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Figure 2. (A) Extracts of COS7 cells transfected to express 
proteins as indicated were subjected to IP with antibodies to 
SERCA1 or mCherry, to compare WT sAnk1 with sAnk1 
containing all leucines in its transmembrane (TM) domain. (B) 
quantitative comparison of data in A, showing that TM domain 
mediates binding of sAnk1 to SERCA1. (C) COS7 extracts were 
co-transfected to express SERCA1 and FLAG-tagged versions 
of full-length sAnk1 or sAnk1(29-155). A FLAG empty vector was 
used as control. (D) Amylose resin bound to bacterially 
expressed sAnk1(29-155)-MBP fusion protein was incubated 
with extracts of COS7 cells transfected to express SERCA1. 
MBP protein alone was used as a control. (C, D) show that the 
cytoplasmic domain of sAnk1 alone, binds to SERCA1. (E, F) 
Ca2+-ATPase assay in microsomes from COS7 cells transfected 
with the indicated cDNA constructs.  The results showed that the 
TM interaction is essential for sAnk1 to inhibit SERCA.
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Interaction between sAnk1 and SERCA1 [4] 

Abstract
Sarcoplasmic/endoplasmic reticulum Ca2+-ATPase1 (SERCA1) is responsible for the clearance of 

cytosolic Ca2+ in skeletal muscle, and its regulation has been intensively studied. Small ankyrin 1 
(sAnk1, Ank1.5), a 17 kDa muscle-specific isoform of ANK1, binds to SERCA1 directly via both its 
transmembrane and cytoplasmic domains and inhibits SERCA1’s ATPase activity. It also binds avidly to 
the giant cytoskeletal protein, obscurin.

We characterized the interaction between the cytoplasmic domain of sAnk1 (sAnk1(29-155)) and 
SERCA1. The binding affinity was 444 nM by blot overlay. Site-directed mutagenesis identified K38, H39, 
and H41, in the juxtamembrane region, as essential for binding to SERCA1 but not to obscurin. Residues 
R64-K73, which contribute to obscurin binding, are also required for binding to SERCA1, but only the 
hydrophobic residues in this sequence are required, not the positively charged residues necessary for 
obscurin binding. Circular dichroism analysis of sAnk1(29-155) indicates that most mutants we studied 
show significant structural changes, with the exception of K38A/H39A/H41A. The inhibitory activity of full-
length sAnk1 requires the WT juxtamembrane sequence. Our results suggest that, in addition to its 
transmembrane domain, sAnk1 uses its juxtamembrane sequence and perhaps part of its obscurin 
binding site to bind to SERCA1, and that this binding contributes to their robust association in situ, as well 
as regulation of SERCA1’s activity.

In addition, we showed sAnk1 binds directly to PLN and forms a three-way complex with SERCA1. 
This interaction does not ablate PLN’s inhibition of SERCA1 activity. Our results are consistent with a 
model in which, in forming a three-way complex, PLN binds to SERCA1 first, followed by binding to 
sAnk1. Our studies with PLN suggest that the interactions of PLN, SLN, and sAnk1 with SERCA1, either 
alone or in pairs, are distinct and have different effects on SERCA1’s enzymatic activity.
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Figure 3. Methods. 
(A) Generation of 
recombinant proteins 
of sAnk1(29-155) with 
different tags. (B) 
Graphic illustration of 
the procedure of blot 
overlay assays [5]. 
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Figure 1. (A) Protein structure of SERCA. Adapted from Protein Data Bank (PDB) code 2ZBD [1]. 
(B) Excitation-contraction coupling [2]. (C) The most well-known Micropeptides that inhibit SERCA, 
sarcolipin (SLN) and phospholamban (PLN) [3]. (D) sAnk1 shares several conserved residues with 
SLN, PLN and an additional SERCA regulator, myoregulin (MLN) [4].
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Figure 4. sAnk1(29-155) binds directly to SERCA1 with a lower affinity than it binds to obscurin. (A) Schematic 
diagram showing the cytoplasmic domain of sAnk1 (sAnk1(29-155), red) bound to SERCA1 (blue) directly, as well as to 
obscurin (Obsc-F3, the F3 fragment of obscurin which contains the main binding sites for sAnk1, yellow), on the SR 
membrane (grey). (B, C). Blot overlay assays and saturation binding curves of sAnk1(29-155) binding to (B) SERCA1 and 
(C) GST-Obsc-F3. Top: Results used to generate the binding curves. Blots were prepared with a constant amount of 
SERCA1, GST-Obsc-F3 and GST (shown by Ponceau S staining) and overlaid with increasing concentrations of MBP-
sAnk1(29-155). Bottom: Binding curves and KD. mean ± SD, n = 3. The results showed that sAnk1(29-155) binds to 
SERCA1 directly, with an affinity 6.7-fold weaker than binding to GST-obsc-F3.  
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Figure 5. (A) Each of the indicated sequences in rat sAnk1(29-155) sequence was 
deleted. (B) Blot overlay assay results. Top, Ponceau S staining of membranes with 
1.5 µg SR vesicles loaded per lane. The band of SERCA1 was confirmed by antibody 
to SERCA1 (to the right of Ponceau S stains). Bottom, the membrane was cut and

