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We have detected directly the interactions of sarcolipin (SLN)
and the sarcoplasmic reticulum Ca-ATPase (SERCA) by mea-
suring fluorescence resonance energy transfer (FRET) between
fusion proteins labeled with cyan fluorescent protein (donor)
and yellow fluorescent protein (acceptor). SLN is a membrane
protein that helps control contractility by regulating SERCA
activity in fast-twitch and atrial muscle. Here we used FRET
microscopy and spectroscopy with baculovirus expression in
insect cells to provide direct evidence for: 1) oligomerization of
SLN and 2) regulatory complex formation between SLN and the
fast-twitch muscle Ca-ATPase (SERCAla isoform). FRET
experiments demonstrated that SLN monomers self-associate
into dimers and higher order oligomers in the absence of
SERCA, and that SLN monomers also bind to SERCA monomers
in a 1:1 binary complex when the two proteins are coexpressed.
FRET experiments further demonstrated that the binding affin-
ity of SLN for itself is similar to that for SERCA. Mutating SLN
residue isoleucine-17 to alanine (I17A) decreased the binding
affinity of SLN self-association and converted higher order
oligomers into monomers and dimers. The I17A mutation also
decreased SLN binding affinity for SERCA but maintained 1:1
stoichiometry in the regulatory complex. Thus, isoleucine-17
plays dual roles in determining the distribution of SLN homo-
oligomers and stabilizing the formation of SERCA-SLN het-
erodimers. FRET results for SLN self-association were sup-
ported by the effects of SLN expression in bacterial cells. We
propose that SLN exists as multiple molecular species in mus-
cle, including SERCA-free (monomer, dimer, oligomer) and
SERCA-bound (heterodimer), with transmembrane zipper res-
idues of SLN serving to stabilize oligomeric interactions.

Sarcolipin (SLN)* is a 3-kDa membrane protein that revers-
ibly inhibits the activity of the calcium-transporting ATPase
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(SERCA) in sarcoplasmic reticulum (SR) of fast-twitch, slow-
twitch, and atrial muscle (1, 2). SERCA is a 110-kDa membrane
protein that relaxes muscle by pumping calcium out of the cyto-
plasm using energy derived from ATP hydrolysis (3). Trans-
genic mouse studies have demonstrated that knock-out of SLN
enhances atrial contractility (4), cross-expression of SLN inhib-
its ventricular contractility (2, 5, 6), and B-adrenergic stimula-
tion relieves SLN inhibition of contractility (2, 6, 7). Phosphor-
ylation/dephosphorylation of SLN is responsible for SERCA
regulation, controlling the rate and amount of calcium loading
in SR, which in turn determines the rate of muscle relaxation
and the force of subsequent contraction (2, 4-7). SLN gene
expression is up-regulated 2—15-fold in patients with skeletal
muscle dysferlinopathy and Takotsubo cardiomyopathy, but
down-regulated 2—3-fold in patients with heart failure, atrial
fibrillation, and congenital heart defects, indicating that SLN
acts as a causative or compensatory factor in human diseases of
skeletal and cardiac muscle (8 -12).

SLN comprises a single transmembrane (TM) helix, plus a
small cytoplasmic phosphorylation domain and a short lume-
nal tail (2, 7, 13—15). Dephosphorylated SLN inhibits the appar-
ent calcium affinity of SERCA (1, 2, 16 -19) and decreases the
calcium/ATP coupling efficiency (20, 21). Inhibition of SERCA
is relieved by phosphorylation of SLN at serine-4 by serine/
threonine kinase 16 (STK16) or threonine-5 by calcium/cal-
modulin-dependent protein kinase II (CaMKII) (2, 6, 7). SLN is
monomeric on SDS-PAGE but aggregates when purified in
non-ionic detergent, suggesting that SLN oligomerizes in SR
membranes (17). When incorporated in thiolipid bilayers, SLN
acts as an ATP-activated anion channel selective for inorganic
phosphate, with partial functional similarity to the unidentified
phosphate channel in SR (22-24). There is ample evidence
demonstrating that SLN regulation of SERCA is a major deter-
minant of muscle contractility, but the physiological role and
oligomeric structure of the SLN channel are unknown.

SERCA comprises ten TM helices that form two calcium
transport sites, plus five short lumenal loops and three large
cytoplasmic domains responsible for ATP utilization (nucle-
otide-binding, phosphorylation, actuator) (3). The SERCAla
isoform is expressed in fast-twitch skeletal muscle, while
SERCA?2a is expressed in cardiac and slow-twitch skeletal mus-
cle (25). SLN inhibits SERCA1la and SERCA2a similarly (2, 16).
The SERCA-SLN regulatory complex is stabilized by interac-
tions between cytoplasmic, lumenal, and TM regions of the two
proteins (18, 19, 26 —28). Functional mutagenesis indicates that
isoleucine-17 (I17) in the TM domain of SLN is involved in
SERCA inhibition, either by direct interaction or allosteric
effect (26, 28). Molecular modeling predicts that monomeric
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SLN binds a TM groove of SERCA to form a binary complex
(N =1:1) where I17 of SLN faces lipid hydrocarbon chains (26).
Electron microscopy identifies higher order oligomers of SLN
(N~5) interdigitated between strands of SERCA dimers (N = 2)
in two-dimensional co-crystals (29). There is ample evidence
demonstrating that SLN and SERCA form a regulatory com-
plex, but the subunit stoichiometry and binding interface
remain unknown.

