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            Abstract
Membrane charge has a critical role in protein trafficking and signaling. However, quantification of the effective electrostatic potential of cellular membranes has remained challenging. We developed a fluorescence membrane charge sensor (MCS) that reports changes in the membrane charge of live cells via Förster resonance energy transfer (FRET). MCS is permanently attached to the inner leaflet of the plasma membrane and shows a linear, reversible and fast response to changes of the electrostatic potential. The sensor can monitor a wide range of cellular treatments that alter the electrostatic potential, such as incorporation and redistribution of charged lipids and alterations in cytosolic ion concentration. Applying the sensor to T cell biology, we used it to identify charged membrane domains in the immunological synapse. Further, we found that electrostatic interactions prevented spontaneous phosphorylation of the T cell receptor and contributed to the formation of signaling clusters in T cells.
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                    Figure 1: MCS and MCS+ are FRET-based sensors that report the effective electrostatic potential of the plasma membrane.[image: ]


Figure 2: MCS+ is sensitive to charged lipids in the plasma membrane.[image: ]


Figure 3: Intra- and extracellular ion concentrations affect the membrane charges at the inner leaflet of the plasma membrane.[image: ]


Figure 4: PS, but not PI, phosphorylation levels contribute to the effective electrostatic potential of the plasma membrane.[image: ]


Figure 5: Membrane charge at the immunological synapse.[image: ]


Figure 6: The electrostatic potential of the inner plasma membrane regulates TCR signaling.[image: ]
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                Change history
	31 March 2017
In the version of this article initially published, in the Figure 1 legend, the following text was inserted: “(d), and the average FRET efficiencies in transfected COS-7 cells (e)”; in Figure 2d, the right-hand y axis was given as “PS fusion,” rather than “DOTAP fusion”; in text beneath Figure 2, figure callouts were corrected and additional text added as follows: “275 mM (Fig.1d)” should read “275 mM (Fig. 1d,e)”, “9 mM (Fig. 1e)” should read “9 mM (Fig. 1f)”, “FI exhibited no” should be “FI exhibited different FRET efficiencies in intact cells (Fig. 1e) and no,” “strength (Fig. 1c–f)” should be “strength (Fig. 1c,d,f),” “reach 50% in” should be “reach 50% change in”; in text beneath Figure 3, “MCS+ (Fig. 2e–g)” should be “MCS+ (Fig. 2e,f)”; in Figure 3 legend, “s.e.” should read “s.e.m.” The errors have been corrected in the HTML and PDF versions of the article.





References
	McLaughlin, S., Smith, S.O., Hayman, M.J. & Murray, D. An electrostatic engine model for autoinhibition and activation of the epidermal growth factor receptor (EGFR/ErbB) family. J. Gen. Physiol. 126, 41–53 (2005).
Article 
    CAS 
    
                    Google Scholar 
                

	Yeung, T. et al. Receptor activation alters inner surface potential during phagocytosis. Science 313, 347–351 (2006).
Article 
    CAS 
    
                    Google Scholar 
                

	Yeung, T. & Grinstein, S. Lipid signaling and the modulation of surface charge during phagocytosis. Immunol. Rev. 219, 17–36 (2007).
Article 
    CAS 
    
                    Google Scholar 
                

	Lomize, A.L., Pogozheva, I.D., Lomize, M.A. & Mosberg, H.I. The role of hydrophobic interactions in positioning of peripheral proteins in membranes. BMC Struct. Biol. 7, 44 (2007).
Article 
    
                    Google Scholar 
                

	McLaughlin, S. & Aderem, A. The myristoyl-electrostatic switch: a modulator of reversible protein-membrane interactions. Trends Biochem. Sci. 20, 272–276 (1995).
Article 
    CAS 
    
                    Google Scholar 
                

	van den Bogaart, G. et al. Membrane protein sequestering by ionic protein-lipid interactions. Nature 479, 552–555 (2011).
Article 
    CAS 
    
