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Two-pore channel (TPC) is a voltage-gated cation channel. A single polypeptide of
TPC has 2 repeats of the canonical motif of voltage-gated cation channel, composed of
the voltage sensor domain (VSD) and the pore domain (PD). The 4" helix in the VSD
(S4) moves voltage dependently to open the gate of the channel. It is known that the 2"
VSD of TPC3 is responsible for the voltage sensing, whereas the 1% repeat has a
phosphatidylinositol (3,4) bisphosphate (PI(3,4)P;) binding site to potentiate the
voltage dependence of TPC3.

This study aims to demonstrate the regulation of the voltage dependence of the 2™¢
S4 by the PI(3,4)P2 binding to the 1°' repeat in TPC3 from the point of view of the
dynamic structural rearrangements.

Two approaches were used in this study, the cysteine (Cys)-accessibility analysis
and the voltage clamp fluorometry (VCF) of Xenopus tropicalis TPC3 heterologously
expressed in Xenopus laevis oocyte. In Cys-accessibility analysis, aspartate 511 at the
extracellular side of the 2" S4 was mutated to Cys (D511C-TPC3). The current of
D511C-TPC3 was recorded using two-electrode voltage clamp, and sodium (2-
sulfonatoethyl) methanethiosulfonate (MTSES), a Cys modifying reagent, was applied
during the recording. The modification rate by MTSES was analyzed based on the
MTSES-evoked current changes of D511C-TPC3, which reflects the movement of the
2" S4. The effect of PI(3,4)P2 binding on the modification rate was analyzed using a

PI(3,4)P2 binding deficient mutant (R187Q&D511C-TPC3) and a degradation enzyme



of PI(3,4)P: (inositol polyphosphate 4-phosphatase type II, INPP4B). In VCF, specific
residues in the 2" S4 of TPC3 were labeled by fluorescent molecules to detect its
movement based on the change of the fluorescent intensity (F change). The labeling at
the extracellular side of the 2" S4 was achieved using Cys-mutation and Cys-reactive
Alexa Fluor™ 488 C5 Maleimide. The labeling at the intracellular side of the 2™ S4
was achieved using a genetic method for the incorporation of a fluorescent unnatural
amino acid, 3-(6-acetylnaphthalen-2-ylamino)-2-aminopropanoic acid (Anap). The
current and fluorescent intensity of TPC3 were recorded simultaneously using two-
electrode voltage clamp and fluorescent microscope, and the effect of PI(3,4)P2 binding
on the F change was analyzed.

In the Cys-accessibility analysis, the MTSES-modification rate of D511C-TPC3
increased in depolarized condition due to the movement of the 2" S4. The MTSES-
modification rate of D511C-TPC3 was larger than that of R187Q&D511C-TPC3. In
addition, the modification rate of D511C-TPC3 was larger than that of D511C-TPC3
co-expressed with INPP4B. In VCF analysis, glutamine 507 was mutated to Cys
(Q507C-TPC3) and labeled with the Alexa 488 fluorescent molecule. Q507C-TPC3
showed voltage dependent F change, but the amplitude of the F change was small
(~0.6% at +180 mV). Serine 527 at the intracellular side of the 2" S4 was mutated to
Anap in S527Anap-TPC3. The construct showed larger voltage dependent F changes
(~1.0% at +180 mV) compared to that of Q507C-TPC3, which enabled to examine the
effect of PI(3,4)P2 binding. The fluorescent intensity of S527Anap-TPC3 was decreased
upon depolarization, and its F change was enhanced by the presence of PI(3,4)P2. In
addition, co-expression and activation of an exogenous voltage sensitive phosphatase
(VSP), which transiently increases and then decreases the PI(3,4)P2 level upon
depolarization, caused a biphasic F change of S527Anap-TPC3. The fluorescent
intensity was transiently decreased (then increased) during the transient production

(then degradation) of PI(3,4)P2 by VSP which indicated more (then less) depolarized-



conformation of the 2" S4.

As to the Cys-accessibility analysis, the voltage dependence of the MTSES-
modification rate of D511C-TPC3 showed the structural rearrangement at around the
511 position upon depolarization. The larger MTSES-modification rate of the D511C-
TPC3 bound to PI(3,4)P2 suggests that the PI(3,4)P; binding to the 1% repeat of TPC3
potentiates the structural change of the 2" S4 to the activated state. As to the VCF
analysis, the small F change of Q507C-TPC3 labeled with the Alexa 488 suggests that
the structural change at around the 507 position might be minor. The enhancement of
the F change of S527Anap-TPC3 by the PI(3,4)P; binding showed the potentiation of
the structural change of the 2" S4.

The effect of the PI(3,4)P; binding on the 2"¢ S4 was revealed through the analyses
of the extracellular side (Cys-accessibility analysis) and the intracellular side (VCF) of
the 2"¢ S4. Taken together, it was demonstrated that the PI(3,4)P, binding potentiates
the structural rearrangements of the 2"! S4 and that the 2" S4 of TPC3 integrates the
information of the membrane voltage and the PI(3,4)P; binding to the 1°*' repeat to

regulate the gating of the channel.
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