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Sarco(endo)plasmic reticulum Ca2� ATPase (SERCA) Ca2� transport-
ers pump cytosolic Ca2� into the endoplasmic reticulum, maintain-
ing a Ca2� gradient that controls vital cell functions ranging from
proliferation to death. To meet the physiological demand of the
cell, SERCA activity is regulated by adjusting the affinity for Ca2�

ions. Of all SERCA isoforms, the housekeeping SERCA2b isoform
displays the highest Ca2� affinity because of a unique C-terminal
extension (2b-tail). Here, an extensive structure–function analysis
of SERCA2b mutants and SERCA1a2b chimera revealed how the
2b-tail controls Ca2� affinity. Its transmembrane (TM) segment
(TM11) and luminal extension functionally cooperate and interact
with TM7/TM10 and luminal loops of SERCA2b, respectively. This
stabilizes the Ca2�-bound E1 conformation and alters Ca2�-trans-
port kinetics, which provides the rationale for the higher apparent
Ca2� affinity. Based on our NMR structure of TM11 and guided by
mutagenesis results, a structural model was developed for
SERCA2b that supports the proposed 2b-tail mechanism and is
reminiscent of the interaction between the �- and �-subunits of
Na�,K�-ATPase. The 2b-tail interaction site may represent a novel
target to increase the Ca2� affinity of malfunctioning SERCA2a in
the failing heart to improve contractility.

endoplasmic reticulum � Ca2�-ATPase � ion transporter � phospholamban �
P-type ATPase

Calcium ions in the endoplasmic reticulum (ER) control
cellular growth, proliferation, differentiation, and death and

are maintained at high concentrations by the ubiquitous ER
Ca2� pump sarco(endo)plasmic reticulum Ca2� ATPase 2b
(SERCA2b) (1). SERCAs cycle between an E1 conformation,
with high-affinity Ca2�-binding sites facing the cytoplasm, and
E2 with low-affinity Ca2�-binding sites facing the lumen of the
ER (2, 3). Several 3D crystal structures of SERCA1a, the related
fast-twitch skeletal-muscle isoform, provided detailed insights
into the mechanism of Ca2� transport. Conformational changes
in the cytosolic domain of the pump are driven by ATP hydrolysis
and control the opening and closing of the Ca2� gates in the
transmembrane (TM) domain. The TM region contains 10 TM
helices comprising residues that reversibly coordinate Ca2� for
transport (4–7) (reviewed in ref. 3).

Unfortunately, much less is known about the structure and
mechanism of the ubiquitous SERCA2 isoform (�84% se-
quence identity with SERCA1a). Alternative splicing of the
SERCA2 messenger yields two variants: SERCA2a, which pop-
ulates the sarcoplasmic reticulum (SR) of the heart, smooth, and
slow-twitch skeletal muscle; and the housekeeping variant
SERCA2b, which is present in the ER of all cell types (Fig. S1a)
(8). SERCA2b differs from the muscle isoforms SERCA1a or
SERCA2a, displaying a 2-fold higher affinity for Ca2� and lower
catalytic turnover rate. These unique functional properties are
related to an extended C terminus of 49 residues (2b-tail)
containing an 11th TM domain (TM11) and luminal extension
(LE) (Fig. S1b) (9–12), but the mechanism behind this remains
unexplored.

The Ca2� affinity of SERCA2a in the heart is regulated mainly
by the reversible interaction with the small single-pass TM
protein phospholamban (PLN). Its binding results in a 2-fold
reduction in apparent Ca2� affinity, which has a profound impact
on cytosolic Ca2� removal, SR Ca2� content, and the amount of
Ca2� released for contraction (13). A 2-fold difference in Ca2�

affinity between SERCA2a and SERCA2b also critically affects
the Ca2� uptake into the cardiac ER/SR (14). It is, thus, not
surprising that reduced SERCA2 activity is pathological and
implicated not only in heart failure (13, 15), but also in cancer
(16) and the genetic skin disease of Darier (17). In heart failure,
both the expression level and apparent Ca2� affinity of
SERCA2a are reduced (reviewed in refs. 8, 13, and 18). In
addition, an abnormally low apparent Ca2� affinity leads to
cardiac failure (19, 20). Increasing the apparent Ca2� affinity of
SERCA2, e.g., by interfering with PLN function, is therefore
considered as a therapeutic strategy to improve SR Ca2� uptake
and contractility of the failing heart (13). It is thus essential to
understand how the Ca2� affinity of the pump is controlled.

