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Sarco (endo) plasmic reticulum Ca2*-ATPase is a representative member of P-type cation transporting ATPases
and catalyzes Ca2* transport coupled with ATP hydrolysis. The ATPase possesses three cytoplasmic domains (N, P,
and A) and ten transmembrane helices (M1-M10) . Ca2* binding at the transport sites in the transmembrane domain ac-
tivates the ATPase and then the catalytic aspartate is auto-phosphorylated to form the phosphorylated intermediate
(EP). Structural and functional studies have shown that, during the isomerization of EP in the Ca2™* transport cycle,
large motions of the three cytoplasmic domains take place, which then rearranges the transmembrane helices thereby
destroying the Ca2* binding sites, opening the lumenal gate, and thus releasing the Ca2* into lumen. Stable structural
analogues for the Ca2*-occluded and -released states of phosphorylated intermediates and for the transition and product
states of the phosphorylation and dephosphorylation reactions were developed for biochemical and atomic-level struc-
tural studies to reveal the coupled changes in the catalytic and transport sites. Mutation studies identified the residues
and structural regions essential for the structural changes and Ca2* transport function. Genetic dysfunction of Ca2*-
ATPase causes various isoform-specific diseases. In this manuscript, recent understanding of the Ca-ATPase will be rev-

iewed.
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HZEBHEMNITIRD, RIERFRD =D D5 TH
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Ca-ATPase |%, ATP @ y-U > &% K5 Asp 7%
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TS, RTIT10REEE@ESY >NV T, K
ERMIEERIZ3 DODORA 1> (N,P,A) 2F
k9% (Fig. ). ATP 75 J > U DfEE R
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Fig. 1. Atomic Structures of Sarcoplasmic Reticulum Ca-ATPase, Ca,El and E2(TG) (the Enzyme without Bound Ca2* and Stabi-
lized with Thapsigargin) (PDB Accession code 1SU4 and 11WO) 10.1D
Arrows indicate motions of cytoplasmic N, P, and A domains from Ca,E1 to E2 (TG) . The auto-phosphorylation site (Asp351) and primary cleavage sites with

proteinase K (PrtK), V8 protease (V8), and trypsin (T2) were indicated.
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(Fig. 2) T3 dEI N5 2 HOMILE Ca2t 2
o FI RV SR AP (R B AL, Kq=~0.5 uM)
~NFEBT B Z EITEK D T ATPase NG LS (R
T 7 1-2), DT MgATP (Kq=~5uM) N5
U EEEEDY Asp351 TR L ECY > E (b R
(EP) WS 2 (AT v 7 3-4). ZDEPIZ
ADP & i L T ATP # 4 T & % ADP &2 &l
(E1P; ADP-sensitive EP) T, k&AL d Ca2t 1%
Z D EP BRI EWDOM [N 5T 72 XA TEan
BHEINZIRE LD (CaEIP). XIT EIP 1
ADP B2 % @ E2P (ADP-insensitive EP) 7 &
PEAE L, R EBAL I N 2 & BRI N T D
LIETL Ca2 AT E NG (AT v 7 5-
6). E2P OHEEIT/R2 &, FERMKSFITKDT
VU RS S QBB FREE 7R D, E2P H3i0K
GRT D (ATv T T7-8). ZOHYAIINZ1PBH
720 e R~30 |lEs L, EP ®E(k/Ca?t i (X7
v 7 5-6) NEETHD. Iad, Cat fHITHEN
IS HT 2% Ca2t B FITHAa L, ROYA
7)) THIE RN S 5 O THEICE AT Ca-
ATPase |3 Ca?t, H* R > 7 Tdh 5. JBEME Ca*
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TlE, mEAME Ca2r #EEEAMA 1 DTH S 2Dk
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Fig. 2. Reaction Cycle of Ca2*-ATPase

The ATPase is converted from its inactive form (E2) to active form
(Ca,E1) upon binding of cytoplasmic Ca2* at the high affinity transport
sites. The activated enzyme forms auto-phosphorylated intermediate (E1P),
which then goes the isomeric transition (to E2P) and releases the bound
Ca?* into lumen.

