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ABSTRACT: The selective modulation of TRPC6 ion channels has emerged as a promising therapeutic approach for treating 
neurodegenerative diseases and depression. Here, we present a significant advancement in this field by demonstrating the 
selective activation of TRPC6 using a metallated type-B PPAP, designated as PPAP53. The success of PPAP53 is attributed to 
the utilization of the 1,3-diketone motif present in PPAPs for metal coordination. The metallated PPAPs exhibit water solubil-
ity and equipotent activity compared to hyper-
forin, which is a natural product and considered 
the gold standard in the field. Notably, and in sharp 
contrast to type-A PPAPs, type-B PPAPs possess 
unique properties such as synthetic accessibility in 
gram scale, facile derivatization, being thermally 
stable and stable against photochemical oxidation. 
Our detailed investigations reveal that PPAP53 se-
lectively binds to the C-terminus of TRPC6. Alt-
hough cryo electron microscopy has resolved the 
majority of the TRPC6 structure, the binding site in 
the C-terminus remained unresolved. To address this issue, we employed state-of-the-art artificial intelligence-based protein 
structure prediction algorithms, including AlphaFold2, ColabFold, and trRosetta, to predict the missing C-terminus region. 
Our computational results, validated against experimental data, indicate that PPAP53 binds to the 777LLKL780-region of the C-
terminus, thus providing critical insights into the binding mechanism of PPAP53 with TRPC6. 

INTRODUCTION 
Physiological and pathological processes are strongly regu-
lated by ion channels.1 These channels are composed of 
pore-forming proteins that are embedded in the cell mem-
brane1. Amongst the different ion channels human transient 
receptor potential (TRP) proteins are a subclass of 27 dif-
ferent ion channels which can be divided into nine fami-
lies.2,3 The TRPC proteins are one of these families and are 
important for the regulation of Ca2+-flux at the cell mem-
brane of eukaryotes. They are divided into two subfamilies: 
TRPC1/4/5 and TRPC3/6/7.4,5 Both subfamilies of TRPCs 
are discussed as biological targets for treatment of pain, 
cancer, cardiovascular dysfunction, but also endocrinal, re-
nal and, neuronal diseases, and foster research into the de-
velopment of selective TRPC-channel agonists or antago-
nists.6–9 Importantly, the structure of hTRPC6 has most re-
cently been largely resolved using cryo electron microscopy 
(cryoEM). (Fig. 1A-C), however, the C-terminus that is part 
of the inner-cell receptor regulation remained partially un-
resolved.10–12 
The TRPC6 channel is a non-selective cation channel that 
plays a crucial role in regulating the influx of Ca2+ across cell 

membranes. As a result, TRPC6 has been the subject of ex-
tensive research efforts in order to understand its function 
and potential therapeutic applications. Recent studies have 
identified the extracellular binding sites for TRPC6 agonists 
AM-0883, M085 and GSK1702934A, which have been found 
to modulate TRPC6 channel activity (Fig. 1D and E).11,13  
Hyperforin, a type-A PPAP derivative, can be extracted from 
the plant Hypericum perforatum, commonly known as St. 
John's Wort.14,15 It has been known to possess antidepres-
sant properties through its ability to inhibit the reuptake of 
serotonin andnorepinephrine in neurons.16 Its antidepres-
sant applications as medicinal products (such as Psychoto-
nin®, Neuroplant®, Hyperforat®) have become increas-
ingly popular. Recent data has shown that hyperforin also 
elevates intracellular Ca2+ concentrations by activating 
TRPC6 channels, while not activating other TRPC 
isoforms.17  
Despite its potential therapeutic benefits, hyperforin has 
been found to exhibit phototoxicity, cytochrome P450 
(CYP) induction properties and being thermally unsta-
ble.18,19 Phototoxicity occurs as a result of the photodynamic 
generation of singlet oxygen upon exposure to UV radiation, 



 

resulting in decomposition of the compound and a photo-
toxic response in the skin. CYP induction leads to an in-
crease in oxidative metabolic reactions and may result in 
significant drug-drug interactions.20 These properties pre-
sent limitations on the therapeutic use of hyperforin. To 
overcome these limitations, the Friedland group has re-
cently reported that HYP13 may be a promising candidate 
for selective TRPC6 activation without the undesired pho-
totoxic and CYP-inducing side-effects.21 
 
To this day, natural resources have yielded over 600 mem-
bers of the PPAP family, exhibiting a broad spectrum of bio-
logical activities across various indications.22 These com-
pounds can be categorized as either type-A or type-B PPAPs, 
depending on the position of the exocyclic acyl-group (Fig. 
2A). 23 Type-A PPAPs, such as hyperforin, are particularly 

susceptible to light-induced free radical reactions, resulting 
in a significant increase in oxidation upon exposure to light. 
It has been proposed that hyperforin reacts with 1O2 by un-
dergoing an intramolecular cyclization, forming furohyper-
forin hydroperoxide, followed by the elimination of hydro-
gen peroxide (Fig. 2B). 24 Moreover, it has been suggested 
that St. John's wort produces hyperforin to act as a radical 
scavenger for the photosensitizer hypericin.25 
 
We were actively engaged in the total synthesis of type-B 
PPAPs, as well as the systematic modification of the com-
mon [3.3.1]bicyclononatrione-core for medical applica-
tions, including as antimicrobial compounds.26–31 Given that 
hyperforin has been reported to possess potent antimicro-
bial properties, it was hypothesized that type-B PPAPs may 
also exhibit similar activities in other medical indications.32  

Figure 1 Cryo-EM structure of hTRPC6 (PDB 5YX9) shown as cartoon. (A) hTRPC6 channel is shown in side view. and (B) top view 

revealing the pore. (C) Representation of the monomeric structure of hTRPC6. Vertical helix and horizontal helix colored in red, ankyrin 

repeat domains are colored in blue, linker helical domains in teal, S5 and S6 helix, forming the pore, in orange and S1-S4 in green. 

