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ABSTRACT

The naturally occurring acylated phloroglucinol derivative hy-
perforin was recently identified as the first specific canonical
transient receptor potential-6 (TRPC6) activator. Hyperforin is
the major antidepressant component of St. John’s wort, which
mediates its antidepressant-like properties via TRPC6 channel
activation. However, its pharmacophore moiety for activating
TRPC6 channels is unknown. We hypothesized that the phlo-
roglucinol moiety could be the essential pharmacophore of
hyperforin and that its activity profile could be due to structural
similarities with diacylglycerol (DAG), an endogenous nonselec-
tive activator of TRPC3, TRPC6, and TRPC7. Accordingly, a
few 2-acyl and 2,4-diacylphloroglucinols were tested for their
hyperforin-like activity profiles. We used a battery of experi-
mental models to investigate all functional aspects of TRPC6
activation, including ion channel recordings, Ca®* imaging,

neurite outgrowth, and inhibition of synaptosomal uptake. Phlo-
roglucinol itself was inactive in all of our assays, which was also
the case for 2-acylphloroglucinols. For TRPC6 activation, the
presence of two symmetrically acyl-substitutions with appro-
priate alkyl chains in the phloroglucinol moiety seems to be an
essential prerequisite. Potencies of these compounds in all
assays were comparable with that of hyperforin for activating
the TRPC6 channel. Finally, using structure-based modeling
techniques, we suggest a binding mode for hyperforin to
TRPC6. Based on this modeling approach, we propose that
DAG is able to activate TRPC3, TRPC6, and TRPC7 because of
higher flexibility within the chemical structure of DAG compared
with the rather rigid structures of hyperforin and the 2,4-dia-
cylphloroglucinol derivatives.

Hyperforin is the main active ingredient of St. John’s wort,
which has been used for centuries to treat depression (Linde
et al., 2008). Like most synthetic antidepressants, hyperforin
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inhibits synaptic reuptake of serotonin and norepinephrine
(Miiller, 2003; Treiber et al., 2005). Hyperforin is an acylated
bicyclic phloroglucinol derivative with little structural and
functional resemblances with any known therapeutically
used antidepressants. Thus, unlike conventionally known
antidepressants, hyperforin is not a competitive inhibitor of
neurotransmitter transporters, and it inhibits synaptic neu-
rotransmitter reuptake by elevating intracellular sodium
concentrations (Singer et al., 1999; Wonnemann et al., 2000).

ABBREVIATIONS: TRPC, classic transient receptor potential; DAG, diacylglycerol; DN, dominant negative; PIP,, phosphatidylinositol-4,5-
bisphosphate; TRPV, vanilloid-like transient receptor potential; TRPM, melastatin-like transient receptor potential; TRPN, nompC-like transient
receptor potential; NGF, nerve growth factor; YFP, yellow fluorescent protein; PXR, pregnane X receptor; RR, ruthenium red; OAG, 1-oleoyl-2-
acetyl-sn-glycerol; ACA, N-(p-amylcinnamoyl)anthranilic acid; HEK, human embryonic kidney; 2-APB, 2-aminophenoxyborate; SK&F 96365,
1-[B-[3-(4-methoxyphenyl)propoxy]-4-methoxyphenethyl]-1H-imidazole.
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Recent attempts to determine its molecular target led us
identify hyperforin as the first and highly selective activator
of the TRPC6, a member of the TRP superfamily (Treiber et
al., 2005; Leuner et al., 2007).

The TRP superfamily of cation channels encompasses 29
mammalian members. Based on sequence homology and
functional data, they can be subdivided in the classic (TRPC),
vanilloid-like (TRPV), melastatin-like (TRPM), polycystins,
mucolipidin, ankyrine-rich, and nompC-like TRP subfamilies
(Montell, 2005, 2006; Voets et al., 2005). TRP channels are
homo- and heterotetramers of subunits containing six trans-
membrane segments (S1-S6) and cytoplasmic N- and C-ter-
minal tails. S5, S6, and the connecting pore loop form the
cation-conducting pore. S1-S4 and the cytoplasmic N and C
termini are important for channel gating and the interaction
with ligands or proteins (Voets et al., 2005; Voets and Nilius,
2007).

TRP channels are involved in a variety of physiological
functions. The discovery of their role in temperature sensa-
tion and pain was accelerated by the observation that direct
and selective activation of TRP channel isoforms underlies
the effects of several secondary plant compounds to modulate
temperature sensation and cause pain, such as capsaicin,
menthol, cinnamaldehyde, gingerol, and camphor (Mandadi
and Roufogalis, 2008). TRPC6 is one member of the canonical
TRP channel subfamily, which consists of seven members,
TRPC1 to TRPC7 (Dietrich and Gudermann, 2007). TRPC
channels are highly expressed in the brain and are activated
by G-protein-coupled receptors or receptor tyrosine kinases
such as mGluR1 or TrkB, which play important roles in
neuronal plasticity and memory functions (Jia et al., 2007;
Tai et al., 2008; Zhou et al., 2008). The primary mode of
activation of TRPC channels in cell physiology is considered
to be linked to phospholipase C (Montell, 2005). Phospho-
lipase C-mediated degradation of phosphatidylinositol-4,5-
bisphosphate (PIP,) results in the accumulation of diacyl-
glycerol (DAG), which is considered to be the physiological
activator of TRPC3-, TRPC6-, and TRPC7-mediated currents
(Hofmann et al., 1999; Trebak et al., 2003; Dietrich and
Gudermann, 2007). However, the binding site of DAG at the
TRPC6 channel has yet to be identified. Furthermore, sev-
eral contradicting concepts regarding the activation mecha-
nism of TRPC6 have been discussed. Lemonnier et al. (2008)
and Jardin et al. (2008) have reported a significant and
pronounced activation of TRPC6 by PIP,, whereas Kwon et
al., (2007) showed a disruption of TRPC6 activity by PIP, and
propose that PIP, metabolites such as phosphatidylinositol
(3,4,5)-trisphosphate directly binds to TRPC6 channels and
interferes with the calmodulin binding site at the C termi-
nus. The situation became more complex by several reports
describing the PIP,-dependent modulation of TRP channels
(Voets and Nilius, 2007). In the case of TRPV1, Brauchi et al.
(2007) calculated a homology model with the proposed PIP,
binding site. From their model, they proposed an interaction
of the polar PIP, head with a cluster of positively charged
amino acids located in the proximal C-terminal region,
whereas the aliphatic chains of PIP, form hydrophobic inter-
actions with transmembrane domains S5 and S6 of TRPV1
(Brauchi et al., 2007). Overall, different models (direct and
indirect) have been described for the interaction of TRPC3/
6/7 channels with modulatory acting DAG and PIP, (Esta-
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cion et al., 2004; Vazquez et al., 2004; Smyth et al., 2006;
Nilius et al., 2008).

