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P-type ATPases are ATP-powered ion pumps that establish ion concentration gradients across cell and organelle membranes.
Here, we describe the crystal structure of the Ca21 pump of skeletal muscle sarcoplasmic reticulum, a representative member of
the P-type ATPase superfamily, with an ATP analogue, a Mg21 and two Ca21 ions in the respective binding sites. In this state, the
ATP analogue reorganizes the three cytoplasmic domains (A, N and P), which are widely separated without nucleotide, by directly
bridging the N and P domains. The structure of the P-domain itself is altered by the binding of the ATP analogue and Mg21. As a
result, the A-domain is tilted so that one of the transmembrane helices moves to lock the cytoplasmic gate of the transmembrane
Ca21-binding sites. This appears to be the mechanism for occluding the bound Ca21 ions, before releasing them into the lumen of
the sarcoplasmic reticulum.

P-type ATPases are ion pumps that transfer cations across lipid
bilayers. They establish ion concentration gradients that are used in
a variety of biological processes and are referred to as such because
they form a key phosphorylated intermediate in the reaction cycle
(Fig. 1, inset; see ref. 1 for a review). The pumping of ions is thought
to be achieved by altering the affinity and accessibility of the
transmembrane ion-binding sites. Classical E1/E2 theory postulates
that, in the E1 state, the binding sites have high affinity and open to
the cytoplasm, whereas in the E2 state, the binding sites have low
affinity and face the extracellular or lumenal side2–4. One important

feature of the pumping process is that, before being released, bound
cations are occluded; that is, become inaccessible from either side of
the membrane. Binding in itself does not lock the cytoplasmic gate,
and bound cations can be exchanged with those in the cytoplasm
(reviewed in ref. 5). Occlusion is generally thought to require
phosphoryl transfer from ATP to the ATPase. Release of cations
into the extracellular or lumenal medium takes place while the
enzyme is phosphorylated. Such autophosphorylation of the
enzyme is a unique feature of P-type ATPases, and is distinct from
other ATPases such as the F0F1 type.

Figure 1 Front views (parallel to the membrane (x–y) plane) of Ca2þ-ATPase with

(E1zAMPPCP) and without (E1z2Ca2þ) AMPPCP (shown in space fill), an ATP analogue, in

the presence of 10 mM Ca2þ. Colours change gradually from the amino terminus (blue) to

the carboxy terminus (red). Purple spheres (circled) represent bound Ca2þ. Large arrows

in E1z2Ca2þ indicate the direction of movements of the cytoplasmic domains (A, N and P)

in the E1z2Ca2þ ! E1zAMPPCP transition; the axis of tilting of the A-domain is also

specified (thin red line). a-Helices in the A-domain (A1 and A2) and those in the

transmembrane domain (M1, M4, M5 and M10) are indicated. M1
0
is an amphipathic part

lying on the bilayer surface. PtrK, a proteinase-K digestion site (around Glu 243 (ref. 16));

SR, sarcoplasmic reticulum; T2, a trypsin digestion site at Arg 198 (ref. 10); ATP, the

binding pocket for the adenosine moiety of ATP. Several key residues—E183 (A), F487

(N, adenine binding), D351 (P, phosphorylation site), R560 (N, b-phosphate binding) and

those involved in interdomain hydrogen bonds (including T171 and E486)—are shown in

ball-and-stick representation. Dotted circles indicate three contact spots between A- and

