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Inhibition of acetylcholinesterase (AChE) and therefore prevention of acetylcholine degradation is one of
the most accepted therapy opportunities for Alzheimeŕs disease (AD), today. Due to lack of selectivity of
AChE inhibitor drugs on the market, AD-patients suffer from side effects like nausea or vomiting. In the
present study the isolation of two alkaloids, infractopicrin (1) and 10-hydroxy-infractopicrin (2), from
Cortinarius infractus Berk. (Cortinariaceae) is presented. Both compounds show AChE-inhibiting activity
and possess a higher selectivity than galanthamine. Docking studies show that lacking p–p-interactions
in butyrylcholinesterase (BChE) are responsible for selectivity. Studies on other AD pathology related tar-
gets show an inhibitory effect of both compounds on self-aggregation of Ab-peptides but not on AChE
induced Ab-peptide aggregation. Low cytotoxicity as well as calculated pharmacokinetic data suggest
that the natural products could be useful candidates for further drug development.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction or treatments, for example, AD. It is estimated that up to 1.5 mil-
Alzheimeŕs disease (AD) is one of the most common forms of
dementia affecting predominantly elderly people. One aspect of
the illness is that patients suffer from an impaired memory due
to deposition of aggregated Ab-peptides forming amyloid plaques.
According to the cholinergic hypothesis these amyloid plaques are
responsible for the cholinergic dysfunctions in the brains of AD-pa-
tients.1 The currently most accepted therapy is the application of
mild and reversible acetylcholinesterase (AChE) inhibitors to re-
store acetylcholine levels and therefore cholinergic brain activity.
Another process discussed in this context is a catalytic role of the
peripheral anionic site of AChE as catalyst for plaque formation
from Ab-peptides.2 Butyrylcholinesterase (BChE), a close relative
of AChE has a similar active site but a distinct periphery, hence it
is less prone to catalyze amyloid plaque formation.3 Probably due
to insufficient selectivity of today’s available AChE-inhibitors AD-
patients suffer from side effects like nausea or vomiting, which
are possibly ascribed to undesirable BChE-inhibition.4,5 Addition-
ally, bioavailability problems as well as slow pharmacokinetics cre-
ate a demand for new and selective AChE-inhibitors. Natural
sources provide a fascinating variety of structurally distinct and
biologically active secondary metabolites. Especially secondary
metabolites from plant origin show significant AChE inhibitory
activity and may be relevant for AD therapy.

In contrast to plants, fungal fruiting bodies (macromycetes) are
still widely untapped with regard to bioprospecting for new drugs
ll rights reserved.
lion different fungi (Eumycota) exist, of which only approximately
7–8% are known to science yet.6 Some groups of macromycetes
yield an enormous diversity of pigments and bioactive secondary
metabolites.7,8 Most of these metabolites are not found outside of
the fungal kingdom, therefore fungi constitute a valuable comple-
mentary source for novel lead compounds.

This article describes the bioassay-guided isolation and struc-
ture elucidation of the new indole alkaloid derivative 10-hydro-
xy-infractopicrin (2) from fruiting bodies of Cortinarius infractus
Berk. (Cortinariaceae). Together with infractopicrin (1)9 it is shown
to have inhibitory activity against AChE whilst having low cytotox-
icity. Docking studies of both compounds 1 and 2 give hints on
their binding mode.
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2. Results and discussion