We recently observed that hyperforin increases TRPC6-
mediated nonselective currents. As a nonselective cation
channel, TRPC6 is permeable for sodium and for calcium.
Thus, it triggers calcium-dependent intracellular signaling
processes necessary for cell differentiation (Leuner et al.,
2007; Miiller et al., 2008). In PC12 cells, hyperforin mimics
NGF-induced cellular responses involved in neurite out-
growth (Leuner et al., 2007).

Hyperforin is a polyprenylated bicyclic acylphloroglucinol
derivative. Extensive chemical degradation and derivatiza-
tion studies have established its cage-like structure (Beer-
hues, 2006). Pure hyperforin is not very stable when exposed
to light and oxygen, which limits its clinical applications and
further developments. This instability is due to the enolized
B-dicarbonyl system present in the molecule. Several previ-
ous studies dealt with the chemical modification of its struc-
ture by acylation, alkylation, and oxidation but not with a
chemical simplification of hyperforin to identify new stable
and potent hyperforin analogs (Tada et al., 1992; Verotta et
al., 1999, 2000, 2004). It is noteworthy that the core structure
of hyperforin, the phloroglucinol, is rather stable. Based on the
perspective of potential therapeutic applications, we became
interested in the search for stable synthetic phloroglucinol de-
rivatives with pharmacological activity profiles comparable
with that of hyperforin and acting as TRPC6-selective agonists.

As a consequence, we selected simple 2-acylphloroglucinol
and 2,4-diacylphloroglucinol derivatives and tested them for
their hyperforin-like bioactivities. Selection of nine com-
pounds from phloroglucinol derivatives reported in the liter-
ature (Tada et al., 1992) was conducted on the basis of our
working hypothesis that the phloroglucinol moiety provides
the essential pharmacophore of hyperforin and that its activ-
ity profile could be due to structural resemblances to DAG,
PIP,, and some polyunsaturated-free fatty acids (Fig. 1). A
variety of methods were selected to cover all functional as-
pects of TRPC6 activation from single-channel activity, Ca®*
imaging, and functional aspects such as neurite outgrowth
and inhibition of synaptosomal uptake.

Materials and Methods

Sources and Preparation of Reagents. Hyperforin and all
phloroglucinol derivatives tested were kindly supplied by the pre-
clinical Research Department of Dr. Willmar Schwabe (Karlsruhe,
Germany).

1-Oleoyl-2-acetyl-sn-glycerol (OAG; Sigma-Aldrich, Taufkirchen,
Germany) and phloroglucinol was used from 100 mM stock solution
in dimethyl sulfoxide. NGF (Sigma-Aldrich) was dissolved in dis-
tilled water and prepared in 50 pg/ml stock solution. GdCl; and
LaCl; (Sigma-Aldrich) were dissolved in H,O before experiments.
Other chemicals were dissolved in dimethyl sulfoxide in stock solu-
tions and diluted before use. For pharmacological treatments, chem-
icals were present throughout the experiment.

[*H]Serotonin was obtained from BIOTREND Chemicals GmbH
(Cologne, Germany), and Lumasafe scintillation cocktail was from
PerkinElmer Life and Analytical Sciences (Waltham, MA). Standard
laboratory chemicals were obtained from Sigma-Aldrich. The nine
2-acyl- and 2,4-diacylphloroglucinol derivatives used in this study
(Hyp1-9) were synthesized, purified, and characterized according to
the methods of Tada et al. (1992).

Cell Culture and Transfection of HEK293 Cells and PC12
Cells. HEK293 cells were cultured in Dulbecco’s modified Eagle’s
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medium (Invitrogen, Groningen, The Netherlands) with 10% heat-
inactivated fetal calf serum (Sigma-Aldrich), 50 U/ml penicillin (Sigma-
Aldrich), and 50 pg/ml streptomycin (Sigma-Aldrich) at 37°C under a
5% CO, humidified atmosphere at 37°C. Cells were plated in 85-mm
dishes onto glass coverslips and were transiently transfected 24 h
later by the addition of a transfection cocktail containing 0.5 to 1 ug
of DNA and 1 to 2 ul of FUGENE 6 transfection reagent (Roche
Diagnostics, Indianapolis, IN) in 97 ul of Opti-MEM medium (In-
vitrogen). The ¢cDNA constructs for TRPC3, TRPC6, and TRPC7
were kindly provided by Dr. Michael Schaefer. Fluorescence mea-
surements and electrophysiological studies were carried out 1 to 2
days after transfection. PC12 cells were cultured in Dulbecco’s mod-
ified Eagle’s medium supplemented with 10% heat-inactivated fetal
calf serum and 5% heat-inactivated horse serum, 50 U/ml penicillin,
and 50 ug/ml streptomycin at 37°C in a humidified incubator con-
taining 5% CO,. Before Ca®>" imaging, cells were plated in 85-mm
dishes onto glass coverslips. Transient transfection of PC12 cells was
conducted using FuGENE 6 transfection reagent (Roche Diagnos-
tics). Cells were plated in 85-mm dishes onto glass coverslips and
were transiently transfected by the addition of a transfection cocktail
containing 0.5 to 1 ug of DNA and 2 ul of FuGENE 6 transfection
reagent (Roche Diagnostics) in 97 ul of Opti-MEM medium (Invitro-
gen). Fluorescence measurements were conducted 2 days after trans-
fection. Neurite outgrowth assays were conducted 3 days after
transfection.