3. HARRE 3 KA EESREE(L L Ca’t Hk
BESICKOMHAINZIE) CBALBRORETL
NIV D G CaEl & B2 (TG)  (Rr BAYRH A
5T —F 2 THEE I NI Cart fEA R &
H2E, flED3 DD RAL > OESIRENKE
<HE72% (Fig. D). 101 bbb nid@Ey 1 7))L
TRAA VESGRENEDXISITELT B0, JO
T+ —t K (PrtK), V8 7O 57—+t (V8), LU
72> (T1, T2) 1Zxd % & R O Kb % fif
FrLUTHS NI L. 1920 2 5 OYIEERAL TlE R
A CMEWIZEEN TW S EEIREICTIB S5
L, E8TENHREEICED 7057 —P8RIR
AAREIC/2 13T TH S (Fig. 1). TORERE, M
f'B 3 RAA VIFBHFIC RS 4 HOEAREEZE
k9 ENRINFZ (Fig. 3). CaEl TiZ3 R
AL IFEENTWS A, ATP 4835 & N-P R
AA AL T (ATP THEIN) VU D BEERE
WEZ% (X5 w7 3-4). XO EP EM(k/Cat
e (X5 v 7 5-6) TA RAA IFKEL MR
LTP/N RAASIZEEL, mba2 )N N
HIREETH 5 B2P VBRI N 5. E2P /0 (R T
v 7 7-8) ITfEW3 KA1 T B2 0ESIRE (A
RAAVIRELFEAL TWDA, E2P X 0DIEFH0
fEEIREE) 1T/ b. IS OEICK D, EP Rk
ft/Cat WHAT Y FIZBIT D A RAAL > &2HL
ELAIRE 3 RAS S DRERFETEZI RA A
MOREE TRIVF—0, B oME 22 E
Ca2t ZNBICHIEE® S, WD TR)IF—4H
DI ANGRS RSN, T LTEOEEEZHS
MITT B T &N Cat kR DA E Y
O—FThd I EMNtEMINL (HE 5., 6. ).
Flzbhbiid, ZoXLSITHSMIINZKHHE
RENTNOBWEREEIEREE LT, H#HIES -
ELTLE SPRKICOW TR ERMEY o
7EREFEL, MiEmTcE Lz CHE 4. 21).

4. Ca¥* BRBRUVIIFEER ) S BhEKE
E7 07 DR

bbbl Ca,E1-ATP BiRAEE SR, KOV
>R LA G B4 IR AE Ca,E1P - ADP¥, Ca,E1P*
D7 Fuar g cCat F1E TN ZE i AMPPCP,
AlIF, (+or—ADP) Of(&GTHEKkINS I L %R
L 7= (Table 1). 1920 AIF, (AIF; & % Wi AlF;)
TRZTORAMIEAIEEELT, YINIZTLET
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Fig. 3. Four Distinct Arrangements of Cytoplasmic 3 Domains (N, P, and A) in Catalytic Cycle of Ca2*-ATPase2?

Table 1. Formation of Stable Analogs of Ca2*-bound Phosphorylated Intermediates2%-22)

State of EP formation

(configuration of phosphate)

Complex formed

Nature of Catalytic site

Ca?* at transport sites

Ca,E1-ATP
(enzyme-substrate complex)

Ca,E1-AMPPCP

non-occluded

Ca,E1P-ADP*
(transition state: penta-coordinated
trigonal bipyramidal)

Ca,El-AlF; -ADP

occluded

CazEIPi
(transition state; penta-coordinated
trigonal bipyramidal)

Ca,El-AlF,

hydrophilic

occluded

Ca,E1P
(product; covalently bound tetrahedral)

ElCa,-BeF;

Hydrophobic,
ADP-sensitive

occluded

Ca2E2P
(isomerized from Ca,E1P and trapped by

E2PCa,, E2Ca,- BeF;

probably hydrophobic,

occluded

elongation of A-domain/M]1’-linker)
(covalently bound tetrahedral)

ADP-insensitive

v FAVEEIRICEE XN, Z DO apical il 5
F (BRI > EBALEBAL Asp351 {{#]§5 & ADPB U
CHEED BT H,0) MEALL T bipyramidal #5&
2T S, L7=->TAIF, 1%, “in-line-associa-
tive” 7RBEFIC K 2 U DR ILERRE & NTK o3 iR B D
B IRAE @ bipyramidal #iEICHEIE 725, Db
L X 512, CaEl & BeFy ORERE SR CaEl
‘BeFy 2T 2 Z EITRIIL, ZoEAEKRIZY
SR CaBIP (3 7xb B MO ERY) Otk
BEFEFDOIEERL. 2P BeFy OERAMALZERNMEE

