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Identification and characterization of two novel
voltage-sensing proteins : voltage-regulated

phosphatase and voltage-gated proton channel
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Identification of two novel voltagesensing proteins :
voltage-regulated phosphatase and voltagegated proton channel

It is known that common structure is conserved among all known voltagegated ion
channels : the fifth and sixth transmembrane segnents (S5 and S6) and the loop region form
the hydrophilic pore and the first four transmembrane segments (S:S4) constitute the
voltage-sensor domain. The typical feature of the S4 segment is that positively charged
amino acids are periodically located 4 every third position.

In systematic survey of ion channel genes from Ciona intestinalis genome, several
genes showed homology to ion channel genes but could not be categorized into any family of
known ion channels. One such gene was named Ci-VSP (Ciona Voltage-sensor containing
Phosphatase). CiVSP consists of four transmembrane segments, and in the second and third
transmembrane segment (S2 and S3) there are negatively charged amino acids, and in the
fourth transmembrane segment (S4), four positively charged amino acids were periodically
aligned at every third position, which is signature sequence of voltagesensor of the
voltage-gated ion channel. However, in spite of having homology to the voltage-sensor
domain of the voltage-gated channels, Ci VSP lacked pore domain. C-terminal cytoplasmic
domain of Ci-VSP has homology to PTEN (Phosphatase and Tensin homolog deleted on
chromosome Ten, which has been known as PIP; phosphatase. In this study, she cloned
Ci-VSP and characterized its function focusing on the voltage senor.  In case of voltage-gated
ion channels, gating currents are observed based on the conformational change of the S4
segment. At first, to test whether Ci VSP can sense the membrane potentials or not, I tried
recoding the gating current from Ci-VSP by the the two-electrode voltage-clamp method, and
obtained the current traces similar to those of the gating currents of voltagegated ion channels.
Quantitative analysis was performed by the cutopen voltage-clamp method with which
intracellular part can be perfused to eliminate the intrinsic outward currents. The charge
(Q)-voltage (V) relationship (Q-V curve) from these currents was fitted with Boltzmann
function, saturating at high membrane potentials. QOn and Q-Off were identical. These
results prove that C VSP induced currents are ‘gating currents’ based on the conformational
change of Ci-VSP protein..  When two out of four positive charges in S4 were mutated to
neutral ones, gating currents were fully eliminated, suggesting that pasively charges in S4 are
important for sensing the membrane potential change. Some of the other S4 mutants
replacing the positively charged arginine to neutral glutamine showed different
voltage-dependency or different kinetics from wild type. These results suggest that positive
charges in S4 are critical for sensing the membrane potential change and the positive charges
in S4 contribute to gating currents. SHE also show that only four transmembrane segments
(S1~S4) of Ci-VSP are enough to sense the membrane potential. This also suggests that only
four transmembrane segments can function as an independent functional unit of the

voltage-sensor.
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During studying the molecular function of Ci-VSP, other genes were found from
mouse EST having homology to voltage-sensor domain. One such case was the mouse
c¢DNA, RIKEN cDNA 0610039P13, putatively encoding a protein that consistd of four
transmembrane segments with homology to the voltage-sensor domain. However, this gene
lacked any structure similar to the pae domain and moreover, it had almost no Gterminal
cytoplasmic region.  So this gene was named mVSOP1 (mouse Voltage-sensor domain
Only Protein). In tsA201 cells expressing mVSOP1, depolarizing step pulses induced
slowly-activating outward currents accampanied by tail inward currents at repolarization.
Tail currents measured under different pH conditions were reversed at voltage levels
corresponding to equilibrium potentials for protonsthat are predicted from Nernst equation,
indicating that these currents are through protonrselective channels. Imaging analysis
demonstrated that pHi, recovers after an acid load and recovery was faster after membrane
depolarization in mVSOPI1-transfected cells. These results proved that VSOPl-induced
currents were voltage-dependent proton currents. VSOPZLinduced currents showed hallmark
features of native voltage-dependent proton channel; shift of threshold and kinetics of
activation occurred dependent on the pH difference across the cell membrane. VSOP%hares
other properties with native voltage-dependent proton currents, including sensitivity to
polyvalent cations such as Zif* and Cd** and relatively high temperature sensitivity. A
neutralizing mutation of a positively charged residue in S4-like segment rendered negative
shift of activation by about 50 mV, causing significant inward current. This indicates thatthis
site is critical for the channel to be kept close at the membrane potential where the direction of
the driving force for proton flow is inward, consistent with the previous view that outward
rectification of voltage-dependent proton channel is based on its gating nature. VSOP1 was
expressed predominantly in blood cells including macrophage exhibited by quantitative
RT-PCR. This expression profile is consistent with previous studies in which native proton
currents have been reported in many blood cells. She therefore propose that VSOP1
constitutes the main molecular component of voltage-dependent proton channel.