The AChE inhibitory effects were tested according to Ellman’s
method.10 For active compounds 1 and 2, IC50-values were deter-
mined by fitting the percentage of inhibition to a sigmoidal
dose–response model using a variable Hill-Slope. To determine
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Figure 2. ThT fluorescence of Ab1-40 fibrils in the presence of compound 1 and 2.
ThT fluorescence was quenched by compound 1 about 15%; bars show mean ± SEM.
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the esterase-selectivity of the isolated compounds, inhibition of
BChE was also tested. For referencing, IC50-values of known
AChE-inhibitors were determined as well. Therefore, physostig-
mine, tacrine as well as the approved drug galanthamine, showing
the highest AChE-selectivity of known pharmaceuticals,11 were
analyzed. It was observed that 1 and 2 show IC50-values for AChE
in a similar range as galanthamine (Table 1). However, for BChE
no inhibition could be detected up to a concentration of 100 lM.
This indicates an even higher esterase-selectivity of 1 and 2 (both
>>10) compared to galanthamine (2.8; Table 1), although AChE and
BChE inhibitory activity has been reported for other tricyclic b-
carbolines.12–14 In this context it is known that only b-carbolines
and not their dihydro- and tetrahydroderivatives show activity
on cholinesterases. Furthermore it is shown that the N3-alkylated
b-carbolinium salts like 1 and 2 are the stronger inhibitors, possi-
bly by substrate mimicking.15 With respect to target selectivity it
seems that b-carbolines are mostly AChE selective, with IC50-ratios
(AChE vs BChE) of up to 17.9 for the 6-hydroxy-9-methyl-norhar-
manium salt.14 The compounds reported here show no inhibition
of BChE at 100 lM hence their AChE-selectivity is suspected to
be higher. Schott et al.14 also speculate that AChE-selectivity is
conferred by indole N-methylation. This is supported by the struc-
tures of compounds 1 and 2 where the indole nitrogen is amidated.

Additionally, the influence of the AChE-inhibitors on the aggre-
gation of Ab1-40 was investigated applying Thioflavin T(ThT) fluo-
rescence assays. Incubation of monomeric Ab1-40 with compound
1 or 2 in equimolar concentration resulted in a decreased maxi-
mum of ThT fluorescence (Fig. 1). This could be due to a reduced
formation of fibrils or an influence of the compounds on fibril
structure. A potential quenching of ThT fluorescence by the com-
pounds 1 and 2 was investigated by incubation of mature fibrils
of Ab1-40 with the compounds. Only compound 1 exerted a minor
quenching effect of about 15%, which efficiently ruled out an
unspecific effect of the compounds on the fluorescence reading
Table 1
Compounds 1 and 2 show similar IC50-values for AChE compared with reference
inhibitors, but due to not detectable inhibition of BChE a higher selectivity is
indicated; figures show mean ± SEM

Compound IC50 AChE (lM) IC50 BChE (lM) Selectivity
(IC50 BChE/
IC50 AChE)

Galanthamine 8.70 ± 0.05 24.4 ± 2.84 2.80
Physostigmine 2.58 ± 0.03 1.34 ± 0.279 0.519
Tacrine 0.71 ± 0.30 0.01 ± 0.001 0.01
1 9.72 ± 0.19 No inhibition (100 lM) >10
2 12.7 ± 0.16 No inhibition (100 lM) >10

Figure 1. ThT fluorescence (kexc = 440 nm; kemm = 490 nm) during aggregation of
Ab1-40 (25 lM) in the presence of compounds 1 and 2 (both 25 lM). Maximum ThT
fluorescence is reduced compared to control; figures show mean ± SEM.
(Fig. 2). Thus, the reduced ThT fluorescence of about 50% in the
aggregation assays in presence of the compounds is most likely
caused by a reduction of the fibril concentration.

To confirm these results compounds 1 and 2 together with AChE
were tested in a further Ab1-40 aggregation assay (Fig. 4). This set-
up should demonstrate, if 1 and 2 interact only at the catalytic site
or additionally at the peripheral site of AChE. As controls the site
specific inhibitors tacrine (active site specific) and propidium io-
dide (peripheral site specific) were used. Inhibition of Ab1-40
aggregation could be observed in the absence of AChE only. In con-
clusion, the alkaloids 1 and 2 inhibit only the self-aggregation of
Ab1-40 and not the aggregation induced by AChE. Therefore they
can be seen as selective active site binders of AChE with no at most
minor influence on the peripheral anionic site.
Figure 3. Cation p–p-interactions with W84 and F330 and hydrogen bond of the
carbonyl group of the ligand with the phenolic hydroxy group of Y121. In case of the
BChE-Q119 occupies the position of AChE-Y121. BChE-Q119 is neither in the right
conformation for binding nor able to form p–p-interactions with the ligand. Even in
flexible docking arrangements the side chain is too short to form the corresponding
hydrogen bond. Furthermore, AChE-F330 is replaced by BChE-A328 which is not
able to form p–p-interactions and to stabilize the docking arrangement. The
negatively charged AChE-E199 electrostatically interacts with the positively
charged ligand.
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Figure 4. ThT fluorescence (kexc = 440 nm; kemm = 490 nm) during AChE induced aggregation of Ab1-40 (25 lM) in the presence of compounds 1 and 2 as well as reference
compounds (all 25 lM); figures show mean ± SEM.