                    Google Scholar 
                

	Alexander, R.T. et al. Membrane surface charge dictates the structure and function of the epithelial Na+/H+ exchanger. EMBO J. 30, 679–691 (2011).
Article 
    CAS 
    
                    Google Scholar 
                

	McLaughlin, S. The electrostatic properties of membranes. Annu. Rev. Biophys. Biophys. Chem. 18, 113–136 (1989).
Article 
    CAS 
    
                    Google Scholar 
                

	Ohki, S. Membrane potential, surface potential and ionic permeability. Phys. Lett. A 75, 149–152 (1979).
Article 
    
                    Google Scholar 
                

	Okeley, N.M. & Gelb, M.H. A designed probe for acidic phospholipids reveals the unique enriched anionic character of the cytosolic face of the mammalian plasma membrane. J. Biol. Chem. 279, 21833–21840 (2004).
Article 
    CAS 
    
                    Google Scholar 
                

	Gagnon, E., Schubert, D.A., Gordo, S., Chu, H.H. & Wucherpfennig, K.W. Local changes in lipid environment of TCR microclusters regulate membrane binding by the CD3ɛ cytoplasmic domain. J. Exp. Med. 209, 2423–2439 (2012).
Article 
    CAS 
    
                    Google Scholar 
                

	Yeung, T. et al. Membrane phosphatidylserine regulates surface charge and protein localization. Science 319, 210–213 (2008).
Article 
    CAS 
    
                    Google Scholar 
                

	Ben-Tal, N., Honig, B., Peitzsch, R.M., Denisov, G. & McLaughlin, S. Binding of small basic peptides to membranes containing acidic lipids: theoretical models and experimental results. Biophys. J. 71, 561–575 (1996).
Article 
    CAS 
    
                    Google Scholar 
                

	Cohen, J.A. & Cohen, M. Adsorption of monovalent and divalent cations by phospholipid membranes. The monomer-dimer problem. Biophys. J. 36, 623–651 (1981).
Article 
    CAS 
    
                    Google Scholar 
                

	Harb, F.F. & Tinland, B. Effect of ionic strength on dynamics of supported phosphatidylcholine lipid bilayer revealed by FRAPP and Langmuir-Blodgett transfer ratios. Langmuir 29, 5540–5546 (2013).
Article 
    CAS 
    
                    Google Scholar 
                

	Perez, J.B., Martinez, K.L., Segura, J.M. & Vogel, H. Supported cell-membrane sheets for functional fluorescence imaging of membrane proteins. Adv. Funct. Mater. 16, 306–312 (2006).
Article 
    CAS 
    
                    Google Scholar 
                

	Denis, V. & Cyert, M.S. Internal Ca2+ release in yeast is triggered by hypertonic shock and mediated by a TRP channel homologue. J. Cell Biol. 156, 29–34 (2002).
Article 
    CAS 
    
                    Google Scholar 
                

	Koldenkova, V.P., Matsuda, T. & Nagai, T. MagIC, a genetically encoded fluorescent indicator for monitoring cellular Mg2+ using a non-Förster resonance energy transfer ratiometric imaging approach. J. Biomed. Opt. 20, 101203 (2015).
Article 
    
                    Google Scholar 
                

	Zhang, H., Cordoba, S.-P., Dushek, O. & van der Merwe, P.A. Basic residues in the T-cell receptor ζ cytoplasmic domain mediate membrane association and modulate signaling. Proc. Natl. Acad. Sci. USA 108, 19323–19328 (2011).
Article 
    CAS 
    
                    Google Scholar 
                

	Xu, C. et al. Regulation of T cell receptor activation by dynamic membrane binding of the CD3epsilon cytoplasmic tyrosine-based motif. Cell 135, 702–713 (2008).
Article 
    CAS 
    
                    Google Scholar 
                

	Bettini, M.L. et al. Membrane association of the CD3ɛ signaling domain is required for optimal T cell development and function. J. Immunol. 193, 258–267 (2014).
Article 
    CAS 
    
