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Abstract

Mammalian two-pore channels (TPCs) are activated by the low-abundance membrane lipid phosphatidyl-(3,5)-bisphosphate
(PI(3,5)P,) present in the endo-lysosomal system. Malfunction of human TPC1 or TPC2 (hTPC) results in severe organel-
lar storage diseases and membrane trafficking defects. Here, we compared the lipid-binding characteristics of hTPC2 and
of the PI(3,5)P,-insensitive TPC1 from the model plant Arabidopsis thaliana. Combination of simulations with functional
analysis of channel mutants revealed the presence of an hTPC2-specific lipid-binding pocket mutually formed by two channel
regions exposed to the cytosolic side of the membrane. We showed that PI(3,5)P, is simultaneously stabilized by positively
charged amino acids (K203, K204, and K207) in the linker between transmembrane helices S4 and S5 and by S322 in the
cytosolic extension of S6. We suggest that PI(3,5)P, cross links two parts of the channel, enabling their coordinated move-
ment during channel gating.
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Introduction

Low-abundance membrane lipids increasingly gain atten-
tion as important regulators of ion channel function [1-3].
A major signalling lipid in the plasma membrane is phos-
phatidyl-4,5-bisphosphate (P1(4,5)P,), which is required for
proper function of several ion channels, including transient
receptor potential channels and voltage-gated potassium
channels [1, 3, 4]. In most cases, however, lack of structural
information hampers the analysis of the molecular nature
of lipid-binding to the channels. In 2012, the very low-
abundant lipid PI(3,5)P, was shown to gate the otherwise
voltage-independent mammalian two-pore channel TPC2
[5]. Similarly, the voltage-dependent mammalian TPC1 also
functions as a PI(3,5)P,-activated channel [6-8]. Recently,
structural information of a plant TPC1 channel from Arabi-
dopsis thaliana has been obtained [9, 10]. Since the latter
channel is insensitive to PI(3,5)P, [11], the TPC channel
family provides an excellent model for a comparative study
of isoform-specific lipid-binding and lipid regulation of ion
channels.

Two-pore channels are cation channels present in mem-
branes of endo-lysosomal compartments in animals (TPC1-
3) and plant vacuoles (TPC1) [12, 13]. Impairment of their
proper function is associated with diverse endo-lysosomal
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trafficking and storage disorders [14]. Over the last years,
hTPC?2 called more and more attention, based on its impor-
tance for sensing the cellular nutrient status, Ebola virus
infection, migration of cancer cells, neoangiogenesis [15],
and prevention of fatty liver disease [6, 16—18]. In the light
of their contribution to various diseases, TPCs are of utmost
interest as potential targets for drugs and medical therapies.

TPCs belong to the superfamily of voltage-gated ion
channels [19] and are composed of two homologous, but
not identical Shaker-like 6-transmembrane (S1-S6; S7-S12)
domains interconnected by a cytosolic linker (Fig. 1). In
the functional homo-dimer, four helix pairs—S5-S6 and
S11-S12 of each monomer—establish the pore with S6 and
S12 helices lining the pore wall [9, 10]. Two-pore helices
(P1 and P2) between S5 and S6, and S11 and S12, respec-
tively, contain filter regions that determine the selectivity of
the channel. While TPC1 from the model plant Arabidopsis
thaliana (AfTPC1) is permeable to monovalent alkali cations
and also to Ca®*, hTPC2 strongly selects for Na* against
K" and Ca?" mainly due to differences in the second filter
region [20, 21]. Besides the diversification in their permea-
tion properties, mammalian and plant TPCs have evolved
different regulation mechanisms. In plant TPC1 channels,
the central cytosolic linker bridging the Shaker-like domains
harbours two EF hands, and Ca2+-binding to EF-hand 2 has
been shown to be crucial for Ca®*- and voltage-dependent
channel gating [10, 22]. In a previous study, we reported
that homo-dimerization via the C-terminus is required for
AtTPC1 function [23]. Animal TPCs lack cytosolic Ca**
sensors and have initially been described as receptors for
nicotinic acid adenine dinucleotide phosphate (NAADP),
which triggers Ca**-release from acidic organelles [13,
24-26]. While the direct activation of TPCs by NAADP
appears unlikely, several recent studies have shown that

mammalian TPC1 and TPC2 but not Arabidopsis TPC1
channels are activated by PI(3,5)P, and in turn mediate
Na*-release from acidic organelles [5-8, 11].

However, a direct interaction of PI(3,5)P, with TPC chan-
nels could not be shown so far. Here, we combined patch-
clamp measurements, site-directed mutagenesis, and both
coarse-grained and atomistic molecular dynamics (MD)
simulations [27] to provide molecular evidence of a specific
positively charged binding site for PI(3,5)P, formed by the
S4-S5 linker and the extension of helix S6 (S6,,,), mediating
the activation of hTPC2 by PI(3,5)P,. In contrast, binding
of PI(3,5)P, to the corresponding site in AfTPC1 was not
observed. Our data allow novel structural and functional
insights into the lipid-binding and activation mechanism of
TPCs.

