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Structure Determination of Calcium Pump of Sarcoplasmic Reticulum

Chikashi TOYOSHIMA, Masayoshi NAKASAKO, Hiromi NOMURA and Haruo OGAWA

Institute of Molecular and Cellular Biosciences, The University of Tokyo

Structure of the calcium pump of muscle sarcoplasmic reticulum was determined at 2.6 A resolution by
X-ray crystallography. This is the first atomic structure of the cation pumps called P-type ATPases. Because
the crystals were very thin, the use of SPring-8 was vital to this work. The structure of the Ca2*-pump is
overviewed very briefly with emphasis on the X-ray diffraction experiments.
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Figure 1. Architecture of the sarcoplasmic reticulum Ca2*-AT-
Pase. Two spheres in the membrane domain represent bound Ca?*
ions. Three cytoplasmic domains are well separated and labelled A,
N and P. TNP-AMP (an analogue of AMP), in CPK model, is lo-
cated on domain N and far distant (>25 A) from the phosphoryla-
tion site (D351), suggesting that domain N will approach domain P
when phosphorylation occurs (arrows in broken line). The binding
sites for thapsigargin (TG, a potent inhibitor) and phospholamban
(PLN, a regulatory protein in cardiac muscle) are also marked.
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Figure 2. Crystals of Ca2*-ATPases in various stages of the
project. a, Electron micrograph of a microcrystal consisting of
stacks of 2D crystals; the two leaflets of lipid bilayer are clearly
resolved (black parallel lines). b, Phase-contrast micrograph of
ultra-thin 3D crystals induced by sodium propionate. ¢, Polarisation
micrograph of a plate-like crystal formed with sodium butyrate;
some amorphous material sticking to the crystal is also seen. d,
Polarisation micrograph of crystals within the dialysis button; the
diameter of the hole corresponds to 3 mm.
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Figure 3. Crystal packing of Ca2*-ATPase in the plate-like crys-
tals. Ca traces with the ¢-axis horizontal and the b-axis normal to the
plane of the paper. Thin lines are used to represent the molecules
offset by half unit cell along the b-axis due to the crystal symmetry
(C2). Because the crystal is made of stacks of membranes, the lipid
bilayers extend parallel to the ab plane (normal to the plane of the
paper) but may well be distorted around the protein molecules.
Horizontal bars show rough estimates of the positions of the mem-
brane surface from the distribution of hydration water (small
spheres). Three cytoplasmic domains (A, N and P) are identified.
Locations of two Ca2* ions are indicated by spheres in the trans-
membrane domain (M). Those of lanthanide (La3* and Tb3*) in
derivative crystals are marked by circles. The distance between adja-
cent layers measures 145.7 A.
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Figure 4. A plate-like crystal of Ca2*-ATPase mounted in a nylon
loop. The width of the crystals measures ~400 um; the thickness is
approximately 20 um. Note that the specimen was examined with
laboratory source and stored in liquid nitrogen for more than one
year prior to the diffraction experiment at BL41XU and that no se-
vere frosting was observed.
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Figure 5. X-ray diffraction pattern from a plate-like crystal of
Ca2*-ATPase. Recorded on an imaging plate using RIGAKU R—
AXIS IV at BL44B2 in early days of this work. Wavelength, 0.990
A. Diffuse ring near the edge of this figure is originated from amor-
phous ice and located at 1/3.7 A~ 1,
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(Fig. 1),
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I, BEEELEAni: M4 OEICAE T 5, T M5
BRI OEHEE TOT T b, T/, PF AL
VOERED M6-M7 &5 50— (L67) b b,
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FEEhTws (Fig. 1),

@ 2DV AMIBECIEA CTEEO R &0 fifnE
k&L Tw5b (Fig. 3), THugid A 4 v lgkic
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Figure 6. Arrangement of transmembrane helices of Ca?*-AT-
Pase. A view roughly normal to the membrane. 10 o-helices are iden-
tified. M1-M6 and M7-M10 are clearly segregated. M7-M10 are
lacking in bacterial type I P-type ATPases. A solvent flattened map,
contoured at 1.2 ¢ (blue net), is shown. Two spheres represent
bound Ca2* ions (I and II).
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Figure 7. Two transmembrane o-helices (M4 and M6) that are un-
wound for efficient co-ordination of Ca2* (left). Right, backbone of
the two helices. Spheres represent bound Ca2* ions.