Patch-Clamp Experiments. Membrane currents were recorded
using the perforated whole-cell configuration of the patch-clamp
technique at room temperature. Pipettes were made from borosili-
cate glass capillary tubes. The pipette resistance was 4 to 5 M(.
Currents through the pipette were recorded by an Axopatch 200B

OH

HO f OH

phloroglucinol

CH; O OH O CHs
CH3

HO OH HO

Hyp1

CH; O OH

Hyp4

amplifier (Molecular Devices, Sunnyvale, CA), filtered at 2 kHz
(Bessel filter) and digitized at 5 kHz. Data acquisition and command
potentials were controlled with commercial software programs using
a CED1401 interface (Cambridge Electronic Design Limited, Cam-
bridge, UK) or Iso2 (MFK, Taunusstein, Germany). Whole-cell cur-
rents were elicited by voltage ramps from —100 to +100 mV (400 ms
duration) applied every 10 s from a holding potential of —40 mV. The
standard bath solution contained 140 mM NaCl, 5 mM KCI, 2 mM
CaCl,, 1 mM MgCl,, 10 mM glucose, and 10 mM HEPES, pH 7.4,
with NaOH. Pipettes were filled with a solution containing ampho-
tericin B (250 mg/ml) in 100 mM cesium-aspartate, 40 mM CsCl, 0.4
mM CacCl,, 2 mM MgCl,, 1 mM EGTA, and 10 mM HEPES, pH 7.2,
with CsOH. Analyzed data were expressed as mean * S.E.M., and a
paired Student’s ¢ test was used for data comparison with the level of
significance set at P < 0.05.

Fluorescence Measurements. [Ca®*]; measurements in single
cells were carried out using the fluorescence indicator Fura-2/ace-
toxymethyl ester in combination with a monochromator-based imag-
ing system (TILL Photonics, Martinsried, Germany; or Attofluor
Ratio Vision system, Atto Instruments, Rockville, MD) attached to
an inverted microscope (Axiovert 100; Carl Zeiss, Oberkochen, Ger-
many). HEK293 cells and PC12 cells were loaded with 4 uM Fura-
2/acetoxymethyl ester and 0.01% Pluronic F-127 (both from Invitro-
gen) for 45 min at room temperature in a standard solution composed
of 138 mM NaCl, 6 mM KCIl, 1 mM MgCl,, 2 mM CaCl,, 5.5 mM
glucose, and 10 mM HEPES adjusted to pH 7.4 with NaOH. Cover-
slips were then washed in this buffer for 20 min and mounted in a
perfusion chamber on the microscope stage. For [Ca®*]; measure-
ments, fluorescence was excited at 340 and 380 nm. After correction
for background fluorescence, the fluorescence ratio Fs,o/Fsg, Was

OH O CHg
HO OH

Hyp2

OCHs

CHs
O OH O O OH O Q@ OoOH O
CHs CHg HO OH
H3C HO' OH CHs HO OH
H3C

Q Hyp9 Hyp5 Hyp3
= OH O oCHs
g Ol 0 OLTLO S
0 O HO OH
HO OH HO OH
m Hyp7 Hyp8 Hyp6

Fig. 1. Structures of hyperforin, DAG, PIP,, phloroglucinol, and the phloroglucinol derivatives tested.
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calculated. For [Ba%"]; and [Sr®>*];, cells were washed three times
after incubation with Ca®*-free standard solution. The influx of Ba?*
and Sr’* was evaluated in Fura-2-loaded cells by measuring the
fluorescence of Ba?* or Sr2* Fura complexes.

Synaptosomal Serotonin Uptake. For neurotransmitter up-
take experiments, synaptosomal preparations were obtained from
whole brain of 2- to 3-month-old female mice. The tissue was homog-
enized in ice-cold sucrose solution (0.32 M) and diluted with 10 ml of
the homogenizing medium. The nuclear fraction was eliminated by
centrifugation at 750g for 10 min (Beckman centrifuge; Beckman
Coulter, Fullerton, CA). The supernatant was centrifuged at 17,400g
for 20 min to obtain the crude synaptosomal pellets. The pellets were
suspended in 11 ml of ice-cold Krebs-HEPES buffer (150 mM NaCl,
10 mM HEPES, 6.2 mM KCl, 1.2 mM Na,HPO,, 1.2 mM MgSO,, 10
mM glucose, 10 mM pargyline, and 0.1% ascorbic acid, pH 7.4, at
37°C), aliquoted in microtiter plates, incubated in the presence of
varying concentrations of the drugs tested at 37°C for 15 min in a
shaking water bath, and cooled on ice. [*’H]Serotonin (2.9 nM) was
added, and the uptake experiment was started by incubation at 37°C
for 4 min. The probes were cooled, immediately filtered through
Whatman GF/B glass fiber filters (Whatman, Clifton, NJ), and
washed three times with ice-cold buffer solution with a Brandel cell
harvester (Brandel Inc., Gaithersburg, MD). Filters were placed in
plastic scintillation vials containing 4 ml of Lumasafe scintillation
cocktail (PerkinElmer Life and Analytical Sciences). Radioactivity
was measured after 12 h. Nonspecific uptake was determined in
parallel probes maintained throughout on ice or containing unla-
beled serotonin (1 mM serotonin).

