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o] AelZlQl pH ®W3ste] o3 Wse + U+
skl et

o]= Qs HAAME xZFWZ (whole—cell patch clamp) WS o] &
o] TRPV6E &8 2=+ A7 o] AL pH W3] wzsiA nbs
g2 glskltt o] W TRPV6S] 7]5°] 50% %A1 pKagte 5.71
2 YeEksth

TRPVEelA  AEEL pHE AASs HA7Iss sk obv|xAb
(extracellular pH sensor)< zroll7] & ws Eysts= oAl WA 9

of 1 WAl -9 Afofel JA T ofv]iAkE o] ofE WolAE e M9

o

4

ol
Lo

HelE el 2 Ay 52149 A5k 3] AEd (histidine) ©] &4 4
¢l J&& &1 Y2 el o] ofujiAlef] thEk ofz] WHolAE A
Z3te] 1 715S Fed 2 A3 o= (arginine) O & X EHL w A

9] pHel digh RA=7F 7H A4AEHAAL, 71se] 50% IAE = pKa
ghe 5.02%1

pH7} #obAl= A% TRPV6Y 7]eol A pHZF A= A+
TRPV62] 7]5o] # e 714 Awsty] flste] 521W A o]t
QA BIAHYS A~ H (cysteine) 02 X FAIZ] WOlAE o] &3t
TRPV6S] %7} 7le®istsel ofd FadAE 7HA=AE F43 43
521W A ofn| Ak F-917F A EupZR-Sle] thE EHo] FFsh] 4 X
of =E¥ Qa1 Fhol&o] Afstd TRPVES A7zl Wsts o
oA Jleole MEF vk ARE H5E F USIH

2 Ans FFeE TRPV6S] 521%A ofn|ikel 3| AE W AE9]
pHE A gddsty Fhol&H) o =FHUS A5 (o] Fhol
o] TRPV6lA o]o] F3ati= pore 7915 23 v 7124 a3
of o3 7IeWsE dorle Zlo] otyh) TRPV6S x5 WA o



M AEZ2 pH W3le] 9l TRPV6S 7|swW37l fitys= Aoz ad
o},
A== & TRPV6, M2 pH sensor, Z4, ol&&=E, JFedl, &4

A



ME 2 pH W3le] & TRPV6E o|2F5 =29 7|5%4A

A= o 1§ >
AAd et tfshd osy
o] 4§ =
I.A4 &

AEI N9 Aol & Bt gAow AHHe] 25 Ja 4T
Z

= Zgolad, WolA wEEe= Zgolad, HwrAE Fl
=l

¢} Kurokawa, 2002). Z2&3 A=A}
TRPV5¢L  TRPV6el oa =xd¥a Slow, FEoA=  distal
convoluted tubule¥ cortical connecting duct® %3 AEF7} dojvtw
Z2}o| = proximal small intestineS £ F+2 E4¥ Ut (Bronner =,
1986; Friedman¥} Gesek, 1995).

Zol HxZ|[ A AEE FTEe S dubd o= A 7HA #3A
o7 TR F Qlvh Zgol&o Holst
FUE o7k A, Zd AddUAe]l calmodulind}t Adete] AEA
oA o]% &= 33, basolateral membraneol] $*&t1 = Na*/Ca®*
exchanger (NCX1) ¢} plasma membrane Ca’*—ATPase (PMCA)E %3
M EZE wAY7= #A-o] 140l (Hoenderop 5, 1999; van Abels,

=
=

2005; Hoenderop %, 2005). 8]xx7]Al°lA TRPV57} Z4F ASFE <
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Fehs A maste] A FAre AZHeNM ol Pt HY F
sz Wwde] wpE TRPVE ol&fzth 2wl dgsts aude 57
7F =23, AZUE F5E 5 wxvd of PMCAYE #o{d ¥ NCX17}

ARk, TRPVSZ7F ol 2 23y 2% 2 TRPV6e= 2d 4
Lo zpol7} Q7= st ZAAE gl olxF, AHA, ¥, 91, H o=
d s gk Aol Aol otk (Hoenderop &, 1999; Peng &, 1999;
Hoenderop &, 2002; Montell &, 2002).

Zgole o 7 ARl 7]
AxF= 15708 exonl® FAEO] Qlar, oF 730709 op|xAts AT
T Sl #AEERE AYL e, 756%9 dsAds Adth(Hoenderop

%, 1999; Peng &, 1999; Muller %, 2000; Peng %, 2001). o] F o]&

ojr
o
v
ofl
_O|L
rlr
=
gl
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1o
3
=
gl
<
o))
Jo

sE+ EY% TRP(transient receptor potential) superfamilys
TRPV (vanilloidA]) subfamily®l <3tw, TRPVZFOlA ZFol&dEe
TRPV58} 67} #AH-th (Peng 5 2003; Hoenderop 5, 2005).