site |

Figure 8. Details of the transmembrane Ca?*-binding sites. Note
that the two sites have very different co-ordination geometry. All the
co-ordinating oxygen atoms are from side chains (plus water) in site
I; 3 main chain carbonyl oxygen atoms are used in site II, in which
much more regular co-ordination geometry is realised. The numbers
show the distances between Ca2* ion and the co-ordinating oxygen
atoms (in A). Valence value calculated from the distances are 1.9
(including water) for site I and 2.2 for site II.

Figure 9. Fitting the atomic model obtained for the Ca2*-bound
state (arrows and cylinders) to an 8 A resolution map (net) ob-
tained from tubular crystals [3] formed in the absence of Ca2* and
presence of decavanadate (large sphere in a). Overall orientation of
the molecule in a is the same as in Fig 1. In b, it is viewed from the
cytoplasmic side normal to the membrane. The black arrows show
the direction of movements from the Ca?*-bound to unbound state.
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ERBRMNTH A, ZHICHIGL T2 HEOR &Y
4+ OREETHLRL > TW5 (Fig. 8),
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ko, Ricihx2zk>1iz, Ca2t-ATPase DIEE@EANY v
72T R BB SO FHE 50104 (M1-M10)
THoTzo 200TDVy T LEEET A HEEE@EFEROIE
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F—7 & L THA EF NV FOEE & Bied  EPHER,
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W5 (Fig. 8), BLO b B, REGEMPER SN
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v I AMFET A L FTTHEZLN, L2L, &
T TWHEIEE->Th, tumESEHHEEKTED, 556
SHLTWEDIF TRV, WFHIZLTh, EEFHO
BRUZIE oY » Z AWK ELFET TV L uliEl % %
2T B W EDRH L NI 5 7obi T, ZDE
FRIKEVWEEDNS, /2, M6 LIFETTWAHT &R
ol 22000y AMTERLT % Asp800D A 1
IZEHENTWS (Fig. 7).

ST, YA P TICEAST5EELY A FTTICES 3 A%
FETE - 7B A RO & DA R RO R H5
ENTW5B, bbby A 1INz b/ BRI LY
T ADREEETEEICES L TLESDOICHL, YA I T
DOEFRITZLEFITT HIBE R\ T A FILICBS 4 553
2OICARFICEREZEAL TR V¥ THhHir N0,
AP INDREEGRIRINDLDEEZLNDD, DFD
YA T IANDIIVY T AOFREENY A T IANOREE % FHH
THI LA, THFE MBIV Y T LS D
FMEZHET LD EEZOND, A F IANDFEED,
aVT g A=y g VEERIEERIL, ATP Ok
BIESD (ENLSDZA v FI3HEN) DD, AV
LOFEEITHE - TR A A v NOER) (BGEE) HHkS
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NAEVIHELHY, ATPICEB Y VLA P F A A
V2B 5B Asp3b1 TR D 256 521075 (FAALVNIC
fEE L7 ATP 28 Asp3bliICEER TE A LDk b) Lw
DTEMEDFEETHHL L,