ELT, NXUYTAEF3IDDT v EDIFINITHD 1
DOENLT, BIZET ZANTF D EBABEO#E S ZE
BEEAT U tetrahedral #i& 2R T 5. L7=215 T,
BeF;y I3 AHEG LAY 8 (T72H 5 Asp3s1 7
DIV ) OMLEMEERZDTHS. I5ITH
nNoNL, IhoEBRESERMOY FOrEG
ROWE ZIT L, ZEBBIRE CaEIP* /n 5 CaEIP
RAERT 2 DITHEN, A RAAL AR &I
DU [aldR U Al 50 OO PR SR PE Dy 5 BOKPEIZ K
ESAMNTRHZEEHSNIT L (Table 1), filit
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AT HyO 7 FEBEBRL T 2L 2B O ISR 7
MK BRZER <HEZEETLHDTHAD. B

Z DAL D LI RN Ca2t Bl AL DR 7 Y
(Ca?t ZBZEL £ %) BRMITELLL TWE,
Cat ZHT 5 REREEZFIESE I T /2DDHE
EEEET DI ENDhoTz. Z0LDIT, HEIC
FELTLEINDZICINETHLENZIIN TV
78N> 7z Ca,EIP OfdER k2 s MicL ¢, U >
P At RAR % Bk RO (CaEl - ATP —> Ca,EIP -
ADP* —> Ca,E1P* —> Ca,EIP) 23T 5 fift it &
AL DOMEEE L & ZNITHE D R AL I BT % Ca2t
PHZEDMRE KEED =,

2DV CEALKISITII KT & U TABMICIE
Mg2* WILZETH 5. AL D Mgt & Ca?™ IZ
A5 &, Ca,BIPIZREICZEL, E2P NDR
PAL DN ZFIIZEE < 725, CayEl-BeFs; Ol EiAr ~
D Cat fEE DB a i U s R, Mgt & Ca?t
DOl EEEE & B EIC BT 2 DT MR ENITLD,
MIRE 3 B AA > OEGIRENRE S HIRD T L,
Mg2* TRk L 7z Ca,E1P Tl iH I E2P 17 B4k
THHE (TRDB A RAA 0ETEERL 726
&) ZEEL TWBEH, Ca?t TIREFOEGIZIEE
S TH5T, BBIRAE Ca,E1P-ADP* IZT W HEE T
HDIEMRMOT. D Tlabb Mgt OfKT &
U COEMPERENHEENICHEMA I N, mE Mgt
AVGHTR Ca?t Wik Z FIREIC T 2 A B & 75
7=OTH 5.

Ca2t JEfE G I (JHIEY) @V > Ee (b AR,
E2P @7+ 104/ &L T, BeFy, AlF,, MgF;” ® %
U By SOy %, Cat JERESMEEE B2 ITHE
IHEEAEKZER L, E2P H/K 5 iR Kb IK 5
(E2P +H,0 —> E2P* —> E2-P,—> E2+P;) ~

D W8 It g 2 A b 2# 92 T o 7= (Table 2) .2V E2-
BeF; 13 Ca2t f{HE % D E2P £ KIRFE, E2- AlF,
VIR R DB IRRE (E2PF), E2-MgFi 13K
MEAER (E2-P) OEY FO7 Tho 7.
MgF7~ I3 tetrahedral #1& 2 & 57, ZOXT %
AENY YL BRI Asp3ST HIEEES 1213
BEHEEMTERVWO TG-S 2 P O
LG LD, ZOXDIT3IMEOY DY FOs O
AL S S FRlRE 2 L. 35
WCINSGREBREGRORMZ ML T, E2P i
K53 iR SO 331F 2 il 50 AL & Ca?* ik EBAL - ik
HIRICBITSHWEZ(ZHA SN UK. E2-BeFy
Dl BT 138 < BKETH U, E2-AlF, & E2-
MgF;™ TlZ Z DR N RD N E2 & RIBRITEKME &
o TW/, T/abb E2P HEIRETIX, R
H722 5D H0 73 72 HEfR L, RE72 H,0 51
M7 IV 7 B LS % M ER AL O #id & Ordsr
LTWwd, Cat 2352 &/aLiT, CaE2P
THAKRDENREETLED 220 <00 ERN
FETHAD. F£7- E2-BeF; TId/MNakNED
CaX* M EIILICBERICT VB A TE %M, B2-
AlF, & E2-MgF;™ TR 7 7t XIdm< RN T
Wiz, WEAD Ca*t ER, &> 73t/
Wi — b Z2B U T, Wk Ca2t OMIfaE DRI
HUZ<HEEZEBET 50ENHD 5. E2P LK
REED 5 B AR RE AR 2G2S LT D08, £
NCHZRL T — M Uk 2SS 5 2 &n
HOENIRo 2D THS, 3HEOT7FarEaeikix
SCTLHARGELTHE<SHAELRNL, K15
AIYEfL - RSB, ROk EIET 1 s HRREL
THE<HE - ALV, 2

