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Abstract

Mushrooms such as the dermocyboid Cortinarius rubrophyllus are characterized by strikingly colorful fruiting bodies. The
molecular dyes responsible for such colors recently experienced a comeback as photoactive compounds with remarkable
photophysical and photobiological properties. One of them—7,7'-biphyscion—is a dimeric anthraquinone that showed
promising anticancer effects in the low nanomolar range under blue-light irradiation. Compared to acidic anthraquinones,
7,7'-biphyscion was more efficiently taken up by cells and induced apoptosis after photoactivation. However, seasonal
collection of mushrooms producing this compound, low extraction yields, and tricky fungal identification hamper further
developments to the clinics. To bypass these limitations, we demonstrate here an alternative approach utilizing a precursor
of 7,7"-biphyscion, i.e., the pre-anthraquinone flavomannin-6,6'-dimethyl ether, which is abundant in many species of the
subgenus Dermocybe. Controlled oxidation of the crude extract significantly increased the yield of 7,7'-biphyscion by 100%,
which eased the isolation process. We also present the mycochemical and photobiological characterization of the yet chemi-
cally undescribed species, i.e. C. rubrophyllus. In total, eight pigments (1-8) were isolated, including two new glycosylated
anthraquinones (1 and 2). Light-dependent generation of singlet oxygen was detected for the first time for emodin-1-O-f-
D-glucopyranoside (3) [photophysical measurement: @, =0.11 (CD;0D)]. Furthermore, emodin (7) was characterized as
promising compound in the photocytotoxicity assay with ECy,-values in the low micromolar range under irradiation against
cells of the cancer cell lines AGS, A549, and T24.
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Abbreviations

AQ Anthraquinone

ECM Ectomycorrhizal

ECS50 Half maximal effective concentration
Dermocyboid C. Dermocyboid Cortinarii

PDT Photodynamic therapy

SI Supplementary information
TLC Thin layer chromatography

1 Introduction

Without ectomycorrhizal (ECM) fungi, such as the wide-
spread and species-rich genus Cortinarius [1], terrestrial
ecosystems as we know them would not be able to exist.
ECM fungi, which form complex structures within the
roots of their symbiotic partner plants (= Hartig net) as well
as an external multi-layered hyphal structure (=mantle/
sheath) [2], are the backbone of carbon and nutrient cycles
in forests, as they are directly involved in the mobilization,
absorption, and translocation of soil nutrients and water [3].
Some species, e.g., Tuber borchii and Lactarius bicolor, are
even able to control root morphology via the formation of
2-(1H-indol-3-yl)-acetic acid and ethylene [4, 5]. However,
there are species that have another interesting feature that is
far more striking than networks hidden in the ground, as it is
a real eye-catcher: brightly colored fruiting bodies.

In recent years, research revealed an unexpected effect
associated with the bright colors of fungi: photoactivity
[6]. The fruiting body extracts from Cortinarius mush-
rooms belonging to the classical subgenera Dermocybe
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and Phlegmacium showed promising blue and green light-
induced cytotoxicity against various cancer cell lines in the
low pg/mL-range [7]. The dimeric anthraquinone 7,7'-biphy-
scion, which was isolated from Cortinarius uliginosus, for
example, exhibited an astounding anticancer activity after
blue-light irradiation with an ECyy-value as low as 64 nM
against A549 lung cancer cells (4;,,=468 nm, H (radiant
exposure) =9.3 J cm~2) and was able to induce dose-depend-
ent apoptosis [8]. Furthermore, the acetone extract of Cor-
tinarius xanthophyllus was also able to completely inhibit
the growth of the gram-positive bacterium Staphylococcus
aureus (¢c=7.5 ug/mL, A, =478 nm, H=30J cm~2) and
of the yeast Candida albicans (c =75 pg/mL, 1,,=478 nm,
H=30] cm_z) in combination with visible light [9]. Due
to this wide variety of promising bioactivities, it can be
assumed that a huge photopharmacological potential lies
dormant in ECM fungi waiting to be explored. Humans
could also benefit from these compounds, just like the mush-
rooms and their symbiotic partners in the forest do.
Nevertheless, the ectomycorrhizal lifestyle is unfavorable
for upscaling processes, as it denies a convenient biotechnical
production and requires season-dependent field trips instead.
Furthermore, the exact identification of these colorful fungi
(i.e., dermocyboid Cortinarii) is intricate and demands expert
knowledge. Thus, an alternative approach to conveniently
obtain the promising photosensitizer 7,7'-biphyscion is needed.
Here, we present the optimized isolation of 7,7'-biphy-
scion starting from dermocyboid species containing the
unstable biosynthetic precursor of 7,7'-biphyscion, i.e.,
flavomannin-6,6'-di-O-methyl ether (FDM). In detail, (i) the
strategy was established utilizing a species common in Tyrol
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(Austria), namely Cortinarius rubrophyllus. As the pigment
profile of this fungus had not yet been investigated in detail,
the unexplored pigments were isolated and characterized.
(ii) The strategy was validated with another dermocyboid
species, i.e., the yellow webcap C. holoxanthus. (iii) The
strategy’s robustness was tested with a pooled assembly of
collected dermocyboid Cortinarii.

2 Materials and methods

2.1 Chemicals

All solvents for the extraction procedures and thin-layer-
chromatographic analyses were of analytical grade and
sourced from VWR International (Vienna, Austria). Ace-
tone was distilled prior to its use. Solvents used for HPLC
experiments were purchased from Merck (Merck KGaA,
Darmstadt, Germany). TLC plates (ALUGRAM® Xtra SIL
G/UV ,5, 20% 20 cm) were obtained from Macherey—Nagel
(Macherey—Nagel GmbH & Co. KG, Diiren, Germany).
Ultrapure water was produced by a Sartorius arium® 611
UV purification system (Sartorius AG, Gottingen, Ger-
many). NMR solvents were purchased from Euriso-top SAS
(Saint-Aubin Cedex, France). The reagents 9,10-dimethyl-
anthracene (product number: D0252), acid red 52 (sulforho-
damine B, product number: A0600), and emodin (product
number: E0500) were sourced from TCI Deutschland GmbH
(Eschborn, Germany). Acridine orange (product number:
0249.1) and ethidium bromide (product number: 7870.1)
were from Carl Roth GmbH & Co. KG (Karlsruhe, Ger-
many). Expendable materials (e.g., flasks, etc.), media, and
supplements (i.e. fetal bovine serum, penicillin/streptomy-
cin, trypsin, phosphate-buffered saline) used for cell culture
maintenance and the (photo)cytotoxicity experiments were
purchased from Thermo Fischer Scientific (Waltham, Mas-
sachusetts, USA).