Neurite Outgrowth of PC12 Cells. Cells were plated at a den-
sity of nine cells per plate (85 mm, polylysine-coated) in 15% serum-
containing medium overnight. The next day, medium was changed to
a medium containing 2% serum and NGF (50 ng/ml), hyperforin, the
2,4-diacylphloroglucinols, or hyperforin and 2,4-diacylphloroglucin-
ols supplemented with La®* or Gd®>". The neurite length was exam-
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ined 3 days after different treatment regimens. After 3 days, PC12
cells were fixed with paraformaldehyde solution (4%) and stained
with Mayer’s hematoxylin and eosin solutions. Thereafter, 10 cells
from each stain (n = 1) were arbitrarily investigated, and neurite
length was detected by using Nikon NIS Elements AR 2.1 software
(Nikon, Tokyo, Japan).

Pharmacophore Alignment. Based on the crystal structure of
hyperforin in complex with the pregnane X receptor [Protein Data
Bank identifier 1m13 (Watkins et al., 2003), resolution 2.15 A] all
atoms involved in hydrogen bridges were classified as hydrogen bond
donors or acceptors, and the core was classified as hydrophobic.
Three of four hydrogen bonds were regarded as essential (interaction
with Ser247, His407, and GIn285), and the fourth bond to a water
molecule was considered optional, because water molecules cannot
be expected at similar positions in TRPC6. Flexible pharmacophore-
based alignments were performed with the software MOE (version
2008.9; Chemical Computing Group, Montreal, QC, Canada). The
minimal number of matched features was set to three. For the
depiction of results, we used Pymol version 1.0 (available at http:/
www.pymol.org).

Results

Inhibition of Serotonin Uptake. Several phloroglucinol
derivatives were selected to investigate our working hypoth-
esis that the phloroglucinol moiety of hyperforin represents
its essential pharmacophore and that its structural resem-
blance to DAG, PIP,, and polyunsaturated fatty acids might
explain its observed activity profile. We first tested the ef-
fects of phloroglucinol, DAG, and several 2-acyl- and 2,4-
diacylphloroglucinols on serotonin uptake (Fig. 1). Thereaf-
ter, we determined the IC;, values of the selected substances
in comparative experiments with hyperforin. The [*H]seroto-
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100 -
i o
s g
':E 50 E Fig. 2. Effects of hyperforin, phlorogluci-
1 ”I.’ nol, and its derivatives on serotonin uptake
= i = . in murine synaptosomes. Serotonin uptake
g 25 = IC5:1.93uM g = a3 1.1 M was measured using [*H]serotonin in mu-
& & rine sypaptosomes. The ] sygaptosorpes
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nin uptake in murine synaptosomes was inhibited by hyper-
forin with an IC;, value of 1.93 uM (Fig. 2A), whereas the
uptake was blocked by Hyp9 with an IC;, value of 11.1 uM
(Fig. 2B). To further analyze the functional capability of the
selected derivatives, we compared the inhibitory effect at a
single concentration (10 uM) (Fig. 2C). Like hyperforin, and
the endogenous activator of TRPC6 OAG (100 uM), Hypl,
Hyp5, Hyp7, Hyp8, and Hyp9 inhibited serotonin uptake in
murine synaptosomes with comparable IC;, values ranging
from 1.5 uM for Hyp7 to 11.1 uM for Hyp9 (Fig. 2D). Phlo-
roglucinol, Hyp2, Hyp3, Hyp4, and Hyp6 failed to inhibit
serotonin uptake. These data clearly suggest that 2,4-dia-
cylphloroglucinol structures can mimic hyperforin-mediated
effects and that they could represent a novel class of easily
accessible pharmacophores.

2,4-Diacylphloroglucinols Induce Neurite Outgrowth.
TRPC6 channels are highly expressed in the brain and are
involved in local processes such as growth-cone turning, neu-
rite extension, the formation of excitatory synapses, and spa-
tial learning and memory (Li et al., 2005; Tai et al., 2008). We
have shown previously that hyperforin is able to induce neu-
rite outgrowth in PC12 cells at clinically relevant concentra-

A B

control

tions of 0.3 uM (Leuner et al., 2007). Therefore, we investi-
gated the effects of phloroglucinol and all phloroglucinol
derivatives on neurite outgrowth. PC12 cells were incubated
for 3 days with 0.3 uM phloroglucinol, hyperforin, the deriv-
atives, or 50 ng/ul NGF. Differentiation of PC12 cells was
determined by measuring neurite lengths in PC12 cells after
3 consecutive days of treatment. Hypl, Hyp5, Hyp7, HypS8,
and Hyp9 induced neurite outgrowth comparable with the
effect induced by hyperforin or NGF (Fig. 3, A and B). Phlo-
roglucinol and Hyp2, Hyp3, Hyp4, and Hyp6 were ineffective.