Materials and methods
Starting structures

To investigate the comparative binding behaviour of phos-
phatidylinositol-(3,5)-bisphosphate (PI(3,5)P,) lipids to
the human Two-Pore Channel 2 (hTPC2) and the plant
TPC1 (AfTPC1), we used coarse-grained (CG) molecular
dynamics (MD) simulations. For this purpose, each protein
was embedded in a 1-palmitoyl-2-oleoyl phosphatidylcho-
line (POPC) membrane containing in total either 1 or 2%
PI(3,5)P, lipids (8 or 16 molecules) in the cytosolic leaflet.
Starting structures were prepared based on the procedure
described in [28]. First, a homology model of hTPC2 (resi-
dues 47-708, UniProt accession number: Q8NHX9) was
generated from the recently published crystal structure of
AfTPCI1 [10] (residues 32-686, UniProt accession number:

Fig.1 Topology of hTPC2. The three-dimensional structure of model
hTPC2 was mapped onto a one-dimensional plane while keeping tilt
angles between the helices and the membrane normal fixed. The two
Shaker-like subunits are highlighted in green and blue, respectively,
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the membrane and phosphorus atoms in light brown and orange. Parts
of the N-terminus and the C-terminus are missing, because they have
not been structurally resolved in the model AtTPC2 template [10]
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Q94KI8, PDB: 5E1J) using SWISS-MODEL [29-32]. The
sequence alignment provided by SWISS-MODEL is shown
in Supplemental Fig. 1a. The sequence identity in the trans-
membrane (TM) region (35.80%) is higher than over the
whole sequence (23.20%, similarity 33%, target sequence
coverage of 91%). In line with this, we obtained a homol-
ogy model with a high reliability in the TM region, whereas
soluble and loop regions with a higher diversity in second-
ary structure display a lower confidence level (Supplemental
Fig. 1b). The reliability was assessed based on the QMEAN-
Brane scoring function, which was developed for membrane
proteins and provides information about the nativeness of
the protein structure [33]. In an atomistic control simulation
of the modeled hTPC2 embedded in a phosphatidylcholine
bilayer (data not shown), the TM part of the protein was sta-
ble on a 500 ns timescale with a root mean square deviation
from the starting structure of approx. 0.4 nm.

Next, the modeled hTPC2 structure was converted to CG
representation using martinize [34], followed by an energy
minimization with a steepest descent algorithm for 500
steps. Subsequently, the tool insane [35] was used to sur-
round the protein with 800 lipids, ~20,000 polarizable water
beads [36] and counter ions for neutralization. A sequence
of protein position restraint simulations (in total 5 ns) with
increasing integration step sizes (1-20 fs) followed an addi-
tional energy minimization (500 steps) to allow for equili-
bration of the system.

To model a similar starting environment for both hTPC2
and AfTPC1, hTPC2 was replaced by the coarse-grained
crystal structure of AfTPC1, and the system energy-mini-
mized and simulated for 5 ns with position restraints on the
protein. Missing residues of loop regions in the atomistic
plant TPC protein structure were added with the program
MODELLER [37] followed by an energy minimization with
frozen coordinates of resolved, pre-existing residues and
transformation to coarse-grained representation [34].

Each starting configuration, i.e., hTPC2 or AfTPCI1 pro-
tein embedded in a POPC membrane with either 1 or 2%
PI(3,5)P, lipids, was simulated three times with varying
starting velocities for a simulation length of each 1 ps (in
total 12 simulations).

An atomistic starting structure was prepared by con-
verting a coarse-grained structure at the end (r=1 ps) of
one simulation to atomistic representation with the tool
backward [38], followed by a short equilibration simula-
tion (5 ns) with position restraints on protein and PI(3,5)P,
heavy atoms.

Next to coarse-grained equilibrium simulations of the
wild-type hTPC2 protein, we performed further 1 ps long
simulations of 5 mutated variants: K203Q, K204D-K207V,
S$322Q, T325Q, and L327D. To ensure specificity in bind-
ing, we set the PI(3,5)P, lipid concentration to 1%. Since
AfTPCI is not activated by PI(3,5)P, [11], the mutants

were chosen by either referring to the sequence of the plant
channel (Fig. 4) or to reduce the number of positive surface
charges. Starting structures were generated by replacing the
wild-type hTPC2 protein in the starting system described
above (1% PIP) with the individual mutants. Three replica
simulations of each mutant were conducted resulting in 15
mutant simulations (1 ps each).

In summary, each of the 27 simulation systems of
AtTPC1, wild type and mutant hTPC2 proteins consisted of
~74,000 coarse grained particles and was simulated for 1 ps.

Simulation details

All coarse-grained simulations were carried out using the
GROMACS 4.6.x package [39]. Since we expected that elec-
trostatic effects play an important role in the study of bind-
ing of the highly negatively charged PI(3,5)P, lipid to the
human and plant TPC, respectively, we chose the polarizable
version (2.2) of the coarse-grained MARTINI force field
[34, 36]. Long-range electrostatics was considered using the
particle-mesh Ewald method [40] with a real space cutoff
of 1.2 nm and a relative dielectric constant of 2.5. Van der
Waals forces were described by a Lennard-Jones 12-6 poten-
tial and decayed smoothly to zero between 0.9 nm to 1.2 nm.
The temperature was maintained at 310 K by rescaling of
velocities with a time constant of 1 ps [41]. The pressure
was coupled semi-isotropically to 1 bar using the Berendsen
algorithm (z,=1 ps) [42]. In all coarse-grained production
run simulations the integration time step was reduced from
a standard value of 20 fs to 10 fs required to ensure (numeri-
cal) stability of the PI(3,5)P, lipids.

The MARTINI lipid DPP2 with a total charge of — 5 e
served as coarse-grained model for the phosphoinositol
molecule (Supplemental Fig. 2) [43]. Originally, parameters
for this lipid were generated based on the PI(3,4)P, head
group; however, due to the coarsened structure PI(3,4)P, and
PI(3,5)P, lipids are virtually indistinguishable. The origi-
nal parameters by Lopez et al. [43] were employed (includ-
ing the dihedral parameters for C3—-C1-CP-GL1 and the
default MARTINI angle parameters [44] for CP—-GL1-GL2
and CP-GL1-C1A).