Because the effect of PLN on the apparent Ca2� affinity is
independent from the 2b-tail (10), a yet-uncharacterized binding
site on the SERCA2 pump for this 2b-tail must exist. Here, we
provide strong evidence for the position of this novel site and
explain how the 2b-tail imposes a high apparent Ca2� affinity via
intramolecular interaction.

Results
Luminal Residues Stabilize the E1 Conformation of SERCA2b. The
main functional effect of the 2b-tail was previously assigned to
the LE (12 aa) (11). Here, we show that exogenous addition of
a synthetic LE peptide mimics the effect of the 2b-tail. At 1 �M
free Ca2� concentration LE inhibits the ATPase activity of
SERCA2a with an IC50 of 1.0 � 0.1 mM (Fig. 1A). At 1.2 mM,
LE increased the apparent Ca2� affinity (from K0.5 0.17 � 0.02
to 0.12 � 0.01 �M) (Fig. 1B). This finding indicates that LE is
a crucial affinity modulator that directly interacts with the pump.
LE also affects SERCA2b and SERCA1a activity, but at higher
concentrations (IC50 of respectively 3.7 � 0.9 and 4.5 � 1.5 mM).
This lower sensitivity may be attributed to interference of the
endogenous 2b-tail (SERCA2b) or dissimilarities in the inter-
action site (SERCA1a). These measurements were carried out
with 0.001% C12E8, but later experiments indicated that this was
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not required for the luminal action of the peptide in our system
(Fig. S1e).

Alanine scanning of the LE pinpointed the highly conserved
residues M1039, F1040, and W1041 (Fig. 1C) as most important
for conferring SERCA2b’s high apparent affinity for Ca2�. The
K0.5 values of the Ca2�-dependent ATPase activity of these
mutants were significantly increased compared with WT
SERCA2b, but remained lower than SERCA2a or SERCA1a
(Figs. 1C and S1c), indicating a partial loss of 2b-tail function.
Moreover, exogenous addition of a synthetic MFWS (single-
letter amino-acid code) peptide to SERCA2a inhibits ATPase
activity (IC50 of 1.10 � 0.02 mM) and lowers the K0.5 value for
Ca2� activation at 1.2 mM (Fig. S1d).

The LE of the 2b-tail might stabilize the pump in the
Ca2�-bound E1 as opposed to PLN, which promotes the Ca2�-
free E2 conformation (13, 21). This notion was tested by partial
digestion with proteinase K, which presents differential acces-
sibility to its cleavage sites in E1 and E2 (22). Ca2� forces the
pump in E1, rendering an extra �90-kDa band for SERCA2a
and SERCA2b on a Western blot (IID8, SERCA2 N terminus),
whereas this band is absent in E2, obtained with EGTA. The
opposite is true for SERCA1a (Jesper 15/6, SERCA C terminus)
where the extra �90 kDa is present only in E2 (22) (Fig. 1D). The
proteinase K digestion patterns of SERCA2a and SERCA2b are
altered by the LE peptide, with the formation of the �90-kDa
E1 band, even with EGTA. This result clearly shows that LE
stabilizes the E1 conformation. For SERCA2b (Fig. 1D, arrow),
but not for SERCA2a, a weak �90-kDa E1 band was even
detected in EGTA in the absence of LE peptide, which indicates
that the endogenous 2b-tail stabilizes the pump in E1. For
SERCA1a, the �90-kDa E2 band remained present in EGTA,
showing that LE has no effect, which is in line with the higher
IC50 value of LE in SERCA1a vs. SERCA2a.

TM11: A Second Functional Domain of the 2b-Tail. Although the
MFW residues play a crucial role, the 2b-tail’s function is not
abolished by substitution of 1039MFWS to alanines or in
SERCA2b mutants lacking the last 5 (D1038*) or 11 residues

(T1032*) (Fig. 2A). In contrast, removal of 12 residues (S1031*)
results in a full loss of 2b-tail function (Fig. 2 A and ref. 11), which
suggests the presence of a second functional domain close to
S1031; yet alanine substitution of S1031 did not affect the K0.5
(Fig. 1C). It could be that too much shortening of the LE
prevents proper membrane insertion of TM11. This idea is
supported by replacing the last 12 residues with GFP, which
restores 2b-tail function to the level of the T1032* mutant (Fig.
2A, Y1030-GFP). TM11 might thus represent the second func-
tional region.

