar binding affinities to the XIAP BIR3 groove
with IC50 values of 11.7 and 10.4 lM, respectively, revealing 3 as a
constituent of eAFMR with a representative XIAP BIR3 inhibiting
activity (Fig. 7). As shown in Fig. 8A compound 3 is able to induce
apoptosis in combination with etoposide in XIAP-overexpressing
Jurkat cells. Also caspase-9 is activated upon stimulation with
compound 3 and sub-toxic dosis of etoposide (Fig. 8B).

For the assessment of all the virtually predicted interactions of
compound 3 within the XIAP BIR3 binding site, the impact of the
Figure 4. Assumed interactions of compound 3 after docking into PDB complex
2JK7. Hydrophobic areas are shown as yellow spheres, hydrogen bond donors and
acceptors as green and red arrows, respectively, and aromatic interactions as purple
tori.



Figure 5. Hydrophobic contacts with the XIAP BIR3 protein surface. Blue surface
colouring indicates polar areas, while yellow corresponds to hydrophobic areas.
Yellow spheres located on the ligand side illustrate hydrophobic chemical feature
locations as detected by LigandScout. Compound 3 carbon atoms are shown in light
gray, the ones of the Smac mimetic compound (2JK7) in dark gray.
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Figure 6. Structural formula of kaempferol-3-O-a-L-rhamnoside (6) and kaempf-
erol (7).

Figure 7. Competitive binding curves of eAFMR and compounds 3, 6, and 7 to the
XIAP BIR3 protein determined by the FP assay.

Figure 8. (A) Testing of compound 3 for its chemosensitizing potential in XIAP-
overexpressing Jurkat cells towards etoposide-induced apoptosis (data are the
mean ± SEM of three independent experiments performed in triplicate, 48 h
stimulation). ***P <0.001, analysis of variance, (ANOVA/Bonferroni). (B) After 48 h
treatment compound 3 in combination with sub-toxic doses of etoposide activates
caspase-9 in XIAP-overexpressing Jurkat cells. Cleavage products which indicate
active caspase-9 are shown by arrows. Actin was used as loading control. A
representative experiment out of two independent experiments is shown.
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acid and sugar moieties on the bioactivity was evaluated. There-
fore, kaempferol-3-O-a-L-rhamnoside (6) yielded by alkaline
hydrolysis of eAFMR, and the underlying flavonol moiety, kaempf-
erol (7) (Fig. 6), have been subjected to experimental investigation
using the FP assay. They did not abrogate the interaction between
the Smac peptide and the XIAP BIR3 protein (IC50 values over
100 lM for both compounds, Fig. 7). Both compounds are constit-
uents from the leaves of E. japonica.32,33

3. Conclusion

In the search for natural compounds binding to the XIAP BIR3
groove, the medicinal plant E. japonica emerged as promising plant
material. Applying a virtual screening of a 3D multi-conformational
database of all its known constituents with the pharmacophore
model of the XIAP BIR3 groove as search query, acylated flavonol
monorhamnosides have been identified as promising phytochemi-
cal class. Experimental investigations confirmed the in silico results
elucidating 3 as small-molecular weight XIAP BIR3 inhibitor with an
IC50 value of 10.4 lM. Whereas anti-inflammatory, anti-bacterial,
and anti-diabetic activities of 3 are described in literature,25,34–36

no anti-cancer activity has been reported so far.
Compound 3 is one of the main constituents of eAFMR, which

has shown chemosensitizing potential in XIAP-overexpressing Jur-
kat cells and a binding affinity to the XIAP BIR3 groove with an IC50