TRPV5E= AlZueel EAets QA pHell WzatAl qkg-stef 7]5©]
7 Wt AdadrE ov] EaEE G (Yeh 5, 2003; Yeh &,
2005). ¥4y TRPV6Y 7|ls& Xdste JAAAZRE AAE 245y
TRPV59 7|lsod% A 9dFS vA= o= 48zl Vitamin D, &2
o2 HAAT ZHEo 4 AT 2R AAEZA, HoA o IH S 2Hd=
S100A10—annexin 2 complex, PDZ motifs, Ankyrin repeat, Z#ol 4
et WA F FE BFY FA4S FHEs calmodulin o] AA
w0} & ¥ (van Abel &, 2005) A|3£9] pHell thet TRPV6S| 7] 53}
of thst AT Ay A7hA Kad virb gl

O o] F o]FEE AAFORE ofu|Ak 4L AdsAdol 75%l
olZ= 7 gle pore helix F91¢ DNA @471 A3} ofw|ieAil A do] of

_5_



F fAbtThE ARlel dEd glomw JeHoR

GAFE MS5AS YWEsta 9tk 18U TRPV67)
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Yol =78k, T4 pHZF HlwH bg ¥ AH

Al TRPV67F M2z8] pHell ®IZFSHAl whg-stths ARES Agd oz AH
s717F =7k & Aol

IR HZol wREAAY el gk A7 JyEWEA A FA

AUz g Fo| 2] TRPV6 L& (Weber %, 2001) ] #AS 7]&o]ok

g Hort AT JReste fFHHoRE AYEe Udd w3lel FE

oh;]_ 75/q] o]}\

o Feaxl AWAE Aol Rzat: FesHE, Agviols

754 Qe AFAE &4 5 35 AdHY O Hdlo] F9A AT

2] pHE %43+ NHE1 exchanger? 7]

saael g8 AAFT-FHHSFAe]  pHZE SISO EA B =

ZFA A 29} ZHA A SE Abo] €]
A dur Aol Eehdsty] wtolets AREo]l &3t (Choi &, 2007)
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g/do] Frbete] 4" IRAH d&o] FXEi, FA pHolA=
serine protease®] @Ao] Z7}lsto] ZA M E Alolo] ATrHS 7HAAA

-gE 350 Addns ARde]l dHA vk (Choi &, 2007). H%F

Ele) N Zgrol el FEwsl EvRes 245, ol WAy I
Yol o} FoW 715E ks Abdol deld vk 1 Aol e A

U o] 2Eme] 93 Aolel F30] 9 (Denda &, 2003).

e EIES 9 gy oA AHolLEze Bl Qe

r 3
35S AA 7Y Aol worE (Elias ¥ Feingold, 2001) Z&
ol2F R ATE Tl olek £ WHAH A dojus Ve ATslok

FTEe ® g FEey w3k o
A E 7 e 95y 2ol w1 WHskE I wdsE TRPV6e|
ofsf Zrgrol A= 7ol s A Zlojets HES & U Atk

A 2 Ao = TRPV6EZE A9 ole] pH W ste] wel 7]sof <
e WEAE FRlsta, AEL Y pHZF 7eel 9= wXthd TRPV6

Akl AEZS] pHE AshE e stal eAE FRIgte s TRPV6
=S 53 75029 olFy A¥e pHe d#A oRE dhs|a, oW
7176l 98] TRPV6 F-Zel oW wigyh dojgowsm o9 2 Anrt
dolup=A1& gRlstaat skgitt.



2 Ayl AFEst TRPVE Fxats AFAL] F2ol4 #8 s mRNAE
o] g3t AMAMESol 93] cDNAE ¥ § whifzd waof fesirta
2z pCDNA3 Z&tAn| = ¥ (plasmid vector) o] &4 (cloning)
A& AHESETE Wild type TRPV6E 223 e o] Z#Aw|= DNAE

N

University of Texas, Southwestern Medical Center W@} 2 A7y

¥} w49l Chou—Long Huang ©.ZHE 42 Ho|t}

2. AEME 8 A

TRPV6E 2&AI717] &l AHES CHO-K1 AlxF+= ATCC
(Manassas, VA, USA) 278 ¢33l th

100 U/ml penicillin, 100 mg/ml streptomycin, 10% fetal bovine
serum= X 338= HAM's F—12 #]A] (all from Lonza, Walkersville, MD,
USA) & ©]&3t9 5% CO, & X33 wjeF”] (humidified incubator) ¢l A
37" C= #AstwA] wjeks3itt

Transfection= Lipofectamine 2000 reagent (Invitrogen, Basil,
Switzerland) & ©]-&3ato] A AL ol whe} ofef ol o] AA|st3itt,

Transient transfection® 93}o], CHO-K1 A|XE 6—well culture

plates (Becton Dickson, Franklin Lakes, NJ, USA) ¢l 5x10° cells/well



A 7Fskal 24 A1 vikEt §- o] §kAth. 1 g9 vector DNASL 0.2 pg
°] pEGFP—NI1 vector DNAE FAl°l transfectiond}$ith.
Transfection § 24—48A|7Fo] A th wjks A Az, 0.5 mle]
trypsin—% A28ttt Trypsinel €&l AE7} npetol A HojAHA &
o7 He 7= FAS dEehHA AIFOoE AAE HFESBE A
e flal 7P Aad Aol =Eskd trypsing AAE F HAM's F-

2 WAE 1 ml BT Bed D8 Aol nige) 2& AEE

T odojd = YAGEE RS E3 35 mm plateo] L@ BOE 2-
IS "oy ths AMEY) vige TR 22 S v Ade o
L3ttt

3. AAME 9% Z#Z (whole cell patch clamp)

TRPV6E Sdte= AFe 55 SAHst7l St A788 A
Axopatch 200B %3%7] (Axon Instruments, Foster city, CA) & ©]-&3}¢]
DA HASHEZE LA (Hamil &, 1981).

