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Abstract sAnk1(29-155) binds to SERCA1 and obscurin Model of sAnk1 and sAnk1-SERCA1

Sarcoplasmic/endoplasmic reticulum Ca?*-ATPase1 (SERCA1) is responsible for the clearance of A B sAnk1(29-155) binding to SERCA1 C sAnk1(29-155) binding to Obsc-F3
cytosolic Ca2+ in skeletal muscle, and its regulation has been intensively studied. Small ankyrin 1 - g == 7 ol - Boie teos BERNEEEEAEE ... A D E
(sAnk1, Ank1.5), a 17 kDa muscle-specific isoform of ANK1, binds to SERCA1 directly via both its 7o » ” - » il e CETIRARERVALEN 1T T ..
transmembrane and cytoplasmic domains and inhibits SERCA1’s ATPase activity. It also binds avidly to Tag el See see eve 900 Pee s0k0- cve | eoe [ oee |ove | soe ° P-domain
the giant cytoskeletal protein, obscurin. 10ug/ml 40 yg/mi 8O ugiml 120 ugiml 160 ugim 200 pgimi i S i e ;0"/ | 2'5"“ , |
We characterized the interaction between the cytoplasmic domain of sAnk1 (sAnk1(29-155)) and - _ &)
SERCAH1. The binding affinity was 444 nM by blot overlay. Site-directed mutagenesis identified K38, H39, R L - §’ 5 WT “;-) i |
and H41, in the juxtamembrane region, as essential for binding to SERCA1 but not to obscurin. Residues i § E . V29A F71 “ W,
R64-K73, which contribute to obscurin binding, are also required for binding to SERCA1, but only the ‘g ° = . K30D <& ‘ O
hydrophobic residues in this sequence are required, not the positively charged residues necessary for = Ko = 444 nM ‘é-, - = AN \;
obscurin binding. Circular dichroism analysis of sAnk1(29-155) indicates that most mutants we studied 'g 5 W -15 . HRs (29-41) - —
show significant structural changes, with the exception of K38A/H39A/H41A. The inhibitory activity of full- m @ B - membrane
length sAnk1 requires the WT juxtamembrane sequence. Our results suggest that, in addition to its , , , | _ * HRs1(64-73) el
transmembrane domain, sAnk1 uses its juxtamembrane sequence and perhaps part of its obscurin 0 1000 2000 3000 4000 0 100 200 300 400 500 cite —
binding S|t_e to bind to SE!?CA‘! , _and that this binding contributes to their robust association in situ, as well concentration (nM) concentration (nM) -25195 o ” o o~ i o rTergir:)snmembran .
as regulation of SERCA1's activity. Figure 4. sAnk1(29-155) binds directly to SERCA1 with a lower affinity than it binds to obscurin. (A) Schematic Wavelength (nM) Q=
~ In addition, we showed sAnk1 bir,mds. directly to PLN and forms a three-way complex with SERCA1. diagram showing the cytoplasmic domain of sAnk1 (sAnk1(29-155), red) bound to SERCA1 (blue) directly, as well as to ,
This mt_eractl.on d_oes no_t ablate PL[\I s Inhibition of SERQM activity. Our rgsults ore conS|stept \-Nlth 2 obscurin (Obsc-F3, the F3 fragment of obscurin which .contqlns. the main binding sites for sAnIﬂ, yellow), on the SR Figure 9. (A) CD spectra of 6His-sAnk1(29-155) and mutants that do not bind to SERCA1, analyzed at a concentration of 15 uM. Only the spectrum of CRs (K38A/H39A/H41A) overlapped with that of the WT
model in which, in forming a three-way complex, PLN binds to SERCA1 first, followed by binding to membrane (grey). (B, C). Blot overlay assays and saturation binding curves of sAnk1(29-155) binding to (B) SERCA1 and . . AN N L . .
sAnk1. Our studies with PLN suggest that the interactions of PLN, SLN, and sAnk1 with SERCA1, either (C) GST-Obsc-E3. Top: Results used to generate the binding curves. Blots were prepared with a constant amount of prolteln (B,C) Structural model of sAnk1(29-155) pfedlcted by Alp_hafold. The N-terminus is in blue, and the C-terminus is in red. The binding residues to SERCN, K38, H39, and H41 are labeled in (B). The
alone or in pairs, are distinct and have different effects on SERCA1’s enzymatic activity. SERCA GST—OB -F£3 4 GST (sh by P S staini d aid with | _ rati £ MBP- 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. " #%"&()%6*$+'$*#, #,&". #
’ ’ SC _ and (shown by Ponceau S s ammgz and overiaid with increasing concerntrations ot %/01248,50& #, #4567/ 2#B0&9,50&#:, #)83." #46'*$+'$*"%{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.