incubated with each MBP fusion proteins of the sAnk1(29-155) deletion mutants. (C) The amount of MBP fusion protein bound 
to SERCA1 was quantitively measured after binding with the antibody to MBP. Quantification normalized to WT (%), mean ± 
SD, n = 3. (D) Cartoon depiction of the location of the 2 possible binding regions in full-length sAnk1 for SERCA1. 
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Mutants of sAnk1(29-155) binding to SERCA1
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Figure 6. Mutants of sAnk1(29-41) binding to SERCA1. (A) Cartoon depiction of the location and sequence of an N-
terminal binding region for SERCA1 in the full-length sAnk1. (B) Blot overlay assay results. 1.5 µg SR vesicles were 
loaded in each lane. Binding to SERCA1 of MBP-sAnk1(29-155) has single point mutations, and alanine mutations in three 
positively charged (CRs) or four hydrophobic (HRs) amino acids. (C) Quantification normalized to WT (%), mean ± SD, n = 
3. The multiple mutations inhibited binding completely. Of the single-point mutations, V29  and K30 had the largest effect 
on the binding.
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Figure 7. Mutants of sAnk1(64-73) binding to SERCA1. (A) Cartoon depiction of the location and sequence of the C-
central binding region for SERCA1 in full-length sAnk1. (B) Blot overlay assay results. 1.5 µg SR vesicles were loaded in 
each lane and incubated with different fusion proteins of the mutants. Alanine mutation is made in each of the charged 
residues and hydrophobic residues. (C) Quantitation of blot overlay assays, mean ± SD, n = 3. The results showed that 
mutations in a single hydrophobic residue inhibited the binding significantly and that mutating 2 or 3 hydrophobic residues 
interrupted binding to SERCA1 completely.  Mutation of the positively charged residues had no effect on binding to SERCA1. 
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Figure 8. (A) Results of blot overlay assays of binding of 
mutants in MBP-sAnk1(20-155)-V29-41 (left and middle panels) 
and -R64-K73 (right panel)   to GST-Obsc-F3. Top, Ponceau S 
staining of 1 µg MBP-sAnk1(29-155), mutants, and MBP protein. 
Bottom, After the blot was incubated with 3 µg/ml GST-Obsc-F3, 
it was immunoblotted with antibody to GST. (B) Quantitation of 
blot overlay assays comparing sAnk1(29-155) and mutants 
binding to SERCA1 and to obsc-F3, mean ± SD. The results 
showed that none of the mutations in V29-H41  affected the 
binding of sAnk1(29-155) to obscurin, whereas the mutants in 
R64-K73 inhibited the binding of sAnk1(29-155) to both obscurin 
and SERCA1. However, the charged residues are required for 
binding to obsc-F3[6] whereas the hydrophobic residues are 
required for binding to both SERCA1 and obsc-F3. Del1
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Figure 9. (A) CD spectra of 6His-sAnk1(29-155) and mutants that do not bind to SERCA1, analyzed at a concentration of 15 µM. Only the spectrum of CRs (K38A/H39A/H41A) overlapped with that of the WT 
protein (B,C) Structural model of sAnk1(29-155) predicted by Alphafold. The N-terminus is in blue, and the C-terminus is in red. The binding residues to SERCA1, K38, H39, and H41 are labeled in (B). The 
residues in R64-K73, both charged and hydrophobic, are labeled in (C). The structure shown in (C) suggests that R64-K73 could bind to SERCA1 and obscurin simultaneously. !" #$%"&#'()%#%'*$+'$*"#', #-,&". #
%/012#3,$0& #', #4567/ 2#80&#9,$0&#':, #;)83." #%'*$+'$*"%<#(D) Model1: sAnk1 occupied the same TM groove in SERCA as SLN does, leaving the cytoplasmic domain of sAnk1 binds to the A-domain of SERCA1. 
(E) Model 2: sAnk1 binds to SERCA in TM sites different from SLN, leaving its cytoplasmic domain binds to the P-domain of SERCA1.
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Figure 10. ATPase assay of SERCA1. (A) Microsomes from COS7 cells transfected to 
express SERCA1 were mixed with 6His-sAnk1(29-155) (WT), 6His-sAnk1(29-155)-
K38A/H39A/H41A (CRs) or 6His-sAnk1(29-155)-L33F at different [Ca2+]free. GST-6his was 
used as control. Released Pi was normalized to the Vmax in SERCA1 alone, and fitted into 
the “Allosteric Sigmoidal” model to generate the curves and K! . (B) pCa at which half-
maximal activity (K! ) for Fig. 10A, presented as mean ± SD. The CRs mutant of the 
isolated cytoplasmic domain does not have a significant effect on ATPase activity (C) 
Microsomes from COS7 cells transfected to express SERCA1 with or without full-length 
sAnk1-WT or sAnk1-CRs (K38A/H39A/H41A ) were measured for Ca2+-ATPase activity. (D) 
pCa at which half-maximal activity (K! ) for Fig. 10C, presented as mean ± SD, n = 6. The 
CRs mutant in the full-length sAnk1 eliminates the inhibitory effect of sAnk1 on SERCA1’s 
ATPase activity. Thus, both the cytoplasmic and the TM domains of sAnk1 are required for 
it to inhibit SERCA1. 