It is clear that major questions remain concerning the oligo-
meric interactions of SLN and SERCA. Definitive answers to
these questions require direct and quantitative measurements
of SLN-SLN and SERCA-SLN interactions in living cells. Fluo-
rescence resonance energy transfer (FRET) microscopy using
fluorescent fusion proteins has been used to detect interactions
of SERCA and its other regulatory partner phospholamban
(PLB) (30-33). In the present study, we have used FRET
microscopy and spectroscopy with fluorescent fusion proteins
to detect molecular interactions of SLN with itself (self-associ-
ation) and SERCA (regulatory complex formation). Relative
binding affinities and subunit stoichiometries were determined
by FRET analysis and molecular modeling. Site-directed
mutagenesis of SLN was used to perturb self-association and
SERCA binding to gain insight into their structural determi-
nants. Results obtained for SLN and SERCAla are compared
with the well-studied oligomeric interactions of PLB and
SERCA2a (reviewed in Refs. 34 -36).

EXPERIMENTAL PROCEDURES

Materials—RNA Wiz™ total RNA isolation kit, Poly(A)-
Pure™ mRNA isolation kit, and ProSTAR™ RT-PCR cloning
kit were purchased from Ambion. cDNA encoding rabbit
SERCA1la (Enzyme Collection Number 03.06.03.08) was pro-
vided by Dr. David MacLennan (University of Toronto).
c¢DNAs encoding CFP and YFP were purchased from Clontech
(37). DNA mutagenesis QuikChange™ kit was purchased
from Stratagene. Baculovirus transfer plasmid pAcSG2 was
purchased from Orbigen. BaculoGold™ baculovirus DNA was
purchased from Pharmingen. Sf21 insect cells and bis-arsenical
fluorescein (FLASH) were purchased from Invitrogen. Anti-
phosphoserine-PLB/SLN antibody (mouse monoclonal) was
purchased from Pierce Antibodies (2). Anti-phosphothreonine
antibody (rabbit polyclonal) was purchased from Fitzgerald
Industries (7). Bacterial expression plasmid pProEx HTc and
anti-tetrahistidine antibody (mouse monoclonal) were pur-
chased from Invitrogen.

Cloning and Mutagenesis—RT-PCR was used to clone SLN
c¢DNA from rabbit fast-twitch muscle and PLB cDNA from dog
ventricular muscle. The protein sequence of rabbit SLN was the
same as previously described (GenBank™ Accession Number
U96091) (13). The protein sequence of dog PLB was the same as
previously described (GenBank™ Accession Number
M16012) (38). The protein sequences of SLN and PLB were
aligned manually (supplemental Fig. S1). cDNA encoding CFP
or YFP was fused to the initiator methionine codon of SLN
c¢DNA using arestriction enzyme/ligation strategy (Ncol/Sacl)
that inserted three amino acids (glycine-glutamate-leucine)
(37). Residue alanine-206 of CFP and YFP was mutated to lysine
(A206K) to disrupt dimerization by GFP and its mutant deriv-
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atives (39). SLN residue isoleucine-17 was mutated to alanine
(I17A) to disrupt oligomeric interactions of SLN. SERCA resi-
due arginine-671 was mutated to cysteine (R671C) to create the
tetra-cysteine motif (°’”°CRRACC to ”°CCRACC) required for
labeling with bis-arsenical fluorescein (FLASH) (40).

Molecular Modeling—The molecular model of CFP-
SERCAla in the calcium-free state was constructed using DS
Visualizer (Accelrys, San Diego, CA) and Fusion Protein Mod-
eler (FPMOD) as previously described (37). Molecular models
for CFP-SLN and YFP-SLN were constructed similarly using
the NMR structure determined for human SLN (PDB accession
1JDM), fused to the x-ray crystal structures of CFP (PDB acces-
sion 10XD) and YFP (PDB accession 1YFP). The molecular
model of FLASH-SERCA was constructed using the crystal
structure of calcium-free SERCA with ATP-bound (PDB acces-
sion 3AR4) (41), modifying the structure to include the R671C
mutation for fluorescent labeling. For helical wheel analysis, we
assumed 3.5 residues per turn for the TM domain of SLN (Fig.
1, supplemental Fig. S2). The model for SLN pentamer assem-
bly was constructed using standard zipper positions a and d,
similar to assembly of the PLB pentamer (Fig. 1, supplemental
Fig. S2). Two models of the SLN dimer were constructed using
alternate modes (symmetric and asymmetric) derived from the
SLN pentamer (supplemental Fig. S2).

Baculovirus Expression—CFP-SLN and YFP-SLN were
expressed as previously described for CFP-SERCAla and YFP-
PLB (37, 42, 43). Spodoptera frugiperda (Sf21) insect cells were
cultured in shaker flasks at 27 °C in the dark. Cells were seeded
at 0.5 X 10° cells/ml and passed at 48 h. Recombinant baculo-
viruses were generated by homologous recombination follow-
ing cotransfection of Sf21 cells with baculovirus transfer plas-
mid DNA and linearized Autographica californica nuclear
polyhedrosis baculovirus DNA (BaculoGold™"). Recombinant
baculoviruses were isolated by plaque purification and cultured
through three rounds of expansion. Final virus stocks were
titered using a plaque assay. Sf21 cells were coinfected with 2
viruses per cell for CFP fusion proteins and 3 viruses per cell for
YFP fusion proteins. For microscopy, 6.0 X 10° cells were
infected in 60 mm? glass-bottom dishes. For spectroscopy,
9.0 X 10° cells were infected in 75-cm? culture flask. After 48 h
of infection, FRET was measured using acceptor-photobleach
microscopy (live cells) or steady-state spectroscopy (cell homo-
genates). The protein concentration of Sf21 cell homogenates
was measured using the Lowry assay with bovine serum albu-
min (BSA) as standard (44).