                    Google Scholar 
                

	Shi, X. et al. Ca2+ regulates T-cell receptor activation by modulating the charge property of lipids. Nature 493, 111–115 (2013).
Article 
    
                    Google Scholar 
                

	Zech, T. et al. Accumulation of raft lipids in T-cell plasma membrane domains engaged in TCR signaling. EMBO J. 28, 466–476 (2009).
Article 
    CAS 
    
                    Google Scholar 
                

	Yokosuka, T. et al. Newly generated T cell receptor microclusters initiate and sustain T cell activation by recruitment of Zap70 and SLP-76. Nat. Immunol. 6, 1253–1262 (2005).
Article 
    CAS 
    
                    Google Scholar 
                

	Pageon, S.V. et al. Functional role of T-cell receptor nanoclusters in signal initiation and antigen discrimination. Proc. Natl. Acad. Sci. USA 113, E5454–E5463 (2016).
Article 
    CAS 
    
                    Google Scholar 
                

	Gaus, K., Chklovskaia, E., Fazekas de St Groth, B., Jessup, W. & Harder, T. Condensation of the plasma membrane at the site of T lymphocyte activation. J. Cell Biol. 171, 121–131 (2005).
Article 
    CAS 
    
                    Google Scholar 
                

	Murase, K. et al. Ultrafine membrane compartments for molecular diffusion as revealed by single molecule techniques. Biophys. J. 86, 4075–4093 (2004).
Article 
    CAS 
    
                    Google Scholar 
                

	Goswami, D. et al. Nanoclusters of GPI-anchored proteins are formed by cortical actin-driven activity. Cell 135, 1085–1097 (2008).
Article 
    CAS 
    
                    Google Scholar 
                

	Gowrishankar, K. et al. Active remodeling of cortical actin regulates spatiotemporal organization of cell surface molecules. Cell 149, 1353–1367 (2012).
Article 
    CAS 
    
                    Google Scholar 
                

	Eggeling, C. et al. Direct observation of the nanoscale dynamics of membrane lipids in a living cell. Nature 457, 1159–1162 (2009).
Article 
    CAS 
    
                    Google Scholar 
                

	Zhou, Y. et al. Membrane potential modulates plasma membrane phospholipid dynamics and K-Ras signaling. Science 349, 873–876 (2015).
Article 
    CAS 
    
                    Google Scholar 
                

	Fairn, G.D. et al. High-resolution mapping reveals topologically distinct cellular pools of phosphatidylserine. J. Cell Biol. 194, 257–275 (2011).
Article 
    CAS 
    
                    Google Scholar 
                

	Yeung, T. et al. Contribution of phosphatidylserine to membrane surface charge and protein targeting during phagosome maturation. J. Cell Biol. 185, 917–928 (2009).
Article 
    CAS 
    
                    Google Scholar 
                

	Le Floc'h, A. et al. Annular PIP3 accumulation controls actin architecture and modulates cytotoxicity at the immunological synapse. J. Exp. Med. 210, 2721–2737 (2013).
Article 
    
                    Google Scholar 
                

	Rossy, J., Owen, D.M., Williamson, D.J., Yang, Z. & Gaus, K. Conformational states of the kinase Lck regulate clustering in early T cell signaling. Nat. Immunol. 14, 82–89 (2013).
Article 
    CAS 
    
                    Google Scholar 
                

	Hui, E. & Vale, R.D. In vitro membrane reconstitution of the T-cell receptor proximal signaling network. Nat. Struct. Mol. Biol. 21, 133–142 (2014).
Article 
    CAS 
    
                    Google Scholar 
                

	Meng, F., Suchyna, T.M. & Sachs, F. A fluorescence energy transfer-based mechanical stress sensor for specific proteins in situ. FEBS J. 275, 3072–3087 (2008).
Article 
    CAS 
    
                    Google Scholar 
                

	Meng, F. & Sachs, F. Orientation-based FRET sensor for real-time imaging of cellular forces. J. Cell Sci. 125, 743–750 (2012).
Article 
    CAS 
    