AEZiEHEe 52+ vAAdFE SA4sH7] 9t A= a2 AF 1.65
mm, <SFAE 1.2 mm<el borosilicate glass capillary (corning 7052,
Harvard Apparatus, Holiston, MA) & o] &3} t) o] BAH &2 A4
3t #7]E Wolr] 93] P-97 Flaming—Brown micropipette
puller (Sutter Instrument Co., Novato, CA) & ©]&3}3it}. o] 7|A|= ¥
obl EA¥ A= microforged ©o]&3dto] & HEa DA s HE3l
ow, AS el &= AMAS vl AFo] 3~5 MQel st A=
Aol o] &3tk

MEZE 2 plateds E=HEUA o S¥HES T HHAJTAY

_9_



(voltage—clamp method) & ©|&3te] AFE SAHASIY. tAAFE 7|
=37l 98kl AlERe] g% (capacitance) ¥ A H A (series
resistance) & 70% ol HAFFFI, AIAH}E= pClampb (Axon
Instrument) 2] Clampex AXEo]E o]g3lo] 7] S35t} o]y e
Yo 7S ARFel die A3 242 22 314F Clampit 22 E9]
o] & ol&3aFaitt.

RE 7184 A2 AeolM Akt

Oft

3.1. AP8 W Aok

TRPV6E &% AFE F4s7] 9% pipette 892 130 mM
CsAsp (cesium aspartate), 10 mM CaCly, 4 mM Na,ATP, 1 mM MgCl,,
10 mM BAPTA (] EDTA, pH 8.0), 10 mM HEPESE X3+gt §-ofof
CsOHE olg3te] pH 7.28 2 F AMg-atqih,

Bath €92 140 mM Na—Asp(sodium aspartate), 10 mM NaCl, 1
mM EGTA, pH 8.0, 10 mM Glucose, 10 mM HEPESE >33t £oS
7107 M2 pHE WAk sk oo wel NaOH §9 9= pH

g 28 AAA A

AFF54L =2 ramp protocols ©] €38+ th 400 msece] 23 —100
mVEFE 100 mV7HA] Asks MBAIA 7hiA B S8 2= dF
S8kl o] Wl —100 mVE Astel o dF7F S| &4 sst
QNEH 100 msec ¢ —100 mVE FX3 & A4S —100 mVHF-E
100 mV7HA] WA ZtE TRPVEE 3 A/e] 7152 A8 pHE 7
Ashz oAt 37] 9%t ddeM s 102 HHom 3 M S46)

%
i, MTSETE A X sl Ado= Agiz oz wE A7k dA77F 3
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3.3. Al£9] pH W3] W& TRPV6Y 75 573
A Z N QoA 715k vhel o] NaOHE S o] &3to] bath £
o] pHE WEA7|H ARE-3H3IT

AAE PHE A& F AxAS wAstEr AF7E g8 A= &
A w74 g o Az pHE Aol dR77F e pHE
T A Axelete] pH7E 8.4~8.8% &Moo Ho AFE At ©f
2HE AEJN pHE 7.4, 6.4, 5.4, 4.9, 447 HIAA 7pdaM AF
7 EolEs ARE ST oS 1 mM LaCly &5 st Al
F3l A3 = HAF(eak current) 7} o= HALERIAE &QlsSit). o] %
AN pHE thA] Aoz &8 7MiM AFR7F AU Z 355 E=A

= salakglt).

H:l
=)
tlo

3.4. SCAM (substituted—cysteine accessibility method)

A AFE-3t MTSET= Toronto Research Chemicals (North York,
Ontario, Canada)°llAl T3ttt 74 F 7195 WdH#s] Tt
AA Ao bath &4 10 mM #E5= 521 o3 WS xest ez o
| Basiqlvh. AAE X e 7te ol A F=E AEste] A
¥ MTSET £o1S 8 M3te] A4319lth,

SCAM= b4 AAkEo] ARg-3F WY (Akabas 5, 1992; Liapakis &,
2001)& &&3ke] flollA Eulg MTSET €945 A4 dAAx HAS

o] Folsh: Pz AAHAL

mlo

A



4. TRPV6 E¢dWo] A=

pcDNA3 plasmid vector®] cloning¥©] 31+ wild—type mice TRPV6
o] FHAAE o] L3dto] site—directed mutagenesis WHO R EF opw]|
ko] X8kl Aol E S RSt =AWl YA Pfu Turbo DNA
polymerase (Stratagene, La Jolla, CA)E o] &3}o] #|ZA}ol|A] A A 3H
s WAYste]  ofglel o] FREALAMTS (Polymerase Chain
Reaction, PCR) & 24|38}l T},

PCRS Algs7] et &3hgS 10 X ®Eg &5 2 ul, dNTPs
(2.5 mM each dATP, dTTP, dGTP and dCTP) 5 g1, 0.5 M primer
&kl 1 ul, Pfu Turbo DNA polymerase 0.4 pl, PCR—grade &%
11.1 xl1, 10 ng/#1, TRPV6 plasmid DNA 0.5 xl& &3tsto] AFE3FS
th. PCR<= template DNAE €313 ®RAJAI7]7] fl8] 95° C 123k 9A
RESAIZL v 957 C/30%, 557 C/1%, 68" C/9%3t 183] whHEabH

DNAE F%38tal, vpxut yhgo] 2y o= 72° ColA 103t F7F wt
SAA FAET 9 DNAS HAssIgt. Zdwo] Ao Akgd

primert Table 13} Table 29 3%A]3}I T}

PCRo] ¥y $ Hbk&-9o Dpnl (New England Biolabs, Ipswich, MA)
< 7hete] 377 CollAl 4A7E &3t HEEA]A PCR AbE©o] obd DNAE Al
At b XL—1 Blue competent Mo 3233k (transformation) 3t}
ot FAAEE M4 Miniprep Kit (Qiagen, Hilden, Germany) & ©]
gkl ZEhAVIE DNAE o3t ths WolAZE Ade e fi=A &
o1&t7] Q& #|:=¥ (Genotech, Daejeon, Korea) 3JAlell 2] &}o] DNA