2.2 General instrumentation

The weighing instruments Sartorius Cubis®-series (Sarto-
rius AG, Gottingen, Germany) and Mettler Toledo AB54
(Mettler-Toledo GmbH, GieB3en, Germany) were used for
weighing samples. The ultrasonic baths Sonorex RK 52
(BANDELIN celectronic GmbH & Co. KG, Berlin, Ger-
many) and Sonorex RK 106 were employed for extract
preparation. A Heidolph Laborota 4000 efficient rotary
evaporator (Heidolph Instruments GmbH & Co. KG,
Schwabach, Germany) coupled to a vacuubrand PC 101
NT (VACUUBRAND GmbH & Co. KG, Wertheim, Ger-
many) vacuum pump was used for evaporation of solvents.
The power adaptor Agilent E3611A DC Power Supply

(Agilent Technologies, Inc., Santa Clara, United States)
in combination with a LED-panel (1=468 +27 nm (20.6
mW cm™2) (University Leiden, published in Hopkins et al.
[10]) was utilized. Absorption measurements were car-
ried out with the Shimadzu UV-1800 spectrophotometer
(Shimadzu Europa GmbH, Duisburg, Germany) or with
the plate reader Tecan Spark® 10 M (Tecan Group Ltd.,
Minnedorf, Switzerland). The pH-meter Mettler Toledo
SevenMulti (Mettler-Toledo GmbH, Vienna, Austria)
was utilized for the adjustment of pH-values. Mixing of
samples was done with the vortex mixer Vortex-Genie 2
(Scientific Industries, Inc., Bohemia, New York). Pipettes,
as well as tips, were either from Eppendorf AG (Ham-
burg, Germany) or from STARLAB International GmbH
(Hamburg, Germany). Reagent reservoirs were obtained
from Thermo Fischer Scientific (Waltham, Massachusetts,
USA). 'H and '>C NMR spectra were acquired using two
spectrometers from Bruker, an Avance II 600 spectrometer
operating at 600 MHz (‘H) and 151 MHz (**C) at 300 K
(chemical shifts in ppm, coupling constants J in Hz) and
an Avance III HD spectrometer operating at 400 MHz
('H) (Bruker Corporation, Billerica, USA). IR spectra
were recorded on an ALPHA FT-IR apparatus (Bruker,
Ettlingen, Germany) equipped with a Platinum ATR mod-
ule. Other specific instruments are listed in the respective
chapters.

2.3 High-performance liquid chromatography
(HPLC)

HPLC-MS experiments were performed on the modu-
lar system Agilent Technologies 1260 Infinity II with
a quaternary pump, vial sampler, column thermostat,
diode-array detector, and mass spectrometer (Agilent
Technologies, Inc., Santa Clara, USA) or on the Agilent
Technologies 1260 HPLC system coupled to an amaZon
iontrap mass spectrometer (Bruker, Bremen, Germany). A
Synergi MAX-RP 80 A column (150%x4.60 mm, 4 micron)
from Phenomenex (Aschaffenburg, Germany) was used
as a stationary phase. The mobile phase comprised water
(A) and acetonitrile with 0.1% formic acid (B). Elution
was performed in gradient mode (0 min: 10% B, 3 min:
50% B, 5 min: 90% B, 7 min: 99% B, 11 min: 99% B,
11.1 min: 10% B, followed by 4 min of re-equilibration
with 10% B). The DAD was set to a detection wavelength
of A=430 nm, and flow rate, sample volume, and column
temperature were adjusted to Q =1.0 mL/min, V=10 pL,
and T=40 °C, respectively. HPLC-DAD analyses were
carried out on a Shimadzu LC-20AD XR system (Shi-
madzu Europa GmbH, Duisburg, Germany) or on an
Agilent Technologies 1100 HPLC system, both equipped
with a DAD detector, autosampler, and column thermostat.
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The chromatographic conditions were as described before.
Extract components were identified using authentic refer-
ence samples [8] by evaluating compound-specific proper-
ties, such as retention time and mass (SI: Chapter 2.1.1).

2.4 Fungal biomaterial and extract preparation

The fruiting bodies of Cortinarius rubrophyllus (Moénne-
Locc.) Liimat., Niskanen, Ammirati & Dima were collected
at different sites near Innsbruck (SI: Chapter 1, Table S1) in
Tyrol, Austria, from August to September 2019. Cortinar-
ius holoxanthus (M. M. Moser & 1. Gruber) Nezdojm. was
collected in September 2020 in Lans, Tyrol, Austria (GPS:
47° 14'18.4" N/11° 25'54.5" E) (SI: Chapter 1, Table S1).
Biomaterial from other dermocyboid Cortinarii used for
the pooled approach was collected in Tyrol, Austria, from
August 2019 to September 2020 (SI: Chapter 1, Table S1).
After collection, the material of the pooling experiment
was immediately frozen. Taxonomic classification was
performed by Lesley Huymann and Ursula Peintner using
standard macroscopic and microscopic techniques as well as
rDNA internal transcribed spacer (ITS) sequence analysis.
An authenticated voucher specimen of all investigated Corti-
narii is deposited in the mycological collection of the Tiroler
Landesmuseen (IBF, official herbarium code). The material
was shade-dried at room temperature after collection and
subsequently stored in the dark until further analysis.
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Fig.1 The chemical structures of the isolated compounds (1-8) are
displayed on the right side (R=-p-p-glucose). Left, the chromato-
grams of the three sequential C. rubrophyllus extracts (recorded at
A=430 nm) are depicted. The HPLC-DAD-MS analysis was con-
ducted in gradient mode (A: H,0, B: ACN+0.1% FA, blue line) with
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Dried fruiting bodies (m=42.0 g) of C. rubrophyllus
were finely ground (mesh size 0.5 mm) and extracted suc-
cessively with petroleum ether (V=500 mL, n=35), dichlo-
romethane (V=500 mL, n=15), and methanol (V=500 mL,
n=>5) using an ultrasonic bath (10 min per extraction step)
followed by filtration. Respective filtrates were combined,
solvents were removed by vacuum rotary evaporation at
40 °C, and the combined extracts were kept in a desiccator.
The extracts yielded #=1500.0 mg (1.19% w/w) of petro-
leum ether extract, =724.2 mg (1.72% w/w) of dichlo-
romethane extract, and 7=9082.8 mg (21.63% w/w) of
methanol extract (SI: Table S2 and Fig. 1). The methanolic
extract was further separated via liquid-liquid fractiona-
tion. An aliquot (m=2012.7 mg) was dissolved in water
(V=200 mL) and transferred to a separating funnel. The
solution was partitioned with diethyl ether (V=200 mL,
n=35) and ethyl acetate (V=200 mL, n=4). The fractions
were evaporated to dryness under reduced pressure at 40 °C
and stored in a desiccator. The yields of the liquid-liquid
extraction were as follows: diethyl ether #=749.9 mg (L1,
37.3% wlw), ethyl acetate n=231.3 mg (L2, 8.5% w/w), and
water n=1031.5 mg (L3, 51.2% w/w).

