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bo ZVINZEBMEENT AR, £ JITIESTHESEZE L, Al
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T, BUMERICRBI 50 TFHEZELE 7 c A~ U
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DETFT—HXTREINDS T EITH LT, KOICHIEED RN
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o 3 FIOEE Z G 52 L2 HIUIZ, X1
fEpE (Diffracted X-ray Tracking: DXT) %W T
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PEY 7 Z X8R FFEHEZ AW TRP 4 4 > F v X LEBNOS:ERE S EIGHR & S EEE DR 7

DHBLBHFRETH 5, B4 T —RAHEMREIC S < R
L CRRAIM O RZICHAE T 5, TRPVD (Transient
Receptor Potential Vanilloid 1) OEBfEIH #1775 > 724,
FIBiE, 754 TEHEEEBRTOATRIEONL2» -
72, NTHFAVVCEDBT—F 4 VI EREO—REEL
ENTELDOTHHT 5,

2. V54 FEBIHEMBITICE S TRPV1 iS5

19894E{Z Craig Montell HiC k> T/ 00— 73N/
VeV aUNLO rp B TIE, RIS H 3 528
TR OIS T = 12, —@#EOFE’L RSty
(transient 7 receptor potential %74 ) ZEHEFE D JF A E
BT ThH o729, MOBIET /N T 1 V7 OFNITRHRNS
trp 1B L THI0FMRIC A VAR ED 7 ORZRBIE T
MIHED BN/, ZOKE, b FTE27TF » VITES
A—/N—7 5 3 1) — (transient receptor potential (TRP)
superfamily) #HER+ 45 EDMON LT -T2, 0D
i, W, BB k> T6oDY 77> 3 Y —, TRPC
(canonical), TRPM (melastatin), TRPV (vanilloid),
TRPML (mucolipin), TRPP (polycystin), TRPA (anky-
rin) IC0 6 TED, BROMELFEDO TRPN (no
mechanoreceptor potential C) % & T, BfE TRP F«
FIE T ODOFT 7 7 3 ) —ICHHS N T 5,

L [alFk % 73 FEIREFFFEIC AV 72 TRPV (A F O
WG TH AN T AV V/DOZEEKELT, Ty FERM
#Hi (Dorsal root ganglion) ® cDNA S 4 751 —» b
JHa—=v7E3n®, TRP F % 2 VICiE, BEROV T
FINZ L OEEALT A<V FE— FIEEERTHONE,
TRPV1 &7 794 v/ Ofic, B (7o) 27
FUEIFFORIERYE, WERE L L ToO (43C
Pb) itk ->THHO$ 4, IAFUT AlnF v 1V
T#H % (Fig. 1), TRPV1 A KIT M C At/ NG
(A #RAE) R EO—RIFEMEICL S RIL THH, &
LIS k> TRASPHARAER T AREZES L L UE
WTW5b, ZD7-8 TRPV1 Z B EOFHHHER OBEER
i, ERAPBOBEL O LRI N TV 5,

TRPV1iZ &7z, 754 A HEBEBEN T MMTEL HWT,
BRI 2 7 E & L Cded TR+ 55 ffgE TR
ESIN/GFLLTHIRLABN TV A, David Julius
& Yifan Cheng O 7 )V — 7%, K#L 72 TRPV1 © #m
TG A 2 W R ) <~ —D 7 v 7 4 L (Amphipol
A8-35) rE¥AT S LT, HEME KGN AR ES 4
7o SHICHRHMEINIZT AV OETEHERH D A S
(Direct detection camera: DDC) %\ % C & CEimEE
&% B8 7=, DDC Ti% CCD (Charge coupled device)
DEDICVVF V=R EN LB F-HERELE L
7, gloLh—bE—E—FTERELEGY [Ih] ik
L CERNEDHE S L (Motion correction) 73T HE 7% 7
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Fig. 1 (Color online) TRPV1 is a homo-tetrameric cation permea-
ble channel that is activated by various stimuli such as capsai-
cin, heat and acidity. Cryo-EM structure revealed that the
TRPV1 channel comprises dual gate system with the upper
gate functioning the selectivity filter, and the lower gate near
the cytoplasmic end of the transmembrane domain.