71 49S FeAsgrt



5. AEA

Az 2] pH ®ste] wet TRPVES] AR77F A= s elsts

32 Sigma—Plot 2ZE 0] 9] Hill equationg °]g3sto] AF7F 50%
AE = kS vwstch o] 2 pKazl 3dtx, ZF WHolA| 5o thdl pKa

kS Student’s t—testE ©]£3}o] B3} T}



Table 1. Oligonucleotides used to get site—directed mutants for

titrable amino acids between transmembrane domain 5 and 6

Name

Forward primer (5° —3 )

Exchanged

amino acid

E514Q

D515N

D517N

E518Q

Y523F

Y525F

E534Q

D541N

D547N

D549N

Y554F

ATTTTCCAGACACAGGATCCCGATGAG
TTCCAGACAGAGAATCCCGATGAGCTG
ACAGAGGATCCCAATGAGCTGGGTCAT
GAGGATCCCGATCAGCTGGGTCATTTC

GCTGGGTCATTTCTTTGACTACCCCAT
GG
GGTCATTTCTATGACTTCCCCATGGCA
CTGTTC
TTCAGCACCTTTCAGCTCTTCCTCACC

CTCACCATCATCAATGGCCCTGCGAAC
CCTGCGAACTATAATGTGGATCTGCCC
AACTATGACGTGAATCTGCCCTTCATG

CTGCCCTTCATGTTCAGCGTTACCTAC
G

glutamine
asparagine
asparagine
glutamine

phenylalanine

phenylalanine

glutamine
asparagine
asparagine
asparagine

phenylalanine

The mutated amino acid sequences are underlined.

The sequences of backward primers are complementary sequences of

forward primers.

The mutated DNA sequences are shown in bold.



Table 2. Oligonucleotides used to get site—directed mutants for H521

amino acid

Exchanged
Name Forward primer (5 —=3" )
amino acid

Wild—type CCCGATGAGCTGGGTCAUTTCTATG histidine

ACTAC

H521D CCCGATGAGCTGGGTGATTTCTAT aspartate
GACTAC

H521C CCCGATGAGCTGGGTTGTTTCTAT cysteine
GACTACC

H521Y CCCGATGAGCTGGGTTATTTCTAT tyrosine
GACTAC

H521K GATCCCGATGAGCTGGGTAAATTC lysine
TATGACTACCCCATG

H521G CCCGATGAGCTGGGTGGTTTCTATG glycine
ACTACC

H521N CCCGATGAGCTGGGTAATTTCTAT asparagine
GACTAC

The sequences of the 521st amino acid encoding sites are underlined.
The sequences of backward primers are complementary sequences of
forward primers.

The mutated DNA sequences are shown in bold.
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1. AlZQ| 2] pH W3} W& TRPVY 75 W3}

2 ATl Ar1de e AAE A7 % AAE HA S P2
A3E A3 A 71 A HS Fig. 19 Ash Boll EAI8IT A
AAE HAFHZA ARG Azl oo oo 24s ZAE slod, B

= AxTe 22 vARFE SAs] A% Y 2REFS AT A

AAE fHFHZA] TRPVE6E %3 2= HAFE Fig. 1Co| ®AH
Atk o] T"eA E 5 = wke} o] AlxELN e pH(pHe)7F 8.4—
8.8 w HuAE 7IEFFow, pHIF o] Fokx @71del A AR
v =olE%a, AxEge] Az pHYE Yol M eSS
TRPV6E %3+ AdF+ o529tk 1 mM La**2 A A2 TRPV6E &

o Z Wojglom, ¥ dEAIS A | 3

= Z]
AAFAULE o] gato] S AR LaAAA L AFE A9

LD MY

2

B

i

ol
-

Fig. 1D= AlZgefe] pH Wste] wet Al£9] pH7F theksiAl WHal 7t
+ 3% 54 pHE 7F Al oA HojdFe}l vlud w dAF7 dwvf
U QA EHEAE IHEZE HERH Aot

Fig. 1DelA Al Z2]efe] pH W3to] we} TRPVES] 7]so] drpit A
oA g dolry] 28 FAIABE 91§ regression line- Sigma—Plot
program—= ©|%3}%] Hill equation®] & 12 Aot} pKazl XA|sH A

& Ho AR vlaste] AFTo] 50% #Haste Afe pHE 7He Xt



100 mV
130 mM CsAsp 0mV —
10 mM €aCl,
4 mM Na,ATP
1 mM MgCl,
10 mM BAPTA (or EDTA)
10 mM HEPES 100 ms
-100 mV
140 mM NaAsp, 10 mM NaCl,
1 mM EGTA, 10 mM Glucose,
10 mM HEPES (pH 7.2)
C D
10{e e
g """* o~ gy . pKa 5.71£0.11
] 1
11 ] s (N=5)
_ 5..-..1 .'.... 08
E { 3
E LY | ?é 06
g 4 ‘- ~ E ]
2 . |
"; A _....».4 I 04
4
3 pd 7a T poued A [}
=] !
- o4 73 - 54 o
L 4944 Tada *9 s
00 T T T T 1
0 5 10 15 20 20 80 7.0 80 50 40

Time (min) pHe

Fig. 1. Current changes through TRPV6 by extracellular acidification. A. The
components of extra— and intracellular solution. Numbers mean the
concentrations(mM). B. The protocol to check the currents. C. Inward
currents (at —100mV) at extracellular pH(pHe) from 8.8 to 4.4. 1 mM LaCl;
was added to check the leak currents. D. Relative inward currents compared
with maximal one. Inward currents were determined after subtraction of the
leak currents. Hill equation was used to draw regression line with Sigma—
Plot program. pKa is the pHe for 50% inhibition of the current. Date points

represent mean = S.E.
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obu| = AkZ  aspartic acid, glutamic acid, histidine, tyrosine