2.5 Isolation of secondary metabolites

The isolation of compounds 1-8 (Fig. 1, Table S3)
from C. rubrophyllus is thoroughly discussed in the

/ /

OH O OCH; O OH O

O‘O O‘O O‘O
CHj CH; HO CHj

1 3
R = -B-D-glucose
OH O OH

OCH; 0 OCH; 0

O‘O O‘O O‘O
HO HO HO CH3

a Phenomenex Synergi MAX-RP 80 A column (150%x4.60 mm, 4
micron) column as stationary phase. Peaks corresponding to isolated
and identified compounds were numbered and labelled (orange: glu-
cosylated AQs, red: monomeric AQs, black: pre-AQs and dimeric
AQs) with their respective retention times
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supplementary material (SI: Chapter 2.1.2). Briefly, com-
pounds 1 (=2.2 mg, 0.11% wW/Wy.op) and 2 (n=1.5 mg,
0.07% wiwy.on) Were isolated from the water fraction (L3),
which resulted from the liquid—liquid fractionation of the
methanolic extract, utilizing size exclusion chromatogra-
phy (Sephadex LH-20 column chromatography) and pre-
parative thin-layer chromatography (HPLC analysis: see SI,
Figure S1). Compound 3 (y=12.0 mg, 0.59% W/Wy.on) as
well as a mixture of compounds 4 and 5 (3 =4.4 mg, 0.22%
W/Wyeon) Were isolated from the ethyl acetate fraction (L2)
employing acetylated polyamide column chromatography
(SI: Figure S2 and Table S4). Compounds 6 (y=7.4 mg,
0.37% wWiWyeon) and 7 (1=2.6 mg, 0.13% W/Wy.on) Were
isolated from the dichloromethane extract by employing
acetylated polyamide and Sephadex LH-20 column chro-
matography. Compound 8 (y=2.4 mg, 0.12% W/Wy.on)
was obtained from the dichloromethane extract via a newly
developed method (see 2.9).

2.6 GC-MS analysis of the C. rubrophyllus methanol
extract

Structure elucidation of 1, 2, and 3 pointed towards
p-glucose-substituted AQs. To determine the absolute con-
figuration of the glucose residues, a GC-MS analysis of
the hydrolyzed and subsequently derivatized extract was
carried out. An aliquot of the crude methanolic extract
of C. rubrophyllus (m=10.1 mg) was dissolved in aque-
ous trifluoroacetic acid (TFA, ¢c=3 mol/L, V=1 mL) and
heated at 90 °C for 60 min. After cooling and adding 2 mL
of water, the reaction mixture was extracted with ethyl ace-
tate (V=1 mL, n=3). The aqueous phase was dried under
an air stream at room temperature and kept in a desiccator.
D-Glucose (m=1 mg, n=5.5 pmol), L-glucose (m=1 mg,
n=5.5 ymol), and the dried hydrolysate were derivat-
ized with L-cysteine methyl ester hydrochloride [1.5 mg
(8.7 umol) in 200 uL pyridine, T=60 °C, t=60 min], sub-
sequently silylated with N, O-bis(trimethylsilyl)trifluoro-
acetamide and chlorotrimethylsilane (BSTFA:TMCS =99:1,
200 uL, T=60 °C, t=60 min), and analyzed by GC-MS.
GC-MS analysis was carried out on an Agilent 5975C Series
GC/MSD System equipped with an Agilent 7693 autosam-
pler and a Triple Axis-Detector (MS). An Agilent 19091S-
433: 1813.75629 HP-5MS 5% Phenyl Methyl Silox (325 °C:
30 mx250 um X 0.25 um) was used as a stationary phase
and helium was chosen as carrier gas. The oven temperature
was initially set to =120 °C. With a heating rate of 4 °C/
min, the oven reached 7=270 °C. After two minutes, the
oven was heated to 320 °C with 20 °C/min and kept constant
for =35 min. The total run time, injection volume, split ratio,
and flow rate were set to t=52 min, V=1 pL, 50:1, and
0=0.75 mL/min, respectively.

2.7 Photophysical characterization

The quantum yield of singlet oxygen generation was meas-
ured with a custom-built setup described elsewhere [11].
Optical fibers with a diameter of 600 pm from Avantes
(Avantes BV, Apeldoorn, The Netherlands) were used to
connect all optical parts. Samples were dissolved in deuter-
ated methanol (V=500 uL), transferred into a semi-micro
cuvette from fireflysci (FireflySci, Inc., Staten Island/NY,
USA) with /=4 mm and /=10 mm path lengths, and placed
in a CUV-UV/VIS-TC temperature-controlled cuvette
holder (Avantes). Samples were allowed to equilibrate at
T=20 °C. Emission spectroscopy was performed with a
fiber-coupled laser (1 =450 nm, LRD-0450, Laserglow),
which was set to P=50 mW or 15 mW at the cuvette (4 mm
beam diameter, 0.4 W cm™2) at a 90° angle with respect
to the spectrometer. The excitation power was measured
using a S310C thermal sensor connected to a PM100USB
power meter (Thorlabs Inc., Newton, USA). The emission
spectra were recorded using a spectrometer for NIR emis-
sion, i.e., from 4 =300 to 1000 nm for the luminescence
(Avantes 2048L StarLine spectrometer) and from A=1000
to 1700 nm for the phosphorescence of singlet oxygen (1Ag)
around A= 1275 nm (Avantes NIR256-1.7TEC spectrometer,
detector set to — 11 °C). The infrared emission spectrum
was acquired within 9 s. UV-Vis absorption spectra before
and after emission spectroscopy were measured using an
Avalight-DHc halogen-deuterium lamp (Avantes) as light
source (turned off during emission spectroscopy) and with
an Avantes 2048L StarLine spectrometer as a detector, both
connected to the cuvette holder at a 180° angle. Avasoft 8.5
software was used to record all spectra, and further process-
ing was done with Microsoft Excel 2010 and Origin Pro 9.1
software. The quantum yield of singlet oxygen production
was calculated using the relative method with [Ru(bpy),]
Cl, (@,=0.73, &,=0.015 in CD;0D) [11-13] as standard
according to following equation: @, = D4 X (A4450)/
(And50) X E, /Eq- P represents the quantum yield, A450
is the absorbance at =450 nm [always kept between 0.100
and 0.093 for (1=4 mm path length)], E is the integrated
emission peak of singlet oxygen at A=1270 nm, and sam and
std denote the sample and standard, respectively.