8. MMRREAIFEBOEEEL

MBI E QI BE IR 3 D DOIEFIC R < B L 72588k (A, N,
P L&fMFR) oS (Fig. 1) T HI3BRICR~NZ, P
F ALY VBt N AT I JBERIECTH % Asp3sl
Ndb, —J, ATPOELYHTH @B L o
TNPAMP % #5& S H/kEi O E £ 7 — ) TEETHN
7o ThA, VUL L T RELSEENIN F AL VI
BETHTEDPHBHLI, 22D, UVEBRIENRI 5720
WCHENF AL VERELSEE, PF AL /TED 0T
X IE R ST Th b, TOT LITETHEME
IZ KB CTHEONICF o — T RGP O Ca2+-ATPase
D 8 A GHEDOHEERY (BHEICIZr —B Vv RF vy vl
D= v /) LHET S ETHPOLN, COF 12—
WG TV D LZIREAET, T ATV VIBFAE T TR
WENbHLDTH S, BEABES R L2 FERER» S
T U VERLIREE (E2P &N SIREE) 13E \WIRBBIC S
HEEZOND, COFFEIZFg 9ITRLAZEED TH
D, NF AL VIF20°0F EHEDR LD TED, PF AL
VI > TWwb, TNTHEZATP U VERbikH
WKL ETICRED R VDO TH LR, NFUVEBEOI0E
RKChH BT NNF UV (V0% , Fig. 9 OFRVER, F
12— T RERENES 2D T hNF U VEEPMEDN S, N
FYOVEEBERITY VBBOBELUEKTH L) BN F ALV E
PFAAVOBICEE > > T, bo EL D%
ELTCWEEDICR2%, TOMPITRERT HNF IV
M b RN BEMEOT I JBEEDDL 1D EEE > Tw
o L REBRDITZAFAALVTHYD, 90°3T < HIFIFK
FIZEEEL TW5b, COFEBOBRENIITEAEH->TED
4, TGES & \»> P&l ATPase ® HHIO—> T 5 ELF
733 > T, ATPase {GHICEZETHAH Z EHH - Tzl
FTEv, M3 EOMDO I —T H#BERMICYIR§ 5 &
E2P RREEICAT < BRI CTIEE->TLED LEORE LD
D, KRB EE LS TWA S LRV, BTE,
WHWBICL LSV HEAF AL VICANRLED &, ik
DADBRAATHBE L LY,

S HICHRENC LI, COXDICHBEERO=2>0D%
WAarF o —TREMOBEMICHHETAS & M4, M5
EVDTIVY T LREEY A FEERL T BKFLan
Uy 7 AZZDOEETII~y S Eabhnwl &, M6 M7
RESIL—T (L67) (3P F AL VoES) &) L
PODOEBINEDL>TWAHI ETH5S (Fig. 9a), FE,
M B M SR 720 Tl < o FLefkotes ) v/ (PDB
IC1FQU & L TEE) %17-TAL LMAEME A4V
DOYEF) A M5-M6 N1 v 7 ADSEEN T A 4 % BERE 73
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boTWBHZENH L, —T7, MI-MI10ZE 272\ 8D
ThhbH, M5, M6 > M8 ITK L TEYFIE, T A F TICH:E
LCWe Iy I AZRITNATHHD, £5T 5 EHA
WY A FIICEE LAV T ABITTNS T LIk
D, AV AOEBPE S LI LD TR,

9. SBRDEZE

A X VRV TORIGY A 7 IWVIZEPR L 52D A
Ty TIWB b, KRB LIEIIC, FDOLTH, TD
D2HLO—DORFELL, D —DOBRT L KENITH - 72721
B E T\, YR, MOREOREE % &5 MAE CTIRE L /-
WO TH b, COHATOMRIINGHICEAL TED, BE
12 Ca2t 1 D 2 DORETORMBILITHLI L, TS IE
FNHETL T B, - T, S ko Bk L 2idn
FKICHEMTE 0T AVLREEZ TS,

C O OMET, BEEANY v 7 AT KR R E
9 L ERICHEE LRSI LR ESH TV SLH L
W B TE, £2h L, IBEEKAE B/-<
5o ORI CldiE T T ARG eSO AL
TRODLLBEPD S, TO/IZOITIEFENRLET, BEL
WELZIRER DD &b, B0V 5 A NERFT
S EDPDFELEE Z TN 5b, YRIEGHE TOFRRPLIEIC
HL, LW EDPHEESITDTREEL AL TV
%, 75%, SPring-8 CToOEIFTER CIXEFO LS ff—1E
+, e kiEt, JASRIOWAEFRELOH I ZTEW
7oo RSEHTHEDTH S,
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