g’g;%ﬁg';if:gﬂ %h 2:‘22:?960;?(/)?;V\?::k;'Dt.h;eSi?]d?n SE)’ CQS'_I' CC)SBS'I(;hFeBresuItS showed that sAnk1(29-155) binds to (E) Model 2: sAnk1 binds to SERCA in TM sites different from SLN, leaving its cytoplasmic domain binds to the P-domain of SERCA1.
Background Y e | |
AL Binding of MBP-sAnk1(29-155) deletion mutants to SERCA1 The cytoplasmic domain of sAnk1 is essential for the
inhibition on SERCA1 R
. A > Rat sAnk1(29-155) A A P with B
” VKGSLCFVLKHIHQELDKELGESGGLSDDEETISTRVVRRRVFLKGDELONIPGEQVTEEQFTDEQG EJ_’; zﬁigij izigﬁ: SERCA1 + 6His-sAnk1(29-155) Proteins  Inputs Flag _PLN IMsIQG mVen-N-PLN
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2 obscurin binding sites 100= _ KI B = & B|
Cytoplasm NIVTKKIIRKVVRQVDSSGAIDTQQHEEVELRGSGLQPDLIEGRKGAQIVKRASLKRGKQ Obsc-BS1 and BS2 DA e B B
Deletion 6 Deletion 8 Deletion 9 Deletion 10 :::T -4 SERCAL+CRs [B . I -value §x2|ag; 33333 SAnki-mVen-C
. — Deletion 7 — double deletion of 4&6 2O -7 SERCAL+ L33 [ g SERCAL= Lios e - @ - -
ER/SR lumen \ ontraction Glaxation g ,_(H SERCAL + GST-6his 7, SERCAL + W =
g i JI .| == - - O
( B 0%ba TR — v oew" - . . g~ é_‘.”; Oé >0 / SERCAL + CRs - H 0.0322 PLN| sAnk1-mVen-C
75kDa - - - - - - - w ) 2t - - - - - = _E - —_ - mVen-N-PLN
SERCA1 < % SERCAL + L33F = gb'—!'
D saAnkl: (C)..HMVNQCSVLF-FGILVLTVLLQTIFTWM-1 (N) 24 20 oo 22 8 oo .o 00 00 ©O0 & ‘ 0.0493
SLN: (N) 1-MERSTQELFINFTVVLITVLLMWLLVRSYQY-31 (C) SERCAL + GST-6his =
PLN: (N)..GARGNLGNLFINFCLILICLLLICIIVMLL-52 (C) WT Del Del2 Del3 MBP WT Deld Del5 Del6 Del?7 MBP WT Del8 Deld Del10 MBP > : : : : Figure 11. (A) Lysates of COS7 cells transfected to express sAnk1-3xFlag and/or PLN were
MLN: (N)..ILGRLLKILEVLEVDLMSIMYVVITS-46 (C) 0 ] ] 55 ?:Oa 6:5 immunoprecipitated with antibodies to Flag (sAnk1-3xFlag), and to PLN and mouse IgG (the control). The IPs
C :*** D nCa P were separated by SDS-PAGE and probed with antibodies to Flag and to PLN. The results showed that sAnk1
Figure 1. (A) Protein structure of SERCA. Adapted from Protein Data Bank (PDB) code 2ZBD !l - C immunoprecipitated with PLN specifically. (B) BiFC of COS7 cells transfected to express mVen-N-PLN, sAnk1-
(B) Excitation-contraction coupling [2. (C) The most well-known Micropeptides that inhibit SERCA, _— T™ domain SERCAT1 + full-length sAnk1 mVen-C, or both. All samples were counterstained with DAPI to visualize nuclei. Cells expressing both sAnk1-
sarcolipin (SLN) and phospholamban (PLN) [Bl. (D) sAnk1 shares several conserved residues with we < fz —e- SERCA1 D mVen-C and mVen-N-PLN show Venus fluorescence (bottom row) while cells expressing the individual proteins
SLN, PLN and an additional SERCA regulator, myoregulin (MLN) [, s I .................. Possmle e —— 100d e SERCAL + SAMKLAVT " linked to the half-Venus molecules do not (top 2 rows). Scale bars = 50 ym. The results show that sAnk1 and
%%200_ - '? " e R o SERCAL + SANKL.CRS ! ' value PLN interact directly.
ngo- soe # I Figure 5. (A) Each of the indicated sequences in rat sAnk1(29-155) sequence was .55 SERCA1 - .p_l."