&, BEFMRBHIC XI5 #ME (Beam-induced move-
ment) #[ELET 5 ENAERICE 70, SHICAT—Y
REMEOR\EEREE FBEMEOFH & HEiIC k5K
BHBGOME, A AFHAAFeHAL RkEmOa v/
a— X =775 L NEOREINTED, 100+ X)L |k
VOYTAZ g P PAEEE > THRSINLIEKR T VN
7 BOWE R, HIRRES.4 A TG L 227,

ZD3RILHEEP SWH O NIk > /o F % FIVHEBD A
A VB, KE BV D IIc ki X, S5, S6
s B R AR AR AE 3 A R 7 )LV — JHEBRIC & 0 SRR T
HENTW e, INHIEFMEROSAFEICMEL, OE
FERRSZ T v FOVIRIRE, A4 VEIRT 4V x—L L TO¥
ENME SN/, TRPVI T 612, MEMTICD
S6 fHIKD679F A V1A v (5 v I TRPV1) TS
NARELMDPHFEL, THr—reFE26NTW5H, U
TV FETEEILL T, A4 VRF vV E@ld 5720
12, B, FTHoO2 5075 —F @Bl kg hnide b
72\,

FRFICREE SN2 2HOBLTIE, 7THRMEE (VHY
FIEEEHD) oftic, h 7oA v uEafly, BU LD
YAV FTH LMk (Double-knot toxin: DkTx) ¥k
UNy W7 F U VRO T Ay 7Fas, Ly=7
7 FF ¥ (Resiniferatoxin: RTX) #& R OfEE 46
HEINTnwb, 7TdZAFTHL ATV A /03, BENHE
BOMBEIEET, WESLSY 71y FREICERINS
Ry MITHEAEL, R7EHOIY%, 75 A 4+ EBEBENT
T, Ry FMERICH T AV ORTEESIHHE SN
TR, BEOEA 7Y A v ViR E OB %
& CTRPV]1 LfEET AHZ EHRBEIN, —FH7X—F
OB DWW TIE, DRTx/RTX fEE&F Clid B3+ —
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FrEnFENIC46A 5774, 5.3A 593 A OmEBEOIIEMN
TERSIN, BIBE L L TAA VDR ED D5 PR h
Too —HANTHA /RN, TH7Y— 1 OIE (5.3
A->76A) BERHOLNBLDOD, Ly —FEdRAEL -
FETH- 728,

NTV AV FFE T TR S NS E, %< OFED
WEea Ty C [PfEE (closed form) | #mRd5Z &
IZ7 o 70, A AMSEMNTIT disorder FHIK 2 B\ 72
miniTRPV1 T Tk, Tix V7B i
FRCIIEEBRELHICHAE L TV VERME 2 & 3 S0 T B
HZTTWATD, T L SAERRE L RELL Tzl

e b d 5, LrL, BTV AV U/EERTTETF v 3L
BOICIIR T TH 5 L emB L T\, £ TL Dk
OFINCIANT T, 235 F F AA VOEE) % @K « &5
fRBECHRENT CE A DXT # W TIT 52 & & L7z,

3. DXT i&IC &5 TRPV1 DEENRER

3.1 DXT 9 FEBhEtilli%

DXT (319981 2« RHIC & o THREIN:, X%
FIA L1 et <cd 59, DXT CTid KCL AR EC
IEXFV v VE I, 20-60nm EEEDO K& S0,
et OmWe T /fEmE R 5, Thbae XV /N7 8
ST OBERRALIC S )V L, SPring-8 7z & Ok Ak
SRR CRHEld 5 212 XD, BRI FONIRES)ICH
B L 7o)/ #Ee O AL & [T B S OB & & L THg5-El
B4 % (Fig. 2a), DXT TiZ AHd 5 X Ik L THER
Jimy (tilt: 6) R nJiE (twist: x) O 2 GlfEw® % S
T5, MHAESMERIIER T X Emtmor s v
ARGV TN ENASHEOERE (W ASE) ITEKET
BH, TNETDETA0.1~0.01 mrad BEAEB L T
Elce TOXMELGTFEYEDXT X, & FAHMOMEL