SDS-PAGE and Immunoblotting—Sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) was run using
pre-cast gels (4—15%) according to manufacturer instructions
(Bio-Rad). In-gel fluorescence of fluorescent fusion proteins
was quantified using the STORM 840 densitometer (Molecular
Devices). Coomassie-stained protein bands were quantified
using an Odyssey densitometer (LI-COR Biosciences). Immu-
noblotting was performed using phosphoserine and phospho-
threonine antibodies for SLN expression in Sf21 cells, and a
tetrahistidine antibody for SLN expression in Escherichia coli
cells. Primary antibodies were labeled using fluorescent sec-
ondary antibodies (goat anti-mouse or goat anti-rabbit) from
LI-COR Biosciences. Secondary antibody binding was quanti-
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TABLE 1
Summary of FRET microscopy

FRET Analysis of SLN-SERCA Interactions

Mean FRET was calculated using all cells assayed for each interaction (n). K, values were calculated from FRET binding curves. Oligomer number (N) was determined using
a stoichiometry plot of donor recovery versus acceptor photobleaching. Error is reported as S.E. Pairwise comparison of all four protein interactions show significance of p <

0.01 (denoted by **).

Protein interaction SLN-SLN SLN-I17A SERCA-SLN SERCA-I17A
Mean FRET efficiency 0.344 = 0.005** 0.245 *= 0.005** 0.273 = 0.008** 0.177 = 0.008**
K, (AU) 1.00 = 0.03** 1.35 = 0.08** 2.08 = 0.18** 3.01 = 0.28**
Oligomer number (N) >2 =2 =2 =2
Number of cells () 417 355 198 114

fied using an Odyssey densitometer. Prior to electrophoresis,
gel samples were typically solubilized in 1.0% SDS for 5 min at
23 °C. Gel samples were also solubilized in low SDS (0.1%) or
high temperature (42 °C, 65 °C, 100 °C) to perturb oligomer for-
mation of fluorescent fusion proteins (supplemental Fig. S3).

FRET Spectroscopy—Steady-state fluorescence spectroscopy
measurements were recorded on a K2 fluorometer (ISS, Inc.)
equipped with a Xenon arc lamp. The standard buffer was 100
mwm KCl, 3 mm MgCl,, 50 mm MOPS (pH 7.0) with a 2.0 ml
volume ina 1 cm® cuvette. Samples were stirred continuously at
23 °C with a protein concentration of 50 wg/ml. Sf21 homoge-
nates expressing CFP-SLN were excited at 420 nm with an
emission spectrum from 450 — 650 nm, while Sf21 homogenates
expressing YFP-SLN were excited at 480 nm with an emission
spectrum from 510 — 650 nm. Homogenates coexpressing CFP-
SLN+YFP-SLN or CFP-SLN+R671C-SERCA were excited at
420 nm with emission spectrum of 450 — 650 nm. SERCA was
labeled by adding 0.1 um FLASH to the cuvette (supplemental
Fig. S4) (40).

Confocal Microscopy—Localization of YFP-SLN in Sf21 cells
was determined using a Bio-Rad 1024 Multiphoton Confocal
Microscope system equipped with a 60X oil-immersion objec-
tive (1.40 numerical aperture) (Fig. 24, supplemental movie
S1). A Spectra Physics Tsunami Ti-Sapphire laser was used for
two-photon excitation (780 nm), as detected with a 575 = 150
nm bandpass filter and photomultiplier tube detector. Image] soft-
ware (NIH) was used for three-dimensional image reconstruction
of cells expressing YFP-SLN (supplemental movie S1).

FRET Microscopy—Fluorescence microscopy measurements
were recorded on an Eclipse TE200 microscope (Nikon Instru-
ments, Inc.) equipped with a 20X dry objective (0.45 numerical
aperture), an X-Cite metal-halide lamp (EXFO Corp.), and a
Cascade II CCD camera (Photometrics Corp.) (supplemental
Fig. S5). Metamorph software (Molecular Devices Corp.) was
used for fluorescence quantitation on a cell-by-cell basis.

FRET was used to quantify the physical interaction between
fluorescent fusion proteins with cyan and yellow probes. Energy
transfer efficiency (FRET) was calculated from the Forster
equation,

where Fj,, and Fp, are the fluorescence intensities of the donor
in the presence and absence of the acceptor, respectively (45).
Here, CFP was used as the donor and YFP was used as the
acceptor (39). F, and Fj, are the fluorescence of the donor
(CFP) before and after selective photobleaching of the acceptor
(YFP) (39). YFP was selectively photobleached using full lamp
intensity in 12 intervals of 3 min for a total of 36 min. Fluores-
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cence intensities of CFP fusion proteins and YFP fusion pro-
teins, coexpressed in Sf21 insect cells, were recorded after each
interval of acceptor-selective photobleaching of YFP (supple-
mental Fig. S5). FRET is expressed as mean * standard error of
the mean (S.E.), with # indicating the number of cells assayed
(Table 1).