                    Google Scholar 
                

	Benda, A., Ma, Y. & Gaus, K. Self-calibrated line-scan STED-FCS to quantify lipid dynamics in model and cell membranes. Biophys. J. 108, 596–609 (2015).
Article 
    CAS 
    
                    Google Scholar 
                

	Lloret, N. et al. Effects of buffer composition and dilution on nanowire field-effect biosensors. Nanotechnology 24, 035501 (2013).
Article 
    
                    Google Scholar 
                


Download references




Acknowledgements
We acknowledge technical assistant by the BioMedical Imaging Facility, University of New South Wales. K.G. and J.R. acknowledge funding from the ARC Centre of Excellence in Advanced Molecular Imaging (CE140100011 to K.G.) and National Health and Medical Research Council of Australia (1059278 and 1037320 to K.G., 1022182 to K.G. and J.R.). J.J.G. acknowledges funding from the ARC Centre of Excellence in Convergent Bio-Nano Science and Technology (CE140100036) the Australian Research Council for an Australian Laureate Fellowship (FL150100060) and a National Health and Medical Research Council of Australia program grant (1091261).


Author information
Authors and Affiliations
	EMBL Australia Node in Single Molecule Science, School of Medical Sciences, University of New South Wales, Sydney, New South Wales, Australia
Yuanqing Ma, Yui Yamamoto, Philip R Nicovich, Jesse Goyette, Jérémie Rossy & Katharina Gaus

	ARC Centre of Excellence in Advanced Molecular Imaging, University of New South Wales, Sydney, New South Wales, Australia
Yuanqing Ma, Yui Yamamoto, Philip R Nicovich, Jesse Goyette & Katharina Gaus

	School of Chemistry and Australian Centre of NanoMedicine, University of New South Wales, Sydney, New South Wales, Australia
J Justin Gooding

	ARC Centre of Excellence in Convergent Bio-Nano Science and Technology, University of New South Wales, Sydney, New South Wales, Australia
J Justin Gooding


Authors	Yuanqing MaView author publications
You can also search for this author in
                        PubMed Google Scholar



	Yui YamamotoView author publications
You can also search for this author in
                        PubMed Google Scholar



	Philip R NicovichView author publications
You can also search for this author in
                        PubMed Google Scholar



	Jesse GoyetteView author publications
You can also search for this author in
                        PubMed Google Scholar



	Jérémie RossyView author publications
You can also search for this author in
                        PubMed Google Scholar



	J Justin GoodingView author publications
You can also search for this author in
                        PubMed Google Scholar



	Katharina GausView author publications
You can also search for this author in
                        PubMed Google Scholar





Contributions
Y.M. performed experiments, analyzed data and wrote the manuscript. Y.Y. performed and analyzed experiments. P.R.N. established and performed analysis. J.G. and J.R. contributed to data interpretation and manuscript writing. J.J.G. contributed to data analysis and interpretation and manuscript writing. K.G. designed the project and wrote the manuscript.
Corresponding author
Correspondence to
                Katharina Gaus.


Ethics declarations

              
                Competing interests

                The authors declare no competing financial interests.

              
            

Integrated supplementary information

Supplementary Figure 1 Development of a FRET-based MCS.
(a) Linker and MA2 modification are indicated by single letter amino acid code. Δ indicates deletion of amino acids and N or C indicate the terminus where the amino acids were deleted from. Negatively charged amino acids are highlighted in blue, positively charged amino acids in red, hydrophobic residues in green and farnesylated residues are marked with C. Lck10 is the first 10 amino acid sequence of tyrosine kinase Lck. (b-c). Schematic drawings (b) and emission spectra (c) of MCS 0.1, MCS 0.2 MCS 0.3 and MCS. The emission spectra were averaged over 50 cells. (d-g) Membrane association (d, f) and change in donor (green) and acceptor (red) intensity and FRET efficiency (R/G ratio, black, e, g) when ionic strength was changed from 10 mM to 275 mM (indicated by arrows) in membrane lawns containing MCS 0.4 (d-e) and MCS 0.5 (f-g). Please note that MCS 0.4 (and previous versions) partially dissociated from the plasma membrane at high ionic strength, resulting in a 49 ± 10% decrease in total donor and acceptor intensity. When the farnesylated cysteine residue at the C-terminus was removed, MCS 0.5 (and subsequent versions) remained at the plasma membrane even when exposed to high ionic strength solutions. Scale bar in d and f = 5 μm. Data are representative of n = 10 independent experiments.