5.5 6.0 6.5

SERCA1 + GST-6his

SERCA1 + L33F

SERCA1 + CRs

SERCA1 + WT

SERCA1

pCa

Khalf

!

!

! -value 

0.0322

0.0493

5.6 5.8 6.0 6.2

SERCA1 + sAnk1-CRs

SERCA1 + sAnk1-WT

SERCA1

pCa

K1/2 Vmax = 100

!!
!!

! -value 

0.0054

0.0021

K!  

K!  

567

0

50

100

Combined data

pCa

A
T

P
as

e 
A

ct
iv

iy
 

(%
V

m
ax

 o
f S

E
R

C
A

1)

SERCA1

SERCA1 + WT

SERCA1 + CRs

SERCA1 + L33F

SERCA1 + GST-6his

!"#

!$#

567

0

50

100

Combined data

pCa

A
T

P
as

e 
A

ct
iv

iy
 

(%
V

m
ax

 o
f S

E
R

C
A

1)

SERCA1

SERCA1 + WT

SERCA1 + CRs

SERCA1 + L33F

SERCA1 + GST-6his

A

B

C
D

SERCA1 + 6His-sAnk1(29-155)

SERCA1 + full-length sAnk1

sAnk1-PLN-SERCA1 three-way complex

Figure 13. (A) AFRET of 
the FRET channel was 
measured for COS7 cells 
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together with the proteins 
as indicated. Empty vectors 
and mVen-N-Dysf was used 
as negative controls. n = 
135-226 cells. The shifts in 
the signal are specific and
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A SERCA1

sAnk1
PLN

B

is consistent with the formation of a 3-way complex containing of 
SERCA1-PLN-sAnk1. (B) Proposed models of SERCA1-PLN-
sAnk1 complex in the membranes. sAnk1 binds to both 
monomeric and pentameric forms of PLN (grey). PLN binds to 
SERCA1 (blue) as monomers and pentamers, and then sAnk1 
(green, monomers and dimers) binds to PLN/SERCA1 to form a 
three-way complex.