The ordered protein structure was preserved by apply-
ing an elastic network with a distance-dependent force of
500 kJ mol~! nm~2 between all backbone beads within a
distance of 0.9 nm.

Two atomistic simulations (each 500 ns) were con-
ducted in GROMACS 5.0.x [45] in combination with
the CHARMMZ36 force field [46—49] of hTPC2 in a pure
phosphatidylcholine lipid bilayer and with 1% PI(3,5)P,.
For the latter simulation, a starting structure was prepared
from an equilibrated simulation at coarse-grained resolu-
tion (see above). The atomistic simulation systems contained
~300,000 atoms. Simulation parameters were equivalent to
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those described previously [50], except that the temperature
was coupled to 310 K with the v-rescale thermostat [41].

Data analysis

Binding of PI(3,5)P, lipids to the individual channels was
evaluated by calculating the number of contacts between the
three phosphate beads in the lipid head group and the pro-
tein over time. A contact was counted if a bead was within
a distance of 0.65 nm to the protein, such that a maximum
number of 24 and 48 contacts in the simulations with 8 and
16 PI(3,5)P, molecules, respectively, were possible in each
frame. The data were normalized to obtain an overview of
lipid molecules binding to the channel. The distance cri-
terion was obtained by calculating the radial distribution
function of phosphate beads around the protein.

The PI(3,5)P, lipid occupancy of single residues in the
CG simulations was calculated as an average over the last
500 ns of each simulation and subunit, in which at least
one of the three phosphate beads was within a distance of
0.65 nm to the protein. Median minimal distances between
pocket-bound PI(3,5)P, lipids and residues in the binding
pocket were calculated over the last 300 ns of wild type and
mutant simulations. To increase the statistics, data of the
wild-type simulations with 1 and 2% PI(3,5)P, concentra-
tions were combined.

The root mean square fluctuation (RMSF) was calculated
for PI(3,5)P, lipid head groups after least square fitting the
transmembrane backbone beads of the protein. For the wild-
type hTPC2 simulations, the RMSF was calculated sepa-
rately for three groups, namely, PI(3,5)P, lipids that bound
to the binding pocket at the S4/5-linker and extended S6
helix, the binding site at the C-terminal end of S12 and the
remaining binding sites. The calculation was done separately
for each group for both PI(3,5)P, concentrations and aver-
aged over the last 300 ns (split into 50 ns windows for error
estimation). For the mutant simulations, RMSF values were
only calculated for PI(3,5)P, lipids bound to the binding
pocket of the respective mutant.

The multiple sequence alignment was obtained via the
online program Clustal Omega [51]. Sequences of TPC iso-
forms were downloaded from the UniProt database with the
following accession numbers: AfTPC1 (Q94KI8), BfrTPC2
(E1BIB9), DrTPC2 (A0JMD4), DrTPC3 (C4IXV6),
HsTPC1 (Q9ULQ1), HsTPC2 (Q8NHX9), HvTPCl1
(Q6S5H8), MmTPC1 (Q9EQJ0), MmTPC2 (Q8BWCO),
NtTPC1 (Q75VR1), RnTPC2 (D3ZTJ6), and TaTPC1
(Q6YLX9).

The electrostatic surface potential for h\TPC2 and AfTPC1
in an implicit membrane was calculated using our recently
developed program GroPBS [52, 53] for the numerical solu-
tion of the Poisson—-Boltzmann equation in membrane envi-
ronments. Parameters were chosen according to refs, [52,
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53], i.e., a filling rate of 80% was used with a grid spacing
of 0.5 A. Furthermore, we used periodic boundaries in x
and y dimensions and quasi-Coulombic dipole conditions in
z-direction. The dielectric constant was set to 80 in water, 4
inside the proteins, and 2 in the membrane [54]. A tempera-
ture of 298 K was used to mimic laboratory conditions and
a physiological salt concentration of 150 mM was adjusted.
The Poisson—-Boltzmann equation was solved for the com-
pleted and energy-minimized crystal structure of AfTPC1
(see above) and the model hTPC2 structure.

Generation of hTPC2 mutants

The hTPC2-coding sequence in pSAT6—-EFGP-N1 [55]
was used as template for Quick change mutagenesis (QCM)
(QuickChange II Site-Directed Mutagenesis Kit by Agi-
lent) using a modified version of the SPRINP mutagenesis
protocol [56]. Forward and reverse primers were: aactc-
ctctatgatgcagaagaccttgaaatge and gcatttcaaggtcttctgcatcata
gaggagtt for K203Q; tcctctatgatgaaggacaccttgaaatgcatc
and gatgcatttcaaggtgtccttcatcatagagga for K204D as well
as tcctctatgatgaaggacaccttggtatgecate and gatgcataccaaggt-
gtecttcatcatagagga for K204D-K207V; tctatgatgaagaa-
ggacttgaaatgcatcege and geggatgcatttcaagtccttcttcatcataga
for T205D; ggctacctgatgaaacaactccagacctcgetg and cage-
gaggtctggagttgtttcatcaggtagee for S322Q; atgaaatctctc-
cagcagtcgcetgtttcggagg and cctccgaaacagegactgetggaga-
gatttcat for T325Q); tctctccagacctcggactttcggaggeggctg
and cagccgcctccgaaagtccgaggtetggagaga for L327D,
respectively.