2.8 Cell culture maintenance and (photo)
cytotoxicity assay

Cells of the adherent cancer cell lines A549 (non-small
cell lung cancer, ATCC, Sigma-Aldrich), AGS (stomach
cancer, CLS, Eppelheim), and T24 (urinary bladder carci-
noma, CLS, Eppelheim) were cultivated in 75 cm? Nunc
EasYFlasks (product number: 51985042, 75 cm?) with
Gibco™ MEM™-medium (product number: 42360081)
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supplemented with fetal calf serum (FCS, 10% v/v) and
penicillin/streptomycin (P/S, 1% v/v). Cells were trypsi-
nized every other day (confluency ~ 80%) and used for
8—12 weeks. Freezing and de-freezing of cell cultures were
done according to standard procedures. The (photo)cyto-
toxicity assay was performed as published elsewhere [10].

Briefly, cells (AGS: 2500 cells/well, T24 and A549:
2000 cells/well) were seeded in 96-well plates in Gibco™
Opti-MEM™ (OMEM, product number: 11058021) con-
taining FCS (2.4% v/v) and P/S (1% v/v) at 37 °C in 5%
CO, atmosphere. Compounds 3, 6, and 7 were dissolved
in DMSO (Cygck solution =2 mM) and further diluted with
OMEM. Treatment was conducted 24 h after the seeding
step with six different working solutions per compound. The
final concentrations tested were 25, 12.5, 5, 2.5, 1.25, and
0.25 umol/L (max. concentration of DMSO =0.5%). After
an incubation period of 24 h, the medium was aspirated
and replaced by fresh OMEM (+2.4% v/v FCS,+ 1% P/S).
Subsequently, the plates were irradiated for 7.5 min with
blue light (1=468 nm+27 nm, H=9.3] cm™?). After the
irradiation step, the plates were kept at 37 °C in a 5% CO,
atmosphere for another 48 h (total experiment time =96 h).
Then, the cells were fixed by careful addition of cold trichlo-
roacetic acid (10% w/v in water, V=100 pL/well) and stored
in a refrigerator at 7=38 °C for at least 24 h. The fixed cell-
monolayers were washed with slow running deionized tap-
water and stained with sulforhodamine B (SRB) (acid red
52, 0.4% w/v SRB in 1% v/v acetic acid, V=100 uL/well)
for 30 min. Thereafter, the plates were washed again (n=35,
1% vlv acetic acid) and dried at room temperature. Then, the
dried dye was dissolved in tris(hydroxymethyl)aminometh-
ane-solution (TRIS, 10 mM in water, V=100 pL/well) and
incubated for at least 20 min. Absorbance was measured at
A=540 nm with a plate reader. ECs, values, including their
confidence intervals (95%) were calculated with GraphPad
Prism 5 employing the relative Hill-Slope equation with
variable slope. As negative control served the illuminated,
non-treated cells as well as the non-illuminated, non-treated
cells. As positive control served berberine (see Table S6).
The photoindex (P.I.), which expresses the ratio of cells
killed in the absence of light to cells killed after irradiation,
was calculated as ECygg,4 divided by ECsiradiated:

2.8.1 Acridine orange/ethidium bromide (AO/EB)-assay

An AO/EB-assay was conducted as published elsewhere
[14] to preliminarily investigate the mechanism of cell
death induced by blue light-activation of emodin (7). T24
cancer cells were seeded in 6-well plates (100,000 cells/
well) in OMEM containing FCS (2.4% v/v) and P/S (1%
v/v) at 37 °C in 5% CO, atmosphere. 24 h after seeding,
the cells were treated with 7 (final concentration in the
well: 5 uM) and incubated for another 24 h. Then, the
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treatment solution was aspirated, replaced with fresh sup-
plemented OMEM, and the cells were irradiated with blue
light (1=468 nm+27 nm, H=9.3 J cm™2). After 24 addi-
tional hours of incubation, the supernatant of a single well
was transferred to a 15 mL falcon tube, centrifuged, and
the solution decanted. The cell pellet was suspended in the
remaining drops of the medium in the falcon tube. The AO/
EB-dye mix was prepared from the solutions of acridine
orange (¢=100 pg/mL) and ethidium bromide (¢ =100 pg/
mL) in phosphate-buffered saline by mixing equal volumes
of both solutions. The dye mix (V=1 uL) was added to the
cell suspension (V=25 uL), gently mixed, and a part of the
generated suspension (V=10 pL) was placed onto a clean
microscope slide. Analysis of membrane integrity was car-
ried out by fluorescence microscopy, using blue light for
excitation.

2.9 Insitu generation and isolation
of 7,7'-biphyscion (8)

An aliquot of the dichloromethane extract (m=50.3 mg) was
dissolved in a mixture of glacial acetic acid (V=5 mL) and
concentrated hydrochloric acid (V=0.2 mL) and refluxed
(Tyater bath =100 °C) for 1 h. Subsequently, the solution was
extracted with diethyl ether (V=20 mL, n=2) and dichlo-
romethane (V=15 mL, n=2). Both organic phases were
combined, the solvents were removed by vacuum rotary
evaporation at 40 °C, and the resulting extract was kept in a
desiccator (B1, n=47.1 mg, 93.6% w/w). Bl (m=46.1 mg)
was dissolved in a mixture of sodium hydroxide solution
(c=1mol/L, V=15 mL) and 30% hydrogen peroxide solu-
tion (V=0.3 mL) and heated to 60 °C for 3 h. Monitor-
ing the presence of compound 8 (R;=0.75) was conducted
by TLC (SiO,, toluene/methanol/ethyl acetate/formic
acid=94:2.5:2.5:1). Then, the mixture was acidified with
acetic acid, diluted with water (V ~ 50 mL), and extracted
with diethyl ether (V=100 mL, n=2). The diethyl ether
fraction was dried via vacuum rotary evaporation at 40 °C
and kept in a desiccator (B1.1, =54.9 mg).

The fraction B1.1 (m=54.9 mg) was subjected to dry
column vacuum chromatography (@ = 5.5 cm, /=3.5 cm).
Isocratic elution was performed under reduced pressure
with silica gel 60 (0.040-0.063 mm) purchased from Merck
as a stationary phase. First, petroleum ether was used as
a mobile phase for defatting purposes, followed by the
solvent mixture toluene/methanol/ethyl acetate/formic
acid=94:2.5:2.5:1. When the yellow-stained sample band
had passed approx. 80% of the separation distance, 50 frac-
tions of 10 ml each (B1.1.1-B1.1.50) were collected. After
analyzing the fractions via TLC (SiO,, toluene/methanol/
ethyl acetate = formic acid =94:2.5:2.5:1), fraction B1.1.1
to B1.1.14 were combined and the solvents were removed
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by vacuum rotary evaporation at 40 °C (B2, n=28.8 mg).
Fraction B2 (m=8.8 mg) was suspended in petroleum ether
(V=2 mL) and filtrated through cotton wool. The filtrate
cake was dissolved in dichloromethane and the solvent was
removed under an air stream at room temperature to yield
2.4 mg (4.8% w/w) of compound 8.