Interaction between sAnk1 and SERCA1 4l LN HE NN NN deleted. (B) Blot overlay assay results. Top, Ponceau S staining of membranes with '*<3§ *  F 00054
S PP PP S S et 1.5 ug SR vesicles loaded per lane. The band of SERCA1 was confirmed by antibody Q5 504 SERCAL + SAnKL-WT 4 a }_.r}rm(
A N N B to SERCA1 (to the right of Ponceau S stains). Bottom, the membrane was cut and lé“ 3 = 0.0021
& = B > o > 2 e cemmnepreapiter S Sommnepreepaten incubated with each MBP fusion proteins of the sAnk1(29-155) deletion mutants. (C) The amount of MBP fusion protein bound <3 SERCAL + SANKL-CRs - I—,T—'(v Aprotein - SERCA1 [P B sAnklL binding to SERCAL
5 §J B 5 é B 5 § D 5 9 ey & z . to SERCA1 was quantitively measured after binding with the antibody to MBP. Quantification normalized to WT (%), mean =+ = | | | seroar OO oo 200- - 200
Bt £ Hs £ 4= £ g2 28 & 2t o mf ' SD, n = 3. (D) Cartoon depiction of the location of the 2 possible binding regions in full-length sAnk1 for SERCAA1. 56 58 60 62 — — £ e )
SERCAT @B W (e -] i 22 0 : | pCa ac- T - Ehdat. =7 . &1 P )/{/{
b LTI i U | - * E% 0.4 350.4- A © %) 3xFlag = D i oL% 100 oo o% %3 2 100-
w9 = =HE=RE . | T —— ][]
SERCAl+  SERCA1+  SERCAl+  SERCAl+ o 0.0 Figure 10. ATPase assay qf SERQA1. (A) Microsomes from COS7 cglls transfected to N I8 e § 50- S 50-
Transfect: Anki(wtl- SANKIGILL- sAnkl(wE- sAnklGllL- & A TV domain sk express SERCA1 were mixed with 6His-sAnk1(29-155) (WT), 6His-sAnk1(29-15%)- | | |™ - S
mCh mCh mCh mCh & & 1 C - K38A/H39A/H41A (CRs) or 6HiS-SAnk1(2_9-155)-L33F at qlifferent [CaZ*]free. GST—E_Shis was cikgsy @ £ 0 2 4 8 5 46 = 4 @ PL?\I' P 40 i 0 L
sAnk1(all-L):amino acid residues 4—20 mutated to leucine y = v * use(j{ as ConFrOI' ,Rele_asefl Pi was normalized to the Vimax in SERCA1 alone, and ﬂ_tted into sAnk1-3xFlag(ug) 0 0 2 2 2 2 0 0 2 2 2 2 Anki-3xFlag 2 g PLN cDNA (ug)
VKGSLCEVLKHIH T the _AIIoster!c_Slgm0|daI m_odel to generate the curves and K, . (B) pCa at which half-
C Blot Inputs  SERCAIIP D Lull iy \k_s\m\‘ﬁ E L CRe - K3BAMIOAIATA ) 250 _¥*¥ » max|mal activity (K! ) for Elg. 10A, presented as mean = SD. The CRs mutan.t _of the C Protein _Inputs SERCA1 IP
sn-:;«m!!' ‘—' ° \‘\Q&.&\\«,:?'S ~#- SERCA1+sAnk1 HRs - L33A/F35A/V36A/L37A g ao- I |sglated cytoplasmic domain does not have a significant effect on ATP_ase activity (C) SERGA 1:::3..."'1;::3:..-.-- D PLN binding to SERCAL
e . g = SEReAEEN - . ) N _ 4 & 150+ Microsomes from COS7 cells transfected to express SERCA1 with or without full-length - | 200
FLAG .- .. Ponceau %% B s : = - ‘éf 100 eee I j sAnk1-WT or sAnk1-CRs (K38A/H39A/H41A ) were measured for Ca2*-ATPase activity. (D) . E - v - . - 4007 2
Tansfet: 2 5 £ 2 £ % o B - i . N ER pCa at which half-maximal activity (K, ) for Fig. 10C, presented as mean + SD, n = 6. The IFlag | ™ . . 0 |
6 =% 8 == ol ‘ £ 3 75@40-- See == 99N "¢ Py o=- e ol ’JI? NN CRs mutant in the full-length sAnk1 eliminates the inhibitory effect of sAnk1 on SERCA1’s . 8. S oo c—zcé /}
g S 2 g = ? - £2 <R wT V29A  K30D L33F V36A  K38A CRs HRs MBP S F ST T ATPase activity. Thus, both the cytoplasmic and the TM domains of sAnk1 are required for g - = 2007 o 3] T 1
= &% 8 ey e it to inhibit SERCAI1. B ewe’ | mo-e s | . 2 1007 .