Table 4
Cytotoxicity (LDH-activity) and viability of hepatocyte (HepG2) and neuroblastoma
(SY5Y) cell lines against compounds 1 and 2; figures show mean ± SEM

Compound Concentration
(lM)

Cytotoxicity
SY5Y (%)

Cytotoxicity
HepG2 (%)

Viability
SY5Y (%)

Viability
HepG2 (%)

1 10 �0.07 ± 0.25 2.23 ± 1.30 97.11 ± 1.94 100.45 ± 0.57
1 100 �1.33 ± 0.43 1.48 ± 0.85 97.66 ± 2.83 99.07 ± 0.39
2 10 �1.86 ± 1.67 0.13 ± 0.43 96.68 ± 7.92 98.65 ± 0.79
2 100 0.97 ± 0.54 0.56 ± 0.29 98.28 ± 0.53 100.74 ± 0.57

Table 3
1H and 13C NMR data of compounds 1 and 2 (in D2O)

Pos. Infractopicrin (1) 10-Hydroxy-infractopicrin (2)

dC dH m (J (Hz)) dC dH m (J (Hz))

1 118.6 8.284 d (6.3) 118.7 8.400 d (6.3)
2 140.5 8.652 d (6.3) 140.3 8.846 d (6.3)
4 142.6 142.3
5 128.2 6.814 t (1.8) 128.3 7.018 t (1.7)
6 158.7 158.4
8 116.3 7.964 ddd (8.3, 1.0, 0.7) 117.2 7.893 d (8.8)
9 134.1 7.589 ddd (8.3, 7.5, 1.2) 121.5 7.086 dd (8.8, 2.4)

10 127.1 7.400 ddd (7.9, 7.5, 1.0) 154.8
11 125.0 8.006 ddd (7.9, 1.2, 0.7) 109.8 7.405 d (2.4)
12 122.3 123.7
13 140.9 134.8
14 136.1 135.8
15 132.0 132.2
16 127.7 127.6
17 54.3 4.727 m 54.4 4.925 m
18 21.5 2.335 m 21.5 2.537 m
19 24.1 3.009 m 24.1 3.206 m
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After treatment for 24 h, no cytotoxic effects were observed for
either compound 1 or 2 at concentrations up to 100 lM against
four human cell lines including a neuroblastoma (SY5Y) and a
hepatocyte cell line (HepG2). The viability of all cells was 100%
(Table 4).

Moreover, calculated parameters indicate compliance of 1 and 2
with Lipinski’s rules.16,17 Calculated values for topological polar
surface area (TPSA) below 70 Å2 demonstrate that the substances
could be able to diffuse through the blood-brain barrier18 and
therefore be active as CNS drug (Table 2).

To investigate the mechanism of a selective inhibition of AChE
in detail, docking studies of the two inhibitors to AChE and BChE
active sites were performed. For each ligand and enzyme, 30 dock-
ing arrangements were calculated. Those with best (more nega-
tive) scoring values were used for further discussions. Both
compounds showed preferential binding to the oxyanion hole of
the enzyme. In complex with AChE, stabilization occurs mainly
by p–p-interactions with the aromatic residues W84 and F330.
Furthermore, a hydrogen bond between the hydroxyl oxygen of
Y121 and the carboxamide oxygen of the ligands fixes their posi-
tions (Fig. 3). An ion pair interaction of the quaternary nitrogen
on the b-carboline moiety with the side chain of E199 could also
be detected. The slightly better inhibition of 1 compared to its
hydroxylated counterpart can be explained by an area of hydro-
phobic amino acids into which the hydroxyl group points. Interest-
ingly, in the BChE complex none of the docking conformations
produced by GOLD (Genetic Optimized Ligand Docking) or PLANTS
(Protein–Ligand ANT System) was congruent with those from the
AChE complex. In the BChE complex, the amino acids AChE-F330
and AChE-Y121 are replaced by A328 and Q119, which are not able
to form p–p-interactions, responsible for the stabilization of the li-
gands in AChE. This can be an explanation for the selective inhibi-
tion of AChE by 1 and 2. The formation of a hydrogen bond
between the ligands carboxamide oxygen and the phenol-OH of
Y121 is not possible in BChE. The ligand oxygen is 9.9 Å from the
Y121 equivalent, Q119. Due to the decreased interaction possibili-
ties in BChE, PLANTS produces different docking conformations
Table 2
PLANTS score values are normalized by the number of heavy atoms