Unresolved sequences are indicated with dashed lines (D) Literature known TRPC6 agonists that bind extracellular (blue) and intracellular 

(red) (E) Structure of a TRPC6 monomer and domain organization. (Figure adapted from Fig 3. in Ref. 33.), 



 

In this study, we demonstrate that metallated derivatives of 
PPAP22 are potent and selective TRPC6-activators. 
Through detailed experimental studies, it was revealed that 
the mode of action is similar to hyperforin or HYP13, 
through binding to the 777LLKL780-region of the C-terminus. 
Notably, our compounds are photostable and highly water-
soluble. In terms of its own metabolism, PPAP53 showed 
moderate murine metabolic and plasma stability (MLM t1/2 
31.5 ± 4.9 min, Clint 44.7 ± 7.2 µL/mg/min; plasma t1/2 154 ± 
53 min). Additionally, photostability tests of PPAP53 con-
firmed the long-term stability to light and oxygen.  
Predictive protein algorithms such as trRosetta were uti-
lized to predict the unresolved parts within the C-terminus 
and were aligned with the cryoEM-structure, yielding a TM-
score of 0.94. Subsequent docking studies were cross-refer-
enced with the experimental data, further supporting the 
777LLKL780-region of the C-terminus as the binding site of 
PPAP53. 
 

 
Figure 2 (A) Representative type-A and type-B PPAP natural prod-

ucts. (B) Radical induced cyclisation of hyperforin to 

furohyperforin hydroperoxide and coupled release of 

hydrogenperoxide.  

RESULTS AND DISCUSSION  
The current investigation was initiated through a compre-
hensive screening of various derivatives of PPAPs, which 
had previously been reported to possess potent antibiotic 
properties.26  
These compounds were evaluated for their ability to induce 
Ca2+ influx in PC12 cells using the FLIPR Calcium 4 assay. 

The induction of Ca2+ influx is indicative of potential TRPC 
activity.17,33 Of all compounds tested, PPAP22 elicited a rel-
atively modest increase in intracellular Ca2+ in PC12 cells at 
a concentration of 10 µM (Fig. 4A), while hyperforin ro-
bustly induce Ca2+ increase and activate TRPC6 channels at 
a concentration of 10 µM, with EC50 values for TRPC6 acti-
vation of 1 µM.34 
Concentrations higher than 10 µM are considered to be 
toxic.21 One potential explanation for this lower activity is 
the low solubility of lipophilic PPAP22. To enhance the wa-
ter-solubility and bioavailability of PPAP22 without alter-
ing its overall structure, we sought to utilize the PPAP's in-
herent 1,3-dicarbonyl motif as a potential bidentate ligand 
to metal cations. Treatment of type-B PPAPs with alkaline 
bases led to the clean formation of metallated PPAP53, 
PPAP60 and PPAP61 (starting from PPAP22) (Fig. 3B). 
Subsequent testing for Ca2+-influx stimulation revealed that 
all of the metallated PPAPs exhibit good levels of activity, 
with PPAP53 surpassing the Ca2+-influx stimulation of hy-
perforin (Fig. 4B). The improvement of solubility could be 
confirmed as kinetic solubility of PPAP53 was determined 
to be >200 µM, while the solubility of PPAP22 was 49.1 ± 
8.6 μM in 1% DMSO/PSB. 
 

 
Figure 3 Synthesis of PPAP metal salts. (A) Synthetic route to ac-

cess PPAP22 and PPAP23. (B) Metallation of PPAP22 and 

PPAP23 under following reaction conditions: a) n-BuLi, THF, 

0°C, 1h, b) NaH, THF, 0°C, 1h, c) KH, THF, 0°C, 1h, d) NaH, 

THF, 0°C, 1h 



 

To further investigate the mode of action, the effect of 
PPAP53 was tested in HEK293 cells transiently expressing 
YFP-tagged TRPC3 and TRPC6 channels (Fig. 4C-E).21 Single 
cell calcium measurements were conducted using the fluo-
rescence dye fura-2, by applying hyperforin (10 µM) or the 
analogue OAG of the endogenous unselective TRPC3/6/7 
activator diacylglycerol. In TRPC6- and TRPC3-expressing 
cells, application of OAG resulted in a rapid increase in 
[Ca2+], reflected by an increase in the fura-2 ratio. In con-
trast, hyperforin (10 µM) only induced an increase in the 
fura-2 ratio in TRPC6-expressing cells. PPAP53 (10 µM) 
also only induced a significant increase in the fura-2 ratio in 
TRPC6-expressing HEK293 cells. 
To further elaborate on the similarity of binding sites be-
tween hyperforin and PPAP53 at hTRPC6, a recently de-
scribed mutant of TRPC6 was used.21 Hyperforin is known 
to bind at the motif 777LLKL780 in the C-terminal region of 

hTRPC6, which was not resolved in recent cryo-EM struc-
tures. This motif differs from the closely related hTRPC3 
and hTRPC7 channels by the corresponding amino acids 
708IMRI711 of hTRPC3 and 722IMRI725 of hTRPC7. Therefore, 
the 777LLKL780 motif from TRPC6 was implemented into 
TRPC3 demonstrating that hyperforin is now able to also ac-
tivate the mutated 708LLKL711 hTRPC3 channel (FIG 4F). 
Again, PPAP53 showed similar effects as hyperforin. These 
results suggest that hyperforin and PPAP53 might share 
the same binding site at TRPC6 channels. 
In order to rationalize the experimental findings and inves-
tigate the binding motif of hyperforin and PPAP53 at 
TRPC6, in silico experiments were conducted. The tradi-
tional method for this involves docking ligands to protein 
structures that have been determined through techniques 
such as crystallography or microED, cryoEM, etc. Despite 
the availability of various hTRPC6-structures, the probable 

Figure 4 (A) (B) Effect of PPAPs on [Ca2+] in PC12 cells and HEK293 cells expressing human TRPC channels using the FLIPR Calcium-

6 AM Assay. Cells were stimulated with increasing concentrations from 1 – 10 µM. As internal control, hyperforin (hyp) was used. (n = 4 – 

6 biological independent experiments). Single cell Ca2+ imaging was conducted in HEK293 cells transiently expressing pcDNA3.1 plasmid 

vector with DNA coding (C) only for eYFP (ctl, white), (D) hTRPC6 (black), (E) hTRPC3mut (red), or (F) hTRPC3mut (blue) all expressed 

as C-terminal eYFP fusion proteins. Cells were stimulated with the solvent DMSO (0.1 %), OAG (100 µM) or PPAP53 (10 µM) and intra-

cellular Ca2+ alterations were detected using fura-2 AM (n = 3 independent biological experiments). Cells were selected according to their 

eYFP fluorescence and their OAG sensitivity. Representative time traces were monitored in HEK293 cells stimulated with OAG (100 µM) 

60 sec after starting the experiment and after 300 sec PPAP53 (10 µM) was applied. 