Further evidence for a functional role of TM11 comes from a
SERCA1a2b chimera, which was created by ectopic addition of
the 2b-tail to the SERCA1a homologue (Fig. S2 a and b). Here,
too, the 2b-tail significantly increased the apparent affinity of
SERCA1a for Ca2� (Fig. 2b). Because in the SERCA1a back-
ground this functional effect remains after deletion of the last 11
residues (SERCA1a2b-T1032*), it should be fully attributed to
TM11, rather than to MFW. Also here, removal of the last 12
residues (SERCA1a2b-S1031*) abolished the effect, whereas
substitution of the LE with GFP restored it (SERCA1a2b-
Y1030-GFP; Fig. 2B). Thus, TM11 can act as an affinity
modulator of either SERCA2 or SERCA1a.

Intramolecular Interaction Between Luminal Loops and the 2b-Tail.
The LE might interact with specific residues on the luminal loops
of SERCA2. The absence of a functional interaction of LE in the
SERCA1a2b construct might then be ascribed to differences in
the necessary interaction sites in the luminal loops of SERCA1a
vs. SERCA2. To check this, we swapped the luminal loops L5–6,
L7–8, and L9–10 in the SERCA1a2b chimera with the corre-
sponding luminal loops of SERCA2 (Fig. S2 c and d). Exchang-
ing L5–6 had no significant effect, but replacement of L7–8 or
L9–10, respectively, decreased and increased the K0.5 of
SERCA1a2b (Fig. 3A), thus confirming the interaction of LE
with upstream luminal loops. Exchanging two loops simulta-

Fig. 1. Functional effects of the luminal residues of the 2b-tail. (A) Dose–
response curve of luminal peptide LE (n � 3). (B) Normalized Ca2�-dependent
ATPase activity of SERCA2a in the presence (E) and absence (F) of 1.2 mM LE
(n � 3). (C) Average K0.5 values for Ca2� of the alanine mutants of the luminal
2b-tail (n � 3–5). P � 0.05 vs. SERCA2b (*) or SERCA2a (#). (D) Partial proteinase
K digestion of SERCA isoforms in the presence or absence of 50 �M CaCl2, 1 mM
EGTA, or 4 mM LE peptide. Arrow marks E1 stabilization of SERCA2b in the
absence of Ca2�. S1a, SERCA1a; S2a, SERCA2a; S2b, SERCA2b.

Fig. 2. Functional effect of TM11 in SERCA2b and SERCA1a2b chimera.
Average K0.5 values of various SERCA2b mutants (A) and SERCA1a2b chimera
(B) (n � 7–10). P � 0.05 vs. SERCA2b (*), SERCA2a (#), or SERCA1a ($).

Fig. 3. The 2b-tail interacts with loop L7–8. (A) Average K0.5 values of
SERCA1a2b chimera with replacement of luminal loops L5–6, L7–8, and/or
L9–10 (n � 4–6). (B) Average K0.5 values of L7–8 SERCA2b mutants (n � 6–10).
N terminal, middle, and C terminal indicate the position of the multiple
mutations on L7–8. P � 0.05 vs. SERCA2b (*), SERCA2a (#), SERCA1a ($), or
SERCA1a2b (°).
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neously was in agreement with the results of the single loop
exchange. Finally, simultaneous exchange of the three loops
yielded a K0.5 that was comparable with SERCA2b. This gain of
function was also observed upon addition of 1.2 mM LE peptide
to the chimera (Fig. S2e). The peptide had a stronger inhibitory
effect on the ATPase activity of the triple-loop chimera than on
SERCA1a and SERCA1a2b. Exchanging L7–8 increased the
inhibition in both SERCA1a2b and SERCA1a (Fig. S2 e and f).
At this LE concentration, exchanging L9–10 in SERCA1a2b
apparently did not alter the sensitivity toward LE. The difference
between L7–8 and the triple-loop chimera should be attributed
to the opposing effect on 2b-tail function of introducing L9–10
compared with L7–8. Note that the L5–6 chimera became more
sensitive to the LE peptide, suggesting that F782 (Fig. S2 c and
e) may play a role. Importantly, some of these luminal mutations
clearly affect the inhibition by LE, convincingly demonstrating
that the LE peptide acts on the luminal side of the pump, even
in the absence of detergent. The peptide might gain access to the
lumen because of its amphiphatic nature (grand average of
hydropathicity value is �0.03, close to zero). Alternatively,
preexisting or peptide-induced holes in our microsomal prepa-
rations might have fragmented the membrane.