Compound PLANTS-Score AChE PLANTS-Score BChE cLog P TPSA (Å2)

1 �7.00 �5.95 3.179 25.88
2 �6.57 �5.73 2.885 46.11
Galanthamine �5.93 �4.76 0.7 43.13

Higher affinity of the ligands to the enzyme is predicted for more negative PLANTS
score values. cLog P and TPSA data indicate plasma membrane and blood-brain
barrier permeability, respectively.
cLog P calculated octanol/water partion coefficient; TPSA topological polar surface
area
with less ligand affinity towards BChE. This is also indicated by
the scoring values which differ by 0.85–1.0, approximating the free
interaction energy DG in kcal/mol between the ligand and the en-
zyme (Table 2). Due to the fact that the interaction energy is corre-
lated logarithmic with the IC50-value in the Gibbs–Helmholtz
equation this translates into a difference of about one order of
magnitude between the different enzymes (Table 2). Almost the
same scoring difference was observed when docking the reference
inhibitor galanthamine which has a lower AChE vs BChE selectivity
than compounds 1 and 2 (Table 1).

The docking studies suggest possible reasons for the selectivity
of 1 and 2 to the AChE active site versus BChE. Also in vitro fibril
formation is positively influenced viz. reduced formation. More-
over, low cytotoxicity and the expected positive pharmacokinetic
properties of the infractopicrin (1) scaffold make it a useful lead
structure worth further investigations as AChE-inhibitors and con-
sideration for the development as AD-drugs.
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3. Experimental

3.1. General

UV spectra were obtained in MeOH on a Jasco V-560 spectro-
photometer. IR spectra were measured on a Thermo Nicolet 5700
FT-IR spectrometer. 1D 1H, 13C, and 2D NMR spectra (HSQC, HMBC,
COSY, ROESY) were recorded on a Varian Mercury 400 (1H at
399.94 MHz) and on a Varian NMRS 600 (1H at 599.83 MHz) spec-
trometer. 1H and 13C chemical shifts were referenced to external
TSPSA in D2O (d 0.015 ppm, 1H) and external dioxane in D2O (d
67.6 ppm, 13C), respectively.

The LC/ESI-SRM measurements and the collision induced disso-
ciation (CID) mass spectra were obtained from a TSQ Quantum Ul-
tra AM system, equipped with a hot ESI source (HESI, electrospray
voltage 3.0 kV, sheath gas: nitrogen; vaporizer temperature: 50 �C;
capillary temperature: 250 �C). The MS system is coupled with a
Surveyor Plus micro-HPLC (Thermo Electron), equipped with a
RP18 column (5 lm, 150 � 1 mm, Hypersil GOLD, Thermo Scien-
tific). For the HPLC, a gradient system was used starting from
H2O/CH3CN 90:10 (each of them containing 0.2% HOAc) to 2:98
within 15 min and hold for further 30 min; flow rate 50 ll min�1

(collision gas: argon; collision pressure: 1.5 mTorr). The high-reso-
lution ESI mass spectra were obtained from a Bruker Apex III Fou-
rier Transform Ion Cyclotron Resonance (FT-ICR) mass
spectrometer (Bruker Daltonics) equipped with an Infinity™ cell
and a 7.0 Tesla superconducting magnet (Bruker). The dissolved
and diluted probes were introduced via a continuously working
syringe pump with a flow rate of 120 l h�1. TLC was carried out
on aluminium TLC plates pre-coated with silica gel 60 F254 (Merck,
0.25 mm). Preparative HPLC was performed on a Varian ProStar
218 system with a PrepStar 330 photodiode array detector using
an ODS C18 column (5 lm, 150 � 20 mm ID, YMC).

