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Ca2+-ATPase of sarcoplasmic reticulum (SERCA1a) pumps two Ca2+

per ATP hydrolyzed from the cytoplasm and two or three protons in
the opposite direction. In the E2 state, after transferring Ca2+ into
the lumen of sarcoplasmic reticulum, all of the acidic residues that
coordinate Ca2+ are thought to be protonated, including the gating
residue Glu309. Therefore a Glu309Gln substitution is not expected
to significantly perturb the structure. Here we report crystal struc-
tures of the Glu309Gln and Glu309Ala mutants of SERCA1a under
E2 conditions. The Glu309Gln mutant exhibits, unexpectedly, large
structural rearrangements in both the cytoplasmic and transmem-
brane domains, apparently uncoupling them. However, the structure
definitely represents E2 and, together with the help of quantum
chemical calculations, allows us to postulate a mechanism for the
E2 → E1 transition triggered by deprotonation of Glu309.
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Ca2+-ATPase of sarcoplasmic reticulum (SERCA1a) translocates
two Ca2+ from the cytoplasm per ATP hydrolyzed and thereby

establishes a 10,000-fold concentration gradient of Ca2+ across the
membrane. This active transport is conventionally explained by the
E1/E2 theory. In E1, the transmembrane Ca2+-binding sites have
high affinity for Ca2+; in E2, the binding sites have low affinity for
Ca2+ and are stabilized by H+ (1, 2). In the E2 → E1 transition,
low-affinity transmembrane Ca2+-binding sites release two (or three)
protons and become high affinity for Ca2+ (3). This transition oc-
curs spontaneously under physiological conditions but accompanies
large and complex structural changes in both the cytoplasmic and
transmembrane domains (4).
To explore how these structural changes take place and in

what order, mutant structures are helpful. One of the most in-
teresting point mutations is the Gln substitution of Glu309, the
gating residue located in the unwound part (“hinge”) connecting
the cytoplasmic and luminal halves of the M4 helix (M4C and
M4L) (5). This residue caps the second bound Ca2+ (6) and is
thought to transmit the Ca2+-binding signal to the phosphory-
lation site, presumably by changing the path (angle and eleva-
tion) of M4C. Substitutions of this residue totally abolish the
transport activity (7). In E2, Glu309 is expected to be protonated
(1) to stabilize the empty binding site by forming a hydrogen
bond with the main chain carbonyl of Val304 at the top of M4L.
Thus, under E2 conditions, Glu309Gln substitution is expected
to cause little change, but limited proteolysis shows that the
mutant under E2 conditions takes an E1-like conformation (5).
Here we describe a crystal structure of this mutant at 2.5-Å

resolution, as well as that of Glu309Ala mutant at 3.4 Å, under
E2 conditions in the presence of thapsigargin (TG), a very potent
inhibitor that fixes the ATPase in E2 (8, 9). As described before
(9, 10), there are four prominent features that characterize the
E2 structure. They are (i) closed and compact headpiece, (ii)
highly curved (“bowed”) M5 helix, (iii) axially lower position of
the M4 helix, and (iv) rotation of the unwound part of the M6
helix. This crystal structure of Glu309Gln [designated as
Glu309Gln(TG)] is very different from any E2 crystal structures
published thus far and, at first glance, closer to that of E1·Mg2+ (4).

In this structure, the cytoplasmic domains assume an E1-like ar-
rangement, whereas the transmembrane domain shows a unique
but definitely an E2 configuration. Thus, this seemingly insignifi-
cant substitution causes drastic rearrangements in both the cyto-
plasmic and transmembrane domains, apparently uncoupling
them. More importantly, the crystal structures, combined with
quantum chemical calculations, reveal the critical structural fea-
tures for establishing the E2 state and give insights into how the
E2 → E1 transition proceeds.