FRET Interactions Characterized by a Hyperbolic Binding
Model—Fluorescence microscopy was also used to analyze the
relative binding affinities of protein complexes. FRET between
two fluorescent proteins typically exhibits a hyperbolic depen-
dence on acceptor concentration, permitting the calculation of
an apparent dissociation constant (K) (39, 45, 46). K, values
were determined by nonlinear curve fitting of binned data with
the Origin software (Origin Lab Corp.) using Equation 2,

FRET = FRETyax[ YFP1/Ks + [YFP] (Eq.2)

where K, is the apparent dissociation constant for the protein-
protein interaction, and FRET), . is the asymptotic value that
depends on the donor-acceptor distance in the bound complex.
This approach has been used previously to measure relative
binding affinities for SERCA-PLB and PLB-PLB interactions
(31). Initial analysis demonstrated that FRET,,,y values were
statistically equivalent between wild-type and mutant paired
interactions, indicating that there is no donor-acceptor dis-
tance change within the complexes due to [17A mutation.
Therefore, we used the FRET,;,x values of SLN-SLN and
SERCA-SLN to calculate the binding affinities for mutant inter-
actions. Values reported in this study are expressed as mean =
S.E. (n), with z indicating the number of cells assayed. To deter-
mine p values for pairwise comparisons, a z score was calculated
using Equation 3,

z=(x; = x,)/ \SE} + SE3 (Eq.3)
where p < 0.05 was considered significant (47). Based on quan-
titative densitometry of gels, the SLN and SERCA levels in Sf21
cells were typically 4% SLN and 1.5% SERCA by weight (molar
ratio of 12 SLN/SERCA), corresponding to a fluorescence
intensity of 3.1 AU for YFP-SLN. Expression level of YFP-SLN
was normalized to fluorescence units, and the conversion factor
(2.48 AU/nmol/mg) was applied to SLN expression in muscle,
as indicated on FRET binding curves (Fig. 5).

Antibacterial Assay—SLN and PLB were expressed in E. coli
strain BL21(DE3) as N-terminal fusion proteins with a six-his-
tidine residue tag (His tag). A plating assay of colony formation
was used to determine the effect of SLN and PLB expression on
E. coli viability. Expression of SLN and PLB was induced by
addition of 0.6 mM IPTG. Two hours after induction, E. coli
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CFP-SLN  YFP-SLN

CFP-SERCA
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V49 L42

Y29 L25 L52

FIGURE 1. Molecular models of SLN, SERCA, and PLB. Construction of molecular models is described under “Experimental Procedures.” CFP-SLN: CFP fused
to the N terminus of SLN, with CFP in cyan and SLN in red. YFP-SLN: YFP fused to the N terminus of SLN, with YFP in yellow and SLN in red. CFP-SERCA: CFP fused
to N terminus of SERCA, with CFP in cyan and SERCA actuator domain in red, nucleotide-binding domain in green, phosphorylation domain in blue, and
transmembrane domain in gray (37). TM-SLN: transmembrane domain of SLN as a 3.5 residue-per-turn helix. The 117A mutation is shown in red. The T18A
mutation disrupts SLN channel activity (24). TM-PLB: transmembrane domain of PLB as a 3.5 residue-per-turn helix. Isoleucine and leucine zipper residues are
shown in red (34).

200—

116 —
97 —
45—

31—
22—

14—

L T |
1} llllll

—_—

Fluorescence Coomassie

FIGURE 2. Baculovirus expression of fluorescent fusion proteins in Sf21 cells. A, confocal microscopy of YFP-SLN expressed in a live Sf21 cell. B, SDS-PAGE
of $f21 cell homogenates with detection by in-gel fluorescence (left) and Coomassie staining (right). Sf21 cells were infected with recombinant baculoviruses
encoding CFP-SERCA1a (lane 1), CFP-SLN (lane 2), YEP-SLN (lane 3), and YFP-117A (lane 4).

Fluorescence Microscopy

cells were plated, then incubated for 16 h at 37 °C for colony
formation. E. coli cells were also induced with His-tagged chlor-
amphenicol transferase (CAT) as standard control (non-lethal).
Antibacterial assay results are reported as mean *= S.E. and
were repeated at least three times (n=3).
RESULTS

Baculovirus Expression of Fluorescent Fusion Proteins in Sf21
Cells—CFP and YFP were fused to the N terminus of SLN in the
cytoplasmic phosphorylation domain (Fig. 1, upper). Fluores-
cent fusion proteins of SLN were expressed in S. frugiperda
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insect cells (Sf21) via baculovirus infection (Fig. 2). Fluores-
cence microscopy demonstrated that CFP-SLN and YFP-SLN
are localized to endoplasmic reticulum (ER) when expressed in
Sf21 cells (Fig. 24, supplemental Fig. S5, supplemental movie
S1). Similarly, SLN labeled with green fluorescent protein at the
N terminus (GFP-SLN) is targeted to ER of HEK cells (48). To
analyze protein expression, Sf21 cell homogenates were sub-
jected to SDS-PAGE, where Coomassie staining and in-gel
fluorescence imaging identified CFP-SLN and YFP-SLN as
30-kDa monomers (Fig. 2B). In-gel fluorescence imaging also
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FIGURE 3. FRET spectroscopy of SLN-SLN interactions in Sf21 cell homogenates. A, fluorescence of CFP-SLN and control homogenates, with CFP-selective
excitation at 420 nm. B, fluorescence of YFP-SLN and control homogenates, with YFP-selective excitation at 480 nm. C, fluorescence of homogenates coex-
pressing CFP-SLN and YFP-SLN, with CFP-selective excitation at 420 nm. Detergent was added to dissociate (C,,Eg) or denature (SDS) SLN. D, fluorescence of
homogenates coexpressing CFP-SLN and YFP-SLN, with CFP-selective excitation at 420 nm. YFP-SLN and control homogenates were also scanned.