3.2. Fungal material

C. infractus Berk. was collected in a deciduous forest (Carpinus,
Fagus, Quercus) near Bad Bibra, Saxony-Anhalt, Germany at
08.09.2006 (leg./det. N. Arnold, Koll. 08/2006). Voucher specimen
is deposited at the Leibniz Institute of Plant Biochemistry Halle
(Saale), Germany (IPB).

3.3. Extraction of fungal material and fractionation

The frozen fruiting bodies of C. infractus (318 g) were extracted
with 3 L aqueous methanol (80%) at room temperature over night,
and the resulting crude extract (8.43 g) was subjected to column
chromatography on Diaion HP-20 eluting sequentially using the
solvents H2O (fraction 1) and MeOH (fraction 2).

3.4. Spectroscopic data

Only fraction 2 (MeOH eluate, 427 mg) showed AChE inhibition
and was therefore purified by preparative HPLC equipped with a
ODS C-18 column (eluents: H2O and CH3CN; solvent system: linear
gradient: 0–43 min, 15–40% CH3CN, flow rate of 8.0 mL min�1) to
afford compound 1 (Rt = 8.9 min) and 2 (Rt = 7.3 min). The constitu-
tion of 1 as infractopicrin was determined by detailed one- and
two-dimensional NMR investigations and comparison of published
spectroscopic data (1H NMR, 13C NMR, mass spectrometry).9 Com-
pound 2 was obtained as yellow solid. The UV spectrum exhibits
absorption maxima at k = 218, 235, 364, and 381 nm. The high-res-
olution MS shows a M+-ion at m/z 277.09745 (calcd for
C17H13N2O2

+, 277.09715) indicating in comparison with infractop-
icrin (1) an exchange of a proton by a hydroxy group. The 1H NMR
spectrum of 2 differs from 1 by the replacement of the aromatic
four spin system by a three spin system because of an hydroxy sub-
stitution at the aromatic ring. Due to the observed NOE correlation
between H-1 and the meta-coupled doublet at 7.405 ppm (H-11, d,
4J = 2.5 Hz), the hydroxy group has to be attached to C-10. Thus, the
structure of compound 2 was assigned as 10-hydroxy-infractopi-
crin (2). Based on the one- and two-dimensional NMR spectra of
1 and 2, all 1H and 13C NMR signals were assigned unambiguously
(Table 3).

Based on the frozen fungal raw material a yield of 0.001% was
obtained for both compounds. However due to the bioassay-guided
isolation strategy material was also lost during fraction testing, and
real contents should be higher.

Infractopicrin (1): brown powder; UV (MeOH) kmax (log e) 208
(3.99), 263 (3.59), 321 (3.52), 371 (3.45), 387 (3.46); IR mmax (dia-
mond) 3670–3150, 3085, 1660, 1450, 1171, 1116, 799, 719 cm�1;
1H NMR and 13C NMR data (see Table 3) are in agreement with
published data;9 LC–ESI-CIDMS (+30 eV), m/z 261 [M]+ (100), 259
(2), 246 (3), 233 (25), 218 (6); ESI-FTICR-MS m/z 261.10242 (calcd
for C17H13N2O+ 261.10224).

10-Hydroxy-infractopicrin (2): yellow powder; UV (MeOH) kmax

(log e) 208 (4.23), 239 (3.76), 289 (3.70), 315 (3.47), 327 (3.49), 350
(3.35), 367 (3.49), 386 (3.46); IR mmax (diamond) 3670–3150, 1674,
1205, 1182, 1132, 1022, 801, 723 cm�1; 1H NMR and 13C NMR
data: see Table 3; LC–ESI-CIDMS (+30 eV) m/z 277 (100), 275 (2),
262 (3), 249 (22), 233 (35), 221 (14). ESI-FTICR-MS: m/z
277.09745 (calcd for C17H13N2O2

+, 277.09715).