Results
Crystal Structures of the Glu309Ala and Glu309Gln Mutants. The
Glu309Ala mutant was crystallized under essentially the same E2
(TG) conditions as those for the native enzyme (9), and the
crystal structures themselves are almost identical (RMSD = 0.20 Å;
SI Appendix, Fig. S1D and Table S1). For instance, the M2 helix
is partly unwound as in the native enzyme, consistent with a lim-
ited proteolysis study. Even the path of the 308PEGL motif in the
hinge connecting M4C and M4L is identical. The only difference
is that the density corresponding to the carboxyl to the Cβ atom of
the Glu309 side chain is absent (SI Appendix, Fig. S1A). The Val304
carbonyl, which is expected to form a hydrogen bond with pro-
tonated Glu309 in the native enzyme, appears to be stabilized in the
mutant most likely by an additional water molecule (SI Appendix,
Fig. S1B). Thus, it is evident that the side chain of Glu309 is not
indispensable in forming the E2 structure.
The Glu309Gln mutant formed crystals under E2(TG) con-

ditions only in the presence of decylmaltoside, a detergent, in
addition to octaethyleneglycol mono-n-dodecylether (C12E8) used
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for solubilization. Two molecules of decylmaltoside per ATPase
were identified in the crystal structure (SI Appendix, Fig. S2): one
in a cleft in the N-domain (11) and the other in the trans-
membrane region in the cleft between the M2 and M6 helices,
normally occupied by a phospholipid molecule (12, 13). More
striking differences from the structure of the native enzyme are that
the headpiece appears to be open and the M5 helix almost straight
(Fig. 1). Furthermore, the A-domain takes an extreme azimuthal

position, ∼125° rotated from that in authentic E2 (Fig. 1, SI Ap-
pendix, Fig. S3, and Movie S1). This position is similar to that in
E1·Mg2+ (4), but even 23° more rotated (Fig. 1 and Movie S2).

Cytoplasmic Domains in Glu309Gln(TG). The compact headpiece has
been regarded as one of the hallmarks of the E2 state (9). In the
crystal structure of the native enzyme in E2, the A- and N-domains
are connected by seven hydrogen bonds, including two salt bridges

Fig. 1. Ribbon representation of the Glu309Gln(TG) crystal structure compared with those of native ATPase (SERCA1a) in E2(TG) and in E1·Mg2+. Viewed
in two orthogonal directions. (Top) Front views. (Bottom) Viewed from the left-hand side. Models are aligned with the M7-M10 helices. Colors change
gradually from the amino terminus (blue) to the carboxyl terminus (red). Green horizontal lines indicate the approximate boundaries of the hydrophobic
core of the lipid bilayer. The axes of rotation of the A-domain (thin red lines) with respect to the P-domain are common to both Glu309Gln(TG) and
E1·Mg2+ and are shown for the transition from E2(TG). K120 (small red balls) is the cleavage site of proteinase K yielding the 95K band (23). Red
dotted lines and short red bars indicate the interface between the A- and N-domains and hydrogen bonds between them. Also see Movies S1 and S2 for
structural changes.
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(9), forming an apparently rigid headpiece (Fig. 1). Indeed, the
headpiece appeared always the same if in E2, although overall ap-
pearance of the ATPase varied depending on the crystal packing
and inhibitors used (14). Soaking of ATP or their derivatives did not
destroy the compact headpiece (15, 16). Thus, the energy barrier for
opening the headpiece would be high, and a large-scale rearrange-
ment of the transmembrane helices realized in E2 → E1·Mg2+ (4)
would be a prerequisite.
In fact, the headpiece in the present structure is not fully opened

as in E1·Mg2+. New hydrogen bonds between the A- and N-domains
are formed at the very periphery of the A-domain (SI Appendix, Fig.
S3B), similar to those in E1·AMPPCP (SI Appendix, Fig. S3C), in
addition to those with the P-domain [between Arg139 (A) and the
Gly721 carbonyl (P)], stabilizing the extreme azimuthal position
(17) (SI Appendix, Fig. S3C). These new hydrogen bonds are rem-
iniscent of the “electrostatic catch” observed in E2·MgF4

2− on the
other side of the A-domain, between an A-domain loop containing
Arg198 and residues on the P-domain (18).