N-domains (magenta) and between A- and P-domains (yellow). The figure was prepared

with Molscript44. Inset is a simplified reaction scheme (showing only the forward

direction); the two states compared here are shown with a yellow background.
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Of the P-type ATPase superfamily, the Ca2þ-ATPase (SERCA1a)
of fast skeletal muscle sarcoplasmic reticulum is structurally6–8 and
functionally9 the best-characterized member. It is an integral mem-
brane protein with a relative molecular mass of 110,000 (M r,
110K)10,11, consisting of three (A (actuator), N (nucleotide binding)
and P (phosphorylation)) cytoplasmic domains and ten (M1–M10)
transmembrane helices6. Two high-affinity Ca2þ-binding sites are
located side-by-side within the transmembrane region, formed by
M4, M5, M6 and M8 helices6. We have already published crystal
structures of the Ca2þ-ATPase in a Ca2þ-bound state6 (E1z2Ca2þ;
Protein Data Bank (PDB) accession code 1SU4) and a Ca2þ-
unbound state7 (E2(TG); PDB accession code 1IWO) stabilized by
a potent inhibitor, thapsigargin (TG)12. A brief overview of these
structures is found in ref. 13.
Here we report the crystal structure of SERCA1a with a non-

hydrolysable ATP analogue—adenosine 5 0-[b,g-methylene]triphos-
phate (AMPPCP)—and aMg2þ bound to the cytoplasmic domains,
and two Ca2þ ions at the transmembrane binding sites. This
structure (which we abbreviate to E1zAMPPCP) probably rep-
resents the one just before phosphoryl transfer from ATP to the
enzyme, and explains how the g-phosphate and Mg2þ binding to
the P-domain results in the occlusion of the bound Ca2þ some 50 Å
away.

Structure determination
Two types of crystals belonging to different space groups (P21 and
C2) were grown by dialysing affinity-purified enzyme against a
buffer containing 0.5mM AMPPCP in the presence of 10mMCa2þ

and 5mM Mg2þ. Diffraction data were highly anisotropic and
showed good statistics to 2.9 Å resolution after merging. The
structure was determined by generalized molecular replacement14,
because heavy atom isomorphous replacement was unsuccessful.

The atomic model was refined with the P21 crystals to an R free value
of 29.6%.

Rearrangement of the cytoplasmic domains
The binding of AMPPCP and a metal ion to Ca2þ-ATPase in
E1z2Ca2þ causes large and global changes in the structure (Figs 1
and 2; see also Supplementary Movie), except for the transmem-
brane helices M6–M10. The most prominent difference is that the
three cytoplasmic domains, widely separated in E1z2Ca2þ, now
form a compact headpiece. Gathering of the cytoplasmic domains
also occurs in the E2(TG) state7 but the arrangements are different
(Supplementary Fig. 1). Notably, the N-domain is more inclined
towards the P-domain. This inclination is facilitated by AMPPCP,
whose adenine ring binds to the N-domain around Phe 487 whereas
the g-phosphate binds to the P-domain around Asp 351, the
residue of phosphorylation. As a result of the large inclination,
the N-domain nowmakes contacts with the A-domain (Fig. 1) with
an interface that is different compared with E2(TG). Despite the
,908 inclination, only small changes are observed within the
N-domain itself (root mean square deviation (r.m.s.d.) ¼ 0.74 Å)
except for a flexible loop (Pro 500–Gly 509) at the top of the
molecule. In contrast, the P-domain changes its structure (see
below) and also its orientation with respect to the membrane
plane (,158; Fig. 1). As a result of these changes, the A-domain is
tilted by ,308 around an axis approximately parallel to the
membrane (specified in Fig. 1), bringing theM2 side of the A-domain
higher up (Fig. 2a).

Locking of the cytoplasmic gate
The position of the A-domain in E1zAMPPCP is in marked contrast
with that in E2(TG) (Supplementary Fig. 1), where the A-domain is
rotated ,1108 from the position in E1z2Ca2þ around an axis

Figure 2 Superimposition of the E1z2Ca2þ and E1zAMPPCP forms of Ca2þ-ATPase fitted

with the transmembrane domain. E1z2Ca2þ, violet; E1zAMPPCP, cyan (A-domain and

M1–M3 helices), light green (N-domain) and orange (P-domain and M4–M10 helices).

a-Helices are represented by cylinders and b-strands by arrows. Both (a and b) are

viewed along the membrane plane, but at a difference of 458. M2, M3 and M5 are

represented by two or three cylinders, although they are continuous helices. Helices in the

