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Supplementary Information Text

Materials and Methods

Construction, expression and purification of SERCA1a mutants. Site-directed
mutageneses were introduced by inverse polymerase chain reaction. pFN21K vector
(Promega), which carries a part of pIRES2-SERCA1a (1) including IRES and AcGFP,
was used as the template. Mutations were confirmed by DNA sequencing. HaloTag-fused
SERCA1a mutants were subcloned into pShuttle-CMV vector (Stratagene). AdEasy XL
adenoviral vector system (Stratagene) was used to establish recombinant adenovirus.
Production and purification of SERCAla mutants were carried out as described

previously (1)

Crystallization. For Glu309Ala(TG) crystals, protein solution contained 4 mg/ml affinity
purified ATPase, 3.2 mg/ml phosphatidylcholine, 0.71% C;,Es, 20% glycerol, 1 mM
CaClp, 1 mM MgCl,, 5 mM EGTA, 0.06 mM thapsigargin (TG), 0.24 mM
2,5-di(tert-butyl)-1,4-benzo-hydroquinone (BHQ) and 20 mM MOPS, pH 7.0. The
reservoir consisted of 16% glycerol, 16% PEG1000, 2.5 mM NaNs, 1 mM MgCl,, 3 mM
EGTA, 40 mM MgSO,, 20 mM Na acetate and 40 mM MES, pH 6.1. Two pl each of
protein and reservoir solutions were mixed for hanging drop crystallization at 20°C. For
Glu309GIn(TG) crystals, protein solution contained 3 mg/ml affinity purified ATPase,
1.8 mg/ml phosphatidylcholine, 0.32% C,Es, 20% glycerol, 1 mM CaCl,, | mM MgSOsy,
3 mM EGTA, 0.03 mM TG, and 20 mM MOPS, pH 7.0. The reservoir consisted of 16%
glycerol, 16-18% PEG2000, 2.5 mM NaNs, 1 mM MgSO,, 1| mM EGTA, 0.15%
decylmaltoside and 40 mM MES, pH 6.1. 0.2 pl each of protein and reservoir solutions
were mixed using Mosquito (TTP Labtech) for sitting drop crystallization at 20°C.

Data collection and structure determination. Diffraction data were collected from the
crystals cooled to 100 K at BL41XU of SPring-8 using Rayonix MX225HE CCD
detector. The wavelength used was 0.9 A. All data were processed with Denzo and
Scalepack (2). Diffraction data from the two best crystals were averaged. Crystal
structures were determined by molecular replacement starting from a model for the E2
state of native SERCAla (PDB ID: 2AGV) (3) using CNS (4). The atomic models were
refined using CNS with restraints on hydrogen bonds (5) and finally with Phenix (6).
Domain movements were analysed with Dyndom (7). Structure figures were prepared
with TurboFRODO, Molscript (8) and PyMol (The PyMOL Molecular Graphics System,
Schrédinger LLC).



Quantum chemical refinement of atomic models. The atomic model examined by
quantum chemical calculations using density functional theory (DFT) consists of 58
residues on four transmembrane helices selected to retain the environment of Glu/GIn309
(Table S3). To minimize computation time, the side chains of the residues on the
periphery of the system and facing the outside were reduced to C. Hydrogen atoms were
added by psfgen in NAMD (9). All the carboxyl groups in the acidic residues included in
the system, namely, Glu309, Glu771, and Asp800, were protonated following the
prediction by Propka (10). The N- and C-termini of each helix were capped with an
acetyl group and N-methylamide, respectively. Altogether 843 atoms were included in
the model for native ATPase and 844 in that for Glu309GIn.

The locations of H/H" were optimized first by DFT to the "Loose" level in g09 (11) at
B3LYP/6-31G(d,p) (12-14) fixing all covalent dihedral angles. Then, the locations of all
atoms were optimized to the “Default” level by DFT-D at B3LYP/6-31+G(d,p), in which
the diffuse function (15) was excluded for carbon and Grimme's empirical dispersion
correction (16) was included. Several restraints were imposed in the energy minimization
(Table S3). For instance, seven heavy atoms were fixed in space in addition to all the Ca
atoms except for those on the M4 helix; ten main chain dihedral angles at either end of
M4 were fixed. Deviations of the optimized models from the originals were very small
(Table S2). The minimization for the Glu309Ala mutant converged only to the “Loose”

level.