AN
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asparagine, glutamine, arginine, phenylalanine ©.2 X|&A]Zlt}, & A
of o]gst 13709 ®WolAEo] Z42t ol opm:AbS X &AIZ ZIRIA
Fig. 201 EAI8H3AH
Site—directed mutagenesis ¥ ©]&3sto] Az 13718 TRPV H
oAl F oA YS46FE A A-fels AR7E Ads HEHA sk
ol Alelgt 12709 WolAlE A LA A5 o] WolAE T &
A57F AMES pH ®Wstel tiste] o ®stE Hol=A& Fig. 3ol %A
ST
o714 & o 9ol H521RS A9k L}DM 17he] WolAl= wild
type TRPV6SE FAFE FElz A77F AAs = 2e #2322 5 dslov
H521R ®lolAlE &3 A77F AlES] pH ®ste] whe} oA
wild type TRPV6Z o] &3S wjx ot & pHolA A3 Wz Ert "ol

A 2dg Al

il
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H521R Wolx| 9]¢l Y523Fu Y525F5 H]Xdh Ao wojAelA <
TAbell meEb = A ES] pHE AHds7E TRPV6S 7lsol w=4atA 8k
H3ls doFitty B £ JS AEZR U4 pKa #S 7HAe= A7Eay9E
Atk 2 o)lF F9 E v Al A obvAbs FAle X g
Hol A& o]&3ato] AEe] pHell dhsh WI=E =43 A3 (data not
shown) H521R WHolAE Astd wild type TRPV6S}
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TRPVS 53 QTEDPDNLGEFSDYP s
TRPV6 512 Q TEDIPOMEL GHFYDNIP 52
TRPVE s5:s TAMFSTFELFLTIIDse
TRFV6 527 MALFSTFELFLTI 1(Dsau
TRPVE 53 GPANYRVDLPFMY SV s
TRPV6 512 GP ANYDVDLPF MAS V 556

Fig. 2. Locations of the mutated amino acids. A. Amino acid alignment of
TRPV6 and TRPV5. N and C indicate amino and carboxyl terminus of the
TRPV6, respectively. Angular circle indicates the mutated amino acids. B.

Putative membrane topology of TRPV6 and mutated amino acids.
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Fig. 3. Inward currents through the mutated TRPV6 and its pKa values.

Dotted line in each panel(A—C) indicates the regression line from wild type.

The extracellular pH sensitivity of the mutated TRPV6 and wild type are

indicated as solid lines and open circles with error bars, respectively. A—C

are D515N, H521R, and E534Q, respectively. D shows the pKa values of

mutated and wild type TRPV6.



3. 5219 A o}u| A} histidined] X2 pH ZA|7]% H7}

pHell ®7skA Hk-g-gt
pKa Zk& Fig. 4A°l A8}
521HA ofn|=Ako] MAES] pHE TASH: 7o stoA &2str] 9
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3fo] o] opw|:-AFS cysteine, lysine, asparagine, glycine, tyrosine,
arginine® = &3kt o] oA 7HA] WHolAlES 722} Chinese
hamster ovary (CHO) Ao LAAL thg AAE s SHZE A8
o 4% A77F 50% AAH= A A pHE pKazgh &tal, Fig 4Bl
FEA AT

ol’Fel AtellA TRPV6S 521/A ofv]wite] ®o]7h sttt st
2t arginine &= X @A Af-oll= AEZe] pHell thsh Wt ErE "o
A ¥k arginine©] ofd TE olu|wAto® XA A S-olE= wild type
TRPV6SH Wl e wf A|l2e] pHel thdt wigtse] & 2ol gl &
At

4. Substituted Cysteine Accessibility Method (SCAM)< ©]&3 TRPV6
o] 7% 759 A#AFAA 74

TRPV62] M2 pHE A8tz AoZ A7 E = 521-4 ofv| Aiks
cysteine® # X 3kA|7] T2 1 mM MTSETE A X 35to] o] HolA|Z &
3t AFY 35S =43 Ay MTSET Ay A3RE AF7F 4361

Haes #Q% 5 AATHFig. 5A)

Aek ¥ ARE AFS o A wete ARvL H8HA o
o} o
PN —

-
v A9l dithiothreitold 100 mM 2 A @A AF7F dEH=
7] AZsRth(Fig. 5B). o9 AnE Fa] MTSETe <3
A= Tt d = A o i

TRPV62] 7]

olr



A Amino acid: Titratable group: pKa:

Asp 40
—C Carboxyl ~4
Glu \0. H Xy
i o N%‘l-f
His c— ¢ CH Imidazole ~6.1
“NH
Lys c—NHz*H' e-Amino ~10.5
Cys CH,—8™ +H* Thiol ~9
— _ . Phenolic -
Tyr Qo e droyl 10
H521C |
H521K |
H521N |
H521G |
H521Y |
H521R *
Wt l
0 5 6
(pKa)

Fig. 4. Effects of amino acid substitutions for histidine 521 on the pHe
sensitivity. A. pKa and charge of side groups of a variety of titrable amino

acids. B. pKa values of the mutants of H521. WT, wild type.
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Fig. 5. Effect of MTSET on cysteine mutant of H521. A. Inhibition by 1 mM
MTSET on H521C at pHe 8.4. The protocol to check the currents is the
same as in Fig. 1. The dotted line indicates the level of no current. O means
the point MTSET was added and 1 to 10 shows the currents at 10 to 100
seconds after addition of MTSET. B. The inhibition effect of MTSET and
recovery of the currents by dithiothreitol (DTT). Washing couldn’t recover
the MTSET —inhibited current. The currents were recorded with ramp

protocol every second.