A-domain (A1 and A2), P-domain (4–7) and transmembrane helices are indicated. The

position of a preserved hydrogen bond between the A- and P-domains (Gly 156–Ala 725)

is indicated by a double circle for E1z2Ca2þ. Large arrows indicate the direction of

movements of the cytoplasmic domains (A, N and P) in the E1z2Ca2þ ! E1zAMPPCP

transition, and small ones those of transmembrane helices. Broken lines enclose the

A-domain (a) and the N-domain (b). A thin blue line in b specifies the axis of tilting of the

A-domain.
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perpendicular to the membrane7. Because the A-domain is directly
linked to the M1–M3 transmembrane helices, its movement
inevitably causes rearrangements of these helices.

Of the three helices, M3 shows the smallest movement on
nucleotide binding: only the top part is bent towards M2 by ,208
(Fig. 2a), although the loop connecting to the A-domain moves
almost 20 Å (at Met 239) and appears to be strained, as indicated by
the protection against proteinase K attack at Glu 243 (refs 15–17).
The M2 helix shows a large and complex movement. M2 moves
towards the cytoplasm by one turn of a-helix, presumably pulled by
the tilt of the A-domain (Fig. 2a), and its cytoplasmic end shifts in
a þy-direction (Fig. 2b). The M1 helix shows a marked movement:
it is pulled towards the cytoplasmic side by nearly two turns of
a-helix (Dz ¼ 8.3 Å for Leu 65; Fig. 1), and is bent largely at Asp 59,
so that the amphipathic amino-terminal part (M1 0) lies on the
membrane surface (Fig. 2a). This situation is very similar to that in
E2(TG)7, and the part lying on themembrane surface (Trp50–Glu 58)
is identical. However, there is an,908 difference in the direction of
bending so thatM1 0 approaches theM2 helix (that is,þy- instead of
þx-direction as in E2(TG); Fig. 2a), reflecting the difference in
orientation of the A-domain.

The functional meaning of the movement of the M1 helix is
evident in the present structure. In E1z2Ca2þ, which represents the
state after the binding of both Ca2þ ions, Glu 309 caps the Ca2þ in
site II (Fig. 3a, c)6. On its cytoplasmic side, there is a large empty
space in which several water molecules were identified in the crystal
structure (Fig. 3a)6. Thus, it seems possible for Glu 309 to adopt
other side-chain conformations. In E1zAMPPCP, however, this
space is occupied by M1 (Fig. 3b), and Leu 65 on the M1 helix
makes van derWaals contacts with theGlu 309 side chain (Fig. 3b, c).

Glu 309 now forms a hydrogen bond with Asn 796 instead of with
Glu 58 as in E1z2Ca2þ (Fig. 3). Thus, the conformation of Glu 309 is
doubly locked.
It is well established that Ca2þ in site II is the second Ca2þ to

bind18,19 and is exchangeable with Ca2þ in the cytoplasm5,20. There is
now strong evidence to indicate that Glu 309 works as the gating
residue21,22. It is easy to see that site II Ca2þ will be ready to
dissociate, if the Glu 309 carboxyl detaches from it by thermal
movement. Virtually no Ca2þ exchange takes place in E1zAlFxzADP,
indicating that the Ca2þ ions are occluded. Moreover, the
Glu309Gln mutant cannot occlude at all whereas the Asn796Ala
mutant can to a certain extent22. On the other hand, biochemical
data20 show that binding of AMPPCP itself is not sufficient to
occlude bound Ca2þ, despite the fact that the crystal structures of
E1zAMPPCP and E1zAlFxzADP (C.T., H. Nomura and T. Tsuda,
unpublished data) are virtually the same except for details around
the phosphorylation site. They also show very similar resistance to
proteinase K attack at Glu 243 (Fig. 1)15,16. Extra stability provided
by AlFx, a stable analogue of phosphate, may account for the
difference in dissociation kinetics. Also, crystal packing may have
selected a specific conformation from many possible ones in
solution. Nonetheless, taken together, it seems clear that the locking
of the conformation of Glu 309 by M1 helix is the mechanism of
occlusion. A key residue here is Leu 65, as also demonstrated by a
mutagenesis study23.
In the E2(TG) form, the P-domain is inclined ,308 compared