The previous data demonstrated that L7–8 of SERCA2 is
more permissive for binding the 2b-tail than L7–8 of SERCA1a.
We then searched for residues in L7–8 responsible for this
functional difference. L7–8 is better conserved from fish to
mammals in SERCA2 than in SERCA1a (respectively, 80% vs.
50% identical residues). Three L7–8 mutants were evaluated,
each carrying multiple mutations converting conserved
SERCA2b residues to SERCA1a: A857Y/G860D/R863G (N
terminal), L873M/K876T (middle), and A888E/Y894E (C ter-
minal) (Fig. S2c). Only the double mutation L873M/K876T
significantly increased the K0.5 value (Fig. 3B). Single-point
mutagenesis confirmed that both residues contribute to the
different behavior of L7–8 in SERCA1a2b vs. SERCA2b.

In our search for a putative interaction site fitting the 3D
structure of the LE, we simulated the docking of the MFWS
tetrapeptide with AUTODOCK software to a homology model
of SERCA2a in the E1–2Ca conformation, i.e., the Ca2�-bound
E1 conformation that was previously shown to be stabilized by
addition of the LE peptide (Fig. 1D). The solution with the
lowest estimated free energy (�7.85 kcal/mol) is presented in
Fig. 4A. Four residues (T86 in L1–2 and V283, H284, and Y294
in L3–4) that most frequently were predicted to interact with
MFWS were mutated. Note that these residues belong to luminal
loops that are identical in SERCA2b and SERCA1a. To rule out
effects unrelated to the 2b-tail, the mutations were evaluated in
SERCA2b and in SERCA2a, i.e., in the presence and absence of
the 2b-tail. The four SERCA2b mutants displayed a significant
shift in apparent Ca2� affinity, although the apparent Ca2�

affinity of some SERCA2a mutants was also affected (Fig. 4B).
Importantly, the difference between the SERCA2a and SERCA2b
K0.5 values (�K0.5) was lower for the mutants than for WT (�K0.5
0.062, 0.064, 0.042, and 0.065 �M for T86A, V283F, H284A, and
Y294A, respectively; 0.093 �M for WT), showing that the loss of
function is at least partially related to the 2b-tail. The functional
residues in L1–2, L3–4, and L7–8 line up in the structure to form
a putative binding pocket for LE (Fig. 4C). Note that this site is only
properly formed in E1–2Ca and E1�P, is slightly transformed in
E2-P, and is completely lacking in E2 (Figs. 4C and S3d), in
agreement with the expected stabilization of E1 by LE.

Kinetic Effects Are Responsible for the High Apparent Ca2� Affinity of
SERCA2b. In SERCA2b, at least three kinetic rate constants differ
from SERCA2a: SERCA2b shows a 10-fold slower Ca2� disso-
ciation from E1–2Ca (r3), a 2-fold slower transition of E1–
2Ca�P to E2–2Ca-P (k5), and a 3-fold slower dephosphorylation
(k7) (23). The effect of these altered rate constants were

simulated by using the simplified kinetic model of Fig. 5A (Table
S1). Simulations show that a lower k5 and k7 contribute to the
higher apparent Ca2� affinity and lower turnover rate of
SERCA2b (Fig. S3c). Note that these slower forward transitions
correlate with significant structural rearrangements of the lu-
minal docking site (Fig. S3d). Interaction of the 2b-tail in this
luminal site could thus reduce the forward rate of these transi-
tions. On the contrary, simulations of the 10-fold slower Ca2�

dissociation show only a negligible effect of r3 on the apparent
Ca2� affinity (Fig. S3c). With the three altered rate constants,
the simulated activation curve of SERCA2b resembles well the
experimental Ca2�-dependent ATPase measurements (Fig. S3 a
and b) except that the SERCA2b activity, even at low Ca2�

concentrations, never exceeds SERCA2a. Only when the ob-
served stabilization of E1 (reduced r1 or r2) is taken into account
do the results fit better with the experimental data of SERCA2b.
A lower r1 and/or r2 clearly increased the apparent Ca2� affinity,
noteworthy without an effect on the turnover rate (Fig. 5B).