 

binding site of PPAPs has not been resolved in the literature. 
11,12,35,36 Unresolved positions in the TRPC6 channel can be 
found in the N-terminus (residues 1-84), between AR3 and 
AR4   (residues 193-203), between the linker helix 6 and 7 
(residues 350-357), between the S1 and S2 helix (residues 
464-491), between the S3 and S4 helix (residues 560-585), 
between the TRP reentrant and the C-terminal helix 1 (res-
idues 767-852), and at the end of the C-terminus (residues 
922-931). In light of this, we employed the use of artificial 
intelligence (AI) based algorithms to overcome the lack of 
structural data within these relevant regions of the receptor 
structure (Fig. 6). Different AI algorithms were utilized to 
predict the tertiary structure from the amino acid sequence 
of the full-length protein, in order to study the potential 
binding site and the results were validated by comparison 
with experimental results (Fig. 5).37–43 

 
Figure 6 Completion of the unresolved areas from the cryoEM 

structure by the use of protein structure prediction algorithms.  

AlphaFold2 (AF2) predicts the topology of transmembrane 
(TM) proteins highly accurately.44 The pLDDT (predicted 
Local Distance Difference Test) confidence measure pre-
dicts the accuracy of the Cα Local Distance Difference Test 

(lDDT-Cα) for the corresponding prediction. Even though 
the predicted AF2-TRPC6 model showes high plDDT values 
the model lacks of confidence in the region where the hy-
pothesized binding site is located. A faster and accelerated 
prediction of protein structures and complexes offers the 
lately published AI-driven algorythm ColabFold (CF) by 
combining the fast homology search of MMseqs2 with Al-
phaFold2. 45 The predicted three-dimensional structure CF-
TRPC6 has slightly higher plDDT values than AF2-TRPC6 
but still has problems to resolve the domains that are al-
ready unresolved in the corresponding crystal structure.  
 

 
Figure 7 (B) Prediction of the 3D-strucuter of hTRPC6 monomer 

with trRosetta (RT-TRPC6) and superposition with the correspond-

ing cryoEM structure (PDB: 5YX9). (C) Evaluation of pLDDT val-

ues within the binding site. 

Additionally, TRPC6 structures were generated using trRo-
setta (RT) with enabled template search, a web-based plat-
form for fast and accurate protein structure prediction, 
powered by deep learning and Rosetta.46 RT-TRPC6 shows 
high confidence within the overall predicted structure. Even 
the more flexible domains that are not resolved in the cry-
oEM structure are predicted with high plDDT values (Fig. 
7B). To confirm the structural accuracy of the predicted 

Figure 5 Superposition of the cryoEM structure of hTRPC6 monomer (PBD 5YX9) (grey) with the TRPC6 model generated with trRosetta 

(pink), ColabFold (yellow), AlphaFold2 (green) and ESMFold (blue). The structural similarities are ranked by the calculated TM-scores for 

each model.  



 

monomer RT-TRPC6 was compared to the monomer of the 
known cryoEM structure (PDB 5YX9) (Fig. 7A). 36 The su-
perposition of the cryoEM structure and the predicted 
structure is validated by the global superposition metric 
template modelling score (TM-score).47 In our case the su-
perposition of hTRPC6 and the predicted structure RT-
TRPC6 generates a TM-score of 0.94, indicating high struc-
tural similarity (Fig. 5). 
The newly predicted C-terminus part (Fig. 6 in pink) in RT-
TRPC6, in which the hypothesized binding site is located, is 
shown as a long helical structure. Previous data showed that 
CD spectra of isolated TRPC6 peptides carrying the 
777LLKL780 motif revealed an α-helical structure in the ab-
sence and presence of hyperforin, which is consistent with 
the predicted model.21  
In order to gain an understanding of the potential binding 
pose of the predicted monomer, molecular docking experi-
ments were performed using energy-minimized structures 
of PPAP53 and hyperforin. Hydrogen atoms were added 
and different protonation states and ionization states for 
each ligand were generated for a pH range of 7.0 ± 2. The 
preparation of the ligands resulted in the generation of two 
states per ligand, in which the exocyclic acyl group of 
PPAP53 or the exocyclic isoprenyl chain of hyperforin can 
undergo keto-enol driven conversion in stereochemical ori-
entation. Thes results are consistent with 1H-NMR data 

showing the enol form of PPAPs in acidic solvents like chlo-
roform, which get suppressed in neutral solvents like 
DMSO.  
Docking studies indicate that both isoforms bind to the 
same region, which is located in the AI-predicted alpha-hel-
ical domain connected to the TRP-helix, forming a cave-like 
structure directly underneath the cell membrane (Fig. 8. C). 
The regions missing in the cryoEM structure are likely to be 
highly mobile.  
In order to determine the structural interactions of the lig-
and with the AI-predicted domain, we employed an induced 
fit docking approach and analyzed the structural interaction 
fingerprints (SIFt). The SIFt analysis of over 50 different 
docking poses indicated that the residues located on the AI-
predicted motif, the TRP-domain, and the S2 region were 
primarily responsible for mediating the binding of PPAPs. 
This tool identifies amino acid residues that exhibit polar or 
non-polar, aromatic, hydrophobic interactions, and hydro-
gen bond interactions with the docking poses or are situ-
ated in close proximity (within 10Å) to the ligand. The SIFt 
revealed that 511Lys, 514Trp, 515Thr, 772Ser, 775Tyr, 
776Leu and 779Lys were the main residues showing >75% 
involvement in all poses. 
The docking studies with RT-TRPC6 are in agreement with 
experimental data, revealing the binding situation involving 
779Lys within the predicted sidechain and 511Lys within 