Quantum chemical calculation of energy profile of hydrogen bond. To understand the
Glu/GIn309 — Val304 hydrogen bonds, we examined two model systems, one of formic
acid (HCOOH) and formaldehyde (CH,0) to mimic Glu309-Val304, and the other of
formamide (HCONH,;) and formaldehyde to mimic GIn309-Val304. The dispositions of
non-hydrogen atoms were taken from the respective crystals structures. The atomic
models were energy minimized by DFT-D at CAM-B3LYP/6-311++G(3df,2pd) (17)
fixing the relative orientation of the two molecules (illustrated in Fig. S5). Then
altogether 64 atomic models were generated for each system changing the distance from
2.5t0 8.0 A and optimized in the same way. Finally, coupled cluster single-double and
perturbative triple (CCSD(T)) calculations (18, 19) were carried out for each atomic
model and the association energy of the two molecules was obtained with counterpoised

correction for basis set superposition error (20, 21) (Fig. S5). These calculations show



that the optimal hydrogen bond distances are 2.83 and 3.16 A for a protonated

carboxyl-carbonyl and an amide-carbonyl, respectively.
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Fig. S1. Electron density maps of the mutant crystals around the substituted
residue (Glu309) and overall structural changes due to the substitution of Glu309.
(A, B and C) Electron density maps for the M4 helix around Glu309 in the Glu309Ala
mutant (A and B) and in the Glu309GIn mutant (C), calculated assuming that Glu309 is
not substituted in A but substituted with Ala in B and C. Blue nets represent 2 |Fops| - |Fealcl
maps contoured at 1.00 (A, B). Red net represents negative density and the green one
positive density at 3.5¢ (B) or 3.00 (C) in the |Fgps| - |Fealc| difference maps. Superimposed
is the atomic model of native E2(TG). (D and E) Superimposition of the Ca trace of the
native ATPase (cyan) and that of the Glu309Ala mutant (yellow, D) or Glu309GIn mutant
(yellow, E). Three cytoplasmic domains are labeled (A, N and P). Thin horizontal lines
approximate the boundary between the hydrophobic core of the bilayer and water.
Val304 carbonyl is likely to be stabilized by a hydrogen bond (orange dotted line) with an



extra water molecule (small red sphere) in Glu309Ala (B) or with the side chain amide of
GIn309 in Glu309Gin (C).
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Fig. S2. Electron density maps of the Glu309GIn mutant crystal showing bound
decylmaltoside (DM). (A) An overall view; (B) Details around the DM molecule in the
N-domain; (C) Around the one in the transmembrane domain. Blue nets represent an
omit annealed |Fops| — |Feaic] map contoured at 2c. Several Trp side chains appear in
green sticks (A), showing the positions of membrane-water interface (22).



Fig. S3. Arrangement of the cytoplasmic domains and the A-domain — N-domain
interface in different states. (A) Superimpositions of the A- and P-domains aligned
with the P-domain. Colors used are yellow for the Glu309GIn mutant, violet for the native
ATPase in E1-Mg®* and lime for that in E2. The N-domain is removed for clarity. Viewed
approximately perpendicular to the membrane. Double circle shows the position of the
rotation axis of the A-domain. (B and C) Some details of the A-N interface at the periphery
of the A domain in the Glu309GIn mutant (B) and in the native ATPase in
E1-AMPPCP-2Ca* (C). Note that hydrogen bonding network (orange dotted lines) is
formed in the mutant, implicating Arg134 (A), Asp426 and Glu435 (N) (B). Such a network
is also observed in the crystal structure of E1-AMPPCP-2Ca?* (C), in which Glu429
instead of Glu435 contributes (23). These residues have been subjects of mutagenesis
studies (24, 25).