Trajectories

Detector

a
Diffaction
spot
X-ray
Gold
nanocrystal
TRPV1
b

Diffrateﬂ X;ray Tracking

Energy [keV]
=== = I T I TS S RS TR Ty PR

diffraction images from
Au-nanocrystal
——

Fig. 2 (Color online) The DXT measurement system. (a) Schematic of the DXT data collection. Pink-beam X-rays
from the SPring-8 synchrotron radiation facility elicited trackable diffraction spots from the gold nanocrystals.
The trajectories were projected and analyzed on the y—6 coordinates, separately. The central panel shows a move-
ment of the diffraction spot, and the right panel shows trajectories from Au (111) spots. (b) DXT measurement
system and the X-ray flux in PIN diode detector for the incident beam. X-rays from the beamline (BL40XU, SPr-
ing—8, Japan) with energy widths from 14.0-16.5 keV (undulator gap =30.1 mm) were used for DXT measure-
ments (left inset). The sample-to-detector distance was set 60 mm in our DXT measurement.
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HEEAFHITE 52, WEEENICHE S5 - aA—F L
FEOMBRENET, WEREEEINE) / Bols
SEIRZEPABEThH > 7o, BIFEER T DNA LE AKX /8
7B 15 FWNEEBI OGN L T 51010,

DXT Ok&EkBEL LT, HFEOBEWXHE T O—7
ELTWVWEDOTERBETHS (AERE Cmrad A7 —
W)o FhEHEE XHEAWAZ L TIA 7 0BF —X —
&\ o 72T OREBRIC B S IR COFH AR E T
%o S DICHEWEMTOFBARTEET, K7k pH DEE
BETICBWGHITE AR ERBTFOLNG, ThbD
FIEIC 0 B AR RERRIEIC & B EB) 23 W] BE 2 Bl
THb,

#5213 SPring—8 ® BL40XU TAF - 7=, DXT TidF+ /
Fdh D OEIPTBE S OB & % EEFE S EE CE T 5 /-
O, EHEE» O T FIVF—IEBIE X #R AL (Fig. 2b, 77
FE AT )V AE/E=0.08) BANLEETH A1),

U PVBBHREL THVN I RXBEEY v v
A —TAMPS I VB —F —OBRRRFEZ 1TV,
BEEBOXBAA—IAVFT VYT AT (BRT 7
F =7 A V5445P) LRIBE s ME AT AT (7 x bV
FASTCAM SA1.1) #HWT7 LV —AL— 1100 u 1
FHEL, BARY FH7201007 LV —LADOWELIT-> /-
(Fig. 2b),

3.2 DXT Ik TRPV1 DESRER

U A7 FEEIRED TRPV1 OMEEh & B % /212, K
%3 S1-S2 )V—"/ (VSL ) &, S5-Pore —7 (R
THEE) 12, Blallet /KR EEL D A AF A UK
T (AFFZV/ 75 AR—) BEBAL, TNZhO#E) %
BEL/c, NRKEWICBEAF YV R THEAL, Au/Cr
TG Lo H T b ER EICER L 72 Ni-NTA B O
ficks & 472 (Fig. 3),

FIFILIEA S E TOR VRIS T v VO ZHRALOEH)
3EI2TWALEDEADIP? TN OHESEE 1
FEBREWMM L, EEEE T - 7o, MITICIE 2
DI ExRTE -T2 —2IFFHHFEZL(. (Mean square
displacement: MSD) Hifi T, &2 1 Dt & EE)OHEEHZ
ST T VHAELTDH 5,