Table 2. Stable Analogs for E2P Hydrolysis-reaction States and Their Structural Properties!®-2V

. . . Nature of Ca?*-release pathway

State of E2P hydrolysis Complex with Nature of catalytic o

. . . (accessibility of lumenal Ca2* to
(configuration of phosphate) Metal-fluoride site .

transport sites)
E2P ground state E2.BeF- hydrophobic open
Be

(covalently bound tetrahedral) } (closed) (accessible)
transition state B2. AIF~ hydrophilic closed
(penta-coordinated trigonal bipyramidal) ¢ (open) (inaccessible)
product state (E2-P; complex) E2-MeF2- hydrophilic closed
(non-covalently bound tetrahedral) gt (open) (inaccessible)
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5. EEEERA ) CBREPREDEFEET
FILMBBAMNE N7z Ca2t Bk D{LHE M

EEOICRDEPRHEROREMEY 07 O
b & JE T REEMBADNK 2 1278 34, ik HERE O PR R
MAELHEREL =, 10710 P-type ATPase 72D & 74
57, Ky 2N T GRS, AR
F—ipft, WlaA A RAFZAY A EZDRFEIC
LDRERIED S FHBE VS B ANS D IR Y
JA—=F T IREHRRETH S, INETITIEY
LB R D Catt H AR K UIEHGERIET IV Ca,
El X' E2 (TG) IZhA, & 512 CaEl-AMPPCP
(Ca,E1-ATP # &1K), CaEl- AlF; - ADP (Ca,
E1P-ADP! B IRHE), E2-AlF; (E2P* ELIREE),
E2-MgFi~ (E2-P; 5 &1K), £ L T E2-BeF; (E2P
ERIRAE) D FHE DR Z B S N jz, 1071524726
Z L TEESIBER» DM EF L NG I E
D&, Cam it Ll TRIINF—HBREEICIONWTK

DES A FRRRZEFT>Twd (Fig. 4). " Ca,
El THHWTWA N &P KA1 i3 Ca,El-ATP T
WXATP ICXDBEBEINTHUZREEE RS, Zh
IZ& D ATP O AT Asp3STICRIEL Y >
RIS 2 % (F2F%, CaE1-AMPPCP & Ca,
E1-AlF; -ADP [3FERIFTZRIC—H L Z#ETH
%). CaEl —> Ca,El - ATP % U} Ca,El - AlF; -
ADP OZALTIX, A RAA MR EHEE I
30 EEER L, ZHUTPEN A RAA ICHEL TW
% M1 251 & B S NI /ET 2 i 8 o
MUDERT 5. ZL TIN5 OREEELDOREE &
LT Ca" 2k i 1T PAZE S N B (L A D g &
Nz 12 9bb M4 O Cat AT Glu309 75Hl
fag @y — k&L TCat 2F vy 7L THI RN
EHIiTl, 51T, Ml E® Leu6s @ fll§47% van
der Waals #1120 Glu309 D Z DI > 7 +
A—arzuany 7 U THEREZRDDTH 5.

Fig. 4. The Structural Changes of Ca-ATPase during the Reaction Cycle!?
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Wik 9 % Ca2t A AINICE CiA®, #E 7
KO THHEMANG NS TDTH %,