Fig. S4. Rearrangement of transmembrane helices. (A) Native E2 (lime) and
E309Q mutant (yellow); (B) Native E2 (lime) and E1-Mg?* (blue grey). Pink arrows show
the movements required to realize the latter state from the former. Double headed arrows
indicate van der Waals contacts involving Leu797, which is in contact in E2 with 1197
(native) or Val104 (Glu309GiIn) on M2 and Glu/GIn309 on M4 (A). Small cyan sphere in
(B) represents bound Mg?* in E1-Mg?*.
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Fig. S5. Energy profiles of hydrogen bonds as a function of distance (d) between
two heavy atoms working as hydrogen donor and acceptor. Calculated by
CCSD(T) (18, 19) for a hydrogen bond between a protonated carboxyl and a carbonyl
oxygen (red line) and that between an amide and a carbonyl oxygen (blue line), for which
the minimum comes to 2.83 A and 3.16 A, respectively. The systems used for the
calculations (right panel) reflect the dispositions of Glu/GIn309 and Val304 in the crystal
structures. The arrowheads in the left panel indicate the distances in the relevant crystal

structures. Inset shows the overall profiles.
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Fig. S6. Energy minimization by DFT-D of the atomic models of SERCA1a around
Glu309. Changes in total energy (grey lines), distance between atoms of particular
interest (left panels) and RMSD for Ca atoms (right panels) during the minimization. (A
and B) Starting from the crystal structure of native ATPase. The Glu309 carboxyl is
assumed to be protonated. (C and D) Glu309 in the energy minimized model (A and B)
was deprotonated and subjected to energy minimization. (E and F) Starting from the
Glu309GIn(TG) crystal structure. The colors used in the left panels are: red,
Val3040-Glu3090¢2 (A and C) or Val3040-GIn309Ne2 (E); green, Val3040-Asn796Nd2;
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yellow, Glu3090¢1-Asn796Nd2; blue, Glu7710¢1-Asn796N&2; purple,
Glu7710€2-Asn7960081. In the right panels: red, all M4 (Ala301 to Pro312); green, M4L

(Ala301 to Ala305); yellow, HINGE (Ala305 to Glu/GIn309); blue, M4C (Glu/GIn309 to
Pro312).
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Fig. S7. Quantum chemically optimized atomic models of SERCA1a around
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Glu309. (A) native ATPase in E2(TG) (a stereo version of Fig. 5A); (B) Glu309Gin
mutant; (C) Glu309Ala mutant. Starting crystal structures appear as thin lines. Dotted
lines represent hydrogen bonds (not exhaustive). The side chain of 1le307 is removed.
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Fig. S8. Space-fill representation of the atomic model around the Glu309 side
chain of SERCA1a in E2. A stereo picture of a view almost parallel to the membrane
plane, showing tight contacts of the Glu309 side chain (carbon atoms in Glu309 appear

yellow).
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Fig. S9. Superimpositions of quantum chemically optimized atomic models of
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SERCA1ain E2. Viewed parallel to the membrane in stereo. Those of Glu309GIn
mutant (A, yellow sticks), native ATPase with deprotonated Glu309 (B, pink sticks) and
Glu309Ala mutant (C, lime sticks) are superimposed with that of native ATPase with
protonated Glu309 (thin green lines). Dotted lines represent hydrogen bonds. The side
chain of 1le307 is removed for clarity. A and B are stereo versions of Fig. 5B and 5C,
respectively.
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Fig. $10. Superimpositions of quantum chemically optimized atomic models of
SERCA1ain E2. Viewed from the cytoplasmic side in stereo. Those of Glu309GIn
mutant (A, yellow sticks), native ATPase with deprotonated Glu309 (B, pink sticks) and
Glu309Ala mutant (C, lime sticks) are superimposed with that of native ATPase with
protonated Glu309 (thin green lines). Dotted lines represent hydrogen bonds.
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Table S1.

Data collection and refinement statistics

Glu309Ala(TG) Glu309GIn(TG)
Data collection
Space group P4,2,2 P2,2,2
Cell dimensions
a, b, c(A) 71.2,71.2,589.2 261.0, 86.9, 60.2
a, f,y(°) 90, 90, 90 90, 90, 90
Resolution (A) 50-3.3 (3.41-3.30) 50-2.5 (2.58-2.50)
Rgym OF Rinerge 0.056 (0.233) 0.133 (0.609)
I/ 15.0 (2.0) 13.9 (2.2)
Completeness (%) 99.0 (95.3) 98.5 (98.0)
Redundancy 14.4 (11.2) 8.7 (8.1)
No. of crystals 2 2