MSD fifR O & 20 5%, “FHMER M A B T X
BT, BRIV EE OBLr D, ZOERBELT S5
VEBICBT 500, BEVRRLONTNC K - THE &
DR SN TEREOEBEN D kT HE W ES), H50
3, A Ko GEBNB TTHE SN/RRETH % 0 DX
MTE D, b5 1 OOMEENER S A FNT TIE, KHERD
EDO LS8 A L TS0 E S E L TORLZDT
B, —DDOREILHI YT VA TRINDH—OEH
INZ =V efo T D, B5VIEERRLESHRA R
BRORE 2V —v a VOREGEERTH LD w45 C
ERHRETH S, TNENOES %, HXEE (§) L[E

S$1-S2 loop
4

S5-P |
;o ° 3 Met-tag

Voltage-sensor
-like domain

Pore domain
(PD)

Ankyrin repeat

Fig. 3 (Color online) A voltage sensor-like domain (VSLD) is
composed of the first four helices (S1-S4) and a pore
domain (PD) is formed by the last two helices (S5 and S6)
and the intervening pore sequence. Capsaicin binding pocket
(colored in yellow) was assigned at the interface of adjacent
subunits: located between the S4-S5 linker and the S3 helix
of one subunit and the S6 helix of another subunit. For
specific binding of gold nanocrystals to the TRPV1 proteins,
Met-tag sequence (MGGMGGM) was introduced at a S1-S2
loop (for VSLD labeling), or a S5-Pore loop (for PD label-
ing).

EE) () IS ML, KEEESOEFEM (MSD) T
L7 FORER, 6, x ODWFTNITE VT, S5-Pore D
HEOF B S1-S2 )V—T I D L KEWT LRRL T
(Fig. 4a),

VSL B H MY T 2 BEERZEF « RIVOEME YV
V=&, RYT 4 TF 2 —V%FEONY v 7 ADOZERIAL
BAEEZ CEMELEZRML, TN mEEREK 5+
FVEICR OGNS L D1, 2EEEEORT F AL (2
ZTC& D S5-Pore-S6 HHIKICHY) DA THF v FIVE
LU THAET b % D72 Sh-Pore & Hiiii L T S1-S2
W—TDORPELEPKEVEFHEINAZ, L L DXT
DfERIE S5-Pore DA K EVEF AR L TWo, BXZ
ORTHEBTIEY T FIFENC K D/ NS I TR G ICHE
BEARIRES DI, TRIVE—EREEL £ TH TR
R fTHONTHAEDRES D,

3.3 UH> REEFEEDO TRPV1 OHFESH
HFxixZOREHNT, h 7Y vEERO TRPVL
OFEBEN AT 7% - 72 T E[REE MSD 7 —7 #{ERL L
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TAhbBE, RT7#HE, VSLFEKWFNIZESWTL 7Y
AV V/ESIC LV EEOMKAHER I N/ (Fig. 4b, [0z
HE) y DARER), N3 dThbb, B 7P A v/ick
N XV L7 I OEER ST L TOBHEERL TV A,
LI A ZOEEO EHIE, R7EFHELD SV SLHEK
TEEICBE SN, —Ji, A7V A4V v/ OBGHERT
»7%5 AMGI8107% EH & & 7-35& OEFF I L 1775 - 72,
AMGO810i3 1 FH A 2 /23T, 71k v,
TRPVI x4 B KRN T FIZ X BERSIASH
g5, HEFEIERS®BET D TFOT S5/ EFR
HWH=NBTHHD Lo FHEFHMIC, AMGI810% X
ISR BIZ o T A vV RREER S ITTHEI NS &
2, BIRROE RSB LN,

3. SATHALT4IVEZYTDEA
MEEN A S DICFERNC IR 572012, £ COMESOEEx
HExY TS5 AHMH &< AT AFED2 D150 THEN

NEA#MML_ﬁ_f_f_ﬁ
-1
| “
o
S -ulnll“l“l||||||“““H HM||||I||...
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0 . . . ,
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Fig. 4 (Color online) Mean square displacement (MSD) curves and Gaussian distributions were obtained from the
trajectory analysis of gold nanocrystals. (a) In the native condition, fluctuation at a position of S5—Pore was
higher than that of S1-S2 loop (left), which was also demonstrated by the different peak positions in the Gaussian
motion distribution graphs (right). (b) MSD curves for the x axis shows the enhanced movement of TRPV1 by
the capsaicin and competitive antagonist AMG9810.