= Figure 6. Mutants of sAnk1(29-41) binding to SERCA1. (A) Cartoon depiction of the location and sequence of an N- | ' > § . i e
Figure 2. (A) Extracts of COS7 cells transfected to express terminal binding region for SERCA1 in the full-length sAnk1. (B) Blot overlay assay results. 1.5 ug SR vesicles were - - - 0- N 0 — 1
proteins as indicated were subjected to IP with antibodies to p ; . . loaded in each lane. Binding to SERCA1 of MBP-sAnk1(29-155) has single point mutations, and alanine mutations in three Anki-axFlagug) 0 2 0 1 2 4 020 1 2 4 SANKL-3xFlag - 1pg 2pg 4pg ° Alkl 32F| 3DNA4 >
SERCA1 or mCherry, to compare WT sAnk1 with sAnk1 oCa positively charged (CRs) or four hydrophobic (HRs) amino acids. (C) Quantification normalized to WT (%), mean + SD, n = PLN) 0 0 4 4 4 4 0 0 4 4 4 4 PLN alg sAnk1-3xFlag cDNA (k)
containing all leucines in its transmembrane (TM) domain. (B) F 3. The multiple mutations inhibited binding completely. Of the single-point mutations, V29 and K30 had the largest effect A m B SERCA1 _
quantitative comparison of data in A, showing that TM domain o Ak on the binding. Figure 13. (A) AFRET of Figure 12. (A, C) Co-IP using beads coated with antibody to SERCA1 mixed with lysates of COS7 cells
mediates binding of sAnk1 to SERCA1. (C) COS7 extracts were -+ SERCAT+sAnKl (abl) 7 i . _w " o " the FRET channel was transfected with SERCA1 (1 pg), and different amounts of sAnk1-3xFlag and PLN as indicated. Co-IPs were
co-transfected to express SERCA1 and FLAG-tagged versions o = e . - C E Lt PLN measured for COS7 cells immunoblotting with antibodies to SERCA1, Flag and PLN. (B) Left, quantification of sAnk1-3xFlag bound to
of full-length sAnk1 or sAnk1(29-155). A FLAG empty vector was ié A L —— T R —— u T * % % i @) ’ expressing  Cer-SERCA1 SERCA1 in (A). The amounts of sAnk1-3xFlag were normalized to SERCA1 first, then to the first column in the
used as control. (D) Amylose resin bound to bacterially < A ! S o2f - ' » together with the proteins bar graph (%). Right, the linear regression analysis of sAnk1-3xFlag bound to SERCA1 to PLN cDNA used in
expressed sAnk1(29-155)-MBP fusion protein was incubated & RVVRRRVFLK HRs1 — V65A/V66A 150~ ! 3 * as indicated. Empty vectors transfection. (D) Left, quantification of PLN bound to SERCA1 in (C). The amounts of PLN were normalized to
with extracts of COS7 cells transfected to express SERCA1. <3 B HRs2 — V70A/FT1ALLT2A g o I z § 010 and mVen-N-Dysf was used SERCAT1 first, then to the first column in the bar graph (%). Right, the linear analysis of PLN bound to SERCA1,
MBP protein alone was used as a control. (C, D) show that the wBeoBesiLCEEER §.dl 25 T i I i J: 2 000 as negative controls. n = as a function of sAnk1-3xFlag cDNA used in the transfection. Presented as mean! SD, n =8 for (A, B), and n =
cytoplasmic domain of sAnk1 alone, binds to SERCA1. (E, F) e w  w om # | ette""=""e""e " T eeg - - 25 . { I R or o, os 135-226 cells. The shifts in 6 for (C, D). The results showed that PLN and sAnk1-3xFlag promoted each other’s binding to SERCA1,
Ca?*-ATPase assay in microsomes from COS7 cells transfected oSS 00| ool ool ool 58 o8 e 100kDa- TN YY|H T : é%«%' @;‘;}o ,@i@% ’g;sr the signal are specific and consistent the formation of a three-way complex of sAnk1-PLN-SERCA1.