with the E1z2Ca2þ form7. This inclination brings about a large
downward movement (,5.5 Å) of the M4 helix and destroys the
Ca2þ-binding sites. In E1zAMPPCP, the P-domain is inclined in the
same direction but only by about half asmuch as in E2(TG), because

Figure 3 Transmembrane Ca2þ-binding sites (I and II) and the movement of the M1 helix.

a, E1z2Ca2þ; b, E1zAMPPCP; c, superimposition of E1z2Ca2þ (violet) and E1zAMPPCP

(atom colour) in stereo view. Cyan (a–c) and violet spheres (c) represent bound Ca2þ; red

spheres indicate water molecules in the crystals. Owing to the resolution limitation of the

diffraction data, no water molecules are shown in b. Dotted lines in c show the

coordination of Ca2þ and hydrogen bonds involving E309 and D800 side chains.
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bound Ca2þ restricts the bending of M5. The upper part of M4
certainly shows a downward movement (Fig. 2b)7. It is compen-
sated, however, by the bending of the P-domain (see below) and is
‘absorbed’ by the unwound part containing Glu 309. To achieve this,
Glu 309 appears to alter its main-chain conformation, but also
pushes site II Ca2þ and Asp 800 (Fig. 3c). As a result, the
coordination geometry of the Ca2þ becomes loose, particularly at
site II. This change presumably prepares for the release of bound
Ca2þ to the lumen during the conversion to E2P, the subsequent
step in the reaction cycle.

ATP as a cleavable crosslinker
As described in the preceding sections, the large inclination of the
N-domain is important for orientating the A-domain to close the
cytoplasmic gate. AMPPCP facilitates this by crosslinking the N-
and P-domains (Fig. 4). The conformation of AMPPCP appears to
be rather uncommon: the phosphate moiety adopts a zigzag

configuration, similar to that in the histidine kinase CheA (PDB
accession code 1I58)24, bringing the b-phosphate close to the ribose.
The orientation of the ribose and the configuration of the phos-
phates are different compared with those observed with the NMR
structure of ATP bound to the isolated N-domain of NaþKþ-
ATPase with no Mg2þ (ref. 25). The adenine ring of AMPPCP is
positioned predominantly by stacking with Phe 487, consistent with
previous results6,25,26 (Fig. 4a). Hydrogen bonding with main-chain
carbonyl and amide groups, found with many adenosine-binding
proteins27, is not observed here. Instead, a ribose hydroxyl (O3*) is
stabilized by Arg 678, which in turn appears to form hydrogen
bonds with residues both in the N- and P-domains (Fig. 4b). The
O2* of the ribose may also contribute to the positioning of the
ribose by van der Waals contacts. These features are consistent with
infrared spectroscopy studies28. The a-phosphate is stabilized by
Arg 489 (Fig. 4a) and the b-phosphate by Arg 560, which also
appears to form hydrogen bonds with residues both in the N- and
P-domains (Fig. 4b). Within a 3.4 Å distance from the g-phosphate,
there is a carboxyl group of Asp 351, hydroxyl groups of Thr 353 and
Thr 625, amide groups of Thr 353 and Gly 626, a carbonyl group of
Thr 353 and a metal ion (modelled as Mg2þ; see Supplementary
Methods) plus two coordinating water molecules. Asn 706 and
Lys 684 are slightly more distant. Although the accuracy of such
information is limited at 2.9 Å resolution, all of these residues have
been identified as being sensitive to mutation29–31. No bridging
Mg2þ is found between the b- and g-phosphates, presumably
because Asp 627 blocks proper octahedral coordination of Mg2þ.