L, EEEHEOBRAERAI, ZOB, /378 L
(Hifao s ) 20 & B7cKs O M/t Sk OEENZEI L T,
FEERORN Rt R (CW), AEEROIRN % K
Fihhm (CCW) twEEL 72, L2 LERELAD, [k
BOSAMRL 0" 2 LICERHSITHMAL, [BE)
LT 5 ERIIE NP7, BPOE2ZNEZNEE
BMAROZ & TH Y, MIERR A EHRICEE S Tw
5F % VD B ORI\ D it 5 T EiTEL,
BNICDBT /2D L TOBITE W,

ZZTH A, EHEREE A IR L fo T — X T AT D O
LE LT, & /FamroBohsETEIT, EREbY
HEFSVL 7 P —EBET B0, BEELOT IVF—
BCTHONLHEBL BTS2 L3 TE, HOEE
PHEONAESIIENTH LML S TORMMNE
<, BUWHEE)» HE LN A SIS EERHIAR Y, £ T
K2R3 EoN/T— 2 EEOMGERE (54724 L4)
TREILT, &%ICOWTHENETE- 7,
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MEREIRFRE 0~2.0 ms DS A 7 & A A O S OR
T, VHVEFICEEERZDED BoNEP - H
(Fig. 52), 2.0~4.0 ms OHFEE S 4 7 X 4 LOfFNT T,
ligand-free & capsaicin IZ 5\ Cit, S5-P & S1-S2 &+
LOBERICEB W Th, YA FATRIDEERNA T Z)HE
Ran/- (Fig. 5b), i Mifim Py K 2 F b Bl e L7z
2 N7 B OMBAS A, KEETHE D IZEIS N T A% TR
LTWb, 754 FHEBEMN TS L TlEIhe
DkTx/RTX fEEH TR ONAH LD L FEFEDOIER) S D7
O, Fr FVEBIRBICE S E/ A T ATh 5 L HES
NnNic, BBREVWOL, VAV FERGL T TR
TRPV1 &BNA T A% Rm L7122 & TH B, F v R IVTT
FEICBIRRBIC I 7E B S 7 2% R L T b & E %
bz —77, BHER AMGIS10% N 2 7= & DTt Z DB
FEpNA T AZHEE L, S5-PIL—FTiddE/ N4 7 AIREE
eV, £72S1-S2 )V—"T T TS5 AHROMEIEEN AT
AMHER SNz

TR N TV A U AEEGTIOEHOERT, R life-
time ¥ —% (Y- < VEEF)) CTHFRICR LN/, K

a S5-P loop $1-S2 loop
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= 00w @ Qg R
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Fig. 5 (Color online) The mean plot for the angle x at different life-
time groups. (a) Data for the short LT <2.0 ms was mostly
non-directed or slightly clockwise (CW) biased at both the
S5-P loop (left) and S1-S2 loop (right). (b) The medium
LT group (2.0<LT<4.0ms) showed CW bias for both
ligand-free and capsaicin, while AMG9810 showed non-
biased (S5-P loop) or counterclockwise (CCW)biased (S1-
S2 loop). (¢)The long LT group of 8.0<LT <10.0 ms: cap-
saicin sustained CW bias while ligand-free showed CCW
biased.

FKAEIRETE] 8-10 ms DV EEN O 7 — X BT TiE, h
YA 2 Tid CW ODIEGHE) /N A 7 AL L TR S
N7zoizxt L, 78 TRPV1 Tid CCW OEFE AR I hiz
(Fig. 5¢) .