Because we showed previously that the induction of neu-
rite outgrowth is mediated by TRPC6 channels, we next
tested the role of these channels to further characterize the
pharmacological profile of the new structures. We used phar-
macological and genetic approaches to interfere with TRPC6
activity. First, PC12 cells were incubated with the TRP chan-
nel blockers lanthanum (100 uM) and gadolinium (100 M)
ions in the presence of the active phloroglucinol derivatives.
The neurite outgrowth induced by Hyp1l, Hyp5, Hyp7, Hyp8,
and Hyp9 was dramatically reduced by the coincubation with
gadolinium and lanthanum (Fig. 3C). These results are con-
sistent with TRPC6-mediated effects. This presumption was

Fig. 3. Phloroglucinol derivatives induce
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40-

neurite outgrowth in PC12 cells via TRPC6
activation. Neurite outgrowth assays were
performed using PC12 cells. A, PC12 cells
were treated with NGF (50 ng/ml), hyper-
forin, phloroglucinol, and hyperforin deriva-
tives (0.3 uM) for 3 consecutive days. After a
3-day incubation period, the average neurite
extension was measured, and the data of
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treated cells were compared with NGF-stim-
ulated PC12 cells. Hyp1, Hyp5, Hyp7, Hyp8,
and Hyp9 induced a significant neurite out-
growth (error bars indicate =S.E.M.; n = 6;
unpaired ¢ test, P < 0.01). B, representative
images of PC12 cells with neurite exten-
sions are shown from experiments after a
3-day incubation period in untreated con-
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Py \ ¥ ox - perforin (0.3 uM), Hyp5 (0.3 uM), or Hyp9

90 j ' « ! -~ 3 (0.3 uM) (n = 3, error bars indicate S.E.M.,

unpaired ¢ test, *, P < 0.05, =+, P < 0.01,
sk, P < 0.001).
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further validated by a genetic approach using a dominant-
negative TRPC6 mutant. We transiently transfected PC12
cells with TRPC6-DN-YFP and incubated the transfected
cells for 2 days in the presence of the active phloroglucinol
derivatives. In TRPC6-DN-YFP-expressing cells, the Hyp1-,
Hyp5-, Hyp7-, Hyp8-, and Hyp9-induced outgrowth of neu-
rites was completely abolished, which strongly argues for the
involvement of TRPC6 channels in the 2,4-diacylphlorogluci-
nol-induced neurite outgrowth.

Symmetric 2,4-Diacylphloroglucinols Induce Nonse-
lective Cation Influx in PC12 Cells. To provide further
evidence that 2,4-diaclyphloroglucinol represents the active

>
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core of hyperforin pharmacophore, we studied Ca®* and Ba®*
fluxes by imaging techniques using the intracellular calcium
indicator Fura-2. The experimental set-up was comparable
with the approaches described before. Hyperforin and the
phloroglucinol structures were applied at concentrations of
10 uM to Fura-2-loaded PC12 cells. Hypl, Hyp5, Hyp?7,
Hyp8, and Hyp9 induced a robust and transient elevation of
[Ca®*];, which is comparable with that of hyperforin (Fig. 4,
A and C). Hyp2, Hyp3, Hyp4, and Hyp6 failed to increase
[Ca®"]; (Fig. 4, B and C). EC;, values determined for the
active compounds were comparable with that of hyperforin
and ranged from 1.26 uM for Hyp9 to 7.17 uM for Hyp8. In

Fig. 4. Phloroglucinol derivatives induce a
nonselective cation influx in PC12 cells via
TRPC6. Hyperforin and phloroglucinol deriv-
ative-induced changes in [Ca®*]; were char-
acterized in Fura-2-loaded PC12 cells in
video-imaging experiments as described
under Materials and Methods. A, represen-
AR tative time traces show hyperforin and
Hypl-, Hyp5-, Hyp7-, Hyp8-, and Hyp9-

Time (sec)

Time (s)

A
75 100 135 induced elevation of [Ca®*]; (10 uM; n = 6).
B, representative traces from experiments
using hyperforin, phloroglucinol, Hyp2,
Hyp3, Hyp4, and Hyp 6 are given (10 uM;
n = 6). C, summarized effects of hyperforin,

phloroglucinol, and the phloroglucinol de-
rivatives (10 uM) on intracellular Ca** con-

ECso (UM)

Hyperforin
Hyp1
0. Hyp5
Hyp7
Hyp8
Hyp9

0.7!

0.2

A Fura-2 Ratio (340/380 nm)

0.

centrations in PC12 cells. D, EC,, values
for hyperforin and the active derivatives
Hypl, Hyp5, Hyp7, Hyp8, and Hyp9 were
calculated from Ca®* imaging experiments.
E, nonselective cation influx induced by hy-
perforin, phloroglucinol, and the different
hyperforin derivatives was measured re-
placing [Ca?*],, by 2 mM Ba?' using
Fura-2 fluorescence. To identify the molec-
ular structure of the hyperforin derivative-
activated entry mechanism, we used a

1.51
2.71
1.66
6.35
717
1.26

REOECPIPILId L
T R e o o
Barium-Influx
80+

70- o

60 *

% of the effect

50+

0.0 0.2 04 0.6 0.8 1.0
A Fura-2 Ratio (340/380 nm)

&Q

TRPC6-YFP-DN

100p=====sssseaaae-

N » A o 3
& F F S

dominant-negative knockdown of TRPC6
that was tagged with YFP (TRPC6-DN-
YFP) (F) and different TRP channel block-
ers (G). F, Fura-2-loaded, TRPC6-DN-YFP-
expressing PC12 cells were stimulated
with hyperforin and the active derivatives
and were compared with untransfected
cells (errors bars indicate =S.E.M., n = 6,
5-10 cells per independent experiment; un-
paired ¢ test, *, P < 0.05, %%, P < 0.01, s,
P < 0.001). The results are expressed as a
percentage of effect of the respective un-
transfected control treated with the differ-
* ent stimuli. G, summary of changes in
[Ca®"]; in percentage induced by hyperforin
and the respective derivatives in the pres-
ence of SK&F 96365 (10 uM, n = 6), La®*
(100 uM, n = 6), Gd** (100 uM, n = 6),
2-APB (30 uM, n = 6), ACA (30 uM, n = 6),
and RR (1 uM) normalized on the Ca®**
influx in the absence of the different block-

G % Inhibition of Ca?*-Influx

ers are shown in G. SK&F 96365, La®*, and
Gd** significantly inhibited the Ca®* in-

+ La®* + Gd** + SK&F +RR
(100uM) (100 uM)  (10uM) (1 M)

+ACA
(30 uM)

+2-APB
(30 uM)

flux induced by hyperforin and the differ-
ent derivatives with P values smaller than

Hyperforin 64 74 80 ns
Hyp1 51 65 61 ns
Hyp5 64 64 64 ns
Hyp7 62 68 62 ns
Hyp8 55 63 48 ns
Hyp9 57 64 62 ns

0.001; ACA and 2-APB with P values be-
tween 0.05 and 0.01, respectively. RR
showed no effect on Ca®" influx (ns, not
significant). Error bars indicate +S.E.M.,
unpaired ¢ test.