Plant material, protoplast isolation,
and transfection

Arabidopsis thaliana plants lacking the TPC1 gene (tpcl-2)
[57] were grown on soil at 22 °C in a growth chamber under
short day (8 h) conditions. Five-to-seven-week-old plants
were used for mesophyll protoplast isolation and transfec-
tion, using 30 pg plasmid DNA and 150 pl protoplast sus-
pension at a density of 2-10* cells ul~!, as described [22, 58].
The protoplast solution was kept at 22 °C in darkness in W5
buffer [22] containing ampicillin (100 ug/ml) and gentamy-
cin (25 pg/ml) for 3 days before electrophysiological assess-
ment, and stored at 4 °C for up to 7 days after transfection.

Patch-clamp recordings and data analysis

Individual mesophyll cells showing EGFP fluorescence
were lysed by superfusion with VR solution (100 mM malic
acid, 160 mM 1,3-bis(tris(hydroxymethyl)methylamino)
propane (BTP), 5 mM EGTA, 3 mM MgCl,, pH7.5 (BTP),
450 mOsm with D-sorbitol) via a glass capillary contain-
ing a large tip-opening and application of gentle positive
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pressure [59]. Release of the intact vacuole was observed
and vacuolar EGFP fluorescence was confirmed before elec-
trophysiological recordings. For patch-clamp measurement,
the pipette solution (luminal side) contained 200 mM NaCl,
2 mM MgCl,, 10 mM MES, pH 5.5 (NaOH), 550 mOsm
with 155 mM D-sorbitol. The bath solution (cytoplasmic
side) contained 100 mM NaCl, 2 mM MgCl,, 10 mM
HEPES, pH 7.5 (NaOH), and 600 mOsm with 365 mM
D-sorbitol. 2 mM Dithiothreitol (DTT) was added to the
bath solution prior to each experiment. A soluble form of
PI(3,5)P,, PI(3,5)P, diC8 (dioctanyl ester) was purchased
from Echelon Bioscience Inc., solved in ddH,O to a stock
solution of 1 mM, shock frozen in liquid nitrogen, and stored
at — 20 °C. Other chemicals were purchased in the highest
purity from Carl Roth or Sigma-Aldrich. Whole-vacuolar
current recordings were performed using a patch-clamp
amplifier (EPC-10) connected to a PC running FitMaster
(HEKA electronics, Lambrecht, Germany) as described [22,
58]. Currents were measured during 1 s voltage ramps from
+ 40 to — 40 mV before and after the addition of PI(3,5)
P,-diCS8 to the bath solution, as well as after removal of the
lipid (Supplemental Fig. 6). For assessment of half-maxi-
mum activation, steady-state currents at — 40 mV were used.
Background currents in the absence of PI(3,5)P,-diC8 were
subtracted before further data analysis. The half-maximum
activation concentration was determined by a Hill-fit to indi-
vidual measurements and averaged from 3 to 7 individual
experiments, using the IGOR Pro software (Wavemetrics,
Inc.) Images were prepared using IGOR Pro, Adobe Photo-
shop, and Adobe Illustrator.

Confocal microscopy

Fluorescence and bright field images of protoplasts were
taken with a Leica TCS SP5 confocal laser-scanning micro-
scope (Leica Microsystems). The fluorescence of EGFP
and the auto-fluorescence of chlorophyll were excited with
a 488 nm 20 mW Argon laser und detected in a range from
500 to 556 nm and from 653 to 767 nm, respectively. Images
were obtained with the Leica Confocal Software and pro-
cessed using Adobe® Photoshop®.

Results

Differential PI(3,5)P, lipid-binding to the human
and plant TPC channel

Protein—lipid interactions were addressed in coarse-grained
(CG) MD simulations of the PI(3,5)P,-gated human TPC2
in comparison with the PI(3,5)P,-insensitive Arabidopsis
TPCI1. To this end, an atomistic homology model of h"TPC2
in its closed conformation was built, using the structure

of AfTPC1 as a template. Similar to the plant channel, the
topology of hTPC2 is characterized by an unusually long S6
helix (S6,,,), extending into the cytosol (Fig. 1), which was
shown to be involved in the gating of AfTPCI.

The CG starting structures contained either hTPC2 or
AfTPC1 embedded in a POPC membrane at a total concen-
tration of 1 or 2% PI(3,5)P, lipids, randomly distributed in
the cytosolic leaflet. During the production run simulations
(each setup repeated three times, in total 12 CG simulations,
each 1 ps), the lipids were free to diffuse within the POPC
membrane. To avoid any bias, the starting conditions, i.e.,
in particular the lipid distribution, were chosen similarly for
both hTPC2 and AfTPCI. Figure 2 illustrates the binding
tendency of PI(3,5)P, to hTPC2 (red tones) and AfTPCI
(green tones), respectively. During 1 us of unconstrained
MD runs, the number of contacts between the proteins and
PI(3,5)P, lipids converged within the initial 500 ns (Fig. 2a).
The amount of PI(3,5)P, molecules in contact to hTPC2 was
almost twice as high as compared to the plant protein. At
least six PI(3,5)P, molecules bound to hTPC?2 in the course
of the simulations, which represents 75% (37.5%) of the total
amount of PI(3,5)P, lipids in the 1% (2%) simulations. In
contrast, a significantly decreased PI(3,5)P,-binding pro-
pensity was found for TPC1 compared to hTPC2. A repre-
sentative final snapshot of one of the simulations for each
TPC isoform was subsequently backmapped to atomistic
resolution, illustrating the different lipid occupancy between
hTPC2 and AfTPC1 (Fig. 2b).