Rearrangement of Transmembrane Helices. The ∼125° rotation of
the A-domain requires a large rearrangement of transmembrane
helices (Figs. 2 and 3 and SI Appendix, Fig. S4; most accessible in
Movie S1), most conspicuous with M1 and M2, connected di-
rectly to the A-domain. M1, now a straight helix like that in E1·
2Ca2+ (6), is highly inclined (Fig. 1), occupying a unique lateral
position (Fig. 3). M2 is now contiguous all of the way from Phe87
to Tyr122, taking an E1-like position parallel to the M4 helix,
forming many van der Waals contacts and two hydrogen bonds

unique to this mutant structure (Fig. 2). In native ATPase in E2,
it is unwound between Asn111 and Ala115 (19) and detached
from M4. These differences with M2 will explain the difference
in susceptibility to proteinase K attack at Lys120 (5). As the axis
of rotation of the A-domain is inclined by 13.6° from the membrane
normal (Fig. 1), the 125° rotation causes large downward shifts
of the M1 and M2 helices (∼10 Å at the A-domain–M2 and –M1
junctions). Large inclination of M1 and winding of M2 appear to
be required for compensating such shifts to prevent extrusion of
the transmembrane helices from the bilayer.
The M5 helix appears more or less straight, again at first

glance similar to that in E1·Mg2+ (Fig. 1). In the E2 → E1·Mg2+

transition, such straightening of the M5 helix causes a change in
inclination of the P-domain and an upward shift of the M4 helix
(4) because the cytoplasmic segments of M4 (M4C) and M5
(M5C; Phe740 to Gly750) are both integrated into the P-domain
(6, 9) (Fig. 2). A similar event was expected to occur here, but
the difference in inclination of the P-domain (∼15°) is sub-
stantially smaller than that in the E2 → E1·Mg2+ transition
(∼24°), reflecting a small change in inclination of M4C (∼5°).
Thus, M4C keeps very much the same axial position, stabilized

Fig. 2. Superimposition of atomic models for the Glu309Gln mutant and
native SERCA1a in E2(TG). Aligned with the M7-M10 helices. M6 is removed
for clarity. The N-domain of Glu309Gln(TG) is removed and that of native
ATPase is made transparent. The model for Glu309Gln(TG) appears in yellow
with the A-domain in blue, the P-domain in orange, and native SERCA1a in
green. Orange and purple dotted circles enclose the P-domain of Glu309Gln
(TG) and native ATPase, respectively. M5 is a contiguous helix, but shown
with three cylinders (M5C, M5M, and M5L). Note that hydrogen bonds are
formed in Glu309Gln(TG) between the side chains of Asn111 and Thr317 and
between the side chain of Gln108 and the main chain carbonyl of Gln309
(pink dotted lines). Also note that the downward shift of M2 is large (∼10 Å
at Lys120) at the cytoplasmic end but reduced to ∼4 Å (at Thr84) at the other
end due to winding of the M2 helix in the mutant. The arrow shows the
movement of the P-domain (dotted circles) caused by the Glu309Gln sub-
stitution. Inset shows a magnified view of the boxed area.

A

C

B

Fig. 3. Disposition of the transmembrane helices in crystal structures of
SERCA1a: native ATPase in E2(TG) (A), Glu309Gln mutant (B), and native
ATPase in E1·Mg2+ (C). Viewed from the cytoplasmic side approximately
perpendicular to the membrane. Orange dotted lines represent likely hy-
drogen bonds, and those in green represent Mg2+ coordination. Orange
arrows in A indicate the directions to which the unwound part of M6 rotates
and M4L moves in the E2 → E1·Mg2+ transition. Note that dispositions of the
side chains of the Ca2+-coordinating residues (Glu309 on M4; Asn768 and
Glu771 on M5; Asn796, Thr799, and Asp800 on M6; and Glu908 on M8) in the
Glu309Gln mutant (B) are exactly the same as those in native enzyme (A),
although the M1 and M2 helices occupy distinctly different positions.
Double-headed arrows indicate van der Waals contacts.
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by the two hydrogen bonds with the residues on M2 (Fig. 2).
However, the horizontal shift of the P-domain in the M1-M10
direction exceeds 8 Å at the A-P interface (at Thr725), enough
to destroy the compact headpiece. As M5 contains two Gly resi-
dues (Gly750 and Gly770) that can work as flexible hinges (9), M5C
could follow the movement of M4C, independent of other seg-
ments of M5. In fact, the luminal end of M5 (M5L; Gly770-Ala780)
is fixed by hydrogen bonds between (protonated) Glu771 (M5) and
Asn796 (M6), exactly the same as in authentic E2 (Fig. 3), and the
middle part (M5M) changes inclination only 3.8°. This is a crit-
ical difference from the situation in E1·Mg2+, where the hydrogen
bonds between Glu771 and Asn796 are absent.
The luminal half of the M4 helix (M4L) is inclined by ∼16°