35 63
55 47
37 48
46 63
54 71
35 41
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addition, the measurements of Ba?" entry showed a compa-
rable profile of the test compounds (Fig. 4E). Transfection of
PC12 cells with the dominant-negative TRPC6 construct be-
fore Fura-2 loading of the cells diminished the stimulatory
effect of the 2,4-diacylphloroglucinols (Fig. 4F). To finally
complete the pharmacological profile of the 2,4-diaclyphloro-
glucinols, we used gadolinium (100 uM) and lanthanum ions
(100 uM), SK&F 96365 (10 uM), N-(p-amylcinnamoyl)an-
thranilic acid (ACA; 30 uM), and 2-aminophenoxyborate (2-
APB; 30 uM) known to interfere with nonselective cation
channels, especially TRPC channels (Fig. 4G). Because the
profile of the compounds strongly argued for the involvement
of TRP channels in the derivative-induced Ca%" influx, we
also tested ruthenium red (RR) (10 uM), which blocks TRPV,
TRPM6, TRPMS, and ankyrine-rich transient receptor po-
tential-1 channels (Leuner et al., 2007). RR had no effect on
hyperforin-induced calcium entry and thereby allowed us to
narrow down the variety of putative candidates mainly to
TRPC channels. The results are summarized in Fig. 4G and
are consistent with the idea that 2,4-diacylphloroglucinols
represent the pharmacophore of hyperforin.
TRPC6-Mediated Currents Are Induced by 2,4-(1-Keto-
hexyl) Phloroglucinol (Hyp9). Based on the EC;, values

determined for the active 2,4-diacylphoroglucinol derivatives
(Fig. 4D), we chose the most potent structure for electrophys-
iological characterization in whole-cell patch-clamp experi-
ments. As shown in Fig. 5, Hyp9 (10 uM) markedly stimu-
lated whole-cell currents in TRPC6-expressing HEK293 cells
(Fig. 5, A and B). Mean current densities at +90 and —90 mV
measured after 3 to 5 min of application of Hyp9 were sig-
nificantly increased in TRPC6-transfected cells (Fig. 56B). The
current increase was blocked by subsequent application of
Gd®* (100 uM). Thus, these effects were similar compared
with the effects of hyperforin on recombinant TRPC6 chan-
nels in HEK293 cells (Leuner et al., 2007).

In addition to recombinantly expressed TRPC6 channels in
HEK293 cells, we studied the activation of natively ex-
pressed TRPC6-like channels by hyperforin and Hyp9 in
PC12 cells, the cell model also used for experiments testing
the capability of hyperforin and the Hyp derivatives to en-
hance neurite outgrowth. Whole-cell patch-clamp experi-
ments were performed in the absence (Fig. 5, C and D) and
presence of gadolinium ions (100 uM) (Fig. 5, E and F).
Hyperforin (10 uM, Fig. 5C) and Hyp9 (10 uM, Fig. 5D)
induced similar inward and outward currents over time.
Upon application, currents developed over time with maxi-

A B
TRPC6 60+ TRPC6
1R * *
PA Hyp9 Sl T o
> 1 Hyp9
s I Hyp9 + Gd
100 - 2E 204
Hpo+Gd  Sg
90 60 30 Control § - o0
L1 1 58
T 3
/\/‘M/ +30 +60 +90 mV ? 204 Fig. 5. Phloroglucinol derivatives in-
© duced TRPC6 currents. Application of
-100 - * * Hyp9 (10 uM) resulted in the significant
-40- increase in outward and inward currents
in TRPC6-expressing HEK293 cells and
PC12 cells. A, whole-cell currents elicited
PC12 cells PC12 cells by voltage ramps from —100 to +100 mV
600 - 600+ in TRPC6-expressing HEK293 cell from a
holding potential of —40 mV in control
4001 Hyp 400 Hvp9 (Control) after application of 10 uM Hyp9
yp (Hyp9) and 10 uM Hyp9 plus 100 pM
2001 i 200+ Gd** (Hyp9 + Gd). B, mean current den-
sity at + 90 and —90 mV in control ([J)
< 240 480 720 960 < . - . 480 720 960  and after 3- to 5-min application of 10 pM
g0 ! ! s 0 Hyp9 (&) and 10 uM Hyp9 plus 100 uM
- = \/———'— Gd** (l) in TRPC6-expressing cells (n =
-200 - 200 7) (x, P < 0.05). C to F, in the absence (C
and D) and presence (E and F) of Gd**
4004 400- (100 uM), whole-cell currents were re-
Time (sec) Time (sec) corded from PC12 cells stimulated by hy-
perforin (C and E) and Hyp9 (D and F).
E F The currents measured at + 90 and —90
mV are plotted over time. Shown are rep-
600 PC12 cells 600- PC12 cells resentative experiments (n = 4 in each
+Gd* +Gd* group); the time scale is similar in each.
4001 Hyp a0  HYPO
200-\L~WWW 200- ¢
A AAIAAST A AT AT
é 0 L L L L L L L L <& 0 L L L L L L L L
-200 -2001
-400° Time (sec) ~400° Time (sec)
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mal current amplitudes after 5 min. In the presence of Gd3*
(100 uM), neither hyperforin- nor Hyp9-induced currents
were detectable (Fig. 5, E and F). The current-voltage rela-
tionships of both hyperforin- and Hyp9-induced currents in
PC12 cells elicited by voltage ramps were almost linear and
comparable with values shown for currents recorded from
recombinantly expressed TRPC6.