Supplementary Figure 2 Membrane association of MCS R-pre only, MCS Lck only, MCS 0.4 and MCS during ionomyocin-induced Ca2+ influx.
(a-d) Intensity line profile across HeLa cells that expressed MCS R-Pre only (a), MCS Lck only (b), MCS 0.4 (c) and MCS (d) 0 s (black line), 100 s (red line) and 200 s (blue line) after treatment with 3 μM ionomycin to induce Ca2+ flux. Note MCS R-Pre only that lacks the hydrophobic membrane anchor unit (MA1 in Fig. 1) completely detached from membrane. MCS 0.4 partially detached due to farnesylation (Supplementary Fig. 1). MCS Lck only and MCS remained attached to plasma membrane. Data are representative of n = 5 independent experiments.


Supplementary Figure 3 FRET readout of MCS during ionic titration.
(a) Change of donor (green) and acceptor (red) fluorescence and normalized donor/acceptor fluorescence (R/G) ratio as a function of ionic strength from 10 mM to 400 mM in membrane lawns containing MCS. Measurements were taken at equilibrium for each ionic strength. The R/G ratios were normalized to the maxima. (b) Emission spectra of MCS at the indicated ionic strength values. Data in a-b are representative of n = 7 independent replicates. (c) Merged donor (green) and acceptor (red) intensity image. Two membrane sheets (highlighted by dashed lines) were compared with non-photobleached acceptor in the region of interest (ROI) 1 and photobleached acceptor in ROI 2. Scale bar = 5 μm (d) Donor (green) and acceptor (red) intensity and R/G ratio profile for ROI 1 and ROI 2 in (c) following the exchange of ionic strength from 10 mM to 275 mM. Note that acceptor photobleached ROI2 did not exhibit an increase of donor fluorescence as observed in ROI1, suggesting the increase of donor fluorescence in ROI1 was due to FRET. Data are representative of n = 3 independent experiments.


Supplementary Figure 4 MCS Lck only was insensitive to ionic strength change.
MCS Lck only is MCS+ without the electrostatic membrane attachment unit (MA2 in Fig. 1). (a) Merged donor (green) and acceptor (red) intensity images of MCS Lck only in membrane sheets before and after solution change from 10 mM to 275 mM. Scale bar = 5 μm. (b) Donor (green) and acceptor (red) and acceptor/donor (R/G) ratio before and after solution change (black arrow) from 10 mM to 275 mM. MCS Lck only was insensitive to the effective electrostatic potential as the R/G ratio changed by < 5%. Please note that MCS Lck only remained attached to the membrane lawn indicated that the hydrophobic anchor (MA1 in Fig. 1) was sufficient for membrane attachment. Data are representative of n = 7 independent experiments.