toward M3 with an apparent pivot around the Ala305 carbonyl
(Fig. 4 and Movie S1). This is because the Ala305 carbonyl is in
van der Waals contact with Asn768Cβ and, at the same time,
hydrogen-bonded with the Asn768 side chain amide. As Asn768
is located very close to the second hinge (Gly770) connecting M5M
and M5L, it cannot move as long as Glu771 forms hydrogen bonds
with Asn796 on M6. Conversely, due to the hydrogen bonds be-
tween them, the unwound part of M6 takes exactly the same path
as that in authentic E2 (Fig. 3 and SI Appendix, Fig. S4).
Thus, M4L keeps a low axial position (Fig. 2), and the residues

to coordinate Ca2+—namely, Glu/Gln309 on M4, Asn768 and
Glu771 on M5, Thr799 and Asp800 on M6, and Glu908 on M8—
all occupy the same positions as those in authentic E2 (Fig. 3 and
SI Appendix, Fig. S4). Accordingly, the protonation state of the
acidic residues must be the same, and hence, by definition, this
mutant structure represents an E2 state.
We therefore conclude that establishing the E2 state does not

depend on (i) the Glu309 side chain, (ii) a compact headpiece,
(iii) bowing of the M5 helix toward M1, (iv) bent conformation
of M1, or (v) partial unwinding of the M2 helix. Rather, we see
that the path of the unwound part of M6 and the hydrogen bonds
between Glu771 and Asn796 are maintained in the mutant
structure. These two are related, as the hydrogen bonds between
them fix the path of the unwound part of M6.

What Determines the Path of M4 in E2. Then, we ought to address
what has changed the inclination of M4C. The difference must
arise from the substitution of Glu309 with Gln, although the Gln
substitution would hardly affect the structure, as the Glu309
carboxyl is expected to be protonated in E2 (1). We notice,

however, that the distance between the oxygen/nitrogen of Glu/
Gln-309 and the carbonyl oxygen of Val304 is different: 2.8 Å in
the native ATPase structure and 3.0 Å in that of the mutant (SI
Appendix, Table S2). The 2.8-Å distance is too short for (par-
tially) charged oxygen atoms to be juxtaposed, suggesting that
Glu309 is indeed protonated, and a hydrogen bond is formed
between them.
Then, the question to be addressed is whether there is any

geometrical difference between the two types of hydrogen bond:
the one between a carbonyl and a protonated carboxyl and the
other between a carbonyl and an amide. Quantum chemical
calculations using coupled-cluster single-double and perturbative
triple [CCSD(T) (20)] showed that the optimal distance for an
amide–carbonyl hydrogen bond is 3.16 Å, 0.33 Å longer than that
for a protonated carboxyl–carbonyl hydrogen bond (SI Appendix,
Fig. S5), corroborating the crystal structures. This difference
seems small and easily accommodated by a slight change in side
chain conformation of Glu/Gln309.
To go further, we carried out quantum chemical energy mini-

mization of the atomic models derived by X-ray crystallography.
The minimizations converged without difficulty and provided us
with atomic models around Glu309 with explicit hydrogens and
protons. They showed very small deviations from the original
models (Fig. 5A and SI Appendix, Figs. S6–S8 and Table S2), if we
assume that the Val304 carbonyl is hydrogen-bonded with pro-
tonated Glu309 in native E2 and with water in Glu309Ala (SI
Appendix, Fig. S1B). The hydrogen bond distances between the
Glu/Gln309 side chain and the Val304 carbonyl were very close to
those in the original atomic models (2.62 vs. 2.77 Å for the native
ATPase and 2.97 vs. 3.02 Å for the mutant; SI Appendix, Table S2).
We noticed that there are many constraints on the side chain