identified a low but significant amount of 60-kDa dimers (sup-
plemental Fig. S3, left), an oligomeric form of SLN previously
unobserved on SDS-PAGE (17, 49). The amount of dimeric
SLN on SDS-PAGE was variable, with a range of 2-16% dimer
of total SLN (compare Fig. 2B, left, to supplemental Fig. S3, left).
Immunoblotting with phosphoserine and phosphothreonine
antibodies (2, 7) demonstrated that SLN is dephosphorylated
when expressed in Sf21 cells. Densitometry of Coomassie-
stained gels determined that CFP-SLN and YFP-SLN are
expressed as ~5% of the total protein in Sf21 cells (Fig. 2B).
We previously used baculovirus expression and FRET spec-
troscopy to investigate intramolecular domain movements of
SERCA1la with CFP fused to the N terminus in the actuator
domain (37) (Fig. 1, upper). Both CFP-SERCA1la and wild-type
SERCA are targeted to ER of Sf21 cells following baculovirus
infection (37, 50). On SDS-PAGE, CFP-SERCA1la migrated at
115-125 kDa, giving a doublet of Coomassie staining bands,
one fluorescent (lower band) and one non-fluorescent (upper
band) (Fig. 2B). The fluorescence of CFP-SERCA1la was sensi-
tive to SDS and heat, with the lower fluorescent band convert-
ing to the upper non-fluorescent band upon denaturation of
CFP (supplemental Fig. S3, right) (see also Ref. 51). Densitom-
etry of Coomassie-stained gels demonstrated that CFP-
SERCA1la is expressed at ~5% of total protein in Sf21 cell
homogenates (Fig. 2B, supplemental Fig. S3, right). Protease
accessibility experiments indicate that fluorescent fusion pro-
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teins of SLN and SERCA exhibit native topology when heter-
ologously expressed in ER membranes (37, 48). We conclude
that fluorescent fusion proteins of SLN and SERCA are effi-
ciently expressed, correctly localized, and properly folded in
Sf21 cells.

FRET Spectroscopy of SLN-SLN Interactions in Sf21 Cell
Homogenates—Self-association of SLN was examined in Sf21
cell homogenates using FRET spectroscopy with CFP-SLN as
donor and YFP-SLN as acceptor. When excited at 420 nm,
CFP-SLN expressed by itself exhibited 10-fold higher fluores-
cence than control homogenates, producing an emission max-
imum at 480 nm with a secondary shoulder at 512 nm (Fig. 3A4).
When excited at 480 nm, YFP-SLN expressed by itself exhibited
50-fold higher fluorescence than control homogenates, pro-
ducing an emission maximum at 520 nm (Fig. 3B). Thus, the
baculovirus system gives characteristic emission spectra for
CFP and YFP fusion proteins and provides an optimal signal-
to-noise ratio for fluorescence spectroscopy (Fig. 3).

When Sf21 homogenates coexpressing CFP-SLN and YFP-
SLN were excited using CFP-selective excitation at 420 nm,
CFP-SLN (donor) displayed low fluorescence at 480 nm while
YFP-SLN (acceptor) showed high fluorescence at 520 nm, indi-
cating FRET between SLN molecules (Fig. 3, Cand D). Addition
of the non-ionic detergent C,,E4 increased CFP-SLN fluores-
cence by 10% and decreased YFP-SLN fluorescence by 25%,
indicating that C,,Eg disrupts self-association and FRET
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FIGURE 4. FRET microscopy of SLN-SLN and SERCA-SLN interactions in live Sf21 cells. A, B, D, E, acceptor photobleaching and donor recovery in cells
coexpressing the indicated proteins. C and F, plots of donor recovery versus acceptor photobleaching to determine mean FRET efficiency and oligomer
number, N. Error is reported as mean = S.E., and all four mean FRET values show pairwise significance (p < 0.01). SLN-SLN experiments were performed using

six photobleaches (n = 6) (C) while SERCA-SLN experiments were performed using four photobleaches (n = 4) (F).

between SLN molecules. Control experiments determined that
fluorescence of CFP-SLN homogenates decreased slightly
(5-10%) in the presence of C,,Eg, demonstrating that addition
of detergent did not produce the observed increase in donor
fluorescence (Fig. 3C). YFP-SLN expressed by itself showed low
fluorescence using CFP-selective excitation at 420 nm, but
coexpression of CFP-SLN increased YFP-SLN emission by 2.5-
fold, another indicator of FRET between SLN molecules (Fig.
3D). Thus, self-association of SLN is demonstrated by multiple
parameters of FRET spectroscopy (donor quenching, detergent
dissociation, acceptor sensitization).

FRET Microscopy of SLN-SLN Interactions in Live Sf21 Cells—
Self-association of SLN was further examined using FRET
microscopy with CFP/YFP-tagged proteins coexpressed in live
Sf21 cells (Fig. 1, supplemental Fig. S5). Acceptor-selective
photobleaching experiments were used to determine mean
FRET and subunit stoichiometry of SLN self-association (Equa-
tion 1). Progressive acceptor photobleaching decreased fluores-
cence of YFP-SLN exponentially while increasing the fluores-
cence of CFP-SLN concurrently, an indicator of FRET between
SLN molecules (Fig. 44). Oligomerization of SLN was exam-
ined using a plot of CFP fluorescence recovery as a function of
YFEP fluorescence bleaching (Fig. 4C, black) (see also Refs. 31,
46). This plot is nonlinear, indicating that SLN forms higher
order oligomers (N>2), in addition to monomers and dimers
observed on SDS-PAGE (Fig. 2B; supplemental Fig. S3, left).
Mean FRET for the SLN-SLN interaction is 0.344 % 0.005 (n =
417 cells), indicating a high degree of association between CFP-
SLN and YFP-SLN (Fig. 4C, black).
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To disrupt self-association, SLN residue isoleucine-17 was
mutated to alanine (I17A), analogous to the I40A mutation that
disrupts pentamer formation of PLB (Fig. 1, bottom; supple-
mental Fig. S1). YFP-I17A was mostly monomeric on SDS-
PAGE (Fig. 2B), but also formed a low amount of dimer, similar
to CFP-SLN and YFP-SLN (supplemental Fig. S3, left). CFP-
SLN and YFP-I17A were coexpressed in Sf21 cells, and acceptor
photobleaching determined a mean FRET of 0.245 = 0.005 for
the SLN-I17A interaction (n = 355 cells) (Fig. 4C, red; Equation
1), a decrease of 0.099 £ 0.007 (p < 0.01) compared with the
SLN-SLN interaction. The relation of donor recovery to accep-
tor bleach for CFP-SLN+YFP-I17A was linear on the stoichi-
ometry plot (Fig. 4C, red), indicating that SLN-117A associate as
dimers (N = 2) but not higher order oligomers. We conclude
that SLN monomers show a strong propensity to form dimers
and higher order oligomers in ER, and that SLN residue 117 is
essential for the formation of higher order oligomers.