2.9.1 Isolation of compound 8 from Cortinarius holoxanthus

An aliquot of the C. holoxanthus dichloromethane extract
(m=28.4 mg) was treated as described in SI chapter 4.1.4.
The first step involving acetic acid and hydrochloric acid
yielded fraction C1 (y=7.7 mg, 91.7% w/w). A part of C1
(m="7.5 mg) was used up in the second step (NaOH / H,0,),
resulting in 7.2 mg (85.7% w/w) of fraction C1.1.

4.0 mg of the fraction C1.1 were submitted to prepara-
tive TLC (pre-coated TLC sheets, 10X 20 cm, silica gel 60
F254 0.20 mm layer) with toluene/ethyl acetate/formic acid/
acetic acid (60:30:5:5) as mobile phase. The aliquot was
dissolved in 1 mL of a mixture of chloroform, acetone, and
methanol (1:1:1) and loaded onto four TLC plates. Every
plate was developed once, keeping the separation distance
between 8 and 9 cm. The area corresponding to compound 8
was removed (R;=0.9), extracted with chloroform via ultra-
sonication, and the extract was filtrated through cotton wool.
Thereby, 0.6 mg (7.1% w/w) of 8 were obtained.

2.9.2 Preparation of a DCM extract from pooled Cortinarius
biomaterial and in situ generation of compound 8

Fruiting bodies belonging to different dermocyboid Corti-
narius species (i.e. C. bataillei (im=655.2 mg), C. pinicola
(m=417.0 mg), C. rubrophyllus (565.9 mg), C. sanguineus
(m=2325.6 mg), and C. semisanguineus (m=449.4 mg))
were freeze-dried, finely ground with mortar and pestle,
and successively extracted with petroleum ether (V=150 ml,
n=2) and dichloromethane (V=200 ml, n=4). The extracts
were filtered and dried via vacuum rotary evaporation at
40 °C. The yields were as follows: PE—#=34.1 mg (1.4%
w/w) and DCM—#=55.7 mg (2.3% w/w). An aliquot of
the DCM extract (m=13.9 mg) was treated as described in
chapter 2.9. The first step yielded fraction P1 (y=13.7 mg,
98.6% wiw). 13.4 mg of P1 were used for the second step,
resulting in 8.7 mg (62.6% w/w) of fraction P1.1. Aliquots of
both fractions were dissolved in DMSO (¢ =2 mg/mL) and
subjected to HPLC-DAD analysis (parameters: Chapter 2.2).

3 Results and discussion

This study aimed at establishing a convenient strategy for the
isolation of 7,7"-biphyscion (8), i.e., the photoactive dimeric
anthraquinone (AQ) of C. uliginosus. This mushroom

species, however, is not ubiquitously distributed in Europe.
Thus, an alternative approach starting with widespread spe-
cies was envisioned. In Tyrol, one of such common species
was C. rubrophyllus. As this species was not mycochemi-
cally investigated, the respective isolation, identification, and
characterization processes were performed in the first step.
After that, the in situ oxidation of flavomannin-6,6'-dimethyl
ether (6) was established. Finally, another species (C. hol-
oxanthus) and even a mix out of several dermocyboid Cor-
tinarii were utilized to confirm the widespread applicability
of in situ generation of 7,7"-biphyscion (8).

3.1 Isolation and identification of isolated
secondary metabolites

Dried and ground fruiting bodies of C. rubrophyllus were
extracted sequentially with solvents of different polari-
ties (i.e., first petroleum ether, then dichloromethane,
and finally methanol) (Fig. 1). Subsequent purification
steps of the extracts led to the isolation of two new gly-
cosylated anthraquinones (AQs, see Fig. 1), emodin-1,6-
di-O-B-D-glucopyranoside (1) and dermolutein-6-0-
B-p-glucopyranoside (2), along the known compounds
emodin-1-0O-B-p-glucopyranoside (3), dermolutein (4), der-
morubin (5), flavomannin-6,6'-dimethyl ether (6), emodin
(7), and 7,7'-biphyscion (8).

Structure elucidation of 1 and 2 was achieved via 1D-
and 2D-NMR experiments as well as HPLC-DAD-MS
analysis. 1*C chemical shift values were based on the HSQC
and HMBC experiments, thus not all carbon atoms were
assigned. The NMR data in tabular form and figures repre-
senting the 2D experiments are provided in the SI (Chap-
ter 2.1.6). Compound 1 was isolated as a yellow solid. The
ESI-MS spectrum (negative ionization mode) exhibited
molecular ions at m/z 629.0, 656.0, 593.0 ((M-H]™), and
431.0 ([M-glucose-H] ™). Since the ion at m/z 431.0, corre-
sponding to compound 3, was observed with high intensity
and most likely resulted from losing a glucose unit from
the ion at m/z 593.0, the molecular formula C,;H;,0,5 was
proposed for compound 1. The UV/Vis spectrum showed
maxima typical for AQs at 4, =221, 264, and 414 nm.
The 'H NMR spectrum (SI: Table S5) exhibited four sig-
nals in the aromatic region, where the signals at §=6.84
and 6.62 ppm were doublets with coupling constants of
J=2.4 Hz. Thus, these meta-coupled protons were assigned
to the aromatic carbons at positions 5 (6 =107.7 ppm) and 7
(6=110.0 ppm). The signals at 6=7.19 and 7.13 ppm were
broad singlets and corresponded to the protons in positions
2 (6=124.2 ppm) and 4 (6=123.2 ppm). At 6=2.31 ppm,
a singlet was observed corresponding to three protons and
thus was assigned to a methyl group. Based on the com-
parison of the UV/Vis spectra, MS spectra, and the 'H
NMR signals of compounds 1 and 3, an emodin moiety was
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proposed as the core structure of compound 1. In addition,
signals from two anomeric protons at §=5.14 and 4.99 ppm
with coupling constants of J=7.6 and 6.8 Hz, respectively,
were present. Furthermore, a complex group of signals at
0=4.08-3.62 ppm was observed, equalling fourteen protons,
and thus indicating two O-B-glucose substituents. HMBC
and NOESY experiments were used to confirm the position
of the glucose units at the AQ moiety. In the HMBC experi-
ment, a correlation peak was observed for the anomeric pro-
ton at =5.14 ppm with the carbon signal at 5=162.1 ppm.
The latter was identified as C-6 via NOESY and HSQC cor-
relation of the anomeric proton with the signals at 6 =6.84
and 6.62 ppm (Fig. 2, left). Although the second anomeric
proton at 6 =4.99 ppm did not show any HMBC correlations
with aromatic carbons, its spatial correlation (NOESY) with
the signal at 6="7.19 helped to assign the glucose to posi-
tion 1.

