
Fluorescence Analysis of the Sarcolipin:SERCA Protein Complex
John E. Rubin, Joseph M. Autry, David D. Thomas

Department of Biochemistry, Molecular Biology & Biophysics
University of Minnesota Medical School, Minneapolis, MN 55455

ABSTRACT
We have used fluorescence resonance energy transfer (FRET) 
to identify physical interactions between the sarcoplasmic 
reticulum Ca-ATPase (SERCA) and one of its regulatory 
proteins, sarcolipin (SLN), in cardiac and skeletal muscle. The 
sarcoplasmic reticulum (SR) is an intracellular membrane 
network found in muscle cells whose function is to uptake, store, 
and release calcium. SERCA functions to transport calcium into 
the SR to induce muscle relaxation. Theoretical models predict 
that SLN monomers regulate SERCA by binding the SERCA 
transmembrane domain, but SLN monomers also self-associate 
to form oligomers. To test these models, we expressed 
fluorescent fusion proteins of SLN and SERCA in Sf21 insect 
cells using the baculovirus system. Quantitative binding 
stoichiometries were determined by FRET measurements using 
live cell microscopy on plates coated with mollusk “glue” protein. 
FRET results indicate that (1) SLN monomers self-associate to 
form dimers and (2) SLN monomers interact with SERCA to form 
a 1:1 heterocomplex. We propose that SLN monomers compete 
in equilibrium between SLN oligomerization and SERCA binding.

CONCLUSIONS
1. SLN and SERCA were tagged with naturally fluorescent 

proteins (CFP, YFP) and expressed in Sf21 insect cells 
using the baculovirus system.

2. Fluorescence microscopy detected high FRET between 
SLN subunits, providing novel evidence for SLN self-
association. Photobleaching experiments indicated 
that SLN assembles into dimers.

3. Fluorescence microscopy also detected high FRET 
between SLN and SERCA. Acceptor photobleaching 
experiments showed that SLN and SERCA monomers 
bind together in a 1:1 binary regulatory complex.

4. Mutating SLN residue Isoleucine 17 to Alanine (I17A) 
decreased FRET for both SLN:SLN dimerization and 
SLN:SERCA binding.  

5. We propose that SLN dimerization and SLN:SERCA 
association are competing binding events and that 
residue Isoleucine-17 is important for both interactions.

ACKNOWLEDGEMENTS
• This project was funded by a grant to JER from the University of

Minnesota Undergraduate Research Opportunity Program (UROP).

• This project was funded by a grant to DDT from the National Institutes 
of Health (GM27906).

For further information
Please contact John Rubin at jer@ddt.biochem.umn.edu
More information on this and related work can be viewed
at http://ddt.biochem.umn.edu/

REFERENCES
1. Heim R., D.C. Prasher, R.Y. Tsien. Wavelength mutations and post-translational autoxidation of green fluorescent 

protein. Proc Natl Acad Sci USA 91(26):12501-4, 1994.

2. Li  M., L.G. Reddy, R. Bennett, N.D. Silva, Jr., L.R. Jones, D.D. Thomas. A fluorescence energy transfer method for 
analyzing protein oligomeric structure: application to phospholamban. Biophys J 76(5):2587-99, 1999.

3. Toyoshima C., M. Nakasako, H. Nomura, H. Ogawa. Crystal structure of the calcium pump of sarcoplasmic 
reticulum at 2.6 A resolution. Nature 405(6787):647-55, 2000.

4. Mascioni A., C. Karim, G. Barany, D.D. Thomas, G. Veglia. Structure and orientation of sarcolipin in lipid 
environments. Biochemistry 41(2):475-82, 2002. 

5. Hou Z, E.M. Kelly, and S.L. Robia. Phosphomimetic Mutations Increase Phospholamban Oligomerization and Alter 
the Structure of Its Regulatory Complex. J Biol Chem 283 (43): 28996-29003, 2008.

METHODS
Engineering of Fluorescent Fusion Proteins – cDNAs encoding SERCA and SLN were cloned 
from rabbit fast-twitch muscle using reverse transcription-polymerase chain reaction (RT-
PCR). cDNAs encoding enhanced cyan fluorescence protein (CFP) and enhanced yellow 
fluorescent protein (YFP) were purchased from Clontech. CFP and YFP were fused to the N-
terminus of SERCA and SLN using ‘sticky-end’ DNA ligation of engineered restriction sites 
(CFP-SLN, YFP-SLN, CFP-SERCA, YFP-SERCA). Mutations were created in SLN fluorescent 
fusion proteins using the QuikChange Mutagenesis Kit from Strategene. All DNA constructs 
were verified by DNA sequencing.

