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& (Fig.14)?, Trp i3 Z 5 WIVAR DIV & KER
ExMEHC & (Fig. 1AT), /o, BREIBOEENE
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%755 (Fig. 2), 3% ORE ik AT T IS O BRSOl
EdfTabvwl, 2L Z3EABEORTTTIVOBED
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TW5L0EEEL TEELEZT %D, JHUIEAERSM
FOREE " EEOBENE T IV & BEICIIHE T E e niL
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‘*~v-.-o/°b —o\/T,\\L

lysine transmembrane o
helix

Fig. 1 (Color online) Schematic illustration to show polar interac-
tions between protein residues (arginine (Arg), lysine (Lys),
tryptophan (Trp)) and phospholipids (phosphatidylcholine
(PC) in this case) that constitute the lipid bilayer. The acyl
chain of phospholipid varies between 14-20 carbon chain
and partially cut out in this figure.

F, WELHORWT ETRB AR, O KD ks
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KA MEREAEICHKR T IMELIDREL %570
(Fig. 2), R SOMHIIEABEICHKT A LT
KBELNOTHL, BB, $XTORY S, &H
BIRFETIVHROMHTETEENAZENTAL L, K
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FRFICHLELN TS (Fig. 3b), HHIICEAT A
N =ICR2 5 FHEE (Fig.3¢) 13, 4 LTk
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AIALICE S L (Fig. 3a), BEIREBETORT €T IV O
FEREBDL D T WL ETIE, £ % b first layer BEliF
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Fig. 2 (Color online) Contribution of the lipid bilayer to the struc-
ture factor at 0% (black line) and 45% (purple line) iohex-
ol. Electron density of protein matches with the solvent
around 45% iohexol, making the contribution of the lipid
bilayer more visible. The effect of iohexol is appreciable at
Bragg spacing of 10 A or larger. Note that the contribution
of the lipid bilayer exceeds 50% at Bragg spacing of 15 A
(0.07 A-1) or larger.
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T RGN IZE 2 B¢ NP a2 o toe $o T, ATV
MY T DOFRFHEEICED SEREOE RO /- DICiE, D7l
&, first layer OBEIRE S F X CEHRELUHEEIEHD
A MALERD B, 2D, BIoDFIOI LD
7, BEAEZHEMT 5720103 FE ER L S5 0558
BB, HERTEDIZDOEBRF LMWL T HLEND
LR T HICE S 72,

Z 2T, BEHKONEIEOL-DIC XBEHa v b
FGANEREFAT 5 L &%z, HikmlHREETF—4
AT - T X7z DIRIEIGENT TR L, Ca2t Ry
TD4ODREE (Ca2* fEGEHED EL » 2Ca2*, ATP »
HEABENOBIBERE SOBBRETH D Mg - —
FIEARLEICH 5 E1~P « ADP « 2Ca2+, ENICHA L
Tz Ca2t A/ Ak IERNC B L 2B CTh D EA'E
ICHE L 7B O Ik 5 R OB IRRETd 5 E2~P,
Ca?* ZlH L&D - 7o ORZERREE2) 1ZBIL, IRE

Fig. 3 (Color online) Electron density maps of the Ca2*-pump in the E1~P-ADP-2Ca?* state, viewed parallel to the
bilayer, showing the effects of the lowest resolution structure factors. Contoured at 0.7 . a, Using phases ob-
tained by solvent contrast modulation; b and ¢, using phases derived from a protein atomic model alone. Short
white bars in a indicate the positions of the phospholipid head groups.
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B AT AT LN TERLD, TNE TOR MM T
BEAEORHEICHKEN/IFE L 25 FL2RE TSk
Do fedy, Cat IRy 7aHD %l « DBIEE % 34N T
(ERE—5 T D45M) G5 LicmaL, B
FREIEHORFET IV EELS S ERTE, IHIT, KA
OMMIZ IV F S A NERLD, BAOMBIIRTET IV
IPB LB ESICRMAEREE T AT LT, 3.2AHET
DI F OREfEREEAIC LR L (Fig. 4a), B ohi:
FBFeETrVagTEHN%yIab—ya VKD HERET S
& & T&/z (Fig.5h), ZOfER, BV 7EAE & HE
BOMILAEHOZEMBI ST, Thx CHIFE %R
CEkDOICEET S EE 2 DN TE/ Lys/Arg & Trp/Tyr
DRSS - 7 EE 2 FHEBIpE L Twbs 2 by, -5
T FL VR AE LN, DF D, IFE EFEIEES
BEErNTWLHIEHEO L D7 b DT, HEER
BICESICHRbD-> TWE I L, ZT0Od, BFET L&
UREEDFETET VDO ANZANEE 2 LLERD S
CENHIEIC I 5 T, X, RHERHER T 57 I/ BK
HKICALEFEEL DT OENTWA L DI, Cazt Ry 7IcH
LT3, BHREICLBLESZ 20 CHFRCTEH DI
>7cDTH% (Fig. 4, OBEEDL Nature 35 (20174F 5
A1IE®) OFMKICHL7LD, News & Views? T & B
NINTz, BEEABEBOMEEWHICII A REN I ER
Wz X9,