Compound 2 was isolated as an orange solid. The
ESI-MS spectrum (negative ionization mode) showed
molecular ions at m/z 489.0 ((M-H]™) and m/z 327.0. Since
the theoretical subtraction of one glucose from this ion gives
an ion at m/z 327.0 ([M-glucose-H] ), a molecular formula
of C,3H,,0,, corresponding to a glucose-substituted dermo-
lutein (4) was proposed. Even though Keller suggested the
occurrence of this compound in various Dermocybe species
in 1982 [15], scientific evidence was lacking. The UV/Vis
spectrum of compound 2 (SI: Figure S6) exhibited a pattern
with maxima at A, =226, 271, and 422 nm, similar to that
observed for compound 4 (SI: Figure S2). The 'H NMR
spectrum showed three signals in the aromatic region. The
signals at =7.38 and 7.06 ppm were doublets with coupling
constants of J=2.4 Hz and thus belonged to meta-coupled
protons (C-5 (6=107.4 ppm) and C-7 (6=106.5 ppm)). The
singlet at 6="7.58 ppm corresponded to the aromatic pro-
ton at position 4 (C-4, §=121.6 ppm). Two singlets were
observed at §=4.01 and 2.50 ppm, characteristic of a meth-
oxy- (C,-8) and a methyl-group (C,-3), respectively. In
addition, a doublet corresponding to an anomeric proton was

Emodin-1,6-di-O-B-D-glucopyranoside (1)

OH
HO “ LOH

CH3

; Y
NOESY correlation

HMBC correlation

seen at 0 =>5.34 ppm with a coupling constant of J=7.7 Hz,
indicating substitution with a p-glucose. The HMBC cor-
relations of the singlet at 6=4.01 ppm (OCH;-8) and the
doublet at 6=5.34 ppm (CH-1") with the aromatic carbon
at 6=162.5 ppm (C-6) helped to assign the position of the
glucose unit (Fig. 2). The complete assignment of the 'H
and '>C NMR spectroscopic signals of the sugar carbons
was established on the basis of one-bond and long-range
experiments (HSQC, HMBC, and COSY) and is given in
the SI (Table S5).

Emodin-1-O-p-p-glucopyranoside (3) was identified via
comparing its physical and spectroscopic data with those
reported in the literature [16, 17]. Compounds 1-3 contained
all a sugar component. Analysis of coupling constants and
chemical shift values of the corresponding sugar protons
obtained from the '"H NMR and COSY experiments of 1-3
indicated the presence of O-f-glucose in all cases. To elu-
cidate the absolute configuration of the glucose moieties,
GC-MS analysis was conducted. First, the hydrolysate of the
crude methanol extract was analyzed, showing that glucose
was detectable as the major sugar unit. To prove its abso-
lute configuration, an analysis of the respective thiazolidine
derivative in comparison with the reference compounds D-
and L-glucose was performed. Thus, compounds 1-3 were
identified as emodin-1,6-di-O-f-D-glucopyranoside (1),
dermolutein-6-0O-p-D-glucopyranoside (2), and emodin-1-
O-B-D-glucopyranoside (3) (SI: Figure S22).

Identification of compounds 4 and 5, which were obtained
as a mixture, was achieved with the help of previously iso-
lated reference compounds [8] (SI: Figure S2). The struc-
tures of compounds 6-8 were confirmed via comparison
with literature data as well as in-house data (6: [18], 7: [19],
8: [8, 20]).

Phylogenetic studies have shown that C. rubrophyl-
lus belongs to the Cortinarius section Dermocybe and is
closely related to C. semisanguineus and C. malicorius [21].
According to Keller's pigment classification [15], the previ-
ously uninvestigated C. rubrophyllus can be described as a

Dermolutein-6-0-B-D-glucopyranoside (2)

A

Fig.2 NOESY and HMBC key correlations observed for compounds 1 and 2
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malicoria-pigmentation-type, characterized by the presence
of pre-AQs [e.g., flavomannin-6,6'-dimethyl ether (6)], AQ
carboxylic acids [e.g., dermolutein (4) and dermorubin (5)],
as well as the monomeric AQ emodin (7) and its gluco-
side (3). Looking at the results of our secondary metabo-
lite investigation and thus from a chemotaxonomic point of
view, the phylogenetic classification of C. rubrophyllus can
be confirmed, as its pigment profile matches the profiles
of both C. semisanguineus [22-24] and C. malicorius [15].

3.2 Photophysical investigation

A preliminary mycochemical and photophyscial investiga-
tion of the methanol extract of C. rubrophyllus showed that
the apolar diethyl ether and ethyl acetate fractions were far
more photoactive than the hydrophilic ones (i.e., metha-
nol and water) [25]. To identify the photophysical princi-
ple behind, the more apolar compounds (i.e., 3, 6, and 7)
were submitted to phosphorescence measurement of 'O, at
1270 nm after activation with a 450 nm laser. The results are
presented in Table 1.

With a quantum yield of 28%, 7 represents the most
efficient PS of the isolated metabolites of C. rubrophyllus.
Thus, this compound is far more active than the other mono-
meric anthraquinones 4 and 5 and even more efficient in
generating 'O, than compound 8. The photophysical char-
acteristics of the well-known natural photosensitizer emodin
(7) have already been investigated by Gollnick et al. in 1992
[26]. In acetonitrile, a photoyield of @, , eonitrite = 0-82 was
detected. In deuterated methanol, we recorded a photoyield
of @, cp3op=0.28, which indicates that 7 forms intermolec-
ular bonds with methanol enabling an efficient non-radiant
decay of the excited state [27]. Glucosylation of 7 leads to
a considerable decrease (A =17%) in photoactivity as the
quantum yield for 3 was calculated to be @, cp3op=11%.
Despite the reduction of activity, 3 still outranks compounds
4-6, which clearly highlights the neglected potential of

Table1 Singlet oxygen quantum yields of compounds 3-8 in
CD;OD. Data from our previous study are provided for comparative
reasons [8]

Japs ! [nm] (log &) @, P

Emodin-1-O-B-p-glucopyranoside (3) 428 (3.80) 11%
Dermolutein (4)* 427 (3.89), 440 (3.85) 3%
Dermorubin (5)* 490 (3.92), 530 (3.58) 8%

Flavomannin-6,6'-dimethyl ether (6) 407 (4.29) 2%
Emodin (7) 436 (4.03) 28%
7,7'-Biphyscion (8)* 440 (3.48) 20%

“In MeOH. °In air-saturated CD,0D. °Phosphorescence detection
(A4=1275 nm) measurement of 'O, using Ru(bpy),Cl, as standard
with @, cp3op=0.73. Laser settings: 450 nm, 15 mW

*Data from [8]

glycosylated anthraquinones for various photodynamic
applications. Furthermore, this is the first report of a pho-
toactive glycosylated AQ so far. The biosynthetic precursor
(i.e., compound 6) [28] of the highly active dimeric anth-
raquinone 8 exhibited a minor quantum yield of 2%. Thus,
the conversion of 6 into 8 via oxidative processes leads to a
dramatic increase in photoactivity (@, cpsop=2 vs. 20%).
Since 8 is present only in small amounts in fresh extracts of
C. rubrophyllus (Fig. 1 and SI: Chapter 2.1.1, Table S3), the
observed generation of !0, originates mainly from 7 and its
glucose-substituted derivative 3.