Fig. 4. Residues MFWS occupy a luminal docking site formed by L1–2, L3–4,
and L7–8. (A) Docking of the MFWS tetrapeptide to the luminal region of
SERCA2a (homology model in E1–2Ca) using Autodock (�7.85 kcal/mol).
MFWS is indicated in gray spheres. All residues within a radius of 4 Å of MFWS
are shown as sticks. Residues T86, V283, H284, and Y294 are labeled. (B)
Average K0.5 values of SERCA2b (white) and SERCA2a (dark gray) WT and
luminal mutants (speckled) (n � 3–6). P � 0.05 vs. SERCA2b (*) or SERCA2a (#).
(C) Luminal docking site in the two main conformations of SERCA2a (homol-
ogy models based on SERCA1a structures (3) 1SU4 (E1) and 2AGV (E2). T86,
V283, H284, Y294, and K876 are shown as black sticks.

Fig. 5. E1 stabilization partially explains the increased apparent Ca2� affinity
of SERCA2b. (A) Simplified reaction scheme of SERCA Ca2�-transport. k1–7 and
r1–7 represent the forward and reverse rate constants of each transition (see SI
Text and Table S1). (B) Simulation shows that additional stabilization of E1 (2-
to 5-fold lower r1 and/or r2) further increased the apparent Ca2� affinity.
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Unfortunately, r1 and r2 are at present not accessible to exper-
imental testing, but it is likely that the much slower transition
from E23 E1 would already include the formation of the 2b-tail
binding site and allow 2b-tail interaction. This idea also agrees
with the pattern of proteinase K digestion in the absence of Ca2�.
Thus, the high apparent Ca2� affinity of SERCA2b can be
accounted for by a lower k5, k7 and presumably r1 (possibly r2, but
not r3). The 2b-tail would thus mainly stabilize the Ca2�-binding
E1 conformation, instead of directly altering the affinity of the
Ca2� binding sites.

TM11 Interacts with TM7 and TM10. To maintain Ca2� transport, it
is expected that TM11 respects the overall geometry of the TM
region and thus binds at the periphery of the TM domain.
Because 97% of consecutive TM helices of a membrane protein
are neighbors in the 3D structure (24), TM10 is a likely candidate
for TM11 interaction. TM11 may contact exposed residues in the
known SERCA1a structures, which are probably better con-
served in SERCA2 than in SERCA1a. Five such residues were
found in TM10 (L970, L974, L978, F985, and N989), and only zero
to three in other TM helices. Alanine substitution of L974, L978,
and F985 significantly increased the K0.5 value of SERCA2b, but
not of SERCA2a, confirming the putative role of TM10 in TM11
binding (Fig. 6A). Mutation of exposed residues on TM3 and
TM9 had no significant effect (Fig. S4 a and d).

The structure of TM11 was determined by NMR in a DMSO/
CDCl3 mixture mimicking the hydrophobic environment of the
TM region (Fig. 6B). TM11 adopts a stable �-helical structure,
slightly distorted at one proline residue. In agreement with the
observed NOE between S1015-H� and F1018-H� protons, the
hydroxyl group in the side chain of S1015 forms a hydrogen bond
with F1018-NH in the backbone. Such N-capping by side-chain
acceptors stabilizes the N-terminal end of a helix (25). The full
length of the structure is �27 Å, but the helical structure spans

a distance of only 22 Å. The position of the charged K971 on
TM10 would locally reduce the ER membrane thickness from 30
to 21 Å (26), making it suitable to accommodate TM11.