Wild type TRPV6, Y523C ¥olAl, H521C WolAE tjitoz TRPV6
7 7l & & Uehdi= AEiRl AlEe] pH 8.4%1 A9k 7ol 40% B=
Holzl AElQl M2 pH 6.4%0 BFE Y SE 1 mM MTSETE A A
skt (Fig. 6).

Wild type¥} 523HA ofu]-Ako] cysteineC.® X|3HE WHol A= A3
9] pHell #AIGle] MTSET A7} TRPV6S] 7]5el oH g m]X]
Zate o7 vebskth gy 521W A ofu]=Ako] cysteineCE |
H WolAl= MES pHZE 8.4]%1 Aol MTSET HA & AF{7E A
7] Al#Fete] ofF 1% Fell= HAR7F Hal A9 vlaste] o 90%2 A
F7F AR o, AEL pHIF 6.4% Aol AAR oz oA HE F
T7b 7] ANk ok 38 Fok 5099 AF7F ] dAHE Ao

Uebg s (Fig. 6).
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Fig. 6. Comparison of the effect of MTSET on wild type, cysteine mutant of

Y523 and H521. MTSET effects were checked both at pHe 8.4 (open circle)

250

and pH 6.4 (closed circle). A. wild type. B. Y523C, C. H521C.
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TRPV59F TRPV6 F82h= A4y Zgoleas Wdshs F 72
FAAR A5 oF 22kbolar, 7TH A Ao $A8taL 3T}(Hoenderop &
2001; Peng 5, 2001; Hoenderop %, 2003). otu] =ik A o] M= fAbsH
i, 53] pore helix 919 ofn|:Ab> fAMdo] ¥ AetA yERdTH
(Hoenderop %, 2001; Peng =, 2001; Hoenderop %, 2003; Qiu %, 2004).
oje} L FAMSE 5AL oy dAgAEo]l TRPV6ES A4 ol A=
el T8 Vs AuaArt 2 deA Q= TRPVSS 1 #8719
e fFARG Ol & Floldh= sHAl Pk 7 olTE BT ZAE
of st Wshdo] skl TRPVSH: HlZ|AleA Zrg AlFSol st
a, TRPV6E A23p7AA 4oz HAA" 2 S5l #ositgs A
AL e dFE dyA AN S (Hoenderop 5, 2001; Peng %5, 2001;

4
IV
o

Hoenderop %, 2003; Qiu %, 2004) ZFg&7]1d thafrx A% 7] Al &3st A
o wnH 229 doln,

A Absoly 354 Also] WS A5 HlEske] AW pH7F
W A awow WEHE Bael F74EE Aol AR
ot 4 ¢k° ™ (Hoenderop 5, 1999; Peng &, 2000; Vennekens %, 2001)

olg AWalr] fs 7Hdo® nlmI|Ale] EAlsk= TRPVSE] 7]50] Al
39| pH7F 23 o2 W3stsld 7)ol WolA| 7] wioldhs AT AR B
1= 3tk(Yeh &, 2003).

TRPV62S] ¢ TRPV5S} ofw|Ait M3} 7271 At ERE o] o] &
TEZE pH Wislel wZtetA wh-g3 Aolgh= o> A & F Utk 1
Hup AF7HA] ofF oo Uidt ATE AYSA g2 FL omi:
TRPV6S} pH Wstel] wE AadAE ey ow dyste dol =7t
S wiEow wdEtr A F7kA] TRPV6E7E EAlsts Aow ez
ZAF, EuE, o]xF, A A 5 (Hoenderop 5, 1999; Peng &, 1999;

~ 96 -



Hoenderop 5, 2002; Montell &, 2002)< pH W37 AL dojyx] &
= A7)ol7] wjioltt. 1¥d TRPV67F ¥io|x EAtt= Al2o]
20010 ojn] =R O WEH O (Weber 5, 2001) o8 ATAE

AT IAFAETE E45 Y F AV AREe Y w3 7
ol Lol ot 98E stvhi= AM (Ghandially 5, 1995; Denda
s, 2003) % ¥FE] pH7F HHOIAFE HFExor Zo|7bHA gzt
= A (Choi &, 2007) ¢l Zetete] AFAEE At = FFoA o
oArt= Zel oF EAST 9 =3t 7]do] pH W3te] we} TRPVES
715 F27F Wake dbel gaE dojd & e Aot whebA 2 <
TolAE pH Wete] wel TRPV6ES] 7]1%50] of¥A Walst=AF lst
72 &l
o H] 23] © & Chinese Hamster Ovary AJ¥eo] TRPV6E @3 A7 &
r9] pH & W3A7|A} pH7F Wold 45 AAMXE X FHE Yo s
28] Aa3rE g1 F Stk o] Ad AdE vE e
8.8°4 4. 47FA] ZEAAA THAA AEERe] HEHAZ]
TRPV6E &3 d7E A A3 pH 887 84oA= v=d A==
AR7E SAH0n, o] go] TRPV6ES 3 FHargkolglal, o] pH
o2 pH7F Y mop AW YoldsE AR7 Zopds gelskgint. o]

218t d2 TRPV5S A9 kst A714eA 750l HAuXE 7|53t
st e sk 71 skel wet AFA7)7F FolE= 3 (Yeh &, 2003)
7 ARty 28y TRPV6E E3 A/ Hiugs 7|92 AX
pHell tist 91 =7 50% A= AxES] pHat= 38l TRPV5SE vl
& A3} TRPV6S 97t 5.71% 6.55¢1 TRPVSEU oFzk ke #Ho|g)
t}.