Baculovirus/Insect Cell Expression System – Spodoptera frugiperda (Sf21) insect cells were 
grown in suspension cultures seeded at  0.5×106 cells/mL. Sf21 cells were subcultured every 
48 hrs. Recombinant baculoviruses expressing SERCA and SLN fluorescent fusion proteins 
were made using homologous recombination. Then, cells were placed into a 25 mL square 
flask, seeded at 0.4×106 cells/mL.  Separately, DNA plasmids with the desired fluorescent 
fusion protein was added to serum free media (SFM).   This mixture was then added dropwise
over the insect cells in flasks, and the flasks were incubated for five days.  Following the 
incubation period, the proteins were extracted and homogenized through centrifugation, and 
the supernatant was saved and used as virus for further amplifications.

Fluorescent Microscopy – 2 mL of insect cells were added to microscope plates, seeded at 
7.5×104 cells/mL.  30 μL of virus was added to the plates for each virus used in the 
experiment.  The plates were incubated for 72 hours before microscopy experiments were 
performed.  Using a Xenon lamp, the cells were photobleached using a yellow fluorescent 
filter (514 nm).  Using a screen to adjust light intensities, the cells were selectively 
photobleached in eighteen 40 second intervals for eighteen minutes with a 20x objective.  
During the 20 seconds of non-photobleaching, donor and acceptor fluorescence intensity 
measurements were taken by photograph.

.Fluorescence Analysis – Donor and acceptor intensities for each cell observed were identified 
and recorded for each experiment.  Then, the background intensity was subtracted from the 
observed intensities, and each corrected intensity value was normalized relative to its initial 
corrected fluorescence intensity.  Normalized CFP values were plotted as a function of 
normalized YFP values for each experiment.  Data points within and between days were 
averaged, and  a linear regression fit was added for each experiment.  The y-intercept of each 
graph serves as the average FRET value for each experiment.

Figure 3 – Photobleaching of Yellow Fluorescent Acceptor

During selective acceptor photobleaching, YFP stops receiving the 
transfer of fluorescent energy from CFP donor, resulting in an 

increase in cyan fluorescence and a decrease in yellow 
fluorescence, relative to initial fluorescent values (Fo). 
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Figure 1 – Structure of the Fluorescent Fusion Proteins

Cyan fluorescent protein (CFP) was fused to the initiator 
methionine (1Met) of SERCA. Yellow fluorescent protein 
(YFP) was fused to the initiator methionine (1Met) of SLN
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Figure 2 – DNA constructs for CFP-SLN and YFP-SLN

DNAs encoding CFP and YFP were spliced to SLN DNA at 
the NcoI/SacI fusion site
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Figure 4 – FRET Microscopy of SLN:SLN and SLN:SERCA Interactions

Fig. 5 – Fluorescence Microscope

Nikon microscope with CCD 
camera is used for

FRET quantitation.

Problem: Sf21 cells roll on microscopy plates when 
infected with XFP proteins.  Small movements by cells 
can introduce large errors in FRET quantitation. 

Experiment: Sf21 cells were plated ± Cell Tak, the 
Mollusk “glue” protein. Microscopy table was gently 
rocked for 60 sec to perturb cells. Images were recorded 
to detect movements.

Results: Cell Tak immobilized cells on plates (orange 
cells in top overlay), allowing for accurate FRET 
quantitation. Without Cell Tak, cells rolled into and out of 
view (white and red in bottom overlay, respectively).

Interesting Fact: In 1981, the US Navy funded a research 
project that discovered how Mollusks use the ‘glue 
protein’ to stick to ship hulls.  

Figure 7 –Mollusk “Glue” Protein Immobilizes Infected Cells and Decreases Errors in FRET Quantitation
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Figure 6 –FRET Binding Curves for Wild-type and Mutant SLN

FRET binding curves show that 
I17A-SLN mutation increases the 

dissociation constant (Kd) of 
SLN:SLN by 1.5-fold, resulting in 

dimer destabilization and monomer 
production.

Table 1 – Average FRET and Binding Constants

1. SLN shows high FRET for both SLN:SLN and SLN:SERCA 
interactions, indicating robust binding for both events.

2. The I17A mutation decreases FRET for SLN:SLN and 
SLN:SERCA interactions, disrupting both binding events.

3. Binding analysis shows that the I17A mutation decreases 
SLN:SLN affinity by 1.5-fold.

(A) Live cell imaging pre-
and post-acceptor bleach.

(B) Acceptor-selective 
photobleaching of YFP-SLN 
gives donor fluorescence 

recovery of CFP-SLN.

(C) Average FRET of 
wild-type SLN and 
I17A mutant SLN

(C) Photobleaching of WT and I17A-SLN gives linear recovery, demonstrating that SLN forms dimers. The I17A 
mutation decreases FRET by 30%, indicating destabilization of the SLN dimer.  (D) SLN interacts with SERCA in a 1:1 
binary complex. I17A mutation decreases FRET by 40%, indicating destabilization of the binary regulatory complex.
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