Analogous to PLN (21) and sarcolipin (SLN) (27), the TM11
NMR structure was modeled on a E1–2Ca SERCA2a homology
model. Critical residues on TM10 guided the docking, and center
of mass constraints were used to optimize the contact. The
docking of TM11 rendered 15 clusters for which the average total
nonbonded energy (NE) and total interface area (IA) were
calculated. The best cluster is presented in Fig. 6 C and D (NE:
�39 kcal/mol; IA: 721 Å2), predicting an interaction site for
TM11 in the region TM7 and TM10, in agreement with our
mutagenesis study. The helix bends at the N terminus toward
TM10 and descends along TM7. Importantly, all indicated
residues in close proximity of TM11 (Fig. 6D) are conserved in
SERCA2 and only one residue (Y867) is not conserved in
SERCA1a. This observation corresponds well with the func-
tional effect of TM11 in both SERCA isoforms. Also in agree-
ment, the mutations C841G and L837A on TM7 alongside the
predicted interface of TM11 increased the K0.5, but residues on
other TM regions did not (Fig. S4a). Residues in the IA on TM11
(Fig. 6E, orange) cover the length of the �-helix and are also
conserved. Substitution of P1017, W1028, and Y1030 into ala-
nines perturbed the high affinity of SERCA2b (Fig. S4b).

The Path from TM11 to the Luminal Docking Site. The LE can only
reach the described luminal docking site (Fig. 4A) from the
proposed position of TM11 if it descends via the front of L7–8
(Fig. 7A), but not via the back (Fig. S4c). To allow this descent,
Y1030 and S1031 of the TM11 helix were partially unwound (Fig.
7A) and L7–8 was repositioned by 3–8 Å to open a groove
between L5–6 and L7–8 that can accommodate the LE of the
2b-tail (Fig. S5a). The conserved G860–G861 and G884 on L7–8

Fig. 6. TM11 interaction site. (A) Average K0.5 values of TM10 mutants (n �
4–9). P � 0.05 vs. SERCA2b (*) or SERCA2a (#). (B) NMR structure of TM11 in
DMSO/CDCl3. Red bar shows N-terminal cap between the side chain of S1015
and the peptide backbone of F1018. (C) Detailed surface view of the docking
model of TM11 (yellow) in the region TM7, TM8, TM9, TM10 (green). Residues
from the IA are shown in light oragne (SERCA) and dark orange (TM11). (D)
Surface view of the IA (orange) of TM11 on TM7, TM8, TM9, TM10 (green). All
indicated residues of the IA are conserved in SERCA2. Residues indicated by red
labels are not identical but conserved in SERCA1a, and those indicated in blue
are not conserved in SERCA1a. (E) Surface view of the IA (orange) on TM11
(yellow). Residues identical in the 2b-tail of vertebrates are labeled in black;
not identical, but conserved are in red.

Fig. 7. Connection between TM11 and the luminal docking site. (A) The LE
(yellow) between TM11 (red) and MFWS (purple) runs along the front of L7–8.
Y1030 and S1031 are shown in dark blue. (B) Detailed view of the LE (yellow
ribbon, black labels). The LE follows a path between the conserved luminal
loop L5–6 (orange) and L7–8 (blue shades). Residues of L7–8 that are in close
apposition of the LE and that are fully conserved in SERCA2 are shown in dark
blue. The SERCA2b residues with white labels show a functional effect onmu-
tation. The yellow circles indicate a stabilizing region.
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would function as two hinge regions to support this movement
(Fig. S5a). A stable SERCA2b model was acquired (NE of
�8,000 vs. � 7,300 kcal/mol for the SERCA1a structure), with
a lower NE and higher number of H bonds than the mathemat-
ical sum of its components, suggesting a significant contribution
of the interaction (Table S2). Importantly, the proposed path
follows conserved residues on L7–8 and L5–6 of SERCA2 (Fig.
7B) and provides a structural explanation for the functional role
of residues F782 of L5–6 and L873, K876 of L7–8 (Fig. 3 A and
B). Indeed, K876 can form a stabilizing salt bridge with D1038
of the 2b-tail (Fig. 7B). The 2b-tail also crosses residue L873 (Fig.
7B) and is further stabilized by F782 that is in bonding distance
of Y1030. F872 and F890 of L7–8 would form an aromatic pocket
for F1036 (Fig. 7B). As anticipated from the tight fit in the
L5–6/L7–8 groove, scrambling of the conserved residues be-
tween TM11 and MFWS is associated with a partial loss of
function (Fig. S4a). The model allows that MFWS takes the same
position as predicted by AUTODOCK (Fig. S5b). Furthermore,
the higher K0.5 value of SERCA1a2b observed by exchanging
L9–10 with the corresponding loop of SERCA2b (Fig. 3A),
might be related to the only residue of L9–10 that differs in
SERCA1a and SERCA2 (Fig. S5b) and directly points to the
MFWS interaction site in our model, namely the substitution
K957 to Q957 in SERCA2b (Fig. S2c). Finally, the TM11-
interaction site is compatible with the functional effect of all
tested mutations (summarized in Fig. S4d).