value of 11.7 lM. The similar IC50 values of 3 and eAFMR suggest
that the other constituents of eAFMR have comparable binding
affinities to the XIAP BIR3 groove as compound 3. Applying the
HPLC-SPE-NMR hyphenated technique, it was possible to assign
five constituents, among them two new ones, demonstrating that
this technique is useful to identify single compounds in a complex
mixture and to disclose even artefacts of labile natural products.
Furthermore, the combination of HPLC-SPE-NMR and in silico tech-
niques offered an insight into possible ligand-target interactions of
single compounds in complex mixtures.
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The results of the docking experiments suggested an impact of
the sugar and coumaric acid moieties of compound 3 on its bioac-
tivity. For the assessment of these virtually predicted interactions,
compounds 6 and 7 have been evaluated by the FP assay showing
no binding activity to the XIAP BIR3 domain. Although compound 6
is described in literature as showing anti-cancer and cytotoxic
activities,37 the mechanism could not be elucidated yet. Compound
7 has been isolated from many plant sources such as tea, broccoli,
and leeks, and is therefore abundant in our diet.38 In literature, it is
reported as showing anti-cancer activity39,40 and as potentiating
the effects of chemotherapeutic agents like cytarabine, doxorubi-
cin, and tumor necrosis factor-related apoptosis-inducing ligand
(TRAIL).41–43 Concerning the underlying mechanism of these che-
mosensitive effects, the amplification of reactive oxygen species
(ROS) toxicity and the up-regulation of death receptor (DR) 4 and
5 is described.42,43 Although compound 7 down-regulates the
expression of XIAP,22,23 a binding to the XIAP BIR3 groove can be
excluded based on our investigations.

To conclude, this study exemplarily shows the benefit of molec-
ular modelling for the discovery and rationalization of bioactive
natural products in the field of anti-cancer therapy.

4. Experimental

4.1. Generation of pharmacophore model Hypo2-
1TFQexcludedvolumes7

As starting point the Protein Data Bank entry 1TFQ, which rep-
resents a NMR-structure of an antagonist of the XIAP-caspase-9-
interaction complex to the BIR3 domain of XIAP was used.44,45

The information was merged with interactions from the more re-
cent crystal structure 2JK78 and data from SAR studies46,47 reveal-
ing essential ligand-target interactions. A 3D pharmacophore
model was implemented in a pharmacophore model using the Cat-
alyst Software package (version 4.11, Accelrys Inc., San Diego, CA).
Exclusion volume spheres representing side chains of the protein
and therefore inaccessible areas were included to complete the
pharmacophore model. Before using the generated pharmacophore
model as virtual screening search query, the hypothesis was suc-
cessfully validated by its ability to retrieve all compounds of a mul-
ti-conformational database consisting of 30 compounds known to
inhibit XIAP BIR3.

4.2. Multi-conformer generation and virtual screening of
natural product database

3D models of 121 reported constituents from the leaves of E.
japonica were built using the structure editor within the Catalyst
Software Package (version 4.11, Accelrys Inc., San Diego, CA) in-
stalled on a standard personal computer equipped with an Intel
Core 2 Duo processor (2.13 GHz; 1 GB RAM) running Fedora Core 6
Linux. Compounds were minimized using the default parameters
of the CHARMM force field in order to reduce internal strain en-
ergy. Multi-conformational models were generated by randomized
conformational analysis using the Poling algorithm48,49 and stored
in a binary database using the CatDB procedure within Catalyst
(BEST algorithm for conformer generation; maximum of conform-
ers: 250).

4.3. Docking

Docking was performed using the software GOLD V4.0 (avail-
able from the Cambridge Crystallographic Data Centre, CCDC, Cam-
bridge, UK) with the graphical user interface Hermes for protein
and docking setup. For docking all default values were used, and
50 different docking poses were generated. The ligand was pre-
pared using LigandScout version 2.0 (available from Inte:Ligand
GmbH, Vienna, Austria). Redocking experiments of the original li-
gand reproduced the experimentally determined geometry of the
Smac mimetic compound from 2JK7 with an RMSD value below
0.9A.

To rank the resulting poses, an automatic 3D pharmacophore
for complex 2JK7 was generated and the generated poses for com-
pound 3 were ordered according to their geometric chemical fea-
ture overlap of the interaction pattern derived from the PDB
complex.