EP O Bk {k & Ca®r BB DOETFTINTH S
Ca,El- AIF; - ADP —> E2- AlF; & ) E2-MgF3;~
DOETIZ A RAA OEH &OSEEITK 110 E D
FEET S, PRAASIZA RAAHANTKELSHE
TUAANT A RAA VITHEET 2. Z O E K
DREBEZITED, M2IZKRESHEML ZNL
T M4 NEMIZIFL TEDMEZT 5T, P KA
ICHAE L MA/MSIEP RAA > EEDITHE
<. ZOXDITEANNY v 7 X DELAENK & <A
LU T, Ca?t MM Z KT S EAEANDKHEZ
flE Ca2t ZNEICHHESE2DTHS. L Tk
BT E2P /KRS % (E2-BeF; — E2-AlF;
— E2-MgF;~ — E2(TG)). Ca-ATPase DiE%
& (B2 — Ca,El) T3, Ca* 2tHilu& i 5hkEE
ITH5Z&LIIEKD, EEEAY Yy X (K M4 &
M5) OREENZILL T ORE, P RAL M5 A
RAA BN, ATP #E& &Y D EBED ATHE & 78
5. IS5 OFMITDONTIE, FEEDIA N E S
REDHR—LX—=VERET ORI NV, HiE
BlLOMTNERF L ZL—E—ELTREAINTY
%, FEEBESOFETLNVOEHRIT, Ca2t EfT,
ATP #EG RO PGSR, 72V U 2 BmKS
iR & 8Ky T ORML, S 512 VEEEIRE &k
SHIRDOR T Mgt OFEEITDNT, FREKVET
LRIV OERZGZTZZERED ETTHRN, AL
FERWERNS PHINZZTD EH—-FL, A
FITERMENERD TSN, SHIKEED
&, D R OVE S /N Ca-ATPase % il 9%
RART N KRBT E > D Ca-ATPase
DiEE G AR, F/- Ca-ATPase - I8 H#H -
BIROEBRDRIIOVWTOSTEIHFFHEICLS
Ca?* R THEEDIHA O FEREIE TN P30 5
%, EP ORI ENEAD Ca2t HH DEFE Ca,
E1P —> Ca,E2P —> E2P +2Ca?* &\ 5 Ca?t i
BEORERZT O ZADMEEE I SITED D720,
Ca,E1P Z L C transient 721K B8 Ca,E2P D5 FH i
ZIRAT LS ENBEOHREL L TEHRINTWS
(Fig. 5). HbhbiZ Ca,EIP DEDET )L Ca,El-
BeF; ZRiFE L, 2 i, MARREMNEZRZHANVT
Ca,B2P ZREICN T v 75T LITIILT,?
27Ot X ORGEENY 70 —F ZREIC L 21E

Ca,E1-AIF~ADP | s
(Ca,E1P-ADP)

Fig. 5. Structural Change during Processing of Phospho-
rylated Intermediate

Ca,E1-AlF; ADP (transition state analog for phosphorylation Ca,
E1P-ADP#) and E2-BeF; (ground state E2P analog??) were obtained from
Protein Data Bank (PDB accession code 1T5T?¥ and 2ZBE,' respectively) .
The arrows on the domains, M1”, and M2 (Tyr122) in Ca,E1-AlF; -ADP
indicate their approximate motions predicted for Ca,E1P+ADP* — E2P-
Mg. The phosphorylation site Asp351, TGES184 of the A domain, Argl198
(tryptic T2 site) on the Val200 loop (DPR198AV200NQD) of the A
domain, Thr242 (proteinase K site) on the A-domain-M3 linker are shown.
Seven hydrophobic residues gather in the E2P state to form Tyrl22-
hydrophobic cluster (Y122-HC); Tyr122/Leull9 on the top part of M2,
1le179/Leul80/11e232 of the A domain, and Val705/Val726 of the P
domain. The overall structure of E1Ca,+AlF; - ADP is virtually the same as
that of E1Ca,-CaAMPPCP2412

MO T < EALHAHIRIT N 5 B2 = 5 ITHRD TN
% CkIH6. ).
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6. U EAbhEERME(E Ca2t EHDOITRIL
F—HE—AHEAD Ca* MHZEFTRECTD A K
AL DENELE R A BIMHEERICHALELSR
FDRIE

EP&%&&Cﬁ*M&%%%@Z?%%ﬁE@

DA ENT IV F —LBWNEALT 59 % HE
%?ét , HBALRR FEAYZS B A &R LAY B RE AR
ﬁ%ﬁw,Ahx4/®EE%Phx4/®@h
AAZERIBTLRET, A-P KA D HHEAICH
B9 2 BiERT 2 FE L 2NN OHHRED Bk % i
S5MMIT L2 Z2ORER, TNETIDDATY
T EBRBINTWE EP Bk /Ca2t i (Ca,
EIP — E2P+2Ca?") 1%, HEiZ2 DDZFKMAT
v 7 (CaE1P —> Ca,E2P —> E2P +2Ca2t)
SRR I N, THFITIT R 2 ER T H A
LT EMGMO, Catt o T )V F —EHDH:
AT DN TH 2B RN S OMRZEY) D W,
£9 EP ® ®ZMAL (Ca,E1P —> Ca,E2P ; ADP &
2t (ATP fARE) DOWHR) TIE, A RAA 2N
90 ELL EHRESEFEEL P RAA O EIZHED |
MoOZEETRYyF 7L, A RAA > TGES184
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