FRET Microscopy of SERCA-SLN Interactions in Live Sf21
Cells—To investigate regulatory complex formation, CFP-
SERCA1la and YFP-SLN were coexpressed in Sf21 cells. In-gel
fluorescence imaging showed that the SERCA-SLN complex is
completely dissociated on SDS-PAGE. Progressive acceptor
photobleaching produced an exponential decrease of YFP-SLN
fluorescence and a concurrent increase in CFP-SERCA fluores-
cence, indicating FRET between SERCA and SLN molecules
(Fig. 4F, black). The mean FRET for the SERCA-SLN interac-
tion is 0.273 = 0.008 (1 = 198 cells) (Fig. 4F, black; Equation 1),
less than that observed for SLN self-association (Fig. 4C, black).
The relation of donor recovery to acceptor photobleach was

VOLUME 286+NUMBER 36-SEPTEMBER 9, 2011


http://www.jbc.org/cgi/content/full/M111.246843/DC1
http://www.jbc.org/cgi/content/full/M111.246843/DC1
http://www.jbc.org/cgi/content/full/M111.246843/DC1
http://www.jbc.org/cgi/content/full/M111.246843/DC1
http://www.jbc.org/cgi/content/full/M111.246843/DC1

= SLN-SLN
05| =—=SLN-M7A 1
0.4 3
it
osl s
o
L 0.2/ I
11
0.1 11
KAy 1K, 1"
ool t¥¥
o 1 2 3 4 5
[YFP-SLN]

FRET Analysis of SLN-SERCA Interactions

== SERCA-SLN
0.5 === SERCA-17A

0.3
e f
L 0.2/ % :
% % ?
0.1+ (| |
K2 1K 2'
00 Yoy

oA 2 3 1 5 6
Atria EDL [YFP-SLN]

FIGURE 5. Binding affinity determined by FRET microscopy. A plot of FRET efficiency versus acceptor expression was fit by a hyperbolic binding curve (Eq.2)
for each protein-protein interaction. The dissociation constant (K,) is the YFP-SLN concentration giving half-maximal FRET. A, SLN-SLN (K1) and SLN-117A
(K41"). B, SERCA-SLN (K,2) and SERCA-117A (K,2'). Symbols indicate mean = S.E. (n = 6 for SLN-SLN and n = 4 for SERCA-SLN). All four K values show pairwise
significance (p < 0.01). Blue arrows indicate the relative level of SLN expression in muscle tissue, as reported for mouse heart (Atria) and rabbit fast-twitch
muscle (EDL) (57). Based on gel densitometry, the mean SERCA content of Sf21, atria, and EDL homogenates is 0.107 = 0.025 nmol/mg, 0.090 = 0.009 nmol/mg

(57),and 0.880 = 0.065 nmol/mg (57), respectively.

linear on the stoichiometry plot, indicating that SERCA-SLN
form a heterodimer (N = 2) (Fig. 4F), in contrast to SLN-SLN
homodimers and higher order oligomers (Fig. 4C). FRET spec-
troscopy also demonstrated substantial FRET (E~0.22)
between CFP-SLN and FLASH-labeled SERCA in Sf21 cell
homogenates, similar to FRET between CFP-SERCA and YFP-
SLN, indicating that SERCA-SLN association is not an artifact
of dimerization by CFP and YFP (supplemental Fig. S4).

To determine whether SLN residue 117 is involved in SERCA
binding, YFP-I17A was coexpressed with CFP-SERCAla in
Sf21 cells. FRET microscopy determined that mean FRET for
the SERCA-I17A interaction is 0.177 * 0.008 (n = 114 cells)
(Fig. 4F, red; Equation 1), a decrease of 0.096 = 0.011 compared
with the SERCA-SLN interaction (p < 0.01) (Fig. 4F, black).
Stoichiometry plot analysis demonstrated that SERCA-I17A
form a heterodimer similar to SERCA-SLN (Fig. 4F). We con-
clude that SLN monomers bind SERCA monomers to form
heterodimers in ER, and that SLN residue 117 is involved in
stabilizing the SERCA-SLN interaction.

Binding Affinity Determined by FRET Microscopy—Binding
curves for the SLN-SLN and SERCA-SLN interactions were
constructed using FRET versus acceptor expression (Fig. 5) (31,
32, 39). Both interactions showed increasing FRET with
increasing acceptor levels, revealing a hyperbolic dependence.
SLN-SLN exhibits higher maximum FRET (0.575 = 0.020) than
SERCA-SLN (0.459 = 0.059) (Fig. 5, Equation 2), indicating
that SLN dimers and oligomers are more compact on average
than SERCA-SLN dimers (p < 0.05) (Fig. 4).