conformation of Glu309. First, the other oxygen atom of the
carboxyl group of Glu309 is fixed by a hydrogen bond with Asn796
(Fig. 5A). All of the side chain atoms of Glu309 are in van der
Waals contacts with surrounding residues (SI Appendix, Fig. S8).
A slight change in inclination of M4L, on which Val304 is located,
may appear to accommodate the difference. The inclination is
indeed changed 16°, but in a direction that shortens the distance,
with an apparent pivoting point around the Ala305 carbonyl (Fig.
4). This is because M4L is already in tight contact with M5 (Fig. 4)
and cannot move toward M5. As a result, Val304 carbonyl is
displaced slightly upward (0.4 Å). Also, two main chain hydrogen
bonds (Ala303O-Ile307N and Pro308O-Leu311N) across the un-
wound part of M4 move M4C and M4L together (Fig. 5).
The difference in hydrogen bond distance is accommodated,

in reality, by slightly inclining M4C (∼5°; Fig. 2). This small
change is amplified by the M4C helix, enough to move the P- and
the N-domains >8 Å away from the A-domain, breaking apart
the compact headpiece. The new A-domain position brings M2
toward M4. A new hydrogen bond between Gln108 (M2) and the
Gln309 main chain carbonyl (Fig. 2) stabilizes M4C shifted ∼1 Å
upward (Fig. 4), at a position possibly higher than that if Gln108
were not there.

Consequence of the Deprotonation of Glu309. Is Glu309 in E2 really
protonated? The answer is yes, as a quantum chemical energy
minimization of the atomic model around Glu309 caused little
change if Glu309 was protonated but large deviations if not (Fig. 5
and SI Appendix, Figs. S7, S9, and S10 and Table S2). If deprotonated,
due to electrostatic repulsion, even the Glu309 main chain detached
by 0.4 Å from the Val304 carbonyl. As a result, the entire M4C seg-
ment (up to Pro312 in this calculation) is inclined as in the Glu309Gln
mutant, partially opening the hinge. This predicted change in incli-
nation is small (2.2°; Fig. 5C), yet it is likely to be enough to open
the compact headpiece as the movement at the end of M4C becomes
1.5 Å. Also, the shift of the Glu309 main chain (0.4 Å) compares well
with the difference in hydrogen bond distance between a carbonyl
and an amide or protonated carboxyl. What is interesting is that
Asn796 now forms a hydrogen bond with the Val304 carbonyl,
disrupting the one with the Glu771 carboxyl.

Fig. 4. Details around the Glu/Gln309 side chain and the difference in in-
clination of the two segments of the M4 helix. Superimpositions of atomic
models for native ATPase in E2(TG) (green) and the Glu309Gln mutant
(yellow). Aligned with the M7-M10 helices. Green and orange broken lines
represent likely hydrogen bonds. Double-headed arrows indicate van der
Waals contacts between the residues on the M4 and M5 helices.
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This hydrogen-bonding pattern is critically different from that
in Glu309Ala, in which the Val304 carbonyl is stabilized without
disturbing other residues by, most likely, an additional water
molecule (SI Appendix, Fig. S7C). Even when the additional water
molecule was excluded in the calculation, the Asn796 amide formed
a hydrogen bond with Val304, still keeping the hydrogen bonds
between Asn796 and Glu771 intact. In native ATPase, such a com-
pensating water molecule cannot enter the cavity due to the Glu309
side chain.

Discussion
As the E2 state should be denoted, more explicitly, as E2·nH+,
protonation states of the acidic residues that coordinate Ca2+ in
E1·2Ca2+ must be the most important property characterizing
the E2 state. Those Ca2+-coordinating residues in Glu309Gln
occupy identical positions to those in authentic E2, indicating
that the mutant structure described here represents an E2 state.
This arrangement of the acidic residues requires a low axial
position of M4 and the unwound part of M6 to take a path that
brings the Asn796 side chain into the Ca2+-binding cavity. As the
axial position of the M4 helix is directly related to the inclination
of the P-domain, we previously thought that a compact headpiece
and, accordingly, a highly curved M5 are absolute requirements
for E2. We were therefore surprised to see that in the Glu309Gln
mutant structure the headpiece is open and the M5 helix more
or less straight, yet the E2 state is maintained with only a small
change in inclination of M4.
Although not recognized before, the axial position of M4 and