2,4-Diacylphloroglucinols Selectively Activate TRPC6.
Diacylglycerol activates TRPC3, TRPC6, and TRPC7, whereas
hyperforin selectively stimulates only TRPC6. We next studied
the central question of whether the pronounced TRPC6 selec-
tivity of 2,4-diacylphloroglucinol derivatives has been conserved
or lost by these compounds. Therefore, we transiently expressed
TRPC3, TRPC6, and TRPC7 protein as YFP fusion proteins in
HEK293 cells (Fig. 6). The functional expression was verified by
the application of OAG (100 uM) before the addition of hyper-
forin (10 uM) (Fig. 6A) and Hyp5 (Fig. 6B). In both experimen-
tal configurations, the substances induced transient effects in
TRPC6-expressing cells, whereas the fluorescence remained
unchanged in TRPC3- and TRPC7-expressing cells. The statis-
tical analysis of these experiments is given in Fig. 6, C to E. The
data show that the 2,4-diacylphloroglucinol derivative carry not
only the active moiety of hyperforin but also the selectivity to
TRPC6. Based on the different experimental data, we started
with structure-activity relationship evaluations to determine
whether a binding site for the known stimulating drugs can be
extracted.
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Predicted Ligand Binding Modes for Hyperforin,
DAG, and the Phloroglucinol Derivatives. Because an
experimentally determined three-dimensional structure of
the DAG or hyperforin binding pocket in TRPC6 is unavail-
able, we analyzed the hyperforin derivatives and DAG re-
garding their possible binding conformation using the com-
plex of pregnane X receptor and hyperforin as a reference
(Watkins et al., 2003). Because PXR binds hyperforin in a
supposedly bioactive form, we used this complex to define
potential pharmacophoric points for the interaction with
TRPC6. The bound hyperforin conformation provided de-
tailed information about essential interaction points and was
adapted for the prediction and evaluation of hyperforin and
phloroglucinol derivatives and their substructural features.

By applying modeling techniques (Jones et al., 1995; Lovell
et al., 2003) for automated molecular docking, we could de-
fine a common binding mode for hyperforin and DAG, the
putative endogenous ligand. We selected three amino acids
as essential for binding from the receptor site of PXR and
designed a procedure to test the hypothesis that hyperforin
derivatives show similar interactions, which might also be
present in TRPC6. We focused on Hyp2 and on Hyp7. Pre-
diction of possible binding modes for TRPC6 binding ligands
was performed with two modeling approaches, including mo-
lecular docking and pharmacophore alignment.

At first, DAG was docked into the PXR receptor so that three
oxygens could be predicted to interact with residues in a man-
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Fura-2 Ratio (340/380 nm) g
g

4
o

TRPC3 TRPC7
< o0 L
X 5001
£ 4001
% a0of
3 2004
£ ol

(<] NSPd S
O R R

Fig. 6. Phloroglucinol derivatives activate TRPC6 channels. To determine whether the active hyperforin derivatives are selective TRPC6 activators
or also are activate closely related TRPC3 or TRPC7 channels, we studied the effects of the derivatives in TRPC3-, TRPC6-, and TRPC7-expressing
HEK293 cells in single-cell measurements. TRPC proteins were transiently expressed as C-terminal YFP fusion proteins in HEK293 cells. Functional
expression of the proteins was monitored by the application of either OAG (100 uM) before the application of hyperforin or the respective derivative
(10 uM). A and B, single traces of changes in fluorescence were monitored from TRPC6-YFP- (red), TRPC3-YFP- (black), or TRPC7-YFP-expressing
HEK?293 cells stimulated with hyperforin (A) or Hyp9 (B). Cells were consecutively stimulated with OAG (100 uM), hyperforin (10 uM; n = 6), or Hyp9
(10 uM). Hyperforin and Hyp9 only induced a significant Ca®* increase in TRPC6-YFP-expressing HEK293. Only OAG induced changes in
fluorescence in TRPC3-YFP-, TRPC6-YFP, and TRPC7-YFP-expressing cells. C, D, and E, summary of experiments of TRPC6-YFP-, TRPC3-YFP-, and
TRPC7-YFP-expressing HEK293 cells treated with hyperforin and all active phloroglucinol derivatives (10 uM). Exclusively in TRPC6-expressing
HEK293 cells, hyperforin and Hyp1, Hyp5, Hyp7, Hyp8, and Hyp9 induced a significantly increased Ca®* influx. Ca®* elevation is expressed as a
percentage compared with untransfected HEK293 cells (error bars indicate =S.E.M., n = 3; unpaired ¢ test, *#*, p < 0.001).
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ner similar to that of hyperforin (Fig. 7). The docking procedure
constrained the hydrogen bonds to the same protein protona-
tion state as observed for hyperforin and PXR. However, dock-
ing of synthesized phloroglucinol derivatives did not allow for
the discrimination between the “up” and “down” orientation of
the ligand in the binding pocket (Fig. 8B) but suggests an
interaction with identical side chains regardless of the ligand
orientation. Thus, pharmacophore alignment was applied, and
the result was in agreement with the “down” conformation of
the ligand (Fig. 8A). The “down” conformation is in better agree-
ment with experimental findings, which suggest that both car-
bonyl groups of the derivates are essential for activity: ligand
derivatives lacking a second carbonyl function were inactive in
activity assays (e.g., Hyp3).