Supplementary Figure 5 Acceptor fluorescence was not directly influenced by the change in ionic strength, and change in objective focus during solution exchange had a negligibly impact on MCS FRET measurement.
(a) Change of donor intensity (green), acceptor intensity (red) under 488 nm excitation and acceptor intensity (blue) under 561 nm excitation of MCS+-containing membrane lawns exposed to solution of increasing ionic strengths. (b) The acceptor/ donor (R/G) ratio under 488 excitation at the corresponding ionic strengths. Images were taken sequentially under 488 nm and 561 nm excitation at each ionic strength. Note that the directly excited acceptor (blue) was unaffected by the ionic strength of the solution and did not mirror the intensity change of donor acceptor under 488 nm excitation. This suggested that the acceptor fluorescence was not directly influence by the ionic strength of the solution. Data are representative of n = 5 biological replicates. (c-d) Solution exchange during ionic strength titration experiments could cause a shift in focus that potentially affected R/G ratio values. Here, the maximal variations in R/G values (Max - Min) were determined by adding 300 μL of 10 mM PBS to 600 μL of 10 mM PBS. 6 reprehensive solution exchanges are shown in c, causing an average variation in R/G ratio of 7.5 ±1.0%. Data are mean and standard error of n = 10 measurements. (d) The impact of the loss of focus on R/G values was also directly measured by manually changing the objective focus up and down, causing a maximal change in R/G ratio of 11.8 ± 3.1%. Note the concurrent change of donor (green) and acceptor (red) intensity due to change in focus.


Supplementary Figure 6 MCS R-Pre only detached from the plasma membrane at high ionic strength and after incorporation of the cationic lipid DOTAP.
MCS R-Pre only is MCS+ without the hydrophobic membrane attachment unit (MA1 in Fig. 1). (a) Merged donor (green) acceptor (red) intensity images of MCS R-Pre only in membrane lawns before and after solution change from 10 mM to 275 mM. Scale bar = 5 μm. (b) Donor (green) and acceptor (red) and acceptor/donor (R/G) ratio before and after the solution change (black arrow) from 10 mM to 275 mM. 75 ± 10% of the total donor and acceptor intensity of MCS R-Pre only was lost from the membrane sheet after solution change, indicating that the hydrophobic membrane anchor was required to retain MCS at the plasma membrane. Data are representative of n = 5 independent experiments. (c) Donor (green) acceptor (red) intensity images of MCS R-pre only in membrane lawn of COS-7 cell at the indicated time point during fusion of DOTAP-enriched lipid vesicles. (d) Intensity plot of donor (green) acceptor (red) of MCS R-pre only and membrane fused DOTAP lipids (cyan) that were labeled with a far-red fluorescent dye, DiR. The fusion of positively charged DOTAP lipids caused R-pre only to detach from the membrane.


Supplementary Figure 7 The Debye–Hückel model described MCS and MCS+ FRET efficiencies for a wide range of ionic strengths, demonstrating a linear relationship between FRET efficiency and the effective electrostatic potential of the membrane.
(a-d) Ionic strength titration curve of MCS and MCS+ is fitted to the Debye–Hückel model (a, c):
K−1 = M+N/sqrt(I)
and extended Debye–Hückel model (b, d):
K−1 = M+N/{10^[-0.5*I^0.5/(1+0.98*I^0.5)]*I^0.5}^0.5
where, K−1 is electric charge potential, I is ionic strength, M is the shifting factor and N the scaling factor. Data are mean and standard error of maxima normalized R/G curves for MCS and MCS+ averaged over n = 7 membrane sheets (black) with each measurement taken at equilibrium. The plot of Debye–Hückel model and extended Debye–Hückel model are shown in red. Fitting residuals is plotted in black dots (R2 = 0.988 in a, R2 = 0.981 in b, R2 = 0.989 in c and R2 = 0.977 in d).