the path of the unwound part of M6 are strongly linked. Due to
the presence of a Pro residue (Pro803), M6 cannot form a proper
α-helix and is partially unwound [or forming a π helix as in E1·
2Ca2+ (6)] between Leu797 and Gly801. The unwound part con-
tains two Ca2+-coordinating residues, Thr799 and Asp800, and
changes its path and axial position depending on the inclination of
M5 (Movie S3). In E1·2Ca2+, in which M5 is even slightly bent
toward M10, Thr799 and Asp800 coordinate site I Ca2+ (6). In E2,
M5 is deeply inclined toward M1, and the unwound part is rotated
clockwise so that Asp800 takes the position of Thr799, bringing in
Asn796 to form hydrogen bonds with (protonated) Glu771, and
stabilizing the empty Ca2+-binding sites (9).

The rotation is related to the curvature/inclination of M5.
When M5 inclines toward M1 (or, more rigorously, into the
space between M2 and M6) in the E1·Mg2+ → E2 transition (i.e.,
backward reaction), the middle section of M5 (M5M) containing
Tyr763 and Leu764 pushes the Thr799 and Asp800 side chains to
rotate the unwound part of M6 (Movie S3). This rotated con-
figuration appears to be energetically more favorable if Glu771 is
protonated and forms two hydrogen bonds with Asn796. In
Glu309Gln(TG), the M5 helix appears straighter (M5M 3.8° less
inclined), but not as much as that in E1·Mg2+ (12.9° less inclined;
Fig. 1). Therefore the path of the M5 helix in Glu309Gln(TG) is
actually closer to that in E2 of native ATPase.
When Glu771 becomes deprotonated, Asn796 would detach

from Glu771 and the unwound part of M6 change its path so that
it protrudes further toward M4C (SI Appendix, Fig. S4). Hy-
drogen bond formation between Asn796 and the Val304 car-
bonyl could be a driving force for the rotation of M6. As a result,
primarily, Asp800 and Thr805 push Val314 on M4C so that M4C
takes a new lateral position detached from M5 and M6 (Movie
S3) and more inclined toward M3 near the hinge (Movie S2),
displacing Ala305 from direct contact and hydrogen bonding with
Asn768 (Fig. 3). Then, an upward movement of M4 is allowed.
This is what we see in the E2 → E1·Mg2+ transition (4, 21).
Furthermore, as long as the unwound part of M6 takes the

path realized in E2, the A-domain cannot take its position in E1·
Mg2+, as residues on M2 would cause steric clashes with those on
M6 [in particular, Leu797 (M6) and Asn101 (M2); SI Appendix,
Fig. S4]. Thus, we now see important roles of the unwound part
of M6 in regulating the E2 → E1 transition.
The point to be emphasized is that, for the unwound part of