Figure 8 Binding mode of PPAPs within RT-TRPC6 monomer (A) Docking pose of both PPAP53 isomers (blue) within RT-TRPC6 .(B) 

Docking pose of both hyperforin isomers (green) within RT-TRPC6 (C) RT-TRPC6 embedded in a membrane model with docked PPAP53 

(D) Visual representation PPAP53 docked to the AI-generated helix connected over the TRP-helix to S6 



 

S2 (Fig.8 A and B). The binding site is directly connected via 
the TRP-helix to the transmembrane helix S6, which could 
be stimulated by ligand binding and induce Ca2+ influx (Fig. 
8D). It is hypothesized that the movement of S6 stimulates 
tilting and downward movement of S1 to S4 from adjacent 
subunits, resulting in a rotation around the central ion-per-
meable pathway and opening of the pore channel.14 
The docked PPAPs were found to be located close to 
783Trp, which was previously utilized to identify the bind-
ing site of hyperforin. Tryptophan fluorescence is highly 
sensitive to changes in the environment, such as hydropho-
bicity, and can therefore provide information about ligand 
binding. The ascending titration of hyperforin (1-50μM) 
showed a stronger fluorescence intensity in a native TRPC6 
peptide compared to a mutant TRPC6 peptide with the se-
quence IMRI instead of 777LLKL780.21  
The results of our docking simulations are consistent with 
experimental data and provide insight into the binding sit-
uation of PPAP53 and hyperforin with RT-TRPC6. 
 
CONCLUSION 
In conclusion we developed new water soluble metallated 
unnatural type-B PPAPs which selectively activate TRPC6. 
We could demonstrate that metallated unnatural type-B 
PPAPs induce a higher Ca2+-influx in PC12 cells compared to 
hyperforin, eliminating any disadvantages of hyperforin, 
such as light instability, air instability, CYP-induction and 
complicated synthesis work. Mutation studies showed that 
PPAP53 binds to the 777LLKL780 motif similar to hyperforin, 
which is not resolved in cryoEM structures. To overcome 
the lack of information AI-generated models of TRPC6 were 
used to identify a new intracellular binding site for type-B 
PPAPs in silico that aligns well with experimental findings. 
These findings help to rationalize the binding mechanism of 
PPAPs within TRPC6 channels and open the field for the de-
velopment of more potent unnatural type-B PPAPs. 
 
MATERIAL AND METHODS 
All reactions and manipulations which are sensitive to-
wards air or moisture were performed under dry argon by 
using standard Schlenk techniques. All solvents were puri-
fied prior to use. All chemicals were purchased from Acros 
Organics, Sigma Aldrich, Alfa Aesar, TCI or ChemPUR. NMR 
spectra were recorded on a Bruker Avance 300 spectrome-
ter at 300 MHz (1H-NMR), 75 MHz (13C-NMR), a Bruker As-
cend 400 spectrometer at 400 MHz (1H NMR), 376 MHz 
(19F-NMR), 101 MHz (13C-NMR), a Bruker Avance 500 spec-
trometer at 500 MHz (1H-NMR), 126 MHz (13C-NMR), 202 
MHz (31P-NMR) or a Bruker Avance 700 spectrometer at 
700 MHz (1H-NMR), 176 MHz (13C-NMR). Coupling con-
stants J are given in Hz. The following abbreviations are 
used in the analysis of NMR spectra: s = singlet, d = doublet, 
t = triplet, q = quartet, hept = heptet, sept = septet, snr = 
broad singlet. Combination of these abbreviations are ap-
plied whenever more than one coupling is observed. IR 
spectra were measured on a FT-IR spectrometer in an ATR 
mode. The intensity of the observed peaks is given in paren-
thesis: s = strong, m = medium, w = weak. Mass spectra were 
measured using electrospray ionization on a Bruker micrO-
TOF-Q. High performance liquid chromatography (HPLC) 
was performed using a Knauer K-501 pump, Knauer RI-

detector K 2400 and a Macherey- Nagel VP250/21 Nucle-
odur 100-5 column. 
 
Cell culture and transfection of HEK293 cells  
Human embryonic kidney (HEK 293) cells were cultured in 
Dulbecco's Modified Eagle Medium (DMEM; ThermoFish-
erScientific, Darmstadt, Germany; #41965039) supple-
mented with 10% heat-inactivated Fetal Bovine Serum 
(FCS; ThermoFisherScientific, Darmstadt, Germany; 
#10500-064) and 10 mM penicillin/streptomycin (Pen-
Strep; ThermoFisherScientific, Darmstadt, Germany; 
#15140122) at 37°C. For Transfection, HEK 293 cells were 
grown on poly-L-lysine (Sigma-Aldrich, Taufkirchen, Ger-
many; #P2636) coated glass coverslips in 6-well plates with 
a density of 0,1 x 106 cells per well for Single-Cell Calcium 
Imaging and Western Blot and with a density of 0,5 x 105 
cells for electrophysiological measurements. After 24 h, me-
dia was exchanged and cells were transfected transiently 
with a transfection cocktail containing 0.5 to 1 μg DNA, 2 μL 
Effectene (Qiagen, Hilden, Germany; #301425) transfection 
reagent and 50 μL Opti-MEM (ThermoFisherScientific, 
Darmstadt, Germany; #51985034) medium. 
 