The dissociation constant (K,) for each protein-protein
interaction was defined as the concentration of acceptor at
which half-maximal FRET efficiency was calculated (Eq. 2).
SLN-SLN exhibited a dissociation constant of 1.00 = 0.03 AU
(K,1) (Fig. 5A, black). SLN-I17A showed a dissociation con-
stantof 1.35 = 0.08 AU (K,1") (Fig. 54, red), demonstrating that
the I17A mutation decreases the binding affinity of SLN self-
association (p < 0.01) in addition to destabilizing higher order
oligomers formed by wild-type SLN (Fig. 4C). SERCA-SLN
exhibited a dissociation constant of 2.08 = 0.18 AU (K ,2) (Fig.
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5B, black), a 2-fold lower apparent binding affinity than SLN-
SLN (p < 0.01). SERCA-I17A showed a K, of 3.01 = 0.28 AU
(K,2") (Fig. 5B, red), demonstrating that the I17A mutation
decreases the binding affinity of SERCA-SLN dimers (p < 0.01).
K,1and K2 are linked equilibria, so K1 is an inherent compo-
nent of K2 for our observed SERCA-SLN binding (Fig. 5).

Antibacterial Assay of SLN and PLB—To obtain independent
information about the oligomeric state of SLN, we expressed
SLN and I17A in E. coli and measured cell viability, reasoning
that higher order oligomers are more likely to increase mem-
brane permeability and cell death than monomers and dimers.
Both SLN and PLB show channel activity when reconstituted in
lipid bilayers (22-24, 52-54). Expression of PLB in E. coli
results in cell lysis, presumably due to formation of pentameric
ion channels (55). Here, we tested whether SLN is lethal to
E. coli using a plating assay to measure cell viability (Fig. 6).
Expression of chloramphenicol transferase (CAT) slightly
increased colony formation (120%), while expression of PLB
decreased colony formation to 40% (p < 0.01) (Fig. 6), consis-
tent with previous results demonstrating that PLB exhibits
antibacterial activity (55). Expression of SLN decreased colony
formation to 5% (Fig. 6), indicating that SLN shows greater
antibacterial activity than PLB (p < 0.01). In contrast, the [17A
mutation in SLN completely restored E. coli viability (p < 0.01)
(Fig. 6), probably due to disruption of higher order oligomers,
which decrease membrane permeability (56). Thus, the anti-
bacterial assay provides additional evidence, independent of
FRET data on fluorescent fusion proteins in insect cells (Fig.
4C), that SLN forms higher order oligomers stabilized by resi-
due I17.

DISCUSSION

Oligomerization of SLN—SLN has been found to be primarily
monomeric in SDS and DPC micelles (N = 1) (14, 18, 49, 57).
Self-association of SLN, including higher order oligomers, has
been observed after cross-linking in detergent solution (17).
Our FRET microscopy data in living cells, which is the first
measurement of SLN-SLN interactions in membranes, clearly
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show substantial oligomeric interactions of SLN in the non-
phosphorylated state (Fig. 4). Indeed, the curvature of Fig. 4C
(black) provides direct evidence for higher order oligomers
(N>2). Gel assays typically preclude measurement of mem-
brane protein interactions, so direct measurement of such
interactions by FRET yields the highest resolution for the detec-
tion of protein-protein binding.

There is strong evidence that our detected oligomeric inter-
actions of SLN are not artifacts of aggregation by fluorescent
fusions proteins. First, the addition of detergent decreases these
interactions, as shown by SDS-PAGE (Fig. 2) and by the loss of
FRET in the presence of the non-ionic detergent C,,E, (Fig.
3C). Second, all FRET microscopy assays in this study were
performed with CFP and YFP derivatives that contain muta-
tions to prevent dimerization (39, 58). Third, mutation of SLN
decreases FRET, indicating that SLN residues are responsible
for oligomerization of fluorescent fusion proteins. It is conceiv-
able that the fluorescent fusion proteins could cause steric hin-
drance, resulting in underestimates of native SLN oligomer for-
mation. However, this seems unlikely, in light of the substantial
oligomeric interactions detected for both SLN-SLN and

175 T T T T T
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FIGURE 6. Antibacterial assay of SLN and PLB. His-tagged proteins were
expressed in E. coli. Cell viability was determined by a plating assay of colony
formation. Proteins expressed were chloramphenicol transferase (CAT), PLB,
SLN, and I17A. Cell viability was determined after protein expression, as nor-
malized to the number of colonies before induction (CON). Immunoblotting
using His tag antibody demonstrated similar expression levels for PLB, SLN,
and I17A. Error is reported as mean = S.E. (n = 3). While CON and CAT show
statistical equivalence, all other pairwise comparisons are statistically differ-
ent (p <0.01).
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SERCA-SLN (Figs. 4 and 5). Because of limitations in molecular
modeling due to size contributions of CFP and YFP (46), the
specific number of SLN subunits in higher order oligomers
could not be resolved here. Thus, our FRET assays exhibit a
composite dissociation constant defined as K ;1 for assembly of
SLN dimers and higher order oligomers (Fig. 7).

The presence of one I117A mutation decreases FRET of SLN
self-association by one-third and converts higher order oligo-
mers of SLN into dimers and monomers (lack of curvature in
Fig. 4C, red). Helical wheel analysis and sequence comparison
indicate that I17-SLN is analogous to 140-PLB at zipper posi-
tion d (Fig. 1, lower; supplemental Fig. S1), and homology mod-
eling suggests that SLN forms pentamers like PLB using similar
leucine-isoleucine zippers (Fig. 1, supplemental Fig. S2). Struc-
tural modeling further suggests that the SLN dimer could
occupy two possible conformations: symmetric or asymmetric
(supplemental Fig. S2). FRET results for the CFP-SLN+YFP-
117A interaction are consistent with either symmetric or asym-
metric dimer assembly. The same ambiguity exists for the
117A-117A dimer. Additional spectroscopic studies with 117A
and other SLN mutants are needed to better define these inter-
acting surfaces.