An intricate network of hydrogen bonds thus appears to be
formed around AMPPCP (Fig. 4b), including those bridging the
N- and P-domains. Of the residues involved in such bridging
interactions, mutagenesis studies have shown that Arg 560 on the
N-domain is particularly important17,32,33. This residue appears to
orientate the phosphate chain of AMPPCP in the right direction
and form a salt bridge with Asp 627 in the P-domain, thereby
establishing the N-domain–P-domain interaction. The importance
of Arg 560 indicates that an oxygen atom of the b-phosphate has a
key role in positioning this residue mobile in E1z2Ca2þ and also
suggests that the N-domain will move back when ADP leaves the
enzyme. It is well known that acetylphosphate and carbamoylpho-
sphate are substrates of Ca2þ-ATPase34, and indeed both of them
have an oxygen atom at this position.

Changes in the P-domain structure
On binding the g-phosphate and Mg2þ, the P-domain changes its
internal structure and its overall orientation with respect to the M5
helix (Fig. 5). As a member of the haloacid dehalogenase super-
family35, the P-domain of Ca2þ-ATPase comprises a Rossmann fold
that consists of a central seven-stranded (Pb1–Pb7) parallel b-sheet
and associated helices (Pa1–Pa7)6. A unique feature of the b-sheet
in Ca2þ-ATPase is that the two halves (Pb1–Pb4 and Pb5–Pb7) are
staggered in unphosphorylated forms, but have a better alignment
in phosphorylated (or g-phosphate bound) forms (Fig. 5a). The top
part of the first half (Pb1–Pb4)moves together as a result of binding
of the g-phosphate and Mg2þ, because Thr 353 positioned just
above Pb1 coordinates to both ligands (Figs 4b and 5). Thr 625 and
Gly 626 in the loop connecting Pb2 and Pa2 appear to coordinate to
the g-phosphate (Fig. 4). Furthermore, Pb5 twists upon binding of
Mg2þ owing to the coordination by Asp 703 (Figs 4 and 5), which
causes the tilting of Pa5–Pa7. Thus, the P-domain is bent in nearly
two orthogonal directions (Fig. 5).

This change in the b-sheet structure brings the N-domain ,308
closer to the P-domain and is presumably essential for achieving a
nearly 908 inclination required for ATP to reach the P-domain.
Thus, the staggered b-sheet works as a secondary hinge, in addition
to themain one (around Pro 602 and Pro 603) that covers,608 as in
the E1z2Ca2þ ! E2(TG) transition. This secondary hinge also
changes the direction of movement of the N-domain (Fig. 5),

Figure 4 Omit-annealed F o 2 F c map around AMPPCP at 5j (a) and the hydrogen-

bonding network around AMPPCP (b). AMPPCP is shown in ball-and-stick representation;

the N- and P-domains are coloured light green and orange, respectively. Light-green

broken lines in b show likely hydrogen bonds. A part of the N-domain is removed for clarity.

Small spheres represent Mg2þ (green) and two water molecules (red), which coordinate to

the Mg2þ, together with g-phosphate, carboxyl groups of Asp 351 and Asp703, and a

carbonyl group of Thr 353 (orange broken lines in a and dark-green lines in b).
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thereby forming a different interface with the A-domain.
The match of the P-domain with the catalytic domain in other

members of the haloacid dehalogenase superfamily35, such as
phosphoserine phosphatase36 and phosphoglucomutase37, is rather
poor in E1z2Ca2þ or E2(TG) form, but is much better in
E1zAMPPCP (r.m.s.d. ¼ 0.60 Å for 57 Ca atoms with phosphoserine
phosphatase); the positions ofMg2þ, coordinating residues and two
water molecules are also nearly identical. These features are under-
standable, because Ca2þ-ATPase requires much larger movements
of the N-domain than the other members, such as phosphoserine
phosphatase36, while presumably using the same mechanism for
phosphorylation and hydrolysis.