The S4-S5 linker and S6,,, form a PI(3,5)P,-binding
pocket in hTPC2

Independent of their concentration, PI(3,5)P, lipids pre-
dominately interacted via their fivefold negatively charged
head group with positively charged amino acids of the two
TPC isoforms (Fig. 3). In hTPC2, the main PI(3,5)P,-bind-
ing contacts were built by the cytosolic S4-S5 linker (resi-
dues 200-211) and the cytosolic region (residues 314-331)
of the extended S6 helix, which together formed a lipid-
binding pocket. Comparison of the PI(3,5)P, occupancy of
the respective homologous regions of hTPC2 and AfTPCl1
showed that neither the S4-S5 helix nor S6_,, are in contact
with PI(3,5)P, in the plant TPC1 (Figs. 2b, 3). In addition,
PI(3,5)P, lipids preferentially interacted with K700 and
R704 at the C-terminal end of S12 of hTPC2 (Fig. 3). Ata
significantly decreased occupancy as compared to the bind-
ing pocket, lateral binding of PI(3,5)P, was observed to the
cytosolic regions of S1, S7, and the S2—S3 linker of hTPC2,
and to the space between the two domains encompass-
ing S1-S4 and S7-S10. In comparison, contacts between
PI(3,5)P, and AfTPC1 were mainly generated with R62 in
the N-terminal domain and R145 of the S2-S3 helix, as well
as with a cluster of five residues at the pre-S7 helix (Figs. 2b,
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Fig.2 Binding tendency of PI(3,5)P, lipids is higher towards hTPC2
as compared to Af7TPC1. a Number of contacts between all PI(3,5)P,
molecules and the human (red lines) and plant (green lines) TPC for
simulations at a total PI(3,5)P, concentration of 1% (corresponding
to 8 PI(3,5)P, lipids, top panel) and 2% (16 PI(3,5)P, lipids, bottom
panel). Individual lines represent independently performed simula-
tions. b Side and cytosolic view of example protein—PI(3,5)P, com-
plexes that formed in one of the CG simulations (=1 ps). Individual
subunits of hTPC2 (top) are coloured in a red—white gradient from

3). As most of them are located at the outer surface of the
channel and AfTPC1 activity is not regulated by PI(3,5)
P, [11], a physiological role of these interactions appears
unlikely.

The observed differences in the PI(3,5)P,-binding
behaviour of the human and plant TPC are most probably
linked to the presence of negatively charged residues and
the absence of positively charged residues at the respective
positions in AfTPC1 (Fig. 4 and Supplemental Fig. 3). The
S4-S5 linker of the human channel and its related TPC2
isoforms in other species as well contain three lysines at
the positions corresponding to 203, 204, and 207 in hTPC2
and another basic residue (R210) at position 210, whereas
homologous positions in Arabidopsis and other plant TPCs
are occupied by one basic, and acidic or neutral residues,
respectively (Fig. 4a). Similarly, S6,,, in Af7TPC1 misses
an arginine, which is pointing towards the binding pocket
in hTPC2 (R329), and contains another negatively charged
residue (D) at position 320 (L327 in hTPC2; Fig. 4b, c). At
the C-terminal end of S12, the number of acidic residues
(poly-E) prevails in the plant channel. Accordingly, the elec-
trostatic surface potential differs significantly between the
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the N- to the C-terminus, AtTPC1 (bottom) subunits in a green—white
gradient. S1'-S12’ and S1"-S12" indicate the two TPC subunits of
the homo-dimer. Bound PI(3,5)P, molecules are represented in blue
sticks with phosphate and oxygen atoms highlighted in orange and
white, the membrane is coloured in brown (cytosolic side at the top).
For clarity, coarse-grained structures were converted to atomistic
representation and surrounding water molecules as well as hydrogen
atoms omitted

mammalian and plant TPC for the above-described regions
(Supplemental Fig. 3), explaining the drastically reduced
probability of PI(3,5)P,-binding to these regions in the plant
channel.

In the h'TPC2 simulations, PI(3,5)P, approached the
lipid-binding pocket at the S4-S5 linker and S6,,,, either by
direct binding to the pocket or by first interacting with resi-
dues 151-154 (K154) of the S2-S3 linker located laterally
in front of the binding pocket. Typically, several residues
interacted simultaneously with the three phosphate beads of
PI(3,5)P, in the pocket, including K203, K204, K207, and
R210 from the S4-S5 linker and Y318, K321, S322, T325,
$326, and R329 from S6.,,. An equivalent binding behaviour
was observed in a 500 ns long atomistic MD simulation that
served for validation of the CG results (Fig. 4c). In addition,
a second PI(3,5)P, molecule interacted with K154 within the
S2-S3 linker in front of the pocket (compare Figs. 2b and 3).
A comparison of the root mean square fluctuations (RMSF)
of bound PI(3,5)P, molecules suggested a more tight binding
of PI(3,5)P, in the presumed lipid-binding pocket than at the
remaining sites where binding is rather flexible (Supplemen-
tal Fig. 4a). The median and interquartile range (IQR) of
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Fig.3 PI(3,5)P,-binding sites differ significantly for hTPC2 (top)
and AfTPC1 (bottom). Upper and lower panel: the occupancy of indi-
vidual residues by PI(3,5)P, lipids over the last 500 ns is coloured in
rainbow from blue, 0% occupied, to red, 100% occupied. The mem-
brane is indicated in brown. S1'-S12’ and S1”"-S12" indicate the two
TPC subunits of the homo-dimer. For clarity, the atomistic protein
structure is shown. Protein orientation as in Fig. 2. Middle panel:
occupancies of residues in regions involved in PI(3,5)P,-binding.
Upper red bars correspond to residues of hTPC2, lower green bars to
residues at locally equivalent positions of AfTPC1

the RMSF of the pocket-bound PI(3,5)P, lipid head groups
accounted for 1.20 A and 0.44 108, while the fluctuation was
slightly increased for S12-bound groups (median: 1.46 A,
IQR: 0.67 10\) and remaining bound PI(3,5)P, head groups
(median: 2.44 A, IQR: 1.59 A).