3.5. Bioassay for AChE inhibition

AChE from bovine erythrocytes was obtained from Sigma–Al-
drich. Enzyme activity was measured using a 96-well microplate
reader (Tecan) based on Ellman’s method10 as outlined by Rhee
et al.19 Additionally, to evaluate the BChE inhibition, equine serum
BChE and synthetic butyrylthiocholine as substrate were used
according to a previously described method.19 All tests were per-
formed as triplicates. Tacrine, physostigmine, and galanthamine
(Sigma Aldrich) were used as references at concentrations up to
100 lM.

3.6. Bioassay for inhibition of fibril formation (Thioflavin T
assay)

ThT assay was carried out according to Schilling et al.20 Briefly,
for preparation of a seedless peptide stock, Ab1-40 was dissolved
in hexafluoroisopropanol (HFIP) to a final concentration of 1 mM
and incubated for at least 2 h at room temperature. The peptide
concentration was determined by absorption at k = 280 nm, using
an extinction coefficient of 1490 M�1 cm�1. Prior to use, the HFIP
was evaporated and the peptide was dissolved in 0.1 M NaOH,
filled up with phosphate buffered saline (PBS) and the solution
neutralized by the addition of 0.1 M HCl, resulting in a peptide con-
centration of 100 lM. The volume of HCl/NaOH-solution was 10%
of total volume. Compounds 1 and 2 were dissolved in DMSO
and diluted using PBS to a final concentration of 100 lM contain-
ing 5% DMSO. 50 ll of Ab1-40 solution were mixed with 50 ll sub-
stance solution and 100 ll of a solution of Thioflavin T in water
(40 lM, 0.01% NaN3) in a 96-well blackwell microplate. The plate
was covered with an adhesive film and incubated in a plate reader
at 37 �C. Fluorescence readings for recording the aggregation pro-
cess were taken every 2 h for up to two weeks (kexc = 440 nm;
kemm = 490 nm). Routinely, assays were performed in four cavities
of one plate and the mean of the determined fluorescence units
was calculated. For the investigation of AChE induced aggregation
AChE from Electrophorus electricus (Sigma Aldrich) was added to
the assay mixture (250 nM).
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To investigate the quenching of ThT fluorescence by compounds
1 and 2, mature fibrils of Ab1-40 (25 lM) in ThT solution (20 lM)
were incubated with the compounds (25 lM). The resulting fluo-
rescence was measured and compared with the fluorescence read-
ings without the compounds.
3.7. Cytotoxicity assay

Cytotoxicity was tested using the CytoTox-ONE homogenous
membrane integrity assay (Promega) according to the manufac-
turer’s protocol. The purpose of the assay was to evaluate the leak-
age of lactate dehydrogenase (LDH) from HepG2 as well as SH-
SY5Y cells (both obtained from DSMZ, Braunschweig, Germany)
after treatment with compounds 1 and 2 in two different concen-
trations (10 lM and 100 lM; n = 3).
3.8. Molecular modeling

X-ray structures of human BChE (PDB entry 1P0I) and of AChE
from Torpedo californica complexed with butyrylcholine and (�)-
huperzine A (PDB entry 2ACE), respectively, have been used for
docking studies. Hydrogen atoms were included automatically by
the use of the 3D-protonate option in MOE.16 Docking studies were
performed with GOLD version 3.2 with rigid proteins.21–23 Alterna-
tively, flexible side chain docking with PLANTS was performed.24

The following side chains were allowed to be flexible for BChE dur-
ing docking with PLANTS: Ser198, Asp70, Trp82, His438, Tyr332,
Phe329, Thr120, Glu197, Tyr128 and Ile442. In case of AChE,
Ser200, Asp72, Trp84, His440, Tyr334, Phe331, Ser122, Glu199,
Tyr130, Ile444 were flexible. In all cases 30 docking arrangements
were calculated for each compound. Docking results were visual-
ized and analyzed with MOE. Molecular graphics were drawn using
PyMOL.25
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