Single cell calcium imaging in HEK293 cells 
[Ca2+]-measurements in HEK293 cells were carried out us-
ing the fluorescence indicator fura-2-acytoxymethyl ester 
(Fura 2-AM; ThermoFisherScientific, Darmstadt, Germany; 
#F1201) combined with a monochromator–based imaging 
system (T.I.L.L. Photonics; FEI, Gräfeling, Germany) at-
tached to a fluid immersion objective (LUMPLFLN 
40XW/0.80 w). Cells were loaded with a cocktail composed 
of 2,5 μM Fura 2-AM, 0,01% pluronic-F127 (ThermoFish-
erScientific, Darmstadt, Germany; #P6866) for 30 minutes 
at room temperature (22-24 °C) in a standard Hank's Bal-
anced Salt Solution (HBSS) buffer composed of 138 mM 
NaCl, 6 mM KCl, 1 mM MgCl2, 1 mM CaCl2 and 10 mM HEPES 
([4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid]) ad-
justed to pH 7.4 with NaOH at room temperature. After-
wards, cells were washed with HBSS and left for another 30 
min at RT in HBSS. Cover slips were then mounted in a bath 
chamber made of plexiglas on the stage of the microscope 
(Olympus BX51WI, Hamburg, Germany). Ca2+ influx was 
recorded and visualized in TillVision Live Acquisition and 
Offline Analysis software [formerly FEI Munich GmbH (Till 
Photonics), now Thermo Fisher Scientific] as a ratio of 
340/380nm with a 40 x objective. Ca2+-bound Fura2-AM is 
excitable at 340 nm and the unbound state of Fura2-AM at 
380 nm. The ratio was calculated by analyses of emission 
which was detectable at 510 nm after excitation with each 
wavelength.  
 
Cell culture and FLIPR Calcium-6 AM assay in PC12 cells 
PC12 cells were cultured in DMEM (ThermoFisherScientific, 
Darmstadt, Germany; #41965039) supplemented with 10% 
heat-inactivated fetal calf serum (ThermoFisherScientific, 
Darmstadt, Germany; #10500-064) and 5% heat-inacti-
vated horse serum , 50 U/mL penicillin, and 50µg/mL strep-
tomycin (Pen-Strep; ThermoFisherScientific, Darmstadt, 
Germany; #15140122)  at 37°C in a humidified incubator 
containing 5% CO2. 24h before FLIPR Calcium-6 AM Assays 
were initiated, 50.000 cells per well were plated in 96 well 
plates in 100 µL DMEM. 24h after seeding, DMEM with 



 

growth factors was replaced by 100 µL DMEM without 
growth factors. Calcium-6 AM (Molecular Devices, #R8191) 
was added as described by the manufacturer protocol in 
100 µL Hank’s balanced standard solution composed of 138 
mM NaCl, 6 mM KCl, 1 mM MgCl2, 1 mM CaCl2, 5.5 mM glu-
cose, and 10 mM HEPES (adjusted to pH 7.4 with NaOH). Af-
ter 2 h incubation, experiments were run at the Flex station 
3. Calcium 6-AM was excited at 485 nm and the emission 
was measured at 515 nm. The compounds were applied in 
50 µL HBSS. Baseline [Ca2+] was measured for 200 sec, the 
respective compound (dissolved in 0.1 . 1 % DMSO) was 
added and change in fluorescence was measured for 800 
sec. As positive controls, hyperforin (10 µM, kindly pro-
vided by Dr. Willmar Schwabe, Karlsruhe) or KCl (80 mM) 
were used. 
 
General Procedure for the synthesis of PPAP metal salts  
In a heated 5 ml finger schlenk under Ar-atmosphere, 1.0 eq. 
of PPAP22 or PPAP23 (previously described)26 was dis-
solved in dry THF (1.0 M) and treated with the correspond-
ing metal source (1.0 eq.) at 0°C if not stated otherwise. The 
resulting solution was stirred for one hour at room temper-
ature. After completion (monitoring via TLC), the solution 
was layered with n-pentane, the precipitation filtered off 
and washed with n-pentane. 
 
PPAP53 
According to general procedure, PPAP22 (77 mg, 0.2 mmol, 
1.0 eq.) was treated with NaH (60% in mineral oil, 8.0 mg, 
0.2 mmol, 1.0 eq.) to yield PPAP53 as a white powder (49.6 
mg, 0.12 mmol, 61%). 
1H-NMR (D2O, 600 MHz): δ = 5.64 (ddt, J = 16.8, 10.4, 6.4 Hz, 
1H), 5.41 (ddt, J = 16.8, 10.4, 6.3 Hz, 1H), 5.07 – 4.81 (m, 5H), 
3.65 (ddd, J = 6.7, 4.2, 2.5 Hz, 1H), 2.49 (t, J = 10.6 Hz, 2H), 
2.35 (d, J = 6.5 Hz, 2H), 2.15 (s, 3H), 2.01 – 1.91 (m, 2H), 1.83 
– 1.75 (m, 1H), 1.57 (s, 3H), 1.42 (s, 3H), 1.08 (s, 2H), 0.82 
(s, 2H) ppm. 13C-NMR (D2O, 151 MHz): δ = 216.4, 203.6, 
193.0, 192.9, 135.3, 135.0, 133.7, 124.9, 122.1, 117.1, 116.7, 
67.7, 60.7, 47.6, 45.7, 39.2, 36.0, 30.6, 30.5, 28.8, 26.1, 24.9, 
22.2, 17.2 ppm. IR (Film): 𝜈 (cm-1) = 2973 (w), 2924 (w), 
2873 (w), 2055 (w), 2030 (w), 2009 (w), 1711 (w), 1641 
(s), 1579 (s), 1533 (s), 1473 (w), 1454 (m), 1368 (s), 1341 
(s), 1198 (m), 1136 (w), 1064 (w), 996 (w), 912 (s), 881 (w). 
HRMS (ESI neg, C24H31O4Na) calculated ([M - Na]-): 
383.2228; found: 383.2234 
 
PPAP61 
According to general procedure, PPAP22 (26.9 mg, 0.07 
mmol, 1.0 eq.) was treated with KH (2.8 mg, 0.07 mmol, 1.0 
eq.) to yield PPAP61 as a pale yellow powder (20.8 mg, 0.05 
mmol, 71%). 
1H-NMR (D2O, 600 MHz) δ = 5.64 (ddt, J = 16.9, 10.4, 6.4 Hz, 
1H), 5.42 (ddt, J = 17.0, 10.5, 6.4 Hz, 1H), 5.05 – 4.82 (m, 5H), 
2.59 – 2.46 (m, 2H), 2.36 (d, J = 6.4 Hz, 2H), 2.24 – 2.17 (m, 
2H), 2.16 (s, 3H), 2.15 – 2.09 (m, 2H), 1.98 (dt, J = 14.3, 10.8 
Hz, 2H), 1.58 (s, 3H), 1.45 (dd, J = 10.5, 5.0 Hz, 1H), 1.43 (s, 
3H), 1.10 (s, 3H), 0.84 (s, 3H) ppm. 13C-NMR (DMSO-d6, 151 
MHz,) δ = 217.50, 201.63, 194.95, 193.51, 142.04, 136.00, 
130.95, 124.13, 121.89, 121.10, 71.14, 65.12, 51.37, 50.38, 
42.10, 41.83, 37.09, 36.96, 33.91, 32.03, 30.90, 27.78, 22.87 
ppm. IR (Film): 𝜈 (cm-1) = 2973 (w), 2924 (w), 2873 (w), 
2055 (w), 2030 (w), 2009 (w), 1711 (w), 1641 (s), 1579 (s), 