Discussion

Starting with the challenging job of the development of stable
phloroglucinol derivatives carrying the pharmacological prop-
erties of hyperforin, we finally identified five 2,4-diacylphloro-
glucinol derivatives meeting the initial demand. By extensive
pharmacological characterization, including transmitter up-
take, neurite outgrowth, calcium imaging assays, electrophysi-
ological recordings, and modeling approaches, we identified
symmetric 2,4-diacylphloroglucinol derivatives as potent and
selective hyperforin-like TRPC6 activators.

We tested our working hypothesis that the phloroglucinol
moiety of hyperforin represents the essential pharmacophore
and reflects a structural resemblance to DAG, PIP,, and
polyunsaturated fatty acids might be important for activity.
It is noteworthy that phloroglucinol itself failed to inhibit
serotonin uptake and activate TRPC6 channels. Only the
symmetric 2,4-diacylphloroglucinol derivatives, which pos-

A B
1.76

/ / Ser-247

His-‘(

| GIn-285

A

GIn-285

é\
Ser-247
‘\

W

GiIn-285

GiIn-285 His-407

His-407

sess acyl chains composed of one to five carbons or acyl chains
composed of one to two carbons substituted with a benzene
ring, led to a pronounced activation of TRPC6 channels. To
our surprise, long aliphatic side chains observed in Hyp3
with 15 carbons did not activate TRPC6 channels. In addi-
tion, nonsymmetric 2-acylphloroglucinol derivatives such as
Hyp2 or Hyp6 showed no effect on TRPC6 channels. Meth-
ylation of one of the hydroxyl functions of phloroglucinol
moiety in Hypl also resulted in an inactive compound
(Hyp4). In previous studies, hyperforin was modified by ac-
ylation, alkylation, and oxidation, leading to a series of hy-
perforin analogs that were subsequently used to study struc-
ture-activity relationships (Verotta et al., 2002). All of these
compounds were less potent inhibitors of synaptosomal sero-
tonin reuptake than the parental compound, indicating a
specific role for the enolized B-diketone moiety. The same
was true for the synthesized phloroglucinols examined, sug-
gesting that a covalent block of the tautomeric equilibrium by
oxidation is detrimental for pharmacological activity.

Our modeling studies of possible ligand binding modes sug-
gest that hyperforin, DAG, and the active hyperforin-like phlo-
roglucinol derivatives have similar pharmacophoric character-
istics. The definition of these interactions originated from a
crystal structure of PXR in complex with hyperforin and pro-
vided the basis for the prediction of a probable three-dimen-
sional conformation of the ligands, which would satisfy compa-
rable hydrogen bonds, as observed in the complex structure.
The computed preferred “down” conformation of hyperforin and
the active derivatives is supported by our experimental findings
and indicates that both carbonyl groups of the derivatives are
essential for activity. This binding mode could also explain the
inactivity of Hyp2 and Hyp6. The selectivity of hyperforin and

Fig. 7. Binding pocket of the human PXR in complex with
hyperforin (Protein Data Bank identifier 1m13, white) and
a docked conformation of DAG (blue). Shown are different
views (A and B) of the model highlighting potentially rele-
vant contact points. The interacting residues and both li-
gands are shown in stick representation (picture generated
using Pymol). Hydrogen bonds are indicated by dashed
lines, and the distances between hydrogen and their accep-
tor atoms are calculated in angstroms. Atom coordinates of
Ser247 and GIn285 are identical with the PXR structure.
The position of hydrogen from Ser247 binding to DAG were
changed during docking to optimize hydrogen bond geom-
etry; therefore, both hydrogen positions are visualized.

Fig. 8. Crystal structure of human pregnane X receptor bind-
ing domain in complex with hyperforin, Hypl, and Hyp7.
Crystal structure of the human pregnane X receptor binding
domain in complex with hyperforin (Protein Data Bank iden-
tifier 1m13, white) and an aligned conformation (flexible
pharmacophore alignment) of Hypl (blue) (A). Docking con-
formation proposed for Hypl (dark blue, “down”) and Hyp7
(light blue, “up”) (B). Interacting residues and both ligands
are shown in stick representation (picture generated using
Pymol). Hydrogen bonds are indicated by dashed lines, and
distances between hydrogen bond donor and acceptor atoms
are calculated in angstroms.

His-407
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the symmetric 2,4-diacylphloroglucinols for TRPC6 might be
due to the rigid structure of these compounds. In contrast, DAG
is more flexible and might be able to interact with amino acids
that are placed differently in TRPC3 and TRPC7 channels. The
putative TRPC6 docking site of hyperforin in comparison with
the PXR binding pocket will support further steps in compound
optimization.

In summary, several symmetric 2,4-diacylphloroglucinol
derivatives are the first chemically simplified and stable
molecules that share the pharmacological profile with hyper-
forin and are potent and selective TRPC6 activators. Based
on the profile of the tested TRP channels, we currently can
not exclude the possibility that hyperforin or the 2,4-dia-
cylphloroglucinol derivatives are modulators of unknown
nonselective cation channels. In contrast to previous studies
that modified the complex hyperforin structure, e.g., by al-
kylation or oxidation, we were able to create simplified chem-
ical lead structures with 2,4-diacylphloroglucinol moiety as
the essential pharmacophore. This structural core is essen-
tial for activation of TRPC6 channels, which indirectly re-
sults in the inhibition of neurotransmitter uptake and stim-
ulation of neuronal differentiation processes. Our modeling
studies suggest that the natural TRPC6 activator DAG, hy-
perforin, and the symmetric 2,4-diacylphloroglucinol deriva-
tives share common interaction points with the target pro-
tein. Further evaluation of the crystal structure of TRPC6
and the identification of the binding pocket of hyperforin or
other endogenous ligands is urgently needed to provide more
insight into the structure-activity relationship of phloroglu-
cinol derivatives.
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