Positioning of the A-domain
The bending of the P-domainmay also have a direct role in changing
the orientation of the A-domain, which is tilted by,308 around an

axis approximately parallel to themembrane (Figs 1 and 2). This can
be regarded as a rigid-body movement around a hydrogen
bond between main chains of two conserved residues, Gly 156
(A-domain) and Ala 725 (P-domain). This hydrogen bond is
present in both E1z2Ca2þ and E1zAMPPCP (Fig. 5), but it is unlikely
to be enough for linking the A- and P-domains together. In
E1z2Ca2þ, the A-domain appears to make a point contact with
the P-domain (Fig. 5) and seems to be highly mobile: Gly 156–
Lys 158, in a short loop sticking out from the A-domain, and
Ala 725–Val 726 at the top of the P7 helix (Fig. 5b), are the only
residues that come within a 4 Å distance.
This situation is not much different in E1zAMPPCP. Again, the

interaction is limited to that around the P7 helix (Supplementary
Fig. 2) but is more stable: the ‘socket’ on the P-domain is larger and
one extra hydrogen bond appears to be formed (Supplementary
Fig. 2). These apparently small differences in contacting residues,
however, may be critical for changing the orientation of the
A-domain, because the socket, the P7 helix, moves upwards and
tilts so that the M2 side becomes higher up in the E1z2Ca2þ !
E1zAMPPCP transition (Fig. 5b). Although small, this movement
caused by the binding of the g-phosphate and Mg2þ will be
effective, because it occurs at the pivoting point.
The interface between the N- and A-domains is not complemen-

tary either (Fig. 6). There are only two contact spots located on
either side of the apparent pivoting point (Fig. 1, dotted circles in
red). Presumably the most important one is a kind of mechanical
couple formed on the M3 side around a hydrogen bond between
Thr 171 (A-domain) and Glu 486 (N-domain) (Fig. 6). On the M2
side, we can identify two salt bridges and three hydrogen bonds
likely to be formed between the A- and N-domains. If the A-domain
keeps to the same position as in E1z2Ca2þ, when the N-domain
inclines Thr 484 (N-domain) would collide with Thr 171 and push
the M3 side of the A-domain. This might be another cause of the
A-domain tilting; however, its contribution is difficult to evaluate,
because the P-domain inclines andmoves the A-domain at the same
time.
Considering that the A-domain has to rotate horizontally by

more than 908 during the E1P ! E2P transition, it is understand-
able that the A–N interface is not complementary (Fig. 5). The
structure around Thr 171 is interesting in this regard, because it may
provide a solid pivot for such rotations, and because Thr 171

3
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1
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Figure 5 Superposition of the P-domain in E1z2Ca2þ and E1zAMPPCP, fitted with the 15

residues at the N-terminal end of the M5 helix. a, b, Top (a) and side (b) views. Colours

representing E1z2Ca2þ and different regions of the P-domain in E1zAMPPCP, as

recognized by Dyndom45, are indicated. A part of the P-domain (containing helices 4 and

4
0
) is removed. Small spheres represent Mg2þ (green) and two water molecules (red).

Two long lines specify the positions of the axis of the N-domain inclination for E2(TG)

(green) and E1zAMPPCP (purple) as determined by Dyndom45. The green arrow in a

indicates the movement of b-strands 1–4 in the E1z2Ca2þ ! E1zAMPPCP transition,

whereas those in red show the tilting of the a-helices 5–7.

Figure 6 Water-accessible surface of the cytoplasmic domains in E1zAMPPCP showing

the A–N interface. Inset is an enlarged view of the boxed area, where the A- and N-

domains appear to be mechanically coupled.
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interacts with Glu 486, the residue next to Phe 487, which is the
primary residue for adenine binding. Hence, the binding and the
release of ATP might directly affect the A–N interface. In fact the
strand Nb7, onwhich Glu 486 and Phe 487 are located (Fig. 6 inset),
shows the largest movement in the N-domain upon binding of
AMPPCP.