4.4. General experimental procedures

All chemicals were analytical grade. Solvents were either analyti-
cal grade or puriss. grade and distilled before use. Optical rotation
was measured on a Perkin Elmer 341 polarimeter (Wellesley, MA)
at 20 �C. Column chromatography (CC) was performed under TLC
monitoring using silica gel (silica gel 60, 40–63 lm; VWR, Darm-
stadt, Germany) and Sephadex LH-20 (20–100 lm, Pharmacia Bio-
tech, Uppsala, Sweden). TLC was performed on silica gel 60 F254

plates (0.25 mm; VWR, Darmstadt, Germany), mobile phase: dichlo-
romethane/methanol, 9:1 (v/v), and detected with vanillin/H2SO4

(1% w/v and 5% v/v methanolic solutions, respectively). HPLC-data
were obtained on a Hewlett-Packard-(HP)-1100 system (Agilent,
Waldbronn, Germany), equipped with a photodiode array detector
(DAD), column thermostat and auto sampler. The LC was fitted with
a Phenomenex Polar RP, 4 lm, 150 � 4.60 mm at a column tempera-
ture of 60 �C, flow rate 0.8 mL/min, injection volume 10 lL, using
DAD (270, 320 nm). The mobile phases consisted of A: bidistilled
water, B: acetonitrile (Merck 1.00030.2500): 25% methanol (Merck
1.06007.2500): 0.1% formic acid (98–100%, Merck 832 K10599664)
(v/v/v); gradient: 0 min 40% B, 20 min 60% B, 21 min 98% B, 30 min
98% B. For LC-ESI-MS experiments the HPLC was coupled to a Bruker
Esquire 3000plus ion trap mass spectrometer (Bruker Daltonics,
Bremen, Germany); MS-parameters: split 1:5; ESI alternative mode;
spray voltage: 4.5 kV; dry gas: N2, 6.0 L/min, 350 �C; nebulizer:
30 psi; scanning range: 100–1500 m/z. For LC-HR-ESI-MS experi-
ments the HPLC was coupled to a Bruker micrOTOF-Q II mass
spectrometer (Bruker Daltonics, Bremen, Germany); HR-MS param-
eters: split 1:3; ESI positive mode; spray voltage 4.5 kV; dry gas: N2,
6.0 L/min, 200 �C; nebulizer: Ar, 22 psi; scanning range: 150–1000
m/z. For investigation of stability under FP test conditions, com-
pound 3 was dissolved in 15 lL dimethyl sulfoxide and 360 lL
phosphate buffer (100 mM, pH 7.5) were added to obtain a final
volume of 375 lL. The solution was analyzed by HPLC at t = 0, 1.5,
and 3 h. The chromatographic peaks were integrated and the relative
percentage of the area at each time was calculated.

4.5. HPLC-SPE-NMR experiments

eAFMR was separated on a Hewlett-Packard-(HP)-1200 system
(Agilent, Waldbronn, Germany), equipped with an online degaser,
autosampler, UV, and a quaternary pump. The LC was fitted with
a Phenomenex Polar RP, 4 lm, 150 � 4.60 mm at a column temper-
ature of 60 �C, flow rate 0.8 mL/min, injection volume 10 � 20 lL.
The mobile phases consisted of A: bidistilled water, B: acetonitrile
(Merck 1.00030.2500): 25% methanol (Merck 1.06007.2500): 0.1%
formic acid (98–100%, Merck 832 K10599664) (v/v/v); gradient:
0 min 2% B, 11 min 2% B, 12 min 43% B, 40 min 43% B, 42 min
98% B, 55 min 98% B. The post-column eluent was mixed with
water supplied by a make-up pump (1.3 mL/min), before peak
trapping on Hysphere-Resin GP cartriges (10–12 lm) using the
SPE system Prospekt. The loaded cartridges were flushed with
dry N2 gas for 50 min, and the analyte was transferred to a Bruker
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Avance II 600 spectrometer (Bruker Biospin, Rheinstetten, Germany)
with CD3CN (30 lL NMR probe). The NMR spectra were calibrated to
the residual non-deuterated solvent signal. Mass, 1D and 2D NMR
spectroscopic data of compounds 1, 2, and 3 have been in accordance
with literature.25 Compounds 4 and 5: UV (acetonitrile–H2O) kmax

nm: 265, 320; LC-HR-ESI-MS (positive mode) m/z 777.1803
[M+Na]+ (cal. for C40H34NaO15

þ, 777.1790), m/z 755.1988 [M+H]+

(cal. for C40H35O15
þ, 755.1970), m/z 793.1533 [M+K]+ (cal. for

C40H34KO15
þ, 793.1529); for 1H and 13C NMR see Table 1.