3.3 Photobiological evaluation

To investigate the photoactivity of the isolated compounds 3,
6, and 7 in vitro, they were subjected to a (photo)cytotoxic-
ity assay (Fig. 3). The toxicity of the compounds was tested
in the dark and after blue light irradiation (1=468 +27 nm,
H=9.3J cm~?) against cells of the three PDT-relevant can-
cer cell lines A549 (lung), AGS (stomach), and T24 (blad-
der). Irradiation alone resulted in a detectable but negligible
effect. The mean viability of the untreated, irradiated cells
was above 85% for all cell lines compared to the untreated,
unirradiated control. Since the standard quality criteria for
phototoxicity testing established by the European Agency
for the Evaluation of Medicinal Products (i.e., viability
must be more than 80%) were met [29, 30], the ECs, values
determined could be attributed to the isolated photosensi-
tizers. The relatively weak photosensitizer flavomannin-
6,6'-dimethyl ether (6) showed prominent dark cytotoxicity
against all cell lines (ECszs49p=1.4140.23/— 0.19 uM,
ECsyaasp=1.09+0.18/—0.15uM, ECsyrpyp=1.664+0.15/-0.13 uM).
Since photoindices were close to 1 for all cancer cell lines
(PI.ps49=1.09, P1.,gs=1.10, PI.1,, =1.24), no clear pho-
totoxic effect was observed for 6. Pachon-Pena et al. dem-
onstrated dose-dependent growth inhibition of 6 in Caco-2
tumor cells (IC5,=96 + 3 pg/mL after 24 h of incubation)
in the absence of a genotoxic effect, additionally underlin-
ing the potential of 6 as a natural anticancer agent [31].
However, the oxidation of 6-8 results in an astonishing
increase in photodynamic activity. As shown in our previ-
ous work, 7,7'-biphyscion (8) showed photocytotoxicity in
the nanomolar range [8] (Table S6).

Although emodin (7) displayed the highest singlet oxy-
gen quantum yield of all pigments isolated from C. rubro-
phyllus, its photoactivity was considerably lower than the
one reported for 8, which was active against various can-
cer cells in the nanomolar range after blue light irradia-
tion (A=468+27 nm, 9.3 ] cm_z) and could induce dose-
dependent apoptosis [8]. Nevertheless, 7 was active in the
low micromolar range and showed good photo indices (SI:
Chapter 3.1). Furthermore, the cancer cells treated with 7
and irradiated with blue light were shrunk, which could hint
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Fig. 3 a (Photo)cytotoxic activ- a
ity of the isolated compounds
3, 6, and 7 against AGS, T24,
and A549 cancer cells in

the presence (BL/Blue light,

AGS [BL
AGs[D] |

T24[BL]

T24[0]

Emodin-1-O-B-D-glucopyranoside (3)

4=468+27 nm, H=9.3J cm™)
and in the absence of blue light
(D/Dark). Bars: EC value in
uM with the respective confi-
dence interval (95%). The open
bar indicates that the true cyto- b
toxic values lie above 25 uM,

the highest concentration tested.

b Micrographs (100 X mag-

nification) of cells of the T24

urinary bladder carcinoma cell

line as well as of the A549

non-small lung cancer cell line

treated (24 h) with emodin (7).

The upper line of pictures shows

treated cells in the dark (D),

the lower after irradiation with

blue light (BL, =468 +£27 nm,
H=9.3Jcm™). ¢, d Mor- C
phology of T24 cancer cells

stained with acridine orange/

ethidium bromide after blue
light-activated (1=468 +£27 nm,
H=9.3J cm™>) treatment with

emodin (7, c=5 uM) visualized

using fluorescence microscopy

[e 20 x objective, d 60 X objec-

tive]

A549 [BL]

AS549 [D]

Concentration [uM]

T24,9.3)/cm? BL

Emodin (7), 5 uM, D

Emodin (7), 5 uM, BL

towards an apoptotic cell death (Fig. 3 and Figure S23-25)
[32]. A dye exclusion assay indicated secondary necrosis
(Fig. 3c and d), as the nuclear chromatin was condensed, but
the membrane integrity was lost. Its EC5)-values were cal-
culated to be 3.06+0.26/— 0.24 uM, 1.68+0.15/— 0.14 uM,
and 1.89+0.16/— 0.15 uM for A549, AGS, and T24 cells,
respectively, when combined with blue light irradiation
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Flavomannin-6,6"-dimethyl ether (6)

Emodin (7)

AGS [BL]

AGS [D] :\.\

Acs sl M
Acs (o] [
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Concentration [uM]
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Concentration [iM]

Emodin (7),5uM, D [ Emodin (7), 5 uM, D

Emodin (7), 5 uM, BL A549,9.3J/cm*BL § Emodin (7), 5 uM, BL

Emodin (7), 5 uM, BL

(A=468 +27 nm, H=9.3 J cm™?). The monomeric anth-
raquinone emodin is known to induce red blood cell lysis
and lipid peroxidation after irradiation, with reactions of
radical species, reactive oxygen intermediates, and stable
photoproducts with cellular components being the most
likely mechanisms of action [33]. The compound was also
photocytotoxic on Chinese hamster V79 cells by Kersten
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et al. without being photogenotoxic, as no micronuclei were
induced [34]. However, comprehensive ECs, values of 7
(Table S6) are reported here for the first time.