Before Ci-VSP and VSOP1 were identified, the voltage-sensor is the molecular
structure exclusively found in the voltage-gated ion channels. Discovery of VSP and VSOP
suggest that membrane potentials and voltage-sensor play more important and diverse roles in
physiological conditions.
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BEMKEFEEFvRILE, BELHREDEELHERTTHY., SHOAVN—EET K
EHIFIY—EHBRL TS, —REENIZIE, D EDDA=YMNI 6 DOEEEEUZRFSL. £
DHDEBEREREI-FS/BRICET 4 BEOEMI S4 A, KRB Y —ELTHRELTLSS
L. S5, S6 ZELHEBEMNF Y RILONRGRT) ERBLTLBIENSNTINS, BFED
BT AR I—TE, A9 ARY Y /LT —ER—ADFERIZEH>T. S4EZEL 4 DDE
ERBMOAERS, R7HEEERKEVSEBOH THRIKRN—RIEEZ AL ., B 2GR
S=DDBEFERVEL, BEEEARERKIE, 7IUAYALTILRBHEED in
vitro HIEREFAL, ChoDEHOE O FEEED EREB MBI Z1T o=,

E—D%F Voltage Sensor Protein (VSP) &, S4 E#OHIBAMEELZ. phosphatase &
ZHD PTEN D FICEBILI-RF AU E2ELTEY, BEEEDOFET Y IIL—TOHEHREIC
KU, EERERFRIC phosphatase [EMEA TSNS EAVRESNTz, BEEHEIL. VSP D7 —
FERDAEETL., BEG—IEEICHEHLLS T, thOEBLIRFEF v RILERBGT—
BERNHIEERLIZ, E5IT, S4 DEBREF D7 /BERMMICEMSE-EROER
[TEDUVT, VSPIZHELVTE, S4 BIEER Y —EL THEEL TS T EEHERLT=,

EZD45F Voltage Sensor Only Protein (VSOP) 1%, S4 M#&l<, EULVHIRRNEEROA%F
THLDT, FrrR7ERIIEERT . TOBEEILRMTH oIz, BEEER. RYBLU~T
" ZAD VSOP DEGEFEISEHRICRIRESE T, FOBEE/ \vFHSoTEHICKY 7T TO—F
L. RPFEEALZNCENMDDOT (AU ERD DI EERLIZ, TLT, COBERIE, EL2D
BBA7 > OIEAA DBERIC VTS, RN pH ITERFELTELT S L, S, Tk
VEBRTHAEERERU =, SOIT, BEEEE, '—bHS, BB RS, #XA97E pH TR
TSN B0 THL, MKERND pH DAEEBIL TS IE, LU S4 BEOBERZHF o
FPI/BEOERIZEY, EEBMREEF v R OGELITEEICREIELNALNEIEND,
FOH—MEENBRLLO THIEER U, T, SHERO AL RICKY TR BRAHE
SLt=1=0, COEGA, TOM DA BEBIZEH-> TN AREREBREL-. RERIZ,
VSOP AIMikFDMIEEICERBELTLDITESVT, TOEBMEEIC OV THEREL -,

CDESIZ, AL, ThETHEEEN SN TLVEN o=, VSP, VSOP ELVSH FDHEERR
MET2=EDTHS, VSP 2D TIE, S4 BEER L H—EL THREEL TLVD I EABALD
[ZEH. VSOP 2D\ TlE, HFREDRRAE T, TORRLBFLLEENTELTOI Fr1
ILTHAZENBELMZENI=, 1 FrRILORERBFOH-EREAZKC LA TSNS
FTINEHETH S, BEEZERE, 28T, RO BAERXELTHRELLBDTHS
EHIERLT=,

— 248 —