4.6. Material

Authenticated leaves of E. japonica (Thunb.) Lindl. were col-
lected in the Botanical Garden of Innsbruck. A voucher specimen
(JR-20061023-A1) was deposited in the Herbarium of the Institute
of Pharmacy/Pharmacognosy, Leopold-Franzens University of Inns-
bruck, Austria.

Kaempferol (7) has been purchased from Sigma Aldrich (Vienna,
Austria) with a HPLC-purity P96%.

Human leukemia Jurkat T cells (wild type Jurkat clone J16,
S-Jurkat) were obtained from H. Walczak and P.H. Krammer
(Heidelberg, Germany); XIAP-overexpressing Jurkat cells were
kindly provided by C. Duckett (Ann Arbor, Michigan, USA).50 Both
cell lines were cultured (37 �C, 5% CO2) in RPMI 1640 contain-
ing 2 mM L-glutamine supplemented with 10% FCS gold (PAA
Laboratories GmbH, Linz, Austria) and 1% pyruvate (Sigma,
Deisenhofen, Germany). Medium of transfected cells was supple-
mented with 1 lg/mL puromycin (PAA Laboratories GmbH, Linz,
Austria) every fifth passage. Etoposide was purchased from Merck
Biosciences (Darmstadt, Germany), propidium iodide from Sigma
(Deisenhofen, Germany).

4.7. Extraction and isolation

550 g of the air-dried and milled leaves of E. japonica were ex-
tracted with 1600 mL dichloromethane three times for 24 h at
room temperature. The plant material was filtered off and the sol-
vent was evaporated under reduced pressure to afford 11.9 g
dichloromethane crude extract. In the same way, the remaining
plant material was then extracted three times with 1800 mL meth-
anol yielding 45.1 g methanol crude extract. 27 g of the methanol
crude extract were fractionated using a silica gel CC (310 g,
5 � 35 cm) with 400 mL step gradients from dichloromethane to
methanol to yield 11 fractions (A1-A11). Fraction A4 (649 mg)
was subjected to Sephadex CC (3.5 � 70 cm) using methanol as
mobile phase to afford 7 fractions (B1-B7). Fraction A5 (828 mg)
was fractionated using silica gel CC (310 g, 3.5 � 30 cm) with
200 mL step gradients from dichloromethane to methanol yielding
10 fractions (C1–C10). 30 mg of fraction C6 were fractionated
by a liquid/liquid distribution (water/chloroform/methanol, 2:4:3,
v/v/v) to gain two fractions (D1 and 2). HPLC analysis revealed
B7 (19.4 mg) and D1 (7.9 mg) as being enriched fractions of
acylated flavonol monorhamnosides. In the same way, 18 g of the
methanol crude extract were fractionated yielding two fractions
containing acylated flavonol monorhamnosides (12.8 and
23.1 mg). Due to their similar HPLC patterns the four enriched
fractions of acylated flavonol monorhamnosides have been
combined and labelled as eAFMR (63.2 mg).

10 mg of eAFMR were subjected to preparative HPLC (Xterra�

MS C18, 7.8 � 100 mm, 5 lm, Waters), eluted with acetonitrile/
bidistilled water (38:62, v/v), flow rate 3 mL/min to give 4.2 mg
of compound 3 (47.4–52.8 mL elution volume; optical rotation
½a�20

D �38.0� (methanol, c 0.08); ESI-MS (negative mode): 723.7
[M�H]�; 1D NMR data in accordance with literature;25 HPLC-
purity P95%), which was purified by filtration over a SPE cartridge
(Strata C18-E, 55 lm, 70 Å, Phenomenex).
4.8. Alkaline hydrolysis of eAFMR

25 mg of the mixture eAFMR were dissolved in 5% NaOH
(27 mL) and incubated at room temperature for 15 h. The reaction
mixture was neutralized with 10% H2SO4 and subjected to extrac-
tion with ethyl acetate. The ethyl acetate layer was evaporated to
dryness and purified over Sephadex LH-20 CC (1 � 35 cm) using
methanol as mobile phase to afford 5.4 mg of compound 6 (optical
rotation ½a�20

D �83.6� (methanol, c 0.54); ESI-MS (negative mode):
m/z 431.8 [M�H]�, 863.1 [2 M�H]�; 1D and 2D NMR data in accor-
dance with literature;51 HPLC-purity P95%).