1533 (s), 1473 (w), 1454 (m), 1368 (s), 1341 (s), 1198 (m), 
1136 (w), 1064 (w), 996 (w), 912 (s), 881 (w). HRMS (ESI 
neg, C24H31O4K) calculated ([M - K]-): 383.2228; found: 
383.2236. 
 
PPAP60 
According to general procedure, PPAP22 (19.2 mg, 0.05 
mmol, 1.0 eq.) was treated with n-BuLi (2.5 M in n-hexane, 
20μl, 0.05 mmol, 1.0 eq.) at -78°C to yield PPAP60 as a 
white powder (11.6 mg, 0.03 mmol, 59%). 
1H-NMR (MeOD, 600 MHz): δ = 5.96 – 5.84 (m, 1H), 5.65 – 
5.54 (m, 1H), 5.13 – 4.93 (m, 5H), 2.72 – 2.58 (m, 2H), 2.57 
– 2.46 (m, 2H), 2.35 – 2.24 (m, 1H), 2.32 (s, 3H), 2.24 – 2.15 
(m, 1H), 2.12 – 2.02 (m, 2H), 1.70 (s, 3H), 1.54 (s, 3H), 1.48 
– 1.41 (m, 1H), 1.27 (s, 3H), 0.98 (s, 3H) ppm. 13C-NMR 
(MeOD, 151 MHz): δ = 216.4, 203.6, 193.0, 192.9, 135.3, 
135.0, 133.7, 124.9, 122.1, 117.1, 116.7, 67.7, 60.7, 47.6, 
45.7, 39.2, 36.0, 30.6, 30.5, 28.8, 26.1, 24.9, 22.2, 17.2 ppm. 
IR (Film): 𝜈 (cm-1) = 2974 (m), 2926 (m), 2877 (m), 2179 
(w), 2152 (w), 2039 (w), 1977 (w), 1725 (m), 1663 (m), 
1638 (s), 1576 (s), 1530 (s), 1430 (s), 1372 (s), 1132 (m), 
1072 (m), 1000 (m), 915 (s), 839 (m), 680 (w), 636 (m), 568 
(w), 516 (m). 
HRMS (ESI neg, C24H31O4Li) calculated ([M - Li]-): 383.2228; 
found: 383.2233. 
 
PPAP57 
According to general procedure, PPAP23 (79.0 mg, 0.18 
mmol, 1.0 eq.) was treated with NaH (60% in mineral oil, 8.0 
mg, 0.2 mmol, 1.1 eq.) at 0°C to yield PPAP57 as a white 
powder (42.6 mg, 0.03 mmol, 59%). 
1H-NMR (D2O, 300 MHz): δ = 5.61 – 5.46 (m, 1.7H), 5.46 – 
5.30 (m, J = 15.2 Hz, 0.6H), 5.21 – 5.06 (m, J = 18.1, 10.9 Hz, 
1H), 5.07 – 4.95 (m, 1.4H), 2.53 (d, J = 4.2 Hz, 2H), 2.37 (d, J 
= 5.4 Hz, 2H), 2.31 – 2.12 (m, 6H), 2.04 (s, 2H), 1.67 (s, 6H), 
1.65 – 1.54 (m, 6H), 1.52 (s, 6H), 1.17 (s, 3H), 0.90 (s, 3H) 
ppm. 13C-NMR (D2O, 151 MHz): δ = 201.0, 200.0, 199.5, 
194.1, 134.7, 134.3, 133.1, 130.1, 129.6, 128.3, 127.2, 126.8, 
126.1, 125.4, 125.2, 123.8, 123.5, 119.8, 119.4, 118.9, 114.8, 
69.1, 66.2, 64.3, 59.9, 48.7, 48.6, 48.2, 46.3, 39.7, 31.0, 29.4, 
29.3, 28.3, 27.9, 26.9, 26.7, 26.6, 26.5, 26.0, 26.0, 25.9, 25.6, 
22.1, 22.0, 18.2, 18.1, 18.0, 17.9, 17.8 ppm. IR (Film): 𝜈 (cm-
1) = 2967 (m), 2918 (m), 1714 (m), 1643 (s), 1576 (s), 1535 
(s), 1435 (s), 1367 (w), 1341 (w), 1144 (w), 1107 (m).1073 
(w), 972 (m), 879 (w), 838 (m). HRMS (ESI neg, C28H40O4Na) 
calculated ([M – Na]-): 439.6165; found: 439.6172. 
 
Kinetic Turbidimetric Solubility 
The desired compounds were sequentially diluted in DMSO 
in a 96-well plate. 1.5 µL of each well were transferred into 
another 96-well plate and mixed with 148.5 µL of PBS. 
Plates were shaken for 5 min at 600 rpm at room tempera-
ture (r.t.), and the absorbance at 620 nm was measured. Ab-
sorbance values were normalized by blank subtraction and 
plotted using GraphPad Prism 8.4.2 (GraphPad Software, 
San Diego, CA, USA). Solubility (S) was determined based on 
the First X value of AUC function using a threshold of 0.005. 
 