3.5 ATV ALUIRZIHERGBERWN =S FEHR
#

ATHA Y VEEERT v FiE S3D511FF Y /= S4
DB50F AL F =V EDOFRIEL TV S 1 4 (Fig. 3a), FEE,
SUFRFTY VET S V/ICE ZIERK (Y511A) T3,
NTHA /R T BRIGHRAERT 5T ERmb T
51 (o vRISHEREFEINTS), £ TH~
X, AT A VIERZWNCTh D YOLIA BEMKE WT
DTN HFT 7> 70 UV FRFLELIVIRIET
1%, S5-P, S1-S2 VL5 DBIESICB W TLIE/SA T A
RETH->Tzo LOLATIA YV EMZ S E, Y511A
OEE I CCW O [Elfiz/ N A 7 A2y 7 + L7z (Fig.6), C
NIRRT~ 727 R TRPVL IZBHER AMG98107% i 2 7=
R EHELULZEBINXE =V ThHoTo, BXZHL TR
TRPV1 23R L TW/cBHT A DB A T AR
12OTHHD EEZ2 DN,

3.6 EZE
INDORERE, £IZ7 54 FBEMT CHRES N TV
% TRPV1 OEBER M O, A3 W T T AV /IS kDG
WAL Z KD L S>i1IcE 2 Tw5 (Fig. T), 754 4
RN CHA BT T o T A v /RS GRS, Ty —
FOABAOL, By —FEALEETHHY, HoliH
HEI N/ AL E TRPVL O 5 4 T B TL, H
THA VARG T E Tl — PRI E o< T -7
FETH o2, SEIFkx PE/ERTIE, 78 TRPVL
b H YA VS TRPVL S RIBEIC, I+ RIVBIO M
NDOEEENA T A% Fr> TR, ZONAT AT A
VUBHIZEDRNT A T 2 A L RO & kT S 1
TWeo CNOORBEAREL TEZDE, W TFA YV

20 40 60 80 100ms

TRPV1 (Y511A mutant)

S5-P loo S$1-S2 loo
® Ligand-free
o 0.31 o Capsaicin 3 § ‘} B
Al
= 03
0 1 2 0 1 2

At (ms) At (ms)

Fig. 6 (Color online) The mean plots for the angle y of the long
lifetime filtering (2.5<LT<4.0 ms) for the Y511A mutant.
Ligand-free Y511A showed non-biased (S5-P loop) or
slightly CW biased (S1-S2 loop), while Y511A with capsai-
cin showed CCW biased both at S5-P loop and S1-S2 loop.
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(closed)
Apo TRPV1

Dynamlc view
(our results)
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Fig. 7 (Color online) Proposed model for capsaicin induced activa-
tion of TRPV1 based on DXT motion analysis. Cryo-EM
structure for the capsaicin bound TRPV1 showed closing
conformation at the upper gate. Our dynamic analysis using
DXT technique demonstrated the long-lasting rotational bias
toward clockwise (CW) by capsaicin, which may lead to ion
permeation at the upper gate.
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the target proteins we
wise rotational bias w

was not clarified only

Abstract Capsaicin induced intramolecular dynamics of TRPV 1 channel was analyzed by the Diffracted X-
ray Tracking (DXT) method. In the DXT, gold nanocrystals were chemically labeled onto the tar-
get molecules. The diffraction spots generated from the gold nanocrystals were captured by the
high-speed camera as time-resolved manner. The molecular fluctuation and rotational motion of

re evaluated by the statistical analysis of the movement of diffraction spots.

Lifetime filtering method that stratifies the analysis by the bright spots duration depicted a clock-

ith a very small diffusion constant in the vicinity of the extracellular channel

pore. The results provide a glimpse of TRPV1 gating mechanisms induced by capsaicin, which

by the cryo-EM structural analysis.
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