In summary, the binding tendency and binding sites of
TPCs towards the fivefold negatively charged PI(3,5)P,
lipids differed significantly between the human and plant
TPC homologues. Binding to hTPC2 is favoured by the
presence of several positively charged residues in the S4-S5
linker and S6,, that are accessible to PI(3,5)P,. Besides this
lipid-binding pocket, PI(3,5)P, lipids preferentially inter-
acted with K700 and R704 at the C-terminal end of S12.

Mutations within the PI(3,5)P,-binding pocket
decrease lipid sensitivity of hTPC2

To verify the importance of the identified lipid-binding
pocket and to investigate the impact of individual residues
for PI(3,5)P,-dependent activation, electrophysiological
recordings and CG simulations of hTPC2 channels carrying
mutations within the S4-S5 linker and S6.,, were performed.
Introduction of point mutations (K203Q, K204D-K207V,
$322Q, T325Q, and L327D) did not prevent PI(3,5)P, mol-
ecules from binding to the protein during CG simulations
(Supplemental Fig. 5), and lipid-binding to the modified
binding pockets occurred to a similar extent as for the wild
type. However, some mutations induced significant changes
in the lipid-binding profile (see below) and significantly
affected the channel activity in patch-clamp experiments.

Expression of mammalian TPC2 in Arabidopsis thaliana
leads to a sorting of the channel to the membrane of the
vacuole, which represents the acidic organelle in plant cells,
equivalent to the lysosome [58]. For functional analyses,
wild type and mutant channels were expressed as a GFP
fusion in mesophyll cells of the Arabidopsis tpc-2 knock-
out mutant lacking any endogenous TPC1 currents (Supple-
mental Fig. 6). The C-terminal GFP-tag was used to verify
expression and correct targeting of the hTPC2 variants to
the vacuolar membrane, which was selected for subsequent
patch-clamp recordings (Fig. 5; Supplemental Fig. 6). Addi-
tion of soluble PI(3,5)P,-diC8 (hereafter: PI(3,5)P,) to the
cytosolic side of the membrane elicited dose-dependent
inward and outward Na* currents in hTPC2-GFP expressing
cells, as expected for the voltage-independent, lipid-gated
channel [5, 11]. hTPC2 currents were induced in bath solu-
tions containing PI(3,5)P, with a half-maximum activation
at48 +10 nM (n="7), and reversed upon removal of the lipid
(Fig. 5a and Supplemental Fig. 6).

Mutations within the polybasic patch of positively
charged amino acids in the S4-S5 linker (Fig. 5a) com-
pletely prevented PI(3,5)P,-induced currents: cells express-
ing hTPC2-K203Q or hTPC2-K204D/K207 V did not
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Fig.4 In hTPC2, the S4-S5 linker and S6, constitute a binding
pocket for PI(3,5)P,. a Sequence alignment of the S4-S5 linker (top)
and S6,,, (bottom) between several plant (upper green bars) and ani-
mal (unmarked) TPCs. Different TPC isoforms which were shown
to be activated by PI(3,5)P, lipids are marked with ‘+’, ‘=’ indicates
channels which are not regulated by PI(3,5)P, lipids [5, 7, 11, 16,
62]. Basic and acidic residues are highlighted in blue and red, respec-
tively. Arrows indicate charged residues of hTPC2 important for
lipid-binding (K203, K204, K207, R210 and K321, R329). The pair-
wise sequence alignment of the whole AtTPC1 and hTPC2 sequences
is given in Supplemental Fig. 1a. Hv Hordeum vulgare, Ta Triticum
aestivum, Nt Nicotiana tabacum, At Arabidopsis thaliana, Dr Danio

respond to PI(3,5)P, (Fig. 5b, c), similar to fpc/-2 control
cells (Supplemental Fig. 6). These findings are in agreement
with the close proximity of the respective wild-type residues
to the negatively charged lipid phosphates in the binding
pocket, to which they form salt bridges (Figs. 4c, 5a). The
distances of PI(3,5)P, to the mutated residues, as well as to
the other residues involved in lipid-binding were increased
in the CG mutant simulations indicating that the binding
profile changed for the hTPC2-K203Q and hTPC2-K204D/
K207V mutants (Fig. Se). Furthermore, the distance between
PI(3,5)P, and S200 of the S4-S5 linker, which had no direct
contact to the lipid in the wild type (Fig. 4c) increased when
positive charges of the binding pocket were removed. The
effects on the distance were stronger, when two charges were
removed compared to a single mutant, reflecting the additive
effect of multiple salt bridges for tight PI(3,5)P,-binding.
In addition, PI(3,5)P, molecules that bound into the pocket
of the K204D-K207V mutant showed a slightly increased
median RMSF of 1.68 A (IQR: 0.69 A) as compared to the
wild-type channel (1.20 A, IQR: 0.44) and the other mutants
(0.96-1.17 A), indicating a less stable binding (Supplemen-
tal Fig. 4b). However, elimination of one positively charged
binding residue was sufficient to prevent PI(3,5)P,-depend-
ent channel activity.