Discussion
Functional Elements, Interaction Site, and Mechanism of the 2b-Tail.
Via an extensive multidisciplinary approach we now understand
how the 2b-tail can impose the characteristic high apparent Ca2�

affinity on the housekeeping Ca2� pump SERCA2b. TM11 and
the luminal residues MFW of the 2b-tail represent two functional
segments that together determine the affinity-increasing effect.
The LE tension interacts with luminal loops L1–2, L3–4, L7–8,
and L9–10, which stabilizes the E1 conformation. This idea is
supported by experimental evidence of proteinase K digestion in
the presence of 2b-tail mimicking peptides and is in line with the
formation of a putative docking site that is restricted to E1.
Simulations show that the E1 stabilization at least partially
explains the high apparent Ca2� affinity of SERCA2b. In
addition, the 2b-tail would counteract the structural changes
during the subsequent transitions E1�P3E2-P and E2-P3E2.
These slow conformational steps in SERCA2b further contrib-
ute to the high apparent Ca2� affinity and low turnover rate of
the pump (23).

Based on mutagenesis results, the SERCA1a structure and
presented NMR structure of TM11, we developed a model of
SERCA2b that specifies the position of the 2b-tail. This
SERCA2b model predicts that TM11 crosses the membrane
close to TM7 and TM10 and displaces L7–8 to allow a descent
of the LE between L5–6 and L7–8 to reach the luminal docking
site. Importantly, the SERCA2b model is based on and is
consistent with the mutagenesis results and explains our exper-
imental observations.

Comparison of Different Ca2� Affinity Modulators. Essentially, PLN
and SLN represent functional opposites of the 2b-tail, reducing
the apparent Ca2� affinity of the pump by binding preferentially
to the E2 conformation (13). Like the 2b-tail, they contain a
functional TM region and either a cytosolic or LE that interact
with the pump. The cytosolic region of PLN functionally inter-
acts with the N-domain of the pump (21, 28), whereas the
conserved LE of SLN presumably interacts with L1–2 (27, 29).
The TM region of PLN and SLN most likely bind in a hydro-
phobic groove formed by TM2, TM4, TM6, and TM9 (21, 27),
inhibiting the conformational changes that take place from E2
to E1 (13, 21). Such a mechanism is less obvious for TM11

binding to TM7 and TM10, i.e., helices not undergoing large
conformational changes. We propose that the relocation of L7–8
may account for the functional effect of TM11 and might explain
why TM11 needs to extend beyond Y1030 to preserve its
function. Indeed, according to the SERCA2b model, S1031 and
T1032 would enter the groove L5–6/L7–8, triggering the dis-
placement of L7–8, whereas Y1030 does not. The new position
of L7–8 could influence other luminal loops and affect the
conformational transitions of the pump (kinetic effect) or it
might affect the position of TM8 (Fig. S5a), which contributes to
Ca2� binding site 1 (direct effect on the affinity of the Ca2�

binding site) (23). Alternatively, TM11 might exert its function
by influencing the packing of the other TM helices.

Toward Drugs That Increase the Ca2� Affinity of the Pump. Increasing
the apparent Ca2� affinity of the cardiac SERCA2a Ca2� pump
to stimulate SR Ca2� uptake activity and improve contractility
appears as an attractive approach for treating heart failure (13,
30). Targeting the binding site of the 2b-tail may represent a new
strategy to increase the apparent Ca2� affinity of SERCA2. In
light of their ability to cross the ER membrane in the absence of
detergent, peptides or peptide mimics of the LE might hold such
promise. Such strategy avoids the necessity of interfering with
PLN, which is important in view of growing evidence that the
regulation by PLN is crucial for maintaining some cardiac
reserve (8, 14, 31, 32).