Refinement
Resolution (A)
No. reflections
Rywork/ Riree
No. atoms
Protein
Ligand/ion
Water
B-factors
Protein
Ligand/ion
Water
RMSD
Bond lengths (A)
Bond angles (°)
Ramachandran plot (%)
(Favored, allowed,

generous, disallowed)

16.0-3.3 (3.55-3.30)
23,965
19.5/23.2

7,701
6
0

98.5
164.1

0.002
0.445
88.9,11.1,0.0, 0.0

16.0-2.5 (2.58-2.50)
47,627
22.5/25.6

7,709
5
235

72.1
112.2
52.5

0.002
0.452
88.9,11.1,0.0,0.0

* Highest resolution shell is shown in parentheses.
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Table S2. Distances between atoms of particular interest in the atomic models of
native and Glu309GIn/Ala mutants of SERCA1a in E2(TG)

native’  E309(+H")" E309(-H")* E309Q" Q309* E309A" A3097

V3040-1307N 3.68 3.76 3.45 3.91 3.53 3.74 3.64 [A]
V3040-E3090¢2 2.77 2.62 3.71

-Q309Ne2 3.02 2.98
V3040-N796N52 3.56 3.56 3.03 3.43 3.52 3.84 3.45
A3050-N768N52 2.76 2.82 2.84 2.96 2.83 3.14 2.86
13070-E/Q3090¢!1 3.02 3.03 3.21 2.87 3.23
13070-E3090¢2 3.04 3.04 3.58

-Q309Ne2 3.24 0

E/Q3090€1-N796N82  2.93 2.84 271 3.17 2.84
E77101-N796N52 3.39 3.04 3.71 3.29 3.08 2.99 3.13
E77102-N7960351 2.81 2.66 2.62 2.86 2.59 2.78 2.63

* crystal structure

1 DFT optimized atomic model with protonated Glu309 derived from the crystal structure
of native ATPase in E2(TG). RMSD from the starting model calculated for all unfixed
non-hydrogen atoms was 0.23 A

T DFT optimized model of native ATPase with deprotonated Glu309; derived from the
atomic model “E309(+H")”. RMSD: 0.30 A

§ DFT optimized model of Glu309GIn derived from the crystal structure. RMSD: 0.39 A

91 DFT optimized model of the Glu309Ala mutant; derived from the crystal structure.
RMSD: 0.27 A

Underscores indicate hydrogen bonds (the distance between a donor and an acceptor is

equal or less than 3.5 A, and the angle spanned by the acceptor, donor and hydrogen

aoms is equal or less than 45°).
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Table S3. The atomic model subjected to energy minimization by DFT-D and

restraints in the minimization

Number of
Segment residues Substituted with Ala Restraints
M3 16 D254, E255, E258, Q259, All Co and L253C51 atoms are

(L253-C268)
M4
(A301-P312)

M5

(F760-1775)

M6
(1788-G801)

12

16

14

S261, K262, S265, L266

R762, 8766, V769, V773,
C774

1788, V790, Q791, W794,
V798, T799

spatially fixed.

Backbone (N, Ca, and C) dihedral
angles are fixed between V300C
to V304N and between E/Q309C
to A313N.

All Ca, F760Ce1/Ce2, 11e761C9,
and Tyr763Cel/Ce2 atoms are
spatially fixed.

All Co and D800061 atoms are
spatially fixed.

* Altogether 58 (+8 capping) residues (consisting of 843 atoms, including hydrogens and

protons, for the model with protonated Glu309) and 3 water molecules are included in

the system.
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Movie S1. Transition between native SERCA1a and E309Q mutant in E2. Viewed
parallel to the membrane from two orthogonal directions. Color changes gradually as in

Fig. 1.

Movie S2. Transition between E309Q in E2 and native SERCA1a in E1-Mg*'.
Viewed parallel to the membrane from two orthogonal directions. Color changes

gradually as in Fig. 1.

Movie S3. Composite of three views showing the relationship among the changes

in inclination of the M5 helix, the path of the unwound part of the M6 helix and

orientation of the A-domain. The left panel shows details of the transmembrane

region viewed nearly perpendicular to the membrane. The right panels show

arrangement of the three cytoplasmic domains (top) and an entire molecule viewed

parallel to the membrane (bottom).
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