Another mutant (T205D), inserting a negative charge
within the S4-S5 linker, was designed to further investigate
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water and the membrane is hidden in b and ¢

the interaction between the lipid head group and the binding
pocket (Fig. 5d). Application of 33 nM PI(3,5)P, induced
only minor currents at — 40 mV, which did not saturate at
concentrations up to 1000 nM, revealing a shift of the sensi-
tivity towards higher lipid concentrations in hTPC2-T205D
compared to the wild-type channel. Removal of PI(3,5)P,
resulted in a swift decay of the current (Fig. 5d). Thus,
although T205 established no direct contact to PI(3,5)P, in
MD wild-type simulations and points away from the bind-
ing pocket (Fig. 5a), introduction of a negative charge at this
position was sufficient to reduce the lipid-binding affinity
to the micromolar range, most likely by electrostatic repul-
sion of approaching lipids. Similarly, when a negative charge
was introduced into S6,,, at L327, which also had no direct
contact to the bound lipid (Fig. 5a), the PI(3,5)P,-sensitivity
of hTPC2-L327D was significantly reduced compared to
the wild type (Fig. 5h). Upon an increase from 330 nM to
1000 nM PI(3,5)P2’ the recorded currents almost linearly
increased by ~60%. In the CG simulations, the L327D
mutation had a more locally restricted influence on PI(3,5)
P,-binding, resulting in an increased distance of the lipid to
K203 and S200 (Fig. 5e and Supplemental Fig. 5). Appar-
ently, introduction of a negative charge into the S6,,, helix in
the vicinity of the ligand had a similar effect on the PI(3,5)
P,-sensitivity of the channel as compared to the introduction
of a negative charge into the S4-S5 linker. While the T205D
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Fig.5 PI(3,5)P,-sensitivity of hTPC2 mutants. a Top: Illustration of
residues in the PI(3,5)P,-binding pocket, which were point mutated.
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ants expressed in mesophyll cells of the Arabidopsis tpc/-2 mutant.
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f-h Middle panels: Current-time diagram of PI(3,5)P,-dependent
whole-vacuolar currents at — 40 mV. PI(3,5)P,-diC8 concentration in
the bath solution was 0 nM (black), 33 nM (orange), 100 nM (red),
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the top. a—d, f-h Bottom panels: Dose-response curves of PI(3,5)

mutation likely alters the PI(3,5)P,-sensitivity solely due to
electrostatic repulsions, the L327D mutation may addition-
ally destabilize hydrophobic interaction and induce the for-
mation of new salt bridges between S6_,, and a helical region
of the N-terminal domain, which is essential for channel
function [10, 58].

PI(3,5)P, [nM] P1(3,5)P,(nM)

P,-dependent currents at — 40 mV for hTPC2 (a), n=7, hTPC2-
T205D (d), n=7, hTPC2-T325Q (g), n=4, and hTPC2-L327D
(h), n=4. Currents were normalized to the value in the presence of
1000 nM PI(3,5)P, (//I,,,). Lines represent fits according to the Hill
equation with n=1.15 For the silent channels hTPC2-K203Q (b),
K204D-K207V (c), and S322Q (f), current amplitudes were plotted
as a function of the PI(3,5)P, concentration (n=5, 4, and 3, respec-
tively). Data represent mean+s.e.m. e Median minimal distances
between PI(3,5)P, lipids bound in the binding pocket and residues
from the wild type and mutant simulations. Distances are only shown
for those residues where PI(3,5)P, molecules were closer than 0.8 nm
for at least one protein variant. Note that the sequence (y-axis) is
given for the wild type

Two polar residues (S322 and T325) in S6,,, established
direct PI(3,5)P, contacts during MD simulations (Fig. 3).
Increasing the size of the polar side chain at position 322
(8322Q) abolished PI(3,5)P,-activation (Fig. 5f). In the CG
simulations, the latter mutation slightly shifted the bind-
ing position towards K321 and away from S326 (Fig. Se).
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In comparison, the T325Q mutation did not significantly
influence PI(3,5)P,-binding. Among all mutants tested,
hTPC2-T325Q behaved most similar to the wild-type chan-
nel in CG simulations (Supplemental Fig. 4), and no altera-
tions in the lipid—protein profile were observed (Fig. 5e).
This is in perfect agreement with the wild-type like PI(3,5)
P,-sensitivity of the mutant in functional studies (Fig. 5g).
The dose-response curve revealed a PI(3,5)P,-affinity of
84 +34 nM (n=4), well within the concentration range as
determined for the wild type.

Taken together, the results from site-directed mutagenesis
and functional analysis of hTPC2 mutants after expression
in plant cells suggest electrostatic interactions as the main
driving force for binding of PI(3,5)P, preceding channel
opening, and identified essential roles of positive charges in
the S4-S5 linker and of residues in the extended S6 helix for
PI(3,5)P,-dependent activity of the channel. CG simulations
showed a significant change of the protein—lipid interface
upon mutations of residues within the lipid-binding pocket
that establish a direct contact with PI(3,5)P,, except for
T325Q which had neither an effect on the binding behaviour
nor on the channel’s lipid sensitivity.