Metabolic Stability in Liver Microsomes 
For the evaluation of phase I metabolic stability, the com-
pound (1 μM) was incubated with 0.5 mg/mL pooled mouse 
liver microsomes (Xenotech, Kansas City, USA), 2 mM 



 

NADPH, 10 mM MgCl2 at 37 °C for 120 min on a microplate 
shaker (Eppendorf, Hamburg, Germany). The metabolic sta-
bility of testosterone, verapamil and ketoconazole were de-
termined in parallel to confirm the enzymatic activity of 
mouse liver microsomes. The incubation was stopped after 
defined time points by precipitation of aliquots of enzymes 
with 2 volumes of cold acetonitrile containing internal 
standard (15 nM diphenhydramine). Samples were stored 
on ice until the end of the incubation and precipitated pro-
tein was removed by centrifugation (15 min, 4 °C, 4,000 g). 
Concentration of the remaining test compound at the differ-
ent time points was analyzed by HPLC-MS/MS (TSQ Quan-
tum Access MAX, Thermo Fisher, Dreieich, Germany) and 
used to determine half-life (t1/2). 
 
Stability in Plasma 
To determine stability in mouse plasma, the compound (1 
µM) was incubated with pooled CD-1 mouse plasma (Neo 
Biotech, Nanterre, France). Samples were taken at defined 
time points by mixing aliquots with 4 volumes of acetoni-
trile containing internal standard (12.5 nM diphenhydra-
mine). Samples were stored on ice until the end of the incu-
bation and precipitated protein was removed by centrifuga-
tion (15 min, 4 °C, 4,000 g, 2 centrifugation steps). Concen-
tration of the remaining test compound at the different time 
points was analyzed by HPLC-MS/MS (TSQ Quantum Access 
MAX, Thermo Fisher, Dreieich, Germany). The plasma sta-
bility of procain, propantheline and diltiazem were deter-
mined in parallel to confirm the enzymatic activity. 
 
Photostability  
According to Ang et al.48 two portions of PPAP53 (5.0 mg) 
were dissolved in a solvent mixture of aqueous ammonium 
acetate buffer and methanol (1:7, 8 mL each) and one was 
set to pH = 2 with formic acid and the other one was kept at 
neutral pH. Both mixtures were irradiated with sunlight un-
der air for one week. The solvent was concentrated in vacuo 
to one third of the original volume and then extracted with 
ethyl acetate (3 x 10 mL), dried over Na2SO4, filtered and 
concentrated in vacuo. The crude spectra showed no de-
composition and the material was recovered quantitatively. 
 
Protein structure prediction of TRPC6 and TRPC3 Ion Chan-
nels 
hTRPC6 (Q9Y210) and hTRPC3 (Q13507) protein se-
quences were obtained from the UniProt database 
(https://www.uniprot.org/, accessed date: 01 August 
2022). AlphaFold237,49, ColabFold45, trRosetta46 and 
EMSFold40 were used with default settings to generate pre-
dicted models of hTRPC6 and hTRPC3 monomer. Models 
were visualized with Maestro (Schrödinger Release 2022-4: 
Maestro, Schrödinger, LLC, New York, NY, 2022).50 Each 
prediction generated five models which were overlayed 
with the corresponding crystal structure (PDB: 5YX9 for 
hTRPC6 and PDB: 5ZBG for hTRPC3) in Pymol (The PyMOL 
Molecular Graphics System, Version 2.0 Schrödinger, LLC) 
and Chimera51 for visualization. The TM-scores were calcu-
lated respectively47. The AI-predicted model with the high-
est TM-score was used for further in silico experiments. 
 
Protein structure preparation  

Published crystal structures of hTRPC6 (PDB 5XY9) or 
hTRPC3 (PDB 5ZBG) and AI-predicted structures AF2-
TRPC6, AF2-TRPC3, CF-TRPC6, CF-TRPC3, RT-TRPC6, RT-
TRPC3 and EF-TRPC6 and EF-TRPC6 were loaded into 
Maestro (Schrödinger Release 2022-4: Maestro, Schrö-
dinger, LLC, New York, NY, 2022)50. To prepare the protein 
for docking and simulations, the protein preparation wizard 
was used to assign bond orders, add hydrogens, create zero-
order bonds to metals, create disulfide bonds, and fill in 
missing side chains and loops using Prime. Default parame-
ters were used for the optimization of hydrogen-bond as-
signment.  
 
Ligand structure preparation 
Structures of PPAP53 and hyperforin were drawn with 
ChemDraw, exported as SDF-files and imported to Maestro. 
LigPrep (Schrödinger Release 2022-3: LigPrep, Schrö-
dinger, LLC, New York, NY, 2021.) was used to prepare 
PPAP53 and hyperforin with default settings. Epik (Schrö-
dinger Release 2022-3: Epik, Schrödinger, LLC, New York, 
NY, 2021.) was used to generating possible states at pH 7.0 
± 2.0 and retaining the specified stereochemical properties 
under physiological conditions applying the OPLS_2005 
force field. Ligand preparation generated two possible lig-
and states for both compounds consisting of the corre-
sponding (R)- and (S)- configured drug. 
 
Molecular Docking  
Receptor grids were generated for the generated binding 
site by selecting hyperforin as the grid-defining ligand for 
the hTRPC6, AF2-TRPC6, CF-TRPC6, TR-TRPC6, EF-TRPC6, 
hTRPC3, AF2-TRPC3, CF-TRPC3, TR-TRPC3 and EF-TRPC3 
systems. The docking process was carried out using Glide 
(Schrödinger Release 2022-3: Glide, Schrödinger, LLC, New 
York, NY, 2021.) 52,53 with the default settings using stand-
ard precision (Glide SP module) and extra precision (Glide 
EXP module); no constraints were set. The obtained results 
were analyzed in terms of the scoring function values as 
well as the presence of binding interactions, favorable/un-
willing contacts/clashes, and the repeatability of a given po-
sition. The best-ranked complex was selected for each com-
pound. 
 