2 Ao TRPV67F Z ol T2 Yol Eatal Ao g
o] EAHA = &AE AHEE A TRPVLSE mpxb7kx|= TRPV67F

- 27 -

il
N



Zgol sl 2 vkt & shAINE Zgo]l EAEHE AXUE Zao] &
A upAE o] o] &F L] V]so] o AE

a9y o] EAEHA e A=
bg o] AAE ol&dte] Aws HAYAMRE o] &7 witelw, ojg %
< QS on] g dAbEel oeiA A3 HE vF vk (Gunthorpe &,
2002; Benham -&, 2002; Voets &, 2002; Nilius &, 2004).

TRPV67} A3 9] MI%ﬂdlﬂﬂdﬂlm°@ﬂl% A AA7ss o
= onmArS 3] fleko] AlaEEt
Alolef Qle= ofm| Ak OPQYL}EL(aspartic acid), =F 84 (glutamic
acid), 3|AE|d (histidine), EFo]ZAl(tyrosine)o] EAst= F-9lo ot
1371e] WHolAE AAstdtt. o] WojAlEo] AxEe] pHE A= 7l
= A U otnlxAte® XghEW A E8] pHZF Wste et ol &
AekA] FetER SAE = AFake Aol7F e Adow oidsidn. A
A¥} 517HA ofn| ARl OF ASEARS ol AstEfl 07 X FA|Z] Ho]
A= S48 AFakel EAskA gar Wolzp Aste] d3E AAekA &
ko, 546HA ofu] Akl Elo]Z A #deEbd (phenylalanine) 0%
A ghet Wol A= vhE WolAlg Hlwd uf AFTE e WA velA Ad
of o]&3atA ¢ttt o] F WolAE AlLlst 11712 WHolAe] thsto] Al
28] pH Wslel] wepbA AF7E o9A wget=rtE &Rlst A3 5211
Aol 1Ag S| AEH, 523 A o] 915 Blo]2Al, 525 Ao $1A]5F Bf
ol 2 A1, 541 Aol AT o} ATEAL Fo] HFA < TRPV6S}E H] st

i

2 gt oY e
¢}

o

A9 pH W3] wE 73yt 22 2 et
of vl 7HA FAE 77 AxHJoR XFAZ WolAE  vHEO
MTSET AH#A 75l Hat7t Ql=AE gl & A3 52194 ofv| =

1S ol27|do g H3AF ASE Adshd BF FAZE el TRPV6S
z}o]E Ho] Fx gororm g TRPVE WilAo|r= 5214 olwn]Alo)

AE pH W3S A s F83% ofnwato s A o] A}



gelst7] flal 5219 F91E ofe] 7HA| opv|mAto® X FA|A 7} wWolA
9 7les a2 Ay 5214 JAEYUE of27|do R XFA7
wHol A S Adetd FAHe TRPV6S HUE 205 Ho] F4 gAY
7 TRPV6XETE pHell € WIZsHA wh-g-ah= Z o % Uebstth o442
AHRE EUZ 521HA ol w4kl 3| AEH-S TRPVEAA AXEQ] pHE
HA s E 7es ot Aow Wddssith

AZS] pH Wigle] wE TRPV6S 715wWislrt Axs pHE 7Ae=
ofn] A4kdt ofH AFHBAE AYU=AE A8 S BA opv|AbS
A|ZHRICZ A BHAIZL & MTS Al¢Fo] dAwht 2 HZst=AE Flshe=
HHH (substituted cysteine accessibility method, SCAM) & A] 3§33t}
o] & 54 olv]wAalS AlAEQOR XTI HolAE o ) A
sk¢l e, Fig.59 Fig.6°l 1 A%E A8}

o AFelx TRPVEONA AES] pHE A= 7les @3 7o
2} o idE 521WA ofu] Akl S| AEHE A AHRICRE X 3HAIZ] WOl
o] 79 MTSETE H@latxt ME8 pH7F 8.491 A% x| ¢k 1% 30%
T 90%9] AF7E AAFHAE o] R 521 A ofu| Ak A7} EA
278.23°0.% nlwd A7|7} & MTSET7} A37] 418 Ao w=FH o
RS Yudth. ey AlEe pHE 6.4% v A$ole MTSETel
o&f 5ol AA 60% olstz HAF7F AAPoZM MTSETe &gt oA
a7t AEe] pH7F 8.49 wWETH E& =g A vErsth o] 2> TRPV6
o] 71Fo] et A9t 29 e A§HTE MTSETH 2% avrt
T yepds Bo Fr, ok AT AAE AFAddE FIEc
(Yeh %, 2003).