a E1-2Ca®

Fig. 4 (Color online) First layer phospholipids that surround the
transmembrane region of the Ca?*-pump. Atomic models of
phospholipids (from the head group to the carbonyl group
of phosphatidylcholine; sticks with orange spheres for phos-
phorous atoms) are based on electron density maps derived
from X-ray solvent contrast modulation. Blue and grey nets
in a represent 2| Fo|-|Fc| electron density maps calculated
at 3.2 A resolution with combined phases and contoured at
0.7 o (grey) and 1.0 ¢ (blue). Cylinders represent a-helices.
Small numbers in purple identify phospholipids, and those in
italics transmembrane helices (M1-M10). K stands for ly-
sine; R, arginine; Q, glutamine; W, tryptophan. Purple
broken lines represent likely hydrogen bonds. The ruler in
the margin of a shows the distance from the bilayer centre.

b E1~P-ADP.
2Ca™

Fig. 5 (Color online) a, A change in orientation of the entire Ca2*-pump molecule (18.4°) caused by the binding of
ATP and transfer of the phosphate to the pump protein. Placed so that the planes approximating the positions of
the phosphorous atoms (horizontal solid lines) become horizontal in each crystal form. Inclined dotted lines
show the corresponding planes in the conventional alignment with the M7-M10 helices, which do not undergo a
rearrangement in the reaction cycle. Cyan surfaces show contrast modulation electron density maps for bilayers
calculated at 4.5 A resolution and contoured at 0.44 e~ /A3. Atomic models for a phospholipid molecule (P123)
around M1’, an amphipathic helix, and that (PL13) near M10 in the cytoplasmic leaflet are shown in sticks (also
boxed) in E1~P-ADP-2Ca2*. b, A full atomic model of the Ca2*-pump and the first layer phospholipids after a
100 ns molecular dynamics simulation, viewed from the opposite direction to that in a. Orange spheres represent
phosphorous atoms in the phospholipid head groups. The side chains of Arg/Lys and Trp/Tyr appear as dark

blue and magenta sticks, respectively.
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£z, WHORKMESM T Tl REE BN 72 5 B
PHRELIN TS/, BEREIIBEOEFEE D
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B oV S AMERER, EAEOMEORETE &
L CRZ SN, ETEHIC L 0 REHBEK &P OR
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<, BHWEBER S Aot —H, TDED5EIE,
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EHB+IFE_EK) OBEBHRABOLNS LPIFTE
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ikl (460is0) 13, MELL TW5, AELEENIEE
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e
. % Nycodenz
A& concentration (w/v)
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T T T

]
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Solvent electron density (e /A%)

Fig. 6 (Color online) a. A diagram showing the relationship
between the observed diffraction intensity and the structure
factor from protein plus bilayer and that of solvent. The
intensity of each reflection should vary as a quadratic func-
tion of solvent electron density {psowen> (£), in which €& is
the concentration of the contrast modulation medium, as in
b. The diagram shows three different concentrations (=10,
40, 709%5) . Oyorent represents the phase part of Figjyens, €tc. b.
Squares of structure factors of acentric reflections,
|[F(—3,1,1)|2, plotted against solvent electron density.
Curves are least squares fits to the experimental data.
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Fig. 7 (Color online) Solvent exchange probability. Electron den-
sity p at point (x, y, z) in the structure should change linearly
(or should be constant) as a function of solvent electron
density, depending on the ‘‘solvent exchange probability’’
P, at that point. The range of electron density that can be
modified by 0-80% iohexol (i.e. 0.1 e~/A3) is indicated.
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Fig. 8 (Color online) Chemical structure of iohexol'3. This com-
pound can be dissolved in water to >80% (w/v) and can in-
crease the electron density of the solvent by 0.10 e~ /A3,
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Fig. 9 X-ray diffraction pattern of a Ca?>*-pump crystal soaked in a
buffer containing 60% (w/v) iohexol. Recorded to 3.0 A
resolution with an R-Axis V imaging plate detector at
BL41XU, SPring-8. The crystal has a P4,2,2 symmetry with
the unit cell parameters of = b=71.56 and ¢=586.14 A. In-
set shows a magnified view of the boxed area of the cor-
responding frame with a reduced exposure.
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Dynamics of interactions between a membrane
protein and phospholipids as revealed by X-ray
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Abstract Our knowledge on the protein-phospholipid interaction was very limited because conventional X-
ray crystallography can resolve only one or two phospholipids per membrane protein. By develop-
ing X-ray solvent contrast modulation, we have succeeded in visualising the entire first layer phos-
pholipids (ca. 45 molecules) that surround the transmembrane region of the Ca2*-pump crystal-
lised in four different states. The electron density maps clearly show that the pump protein pos-
sesses amino acid residues that work as anchors of phospholipids and those work as membrane
float. We now see tight interplay between those residues and phospholipids and that the lipid
bilayer actively plays an important role in the mechanism of ion pumping.
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