4.9. Pharmacological testing

Before application, the mixture was dissolved and further di-
luted in DMSO. The final DMSO concentration did not exceed 1%,
a concentration verified not to interfere with the experiments
performed.

Pre-evaluation of cytotoxicity was measured using the MTT as-
say according to literature.52 Cells were treated with compounds
for 24 h. Afterwards 5 mg/mL MTT was added and incubated for
1 h at 37 �C. In order to dissolve the insoluble purple formazan
product DMSO was added. The absorbance of the coloured solution
was quantified by measuring at 544 nm in a 96-well plate reader
(Chameleon Plate, Hidex, Turku, Finland).

Quantification of apoptosis was performed as described by the
group of Nicoletti.53 Briefly, cells were incubated for 24 h with
compounds. Afterwards cells were incubated for 2 h (X-Jurkat) or
overnight (S-Jurkat) at 4 �C in a hypotonic buffer (0.1% sodium cit-
rate, 0.1% Triton-X-100 and 50 lg/mL propidium iodide) and ana-
lyzed by flow cytometry on a FACSCalibur (Becton Dickinson,
Heidelberg, Germany). Nuclei to the left of the G0/G1 peak were
considered as apoptotic cells. The fractional product analysis was
employed to assess synergy in treatment effects as recommended
in literature.54

For western blot analysis cells were collected by centrifuga-
tion and lyzed in 1% Triton X-100, 0.15 M NaCl, and 30 mM
Tris–HCl (pH7.5) with the proteases inhibitor cocktail complete
(Roche, Mannheim, Germany) for 0.5 h. Afterwards lysates were
centrifuged at 10,000 g for 10 min. at 4 �C. Proteins were sepa-
rated by SDS–PAGE and transferred to nitrocellulose membrane
(Invitrogen, Karlsruhe, Germany). Membranes were blocked for
1 h with 5% non-fat milk in 0.1% Tween-20/PBS and incubated
over night with primary antibody against caspase-9 (rabbit poly-
clonal antibody; Cell Signaling, Frankfurt, Germany) and actin
(maus monoclonal antibody; Millipore, Schwalbach, Germany).
Proteins were visualised using secondary antibodies conjugated
to horseradish peroxidise and ECL Plus solution (Amersham
Bioscience, Freiburg, Germany). Membranes were exposed to
X-ray film and developed in a Curix 60 Developing processor
(Agfa, Cologne, Germany).

For the determination of XIAP BIR3 binding activity, a sensitive
in vitro binding assay using the fluorescence polarization (FP)-
based method, was performed as described in literature.10 Briefly,
dose-dependent binding experiments were carried out with serial
dilutions of the tested compounds. An aliquot of the samples and
preincubated XIAP BIR3 protein (0.030 lM) and fluorescently
tagged peptide named SM5F (5 nM) in the assay buffer (100 mM
potassium phosphate, pH 7.5; 100 lg/mL bovine gamma globulin;
0.02% sodium azide, purchased from Invitrogen Life Technology),
were added to Microfluor 96-well, black, round-bottom plates.
For each assay, the controls included XIAP BIR3 protein and
SM5F (equivalent to 0% inhibition), and SM5F only (equivalent to
100% inhibition). The polarization values were measured after 3 h
of incubation using an ULTRA READER (Tecan U.S. Inc., Research
Triangle Park, NC). IC50 values (the inhibitor concentration at



P. H. Pfisterer et al. / Bioorg. Med. Chem. 19 (2011) 1002–1009 1009
which 50% of the bound tracer is displaced) were determined from
a plot using nonlinear least-squares analysis.

4.10. Statistical analysis

All pharmacological experiments were performed at least two
times in triplicate. Results are expressed as mean value ± SEM.
Curve fitting and one way analysis of variance (ANOVA) with
Bonferroni’s multiple comparison test were performed using
GRAPHPAD PRISM software (GraphPad Software, Inc., San Diego,
CA). P values <0.05 were considered significant.
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