Supplementary Figure 8 Membrane disassociation koff rates and association kon rate demonstrated reversibility of the MCS.
(a, b) Change in donor (green) acceptor (red) intensity (a) and R/G ratio (b) of MCS when the solutions to which membrane lawns were exposed were rapidly changed from 10 mM to 275 mM. The decrease of R/G ratio in (b) could be fitted to a single exponential decay function, R/G=(R/G)max × exp(-kt) (red solid line, R2=0.95), indicating that membrane disassociation of MCS was a first-order reaction. A magnified region of the fitting is shown in the inset with fit residuals plotted below. For fast acquisition, the images were acquired at 100 Hz using a resonance scanner. (c) Determination of T1/2, i.e. the time it took to reach 50% of overall FRET efficiency change after the solution change. The values for koff rates were calculated from the membrane residence time T1/2 as koff rate is the inverse of membrane residence time. For MCS, koff = 12 ± 2 s−1 (n = 21 independent measurements). (d) Comparison of koff rate of MCS 0.5 and MCS. Each symbol is one membrane sheet i.e. corresponds to one measurement. Black horizontal lines indicate the means and vertical bars the standard errors. No statistical significant difference was found between the two sensors (n = 21, * P<0.05, two-sample two tailed t-test). The data suggest that enhanced hydrophobicity of the MA2 anchor arm did not affect MCS membrane disassociation rate. (e) Donor (green) and acceptor (red) intensity and acceptor/donor (R/G) ratio of MCS on the membrane lawn before and after the ionic strength of the solution was rapidly changed from 275 mM to 35 mM (indicated by arrow). R/G ratio curve was fitted to R/G=(R/G)min× exp(kt) (blue solid line, R2=0.991) and yielded kon = 0.5 ± 0.05 s−1, indicating that membrane association of MCS+ is a first-order reaction. Data are representative of n = 7 independent experiments.


Supplementary Figure 9 Electrostatic membrane potential at the endoplasmic reticulum (ER) after induction of calcium fluxes.
COS-7 cells expressing MCS+ and a TagRFP657-tagged ER marker (which consisted of the peptide sequence MLLSVPLLLGLLGLAVAGPVAT at N-terminus and KDEL at C-terminus of TagRFP657) were treated with 10 μM ionomycin to induce intracellular calcium fluxes. (a) Merged intensity image of MCS+ (green) and TagRFP657-tagged ER marker (magenta) before and after ionomycin treatment. Two regions of interest (ROI) were selected corresponding to the ER (blue, ROI1) and a region outside the ER that contained the plasma membrane (red, ROI2). (b) Corresponding ratiometric FRET images of MCS+ at the indicated time points. Scale bar = 5 μm. (c) Normalized R/G ratio of ROI1 (blue) and ROI2 (red) that were identified in a. In this example, the electrostatic membrane potential dropped much faster in ER-containing ROI1 compared to plasma membrane-containing ROI2. Data are representative of n = 5 cells.


Supplementary Figure 10 MCS Lck only and MCS Hras FI were largely unresponsive to calcium fluxes induced by thapsigargin and hypotonic and hypertonic treatments.
FRET efficiency of MCS Lck only (a) and MCS Hras FI (b) in COS-7 cells before (black symbols) and after (red symbols) thapsigargin, hypotonic (150 mM to 40 mM) and hypertonic (150 mM to 450 mM) treatments. FRET efficiencies were normalized to the mean of untreated cells. Each symbol is one measurement in one cell; horizontal and vertical bars represent mean and standard error, respectively. ns, not significant (P > 0.05); * P < 0.05; ** P < 0.01 (unpaired, two-tailed t-test).


Supplementary Figure 11 MCS+ revealed the dynamics of the electrostatic potential of the inner plasma membrane in response to osmolality shock.
(a) Ratiometric images (R/G ratio, pseudo-colored as indicated) of MCS+ in live COS-7 cells before and after exchange to hypotonic (150 mM to 40 mM) and hypertonic (150 mM to 450 mM) buffers. Scale bar = 10 μm. (b) Change in in donor (green) and acceptor (red) intensity and FRET efficiency (R/G ratio) for the cells shown in (a). Arrows indicate when solutions were added. Images and data in a-d are representative of n = 5 independent experiments per condition. It is noteworthy that hypotonic treatments resulted solely in an increase in FRET efficiency while hypertonic treatments caused first a rapid loss in FRET efficiency followed by a small increase. Thus quantitative live cell measurements of the effective electrostatic potential with MCS+ may be able to identify compensatory mechanisms of membrane channels and pumps to hypertonic treatments because of the reversible response of the sensor.


Supplementary Figure 12 FRET efficiency of