Discussion

Due to limited structural information, lipid-binding to target
proteins is not well understood, although phosphatidylino-
sitol-derived lipids have been shown as essential functional
elements of an increasing set of ion channels [1-3]. This
study provides the first identification of a binding pocket in
an ion channel of the TPC family for the anionic signalling
lipid PI(3,5)P,, which is present in internal membranes of
the endo-lysosomal system. So far, there is only one further
example known on the molecular level of where PI(3,5)P,
binds to an ion channel in this compartment: The mucolipin
TRPML1 channel possesses a polybasic region at the N-ter-
minus that was shown to represent the binding and activa-
tion site for PI(3,5)P, [60], which was subsequently used to
design the first fluorescent reporter for in vivo localization of
this phosphoinositide [61]. In contrast, in hTPC2, the S4-S5
linker and the cytosolic helical extension of S6 mutually
build a lipid-binding pocket, as evidenced by coarse-grained
and atomistic MD simulations. In the three-dimensional pro-
tein conformation of the closed channel, these two helices
adopt a relative orientation, such that four basic residues of
the S4-S5 linker (K203, K204, K207, and R210) and two
residues of S6,,, (K321 and R329) establish spatial proxim-
ity, thus forming a positively charged binding pocket for
PI(3,5)P, lipids. Besides electrostatic interactions with the
head group, lipid tails established hydrophobic contacts
with the transmembrane helices (S4, S11, and S12, Fig. 4¢),
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further stabilizing the orientation of the inositol head group
towards the negatively charged lipid-binding pocket.

Site-directed mutagenesis of lysines of the S4-S5 linker
to neutral and acidic residues entirely suppressed PI(3,5)P,-
evoked currents in patch-clamp experiments, supporting the
conclusion that electrostatic interactions play a crucial role
in hTPC2 activation by PI(3,5)P,. Despite these convergent
lines of evidence, we cannot completely exclude the possi-
bility that some of these mutations may have affected chan-
nel functions other than direct lipid-binding. Introduction
of negatively charged residues in proximity to the binding
pocket (T205D, L327D) significantly shifted the sensitivity
of the channel to increased PI(3,5)P, levels, which further
points towards the importance of (long-ranged) electrostatic
interactions. Interestingly, and in striking accordance with
the insensitivity of A7TPCI to PI(3,5)P, [11], not a single
PI(3,5)P, molecule bound to the equivalent site of the plant
channel in the performed MD simulations. A sequence
alignment of the S4-S5 linker and S6,,, between TPCs of
different species known to be activated by PI(3,5)P, [5-8,
11, 16] shows that these channels share similarities with
respect to the presence of basic and absence of acidic resi-
dues (Fig. 4a). These TPCs possess arginines or lysines at
the respective positions corresponding to 203, 204, and
207 in hTPC2. In addition, they have conserved positively
charged or neutral residues in S6,,, that in hTPC2 point into
the binding pocket (residue K321, S322, and R329, Fig. 4a).
In contrast, proteins such as AfTPC1 and DrTPC3, known
to be insensitive for PI(3,5)P, [11, 62], partially lack these
basic residues and instead contain acidic or neutral residues
in the S4-S5 linker (AfTPC1, Fig. 4b) or in S6,,, (DrTPC3).
This strongly suggests that lipid-sensitive TPC1 and TPC2
isoforms share a principle mechanism to link lipid-binding
to channel gating, and can be separated from lipid-insensi-
tive TPCs on the basis of their electrostatic potential of the
binding pocket. Although knowledge about the mechanisms
of PI(3,5)P,-binding to target proteins is still very limited,
this study supports the model, in which PIP lipids in gen-
eral exert their effects mainly via electrostatic interactions
between the charged lipid head group and positively charged
protein sites [2].

While the gating mechanism of hTPC2 remains
unknown, a model on how the plant TPC1 is activated in a
Ca”*- and voltage-dependent manner was developed on the
basis of structural information [9, 10]. Ca2+-binding to the
EF-hand domain encompassing part of S6,,, induces pore
opening by triggering the concerted upward movement of
the S4-S5 linker and S6, whereas membrane depolariza-
tion is sensed by the second Shaker-like domain, which
evokes a similar movement of the S10-S11 linker and S12
[10]. Since hTPC2 lacks Ca2+—binding EF-hands and is not
voltage-dependent, binding of PI(3,5)P, lipids to the lipid-
binding pocket of the first Shaker-like domain may induce



Phosphatidylinositol-3,5-bisphosphate lipid-binding-induced activation of the human... 3813

similar concerted motions within the hTPC2 protein that
result in channel opening. A role of S12 in lipid-binding
and corresponding conformational changes of the second
Shaker-like domain may also be possible as lipid interac-
tions with S12 have been observed in MD simulations.

Besides triggering conformational changes, ligand-
binding might as well stabilize the channel in the open
conformation. However, the artificial rigidity in terms of
secondary and tertiary structure in the MARTINI model
does not allow the study of protein conformational changes
during coarse-grained simulations. In atomistic simula-
tions on the 500 ns timescale we could not observe channel
opening neither of PI(3,5)P, bound hTPC2 nor of pure
hTPC2 (data not shown).

Compared to PI(3,5)P, lipids in membranes of the
endo-lysosomal compartment, many more targets have
been studied for the plasma membrane lipid PI(4,5)
P,, and structural information of PI(4,5)P, bound to the
inward-rectifying potassium channels Kir2.2 and Kir3.2
has been reported [63, 64]. MD simulations of PI(4,5)
P,-sensitive Shaker-like voltage-gated potassium chan-
nels (Kv) revealed the S4-S5 linker as lipid-binding site,
similar to hTPC2 [65, 66]. It appears, that the S4-S5 linker
in PIP-dependent channels represents a common structural
element responsible for coupling lipid-binding and confor-
mational changes in the pore domain.

Taken together, the hitherto unknown PI(3,5)P,-binding
site in hTPC2 identified in this study fits perfectly well into
the apparently evolutionarily conserved feature of PIP acting
as a bidentate ligand cross-linking two parts of the channel
to favour the open conformation by binding to a positively
charged spot and a concomitant channel activation [3]. Our
study provides a framework for future research towards the
understanding of conserved and isoform-specific mecha-
nisms of ligand- and voltage activation of two-pore channels.
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