with the indicated cDNA constructs. The results showed that the °8 7 4 : S 7sk0a-| © 0T T—T—T—}e—eto— Oe}’% < Ov”x x f‘é& X&if is consistent with the formation of a 3-way complex containing of
TM interaction is essential for sAnk1 to inhibit SERCA. G WT R64A R67A R68A R69A K73A Al-A HRs1 HRs2 MBP MBP  V66A F71A  WT é\q_@“vq_é\‘?q@%?&q‘?@%‘? \?\\Y@Q’?Q/\'\/‘?Qg"‘\’%\@& é’ég. ov\/x % Ov\," * SERCA1-PLN-sAnk1. (B) Proposed models of SERCA1-PLN-
Figure 7. Mutants of sAnk1(64-73) binding to SERCA1. (A) Cartoon depiction of the location and sequence of the C- ¢ o4 monomeric and pentameric forms of PLN (grey). PLN binds to
central binding region for SERCA1 in full-length sAnk1. (B) Blot overlay assay results. 1.5 ug SR vesicles were loaded in SERCA1 (blue) as monomers and pentamers, and then sAnk1 The interaction between the cytoplasmic domain of sAnk1 and SERCA1
eac?h lane and incubateq with. different fusion .pro.teins of the mutants. Alanine mutation is made in each of the charged (green, monomers and dimers) binds to PLN/SERCA1 to form a - sAnk1(29-155) binds to Obsc-F3 fragment 6.7-fold more tightly compared to its binding to SERCA1
residues and hydrophobic residues. (C) Quantitation of blot overlay assays, mean + SD, n = 3. The results showed that three-way complex. _ T
A Sequence encoding B orotein o the membranc mutations in a single hydrophobic residue inhibited the binding significantly and that mutating 2 or 3 hydrophobic residues * SAnk1(29-155) binds to SERCA1 via its juxtamembrane sequence K38/H39/H41
/ sAnk1(29-155) .0...: (SERCA1) Figure 3. Methods. interrupted binding to SERCA1 completely. Mutation of the positively charged residues had no effect on binding to SERCA1. » The hydrophobic residues in R74-K73 may also mediate binding to SERCA1. This sequence may bind
e ~N (A) Generation of obscurin and SERCA simultaneously
Muted ,l, U recombinant proteins * Provided new models for sAnk1 and two possible models for sAnk1-SERCA1 complexes (Fig.9 )
Incubating with Purified of sAnk1(29-155) with . T . e~ SERCA
E e o (Pl\;lcl)stlimssAnkuzg 155) different tags. (B) V29-H41 are unique binding sites for SERCA1 A ‘= SERCAT + SANK] B « Binding at the cytoplasmic domain of sAnk1 is necessary for its inhibition on SERCA1
1 and its mutants) Graphic illustration of A c 555433 Cpoe s L e o= Figure 8. (A) Results of blot overlay assays of binding of . _‘: :E2221+P:Nk1 . K, The interaction between sAnk1, PLN and SERCA1
= < g 5 ¢ ¢ 2 E8F ¢ ¢ - >) + sAnk1 + : :
SMAL-c2x — MBP tagged proteins »~ . o thzﬁ;?,c:::;riso[iflc’t STV Ty mutants in MBP-sAnk1(20-155)-V29-41 (left and middle panels) 3 SERCA1 - TSR * SAnk1 binds directly to PLN o
pGEX-4T1 — GST tagged proteins &-t antibody to MBP ik 4 b4 .= and -R64-K73 (right panel) to GST-Obsc-F3. Top, Ponceau S <h SERCA1 + SAnKA - L ¥y * sAnk1 and PLN promotes each other’s binding to SERCA1
PET15b — 6His tagged proteins EOEEEREE 1 - .. . staining of 1 pg MBP-sAnk1(29-155), mutants, and MBP protein. §8 = " *le + sAnk1 forms a three-way complex with PLN and SERCA1
e ] Bottom, After the blot was incubated with 3 ug/ml GST-Obsc-F3, E; SERCAT+PIN<  allia : e
P . . o G * sAnk1 doesn’t change PLN’s inhibition on SERCA1
] W+ Eindig o SERCAS it was immunoblotted with ant_lbody to GST. (B) Quantitation of < SERCA1 +sAnk1 + PLN- o |—4efe
B blot overlay assays comparing sAnk1(29-155) and mutants —
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