The interaction between the cytoplasmic domain of sAnk1 and SERCA1
• sAnk1(29-155) binds to Obsc-F3 fragment 6.7-fold more tightly compared to its binding to SERCA1
• sAnk1(29-155) binds to SERCA1 via its juxtamembrane sequence K38/H39/H41 
• The hydrophobic residues in R74-K73 may also mediate binding to SERCA1. This sequence may bind 

obscurin and SERCA simultaneously
• Provided new models for sAnk1 and two possible models for sAnk1-SERCA1 complexes (Fig.9 )
• Binding at the cytoplasmic domain of sAnk1 is necessary for its inhibition on SERCA1

The interaction between sAnk1, PLN and SERCA1
• sAnk1 binds directly to PLN
• sAnk1 and PLN promotes each other’s binding to SERCA1
• sAnk1 forms a three-way complex with PLN and SERCA1
• sAnk1 doesn’t change PLN’s inhibition on SERCA1

Conclusions
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sAnk1 binds directly to PLN

Figure 11. (A) Lysates of COS7 cells transfected to express sAnk1-3xFlag and/or PLN were 
immunoprecipitated with antibodies to Flag (sAnk1-3xFlag), and to PLN and mouse IgG (the control). The IPs 
were separated by SDS-PAGE and probed with antibodies to Flag and to PLN. The results showed that sAnk1 
immunoprecipitated with PLN specifically. (B) BiFC of COS7 cells transfected to express mVen-N-PLN, sAnk1-
mVen-C, or both. All samples were counterstained with DAPI to visualize nuclei. Cells expressing both sAnk1-
mVen-C and mVen-N-PLN show Venus fluorescence (bottom row) while cells expressing the individual proteins 
linked to the half-Venus molecules do not (top 2 rows). Scale bars = 50 μm. The results show that sAnk1 and 
PLN interact directly. 

A B

PLN  and sAnk1 promotes each other’s binding to SERCA1

Figure 12. (A, C) Co-IP using beads coated with antibody to SERCA1 mixed with lysates of COS7 cells 
transfected with SERCA1 (1 μg), and different amounts of sAnk1-3xFlag and PLN as indicated. Co-IPs were 
immunoblotting with antibodies to SERCA1, Flag and PLN. (B) Left, quantification of sAnk1-3xFlag bound to 
SERCA1 in (A). The amounts of sAnk1-3xFlag were normalized to SERCA1 first, then to the first column in the 
bar graph (%). Right, the linear regression analysis of sAnk1-3xFlag bound to SERCA1 to PLN cDNA used in 
transfection. (D) Left, quantification of PLN bound to SERCA1 in (C). The amounts of PLN were normalized to 
SERCA1 first, then to the first column in the bar graph (%). Right, the linear analysis of PLN bound to SERCA1, 
as a function of sAnk1-3xFlag cDNA used in the transfection. Presented as mean !  SD, n = 8 for (A, B), and n = 
6 for (C, D). The results showed that PLN and sAnk1-3xFlag promoted each other’s binding to SERCA1, 
consistent the formation of a three-way complex of sAnk1-PLN-SERCA1.
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HRs1 – V65A/V66A
HRs2 – V70A/F71A/L72A

sAnk1 doesn’t change PLN’s inhibition on SERCA1

!"# $%&' () *' ATPase activity was measured in microsomes of COS7 cells transfected with 
plasmids encoding SERCA1, sAnk1-3xFlag, and PLN. +,-  Pi releasing curves and +.-  pCa at 
which half-maximal activity (K½) were obtained as described in Fig. 10. mean !  SD, n = 7. 
The results showed that, the expression of sAnk1, PLN or both reduced SERCA1’s maximal 
reactivity and apparent calcium affinity (K½) to a similar extent. 
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