Discussion
From the crystal structures it is clear that Ca2þ-ATPase changes the
orientation of the A-domain to regulate the cytoplasmic gate of the
Ca2þ-binding pathway by moving, primarily, the M1 helix. This
means that the interfaces between the A-domain and the two other
cytoplasmic domains are critically important and adjusted during
the reaction cycle. Here, ATP works as the principal modifier. It
brings theN-domain very close to the P-domain by directly bridging
them, so that the N domain can ‘grip’ the M3 side of the A-domain.
To achieve this, the g-phosphate bends the P-domain to gain an
extra ,308 of inclination. At the same time, ATP induces the
binding of Mg2þ, which bends the P-domain in a nearly orthogonal
direction so that the M2 side is brought higher up. As a combined
result of these interactions, the A-domain tilts by ,308 to pull up
the M1–M2 helices and to strain the loop connecting to M3. This
strainmight be the driving force for another A-domain rotation that
occurs in subsequent steps in the reaction cycle to open the lumenal
gate. The extensive hydrogen-bonding network formed around the
ATP (analogue) might be required for sustaining this strained
state. A

Methods
Crystallization
Ca2þ-ATPase was prepared from rabbit hind-leg white muscle38 and purified by affinity
chromatography39; for elution AMPPCP was used. Crystals of P21 symmetry were
prepared by dialysing purified enzyme (20 mM) mixed with phosphatidylcholine in
detergent octaehyleneglycol mono-n-dedecylether (C12E8, 2mgml21) against a buffer
consisting of 20% glycerol, 12% PEG 400, 10mM CaCl2, 5mM MgCl2, 2.5mM NaN3,
2mgml21 butylhydroxytoluene, 0.2mM dithiothreitol, 20mMMES, pH 6.1, and 0.5mM
AMPPCP for about one month. Crystals were grown to 100 £ 100 £ 60 mm and flash-
frozen in cold nitrogen gas in a cold room. For making C2 crystals, 200mM sodium
propionate was included in the dialysis buffer.

Data collection
All the diffraction data were collected at BL41XU, SPring-8, using a MAR165 CCD
detector at l ¼ 0.72 Å, and processed with Denzo and Scalepack40. For refinement,
diffraction data from two best crystals with P21 symmetry were merged (Rmerge ¼ 5.6%
with a redundancy of 6.7 and I/j ¼ 27.0) for 1/15.0 to 1/2.9 Å21 (24.0%, 3.10 and 3.58,
respectively, for the highest-resolution bin, 3.00–2.9 Å). Unit cell dimensions were
a ¼ 90.9, b ¼ 123.6, c ¼ 151.8 Å and b ¼ 107.28. Two protein molecules were contained
in the asymmetric unit.

Modelling and refinement
The crystal structure was determined bymolecular replacement14, first using the data from
C2 crystals that contain only one protein molecule in an asymmetric unit. The starting
model included the M4–M10 helices and the P-domain only. The N-domain was readily
placed in the first map calculated from them, after solvent flattening with CNS41. The M3
helix and then the A-domainwere added in the subsequent maps with no difficulty. Finally
M1–M2 helices were constructed. The resulting atomic model was used as the starting
model for refinement with the diffraction data from P21 crystals. The diffraction data
contained 70,272 reflections at 99.4% completeness (from 15 to 2.9 Å resolution). The
atomic model consisting of 7,709 £ 2 atoms (7,671 in the protein, 31 in AMPPCP, 3 ions
and 4 water) was refined at a 2.9 Å resolution to R cryst of 25.2% and R free of 29.6% using
CNS41 with a strong non-crystallographic symmetry restraint. r.m.s.d of the bond length
and angle were 0.009 Å and 1.38, respectively. The geometry of the model was examined
with Procheck42; 992 out of 994 residues were in the most favourable or favourable region
in the Ramachandran plot. The secondary structure was assigned with DSSP43. (More
details are given in Supplementary Methods.)
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