521WA ofmizike] AJAHQL WolA 7k MTSETel 9] TRPV6S] 7]
SH3E op7lsh A 2El A 523WA ElolRAlS AlAEIQIO®R
218A171 WolAl= MTSETS J&FS 79 A ¢ 3oz eyt
o] 22 523W A olmiAto] TRPV6ES 7|sdH ol 5EHE &S 34# &
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sto g 71tk Wild type TRPV62] ¢+ MTSETS Jgks vk ¢
gJorm g B Ao A& MTSETS TRPV6 7|54 &vt= AlAH-
o7 X3 WolAo o3 dojtas FAAA Fuh

MTSET+= disulfide bond(=S=S—)& #HAIA F 719 sulfhydryl”]
5 3432 = (Akabas &, 1992; Liapakis %5, 2001) 521® A o] 9] %3t 3]
AEE2 MTSETe e gdiES omstal, o]z TRPV6S] 7]l
JFE = 7 v 724 W dojds vhE i pHIF HobA WA
TRPV62] 7]50] "otk R 4 o]o] o]2E RS 75s 4—5—
A& 7reE7lEd o sk = e JAdde A A7 ek F
Aolj&o] A o] 2FEE] pore FIE T Ag, Faol&o] o]2F L

X

A = AG, Fr0] 0] o]eER 9

2

—

o

FEUEE A0 oldd TEMBel d3 sl FhHE A 13
ol .
2 Aol AL pl 7A715S P ob Aoz A%d 521

WA opu] kRl SIAE RS T1 9127} pore helix -9l Z%-E He| Hoj

A 93, MTSETel & dAf{7t ot AE7 &K =29
disulfide bond®the =g A7 Hlwa AEJHF wEEHUvty yz=
MR £EE HoFa glormE Fholo] pore ¥AE AR e
OAY AA7ZA &ztel] 98 TRPV6Y 7l5S oA v 29
35 doA olAo] 7w W3R ooy Aolgt ddHTh FxHIE

do7l=A oF-E gRlsty] fsiA= TRPV6l thst & o]2F= 7]
% (single channel recording) & AAJ3to] FFao]o] Frhsitete A%
% (conductance) 7} ol EA] ¢k ZdHielA 71%EE (open probability)
7F RS gRldof stEE o] tish A5 At eTH T

L3 TRPV67F Gracol2oll o3& 7]sol 9&F= e 22 FAsql,
o]Zlo] Frxw st o3 dojd A2 F=
g gs] old Fxdste] o8 Ylso] Wstet=AE AWty Sl
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o 22 A7 Q3 AHolt. a4 2= TRPV6e o3t ZH =4
o] ol AWS Udo7)=%], TRPV6Y 75S XAdE Qo= oy A
o] 91=%], TRPV6S 7]%5& ZAdE ko= ojH HSo] Qx 58

AFsle] TRPV6Q 7)50]Ake] o3 Aald WM3alE nlads & 9= 1
o] vl s ojof & Aot}



v.a £

AZS) pH W] a] TRPV6S 7)%50] ows Wslehi=AS olu
7] 9% AFE AaAst] Qe ARE thew B

1. TRPV5$} wa7kx2 TRPV6E A|3ES] pH W3lel] we} 7159
3L} dojrt,

m] ke 521 Aol YA g s]AE]| o]t
3. AlEQel AT Fhol2o] 521HA ofu|akel | AE|de] A
st = TRPVE 7]so] 7Hasioh
4. gF-EFoIg w3t Bl AeAor BT pH gk ¢
A Zfole] Fiol Wy dojd & glow, o] ¥4
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Abstract

Functional regulation of transient receptor potential vanilloid
type (TRPV) 6 channel by extracellular pH

Young Bok Lee
Department of Medicine

The Graduate School, Yonsei University

(Directed by Professor Byung—1Il Yeh)

TRPV6 (epithelial calcium channel type 2, ECaC2) is known to be in
charge of calcium absorption in small intestine from the food. Besides
small intestine, it is also expressed in kidney, placenta, prostate, and
pancreas. The function of TRPV5 (epithelial calcium channel type 1,
ECaC1l), which is mainly located in the urinary system and have a role
to reabsorb calcium, is variable as urine pH changes. The amino acid
sequences of TRPV6 have 30% homology with TRPV5, but the amino
acid homology in pore helix is about 75%. In addition, their structures
in pore helix are very similar.

However, the extracellular pH sensitivity of TRPV6 has not studied
yet. Maybe this is because the organs where TRPV6 distributes are
generally insensitive to extracellular pH, and therefore, it’s difficult to
determine physiological meaning of extracellular pH sensitivity of
TRPVE.

One study has reported TRPV6 is also distributed in skin. As it is



known that calcium is very important for wound healing and aging in
skin now, there is a possibility TRPV6 may play an important role in
the calcium concentration regulation in epidermis. It is known that
epidermal and dermal pHs are different each other and their calcium
concentrations are easily variable. Therefore, this study was planned
to explain the physiological mechanism how calcium concentration is
regulated in the skin as the pH changes, for example wound healing
and/or skin aging.

First, the extracellular pH sensitivity of TRPV6 was examined using
whole—cell patch clamp technique. The pKa, 50% of currents are
inhibited from the maximum, was 5.71. Next, thirteen mutants were
made to find out the amino acids which play a critical role as
extracellular pH sensor. Among them, 521° histidine to arginine
mutant showed to be less sensitive to extracellular pH(pHe) changes.
The findings that only arginine mutant was less sensitive to
extracellular pH among six kinds of amino acid mutants on H521, and
the pKa was 5.02 strongly indicate 521°" histidine may function as a
extracellular pH sensor.

To explain the mechanism how proton affects the function of
TRPV6 substituted cysteine accessibility method(SCAM) was
performed. For this, the 521°" amino acid histidine was substituted by
cysteine and MTSET was treated. SCAM technique showed 521°
amino acid histidine is exposed to extracellular space and proton may
provoke functional declines by conformational changes.

In conclusion, the histidine, 521° amino acid of TRPVS6, plays a role
as extracellular pH sensor and it causes the functional declines not by

direct blocking effect or electrostatic effect but by conformational



changes through proton binding.

Key words: TRPV6, extracellular pH sensor, calcium, ion channel.

skin aging, would healing
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