M6, only the E2 configuration is possible whenM5 inclines toward
M1 and stable if and only if Glu771 is protonated. As long as the
two hydrogen bonds between Asn796 and protonated Glu771 are
in place, M4 and M5/M6 are in tight van der Waals contacts,
reinforced by a hydrogen bond between the Asn768 amide and the
Ala305 carbonyl (Fig. 4), preventing an upward movement of M4.
Thus, bowing of M5 appears to be a means to ensure the pro-
tonated E2 (i.e., E2·nH+) state and lock the configuration by
arranging the cytoplasmic domains to form a compact headpiece.
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Fig. 5. Quantum chemically optimized atomic models of SERCA1a around Glu/Gln309. (A) Superimposition of atomic models derived from the crystal
structure of native ATPase in E2(TG), before (thin lines) and after (sticks) energy minimization by DFT-D, assuming a protonated Glu309. (B) Superimposition
of the optimized model of Glu309Gln(TG) (sticks) and that of native ATPase in E2(TG) (thin lines). (C) Superimposition of energy-minimized models of native
ATPase with deprotonated (sticks) and protonated (thin lines) Glu309. Aligned with the residues on the M5 and M6 helices, the Cα atoms of which are
spatially fixed in the optimization. Dotted lines represent hydrogen bonds. Viewed approximately parallel to the membrane. The side chain of Ile307 is
removed. Stereo pictures are provided in SI Appendix, Figs. S7A and S9 A and B, respectively.
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A charge movement study showed that proton release takes
place at substantially higher pH in the Glu309Gln and Glu309Ala
mutants than in wild-type ATPase (apparent pKa of 7.8 vs. 6.7)
(22). As we showed that the arrangement of the Ca2+-binding
residues is identical to the native ATPase in both mutants, the
measurements indicate that the acidic residues other than Glu309
[i.e., Glu771 and, presumably, Asp800 (1)] have higher apparent
pKa than that of Glu309 and do not release protons at lower than
pH 7.2. However, all proton releases take place at once around
pH 6.7, as the charge movement curve shows only one rise (22).
This observation indicates that, around pH 7, deprotonation of
Glu309 is prerequisite to the proton releases from the other acidic
residues. In other words, the deprotonation of Glu309 is likely to
be the first chemical event in the E2 → E1 transition.
Quantum chemical simulation (Fig. 5C and SI Appendix, Figs.

S9B and S10B) showed that deprotonation of Glu309 could in-
deed cause disruption of one of the two hydrogen bonds between
(protonated) Glu771 and Asn796, in addition to the opening of
the hinge between M4C and M4L. This is because the new
negative charge arising from the deprotonation has to be com-
pensated for by bringing in the Asn796 amide. Resultant struc-
tural changes would be much more profound than that by merely
opening the hinge because the latch (i.e., the hydrogen bonds
between Glu771 and Asn796) that prevents the unwound part of
M6 from taking a different path would become unlocked, trig-
gering the transition into E1. As such change did not take place
in Glu309Gln, nor in Glu309Ala, introduction of a negative charge
is the cause of such events. Conversely, because those critical hy-
drogen bonds can be realized only when Glu771 is protonated, its
protonation is the most critical structural feature in realizing the
E2 state. It certainly makes sense, because E2 should actually be
denoted as E2·nH+.
We have learned that the overall organization of SERCA1a is

very sensitive to the inclination of M4C, which can be changed in
two ways. Increasing the length of the hydrogen bond linking the
two halves of M4 (as in the Glu309Gln substitution) is one way,
and introducing a negative charge (by deprotonation of Glu309)

to increase electrostatic repulsion between the two halves is the
other way. Only the latter is possible (but inevitably causing other
effects from those seen with the mutation) within the reaction
cycle of the native pump and is realized in the E2→ E1 transition.
Opening of the headpiece per se does not cause the transition, but
would certainly increase the likelihood. If the opening happens in
E2, the structure of SERCA1a would appear very much the same
as that presented here for the Glu309Gln mutant.
Thus, the scenario for the E2 → E1 transition is as follows: (i)

Spontaneous deprotonation of Glu309 opens the hinge in M4 by
electrostatic repulsion, which in turn opens the headpiece. Now the
A-domain rotates horizontally ∼120° and takes an E1-like azi-
muthal position. M5 straightens somewhat, tending to that in E1.
(ii) Deprotonation of Glu309 at the same time pulls the Asn796
side chain toward Val304, destroying one of the two hydrogen
bonds between Glu771 (M5) and Asn796 (M6), and the latch that
prevents the unwound part of M6 from taking a different path is
unlocked. (iii) An anticlockwise rotation of the unwound part
brings Thr799 and Asp800 into the Ca2+-binding cavity, pushing
M4C, primarily through Val314. (iv) M4C inclines toward M3 near
the hinge, detaching from M5 and M6. (v) M5 now straightens
completely, bringing the entire M4 helix upward to the E1 position.

Materials and Methods
Details of all methods used in this study are described in SI Appendix, Ma-
terials and Methods, including (i) construction, expression, and purification
of SERCA1a mutants; (ii) crystallization; (iii) data collection and structure
determination; (iv) quantum chemical refinement of atomic models; and (v)
quantum chemical calculation of the energy profile of the hydrogen bond.
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