Similarities Between Ion Affinity Regulation in Na�,K�-ATPase and
SERCA2b. Striking similarities are found in the way the affinity for
ions is controlled in the Ca2�-ATPase and the related Na�,K�-
ATPase. The ion affinity of the Na�,K�-ATPase �-subunit is
controlled by accessory �- and �-subunits. The �-subunit of
Na�,K�-ATPase is positioned on TM7–10 of the �-subunit (33,
34), remarkably resembling the predicted position of TM11 in
SERCA2b (Fig. S5c). Like TM11, the TM region of the �-sub-
unit exerts transport-modulating effects, which control the K�

and Na� affinity (34, 35). The ectodomain of the �-subunit is the
main modulator of ion transport (36) and interacts with L5–6
and L7–8 of Na�,K�-ATPase (33, 34), similarly to the luminal
2b-tail in SERCA2b. Also PLN of SERCA and the �-subunit of
Na�,K�-ATPase, which are otherwise unrelated, occupy similar
sites on the pumps (21, 27, 33, 37) with comparable functional
effects (13, 38).

In conclusion, this study specifies how the characteristic high
apparent Ca2� affinity of the ubiquitous Ca2� transporter
SERCA2b results from a direct interaction between its unique
C terminus and upstream luminal loops. The 2b-tail binding site
may represent a novel target to increase the apparent Ca2�

affinity of the cardiac SERCA2a pump and stimulate cardiac
contractility.

Methods
ATPase Activity Measurements. Microsomes of COS cells overexpressing SERCA
were subjected to Ca2�-dependent ATPase activity and turnover rate exper-
iments as described (23, 39). Peptides (ThermoFisher; 	90% purity) were
suspended in 100 mM N-Tris(hydroxymethyl)methyl-2-aminoethanesulfonic
acid (TES) (pH 7), 50 mM KCl, and 10 mM KOH and preincubated with the
vesicles for 10 min at room temperature, followed by 5 min at 37 °C (adapted
from ref. 29).

Proteinase K Digestion. Limited proteinase K digestion was performed in 50
mM Mops (pH 7), 50 mM NaCl, and 2 mM MgCl2 (adapted from ref. 2) in the
presence and absence of 50 �M CaCl2, 1 mM EGTA, or 4 mM LE peptide in
DMSO. Protein/proteinase K ratios were 1/10 for SERCA1a and 1/75 for
SERCA2a and SERCA2b. After incubation at 25 °C for 30 min (SERCA1a) or 45
min (SERCA2a, SERCA2b), proteins were precipitated with 15% trichloroacetic
acid (TCA) and suspended in loading buffer for Western blot analysis (14).
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NMR. The structure of 1012DGISWPFVLLIMPLVIWVYS (	95% purity; Ther-
moFisher) corresponding to TM11 was determined by NMR in DMSO/CDCl3
(Table S3). Spectra were acquired at 295 K on a Bruker Avance II 600 with a
5-mm TXI HCN Z gradient cryoprobe (BioMacs; Katholieke Universiteit Leu-
ven), processed with Topsin2.1 (Bruker) and analyzed by using CARA (40).

Modeling. Computational docking of MFWS was performed via AUTODOCK4
(41), with a population number of 150 and default parameters. A total of 1,500
runs evolved for at most 27,000 generations of energy minimization. Docking
of TM11 was simulated by HADDOCK2.0 (42) onto SERCA2a in E1–2Ca. The
best from 15 clusters containing at least four complexes with an interface
backbone rmsd of 7 Å was analyzed. This cluster comprised a favorable
orientation of TM11, which was analyzed with Brugel (43). The orientation of
the luminal tail was then modeled on the TM11 position to reach the luminal
site for 1039MFWS. The main- and side-chain dihedral angles were rotated with

Brugel. The model was subsequently refined with a steepest descend and
conjugated gradient minimization.

Statistics. Results are presented as average � SEM of n independent experi-
ments. Multiple comparison statistical analysis was carried out by one-way
ANOVA followed by a posthoc Fisher LSD test (Statistica8). P � 0.05 was
considered statistically significant.

For additional information see SI Text.
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