Further evidence that the I17A mutation disrupts a leucine-
isoleucine zipper comes from our antibacterial assay (Fig. 6).
SLN and PLB significantly reduce E. coli viability, while the
oligomer-destabilizing mutation I17A restores colony forma-
tion for SLN (Fig. 6). Both SLN and PLB form oligomeric ion
channels (24, 55), suggesting that decreased E. coli viability is
caused by increased membrane permeability due to channel
formation. For comparison, a leucine zipper enhances cytotox-
icity for an antimicrobial peptide (59).

Binding of SLN and SERCA—SERCA and SLN copurify from
SR vesicles and HEK cell microsomes when solubilized by non-
ionic detergent (16, 49), while SERCA and “proteolipid” (prob-
ably SLN) exhibit low FRET (0.05-0.10) by spectroscopy in
reconstituted membranes (60). However, none of these studies
measured binding stoichiometry. In the present study, we used
fluorescence microscopy in live cells to observe robust FRET
(0.273 = 0.008) between CFP-SERCA and YFP-SLN, and to
demonstrate that SLN binds SERCA in a 1:1 ratio (linear plot in
Fig. 4F, black). The location of SLN in the binary regulatory
complex remains unclear, but the substantial decrease in
SERCA-SLN FRET due to the [17A mutation indicates that 117

SLN SLN
dimer oligomer

M7A
— —_——
antibacterial

Kq1=1.00 £0.03
CFP-SLN + YFP-SLN

CFP-SERCA + YFP-SLN

FIGURE 7. Proposed model for oligomeric interactions of SLN and SERCA. SLN monomers self-assemble into dimers and higher order oligomers (K,1). SLN
monomers also bind to SERCA monomers to form dimeric inhibitory complexes (K;2). The 117A mutant of SLN eliminates higher order oligomers of SLN (K,1)
and decreases inhibitory complex formation (K,2'). Higher order oligomers of SLN are responsible for antibacterial activity.
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is important not only for stabilization of SLN-SLN interaction,
but also for stabilization of SERCA-SLN interaction. Molecular
modeling predicts that 117 is lipid-facing in the SERCA-SLN
complex (26), but co-immunoprecipitation and functional
studies indicate that I17 is important for interaction with
SERCA (1, 26). The simplest interpretation is that the I[17A
mutation induces allosteric effects on SLN structure that dis-
rupt functional interaction with SERCA, but it is also possible
that I17 interacts directly with SERCA.

Proposed Model of Oligomeric Interactions of SLN and
SERCA in SR—FRET microscopy has enabled the measure-
ment of binding affinities and stoichiometries for SLN-SLN and
SERCA-SLN in ER of live Sf21 cells. We propose that SLN in SR
exists as multiple molecular species: monomers, dimers, oli-
gomers, and heterodimers with SERCA (Fig. 7). Previous
molecular modeling indicates that SERCA has two adjacent
TM grooves for possible binding of SLN (26). However, our
results indicate that only one SLN is bound per SERCA, even
when SLN is expressed in many-fold excess of SERCA (Figs. 4F
and 5B). We propose that the SLN monomer is the molecular
species that binds to and inhibits SERCA in SR.

Binding affinities of SLN-SLN and SERCA-SLN were deter-
mined in insect cell ER in the absence of other muscle proteins
that directly interact with SERCA, SLN, or both (16, 27, 61).
The dissociation constants described in this study apply to
SLN-SLN and SERCA-SLN interactions in all muscle tissues
because K, values were determined using a distribution of
expression levels, as produced by baculovirus infection of Sf21
cells. Fig. 5B illustrates that native expression levels of SLN in
skeletal and cardiac muscle are lower than the K, values deter-
mined by FRET microscopy, suggesting that less than half of the
SERCA molecules in muscle are bound to SLN. It is likely that
both dissociation constants (K,1, K,2) are regulated by SLN
phosphorylation and SERCA ligands. We propose that SLN
self-association directly competes with SERCA binding, with
SLN-SLN binding affinity approximately equal to that of
SERCA-SLN (Figs. 5 and 7).

Comparison of SLN and PLB Oligomeric Interactions—
SERCA2a in ventricle is inhibited by PLB, a 6-kDa membrane
protein that shows sequence homology to SLN (25, 31, 43, 45,
62—64) (Fig. 1, supplemental Fig. S1). Both SLN and PLB self-
associate into higher order oligomers, and both SLN and PLB
interact with SERCA in a binary inhibitory complex (Fig. 4 in
this study, (62, 65)). 140 of PLB, located at the d position of
the leucine-isoleucine zipper, is conserved in SLN as 117
(Fig. 1, supplemental Fig. S2). In PLB, the I140A mutation
decreases pentamer formation and increases SERCA-PLB
interactions due to formation of additional PLB monomers
(31). Here we demonstrated that the homologous mutation
117A decreases both SLN-SLN and SERCA-SLN interactions
(Figs. 4 and 5). Thus, SLN's self-association is similar to that
of PLB, but SLN's interaction with SERCA has unique
features.

CONCLUSIONS

We used the baculovirus system and fluorescent fusion pro-
teins to directly detect the oligomeric interactions of SLN and
SERCA. We identified the formation of SLN dimers and
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oligomers, in addition to SERCA-SLN dimers. We demon-
strated that both interactions exhibit similar binding affinity
and determined that residue Ile-17 of SLN acts as a critical
stabilizing residue for both interactions. Important questions
remain regarding SLN oligomerization and SERCA binding,
including effects of SLN phosphorylation and SERCA ligands.
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