Induced fit docking 
The induced fit docking (IFD) program in the Schrödinger 
suite was also used in docking studies.54 The program com-
bines Glide docking with Prime conformational refinement. 
Initially, the ligands were docked using a softened potential 
with Glide SP. The Coulomb-vdW scaling factors were 
changed to 0.5 for both protein and ligand, and a maximum 
of 80 poses generated. The generated poses were further 
processed by Prime for side-chain refinements within 5 Å of 
the binding site, for better accommodation of the ligands. 
Thereafter, the systems were minimized with the 
OPLS_2005 force field.55 In the final step, the ligands were 
redocked using Glide SP into the optimized protein struc-
tures generated within 30 kcal mol−1 of the lowest energy 
structure obtained after Prime refinement to generate 20 
poses per system. The poses were ranked using the calcu-
lated IFD score (IFDScore = 1.0 × GlideScore + 0.05 × 
PrimeEnergy), and analyzed manually with the ligand inter-
actions visualized and rendered using Maestro 13.4.129 



 

(Schrödinger Release 2022-4: Maestro, Schrödinger, LLC, 
New York, NY, 2021.).50 
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1. Predicted TRPC models 

1.1 CF-TRPC6 models 
 

 

 

 

SI Figure 1 TRPC6 models predicted with ColabFold under default conditions and ranked by model 

confidence. The predicted models (teal, red, yellow, green and blue) are shown as overlays with the 

crystal structure (grey) (PDB-ID 5XY9) with corresponding Predicted Aligned Error (PAE), plDDT values 

und sequence coverage.  
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1.2 CF-TRPC3 monomer models 
 

 

 

 

SI Figure 2 TRPC3 models predicted with ColabFold under default conditions and ranked by model 

confidence. The predicted models (teal, red, yellow, green and blue) are shown as overlays with the 

crystal structure (grey) (PDB-ID 5XY9) with corresponding Predicted Aligned Error (PAE), plDDT values 

und sequence coverage. 
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1.3 RT-TRPC6-monomer models 
 

 

 

 

SI Figure 3 TRPC6 models predicted with trRosetta under default conditions and ranked by model 

confidence. The predicted models (teal, red, yellow, green and blue) are shown as overlays with the 

crystal structure (grey) (PDB-ID 5XY9) with corresponding Predicted Aligned Error (PAE), plDDT values 

und sequence coverage. 
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1.4 RT-TRPC3-monomer models 

 

 

 

 

SI Figure 4 TRPC3 models predicted with trRosetta under default conditions and ranked by model 

confidence. The predicted models (teal, red, yellow, green and blue) are shown as overlays with the 

crystal structure (grey) (PDB-ID 5XY9) with corresponding Predicted Aligned Error (PAE), plDDT values 

und sequence coverage. 
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1.5 EF-TRPC6-monomer model 
 

 

 

SI Figure 5 TRPC6 model predicted with ESM-Fold under default conditions and ranked by model 

confidence. The predicted model (teal) is shown as overlay with the crystal structure (grey) (PDB-ID 

5XY9) with corresponding Predicted Aligned Error (PAE), plDDT values und contacts from structure 

modules 
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1.6 EF-TRPC3-monomer model 
 

 

 

SI Figure 6 TRPC3 model predicted with ESM-Fold under default conditions and ranked by model 

confidence. The predicted model (teal) is shown as overlay with the crystal structure (grey) (PDB-ID 

5XY9) with corresponding Predicted Aligned Error (PAE), plDDT values und contacts from structure 

modules 
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2. Molecular Docking  

2.1 Binding mode of PPAP 53 in CF-TRPC6  
 

 

 

SI Figure 7 Binding mode of both PPAP53 isomers (blue) within CF-TRPC6 (white) with corresponding 

2D ligand interaction diagram. The violet lines indicate hydrogen bond interactions. The polar and 

hydrophobic residues are highlighted in blue and green, positive and negative charged residues are 

highlighted in purple and red respectively. 
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2.2 Binding mode of Hyperforin in CF-TRPC6 
 

  

   

SI Figure 8 Binding mode of both hyperforin isomers (green) within CF-TRPC6 (white) with 

corresponding 2D ligand interaction diagram. The violet lines indicate hydrogen bond interactions. The 

polar and hydrophobic residues are highlighted in blue and green, positive and negative charged 

residues are highlighted in purple and red respectively. 
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2.3 Binding mode of PPAP53 in RT-TRPC6 
 

  

   

SI Figure 9 Binding mode of both PPAP53 isomers (blue) within RT-TRPC6 (white) with corresponding 

2D ligand interaction diagram. The violet lines indicate hydrogen bond interactions. The polar and 

hydrophobic residues are highlighted in blue and green, positive and negative charged residues are 

highlighted in purple and red respectively. 
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2.4 Binding mode of Hyperforin in RT-TRPC6 
 

  

 

SI Figure 10 Binding mode of both hyperforin isomers (green) within RT-TRPC6 (white) with 

corresponding 2D ligand interaction diagram. The violet lines indicate hydrogen bond interactions. The 

polar and hydrophobic residues are highlighted in blue and green, positive and negative charged 

residues are highlighted in purple and red respectively. 
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3. SIFt calculation 

3.1 SIFt PPAP53 in RT-TRPC6 – all interactions 
 

 

 

3.2 SIFt PPAP53 in RT-TRPC6 –hydrogen bond donor residues 
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3.3 SIFt PPAP53 in RT-TRPC6 –hydrogen bond acceptor residues 
 

 

3.4 SIFt PPAP53 in RT-TRPC6 –backbone residues 
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3.5 SIFt PPAP53 in RT-TRPC6 –charged residues 
 

 

3.6 SIFt PPAP53 in RT-TRPC6 –aromatic residues 
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3.7 SIFt PPAP53 in RT-TRPC6 –polar residues 
 

 

3.8 SIFt PPAP53 in RT-TRPC6 –sidechain residues 
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3.9 SIFt PPAP53 in RT-TRPC6 –hydrophobic residues 
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4. 1H- and 13C-NMR 

4.1 Compound PPAP53  
1H-NMR (300 MHz, D2O) 

 

13C-NMR (151 MHz, D2O) 
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4.2 Compound PPAP61 
1H-NMR (300 MHz, D2O) 

 

13C-NMR (151 MHz, DMSO-d6) 
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4.3 Compound PPAP60 
1H-NMR (300 MHz, MeOD) 

 

13C-NMR (151 MHz, DMSO-d6) 

  



21 
 

4.4 Compound PPAP57 
1H-NMR (300 MHz, D2O) 

 

13C-NMR (151 MHz, D2O) 

 