Despite demonstrating photophysical activity (Table 1),
emodin-1-0-B-D-glucopyranoside (3) failed to induce
photocytotoxicity in the tested concentration range
(ECs5y>25 uM). The reason for that could come from its
physicochemical properties, which are significantly altered
due to glucosylation at position 1 compared to its aglycone
emodin (7). Photosensitizers used for the photodynamic
treatment of tumors are mostly lipophilic compounds that
rapidly diffuse into cancer cells and accumulate in intra-
cellular membrane structures (e.g., mitochondria and the
endoplasmatic reticulum (ER)) [35]. In their study on the
potential of the natural AQ parietin for the photodynamic
treatment of cancer, Mugas et al. showed that the compound
is rapidly internalized in K562 cells mainly via passive dif-
fusion [36]. Moreover, the involvement of both passive and
carrier-mediated processes [e.g., P-glycoprotein, multidrug-
resistant proteins (MRP) and sodium-glucose cotransporter
(SGLT1)] in the cellular absorption of emodin and chrys-
ophanol has been demonstrated in human intestinal Caco-2
cells [37]. Thus, passive diffusion seems to be the most prob-
able absorption pathway for AQs. The sugar moiety of 3
strongly increases its hydrophilicity, which is likely to hinder
the passive crossing of cell membranes. However, the exact
uptake mechanisms of glycosylated AQs as well as their
photodynamic potential are still unexplored and therefore
require further investigation.

3.4 Towards an optimized 7,7'-biphyscion (8)
isolation workflow

Since 8 exhibited promising photoactivated cytotoxicity (SI:
Chapter 3.1, Table S6), obtaining larger quantities of the
pure compound was of high priority. A standard protocol
for the isolation of 7,7"-biphyscion (8) has been presented in
our recent work on the photoactive secondary metabolites of
C. uliginosus [8]. Due to the low yield of 8 in the biomate-
rial, several kilograms of fruiting bodies need to be collected
and identified, which is time-consuming in itself and often
hindered by the sporadic occurrence and unique specific
habitats of some species [38]. Nevertheless, its precursor
flavomannin-6,6’-dimethyl ether (6) occurs in larger quanti-
ties and in several species of the subgenus dermocyboid C.
[39]. Studying C. rubrophyllus extracts for multiple months
has shown that 6 gradually decomposes and 8 is formed
(data not shown). Thus, the content of 8 strongly depends
on the age and oxidation degree of the biomaterial or the
extracts used for mycochemical analysis.

To maximize the yield of 8, a new isolation protocol was
designed that takes advantage of the oxidation sensitivity of
6. In a first step, the dichloromethane extract was refluxed

with a mixture of acetic acid and hydrochloric acid to dehy-
drate 6 to its anhydrous derivatives. Subsequently, the dried
extract was warmed with sodium hydroxide solution in the
presence of hydrogen peroxide to generate 8 by oxidative
processes. After acidification of the reaction solution with
acetic acid and extraction with diethyl ether, an extract rich
in 8 was obtained without its precursor compound 6. Then,
dry column vacuum chromatography was used for the isola-
tion of 8. The application of the novel workflow results in a
high yield of 8 per mass of starting crude extract (n=4.8%)
even when working with a freshly prepared extract (SI: Fig-
ure S26).

To validate our new isolation strategy, we submitted
another dermocyboid C., i.e. the yellow C. holoxanthus, to
the workflow. A mycochemical analysis of C. holoxanthus
based on HPLC-MS is given in the electronic supplemen-
tary material (SI: Chapter 4.1). First, extracts of different
polarities (i.e., petroleum ether, dichloromethane, and meth-
anol) were prepared from the dried and ground fruiting bod-
ies (Figure S27). HPLC-DAD-MS analysis and subsequent
metabolite annotation via dereplication (SI: Chapter 4.1.3,
Figure S28, Table S8) (i.e., comparison of spectral data
—MS and UV/Vis) confirmed the presence of 6 in C. holox-
anthus, which was the basic requirement. Thus, the FDM-
rich dichloromethane extract of C. holoxanthus (SI: Figure
S29) was treated as described above to enrich 8. Then, 8
was isolated by preparative thin-layer chromatography
(TLC) and identified via HPLC-DAD-MS analysis and 'H
NMR spectroscopy. In comparison to dry vacuum column
chromatography, preparative TLC proved to be an equally
useful and simple approach. It is particularly advantageous
when small quantities of extracts/fractions are separated. In
sum, following this procedure, the yield of 8 was increased
by 100% as compared to the maximal theoretical content of
8 in the unoxidized DCM extract.

In a next step, we wanted to test our hypothesis that 8 can
be conveniently isolated from a mixture of different dermo-
cyboid Cortinarius species. While the identification at the
species level is arduous and not easily accomplished without
ITS sequencing, the general identification of dermocyboid
C. is straightforward due to their brightly colored lamellae
(see Fig. 4). Thus, we started with five preliminarily identi-
fied dermocyboid C. (i.e., Cortinarius pinicola cf., C. san-
guineus cf., C. semisanguineus cf., C. bataillei cf., and C.
rubrophyllus cf.), pooled their extracts, and submitted them
to the dehydration and oxidation step. As depicted in Fig. 4,
the extract was significantly enriched with 8, and the com-
plexity of the matrix was reduced due to the instability of
monomeric AQs in the acidic and oxidative environment
[40]. As the last step, dry column vacuum chromatography
and or preparative TLC resulted in quantitative amounts of
8.
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Fig.4 Schematic workflow of the optimized isolation procedure of 8 from different species of colourful dermocyboid C. After pooling and oxi-
dative treatment of the extracts, 8 is significantly enriched and the matrix complexity reduced

In sum, starting from three different biological sources,  of available biomaterial of single species can be circum-
we proved that 8 can be enriched in the crude extract and  vented. The rapid isolation of 8 from different color-
thus the isolation yield can be greatly increased. While  ful ECM fungi such as Phlegmacium, Dermocybe, and
using a mélange of various colorful dermocyboid fruiting  Tricholoma species [28] together could thus be achieved
bodies for separation, we showed that the limitations of = productively and efficiently as long as they contain at
complicated fungal identification and restricted amounts  least 6.
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4 Conclusion

In the presented study, seven AQs (1-5 and 7-8) and
one pre-AQ (6) were isolated from the fruiting bodies
of Cortinarius rubrophyllus (Sect. Dermocybe). Two of
them, 1 (emodin-1,6-di-O-B-D-glucopyranoside) and 2
(dermolutein-6-0-B-D-glucopyranoside), were identi-
fied as new natural products. Furthermore, compounds
3, 6, and 7 were photophysically characterized, and their
(photo)cytotoxicity was evaluated. Emodin (7) demon-
strated ECy,-values in the low micromolar range against
three cancer cell lines when combined with blue light irra-
diation. In addition, a method to enrich 7,7’-biphyscion (8)
in crude extracts of FDM-containing species (e.g., Corti-
narius ssp. and Tricholoma ssp.) was presented. This pro-
tocol allows to circumvent the problem of limited amounts
of biomaterial and thus paves the way towards extended
photopharmaceutical studies.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s43630-021-00159-y.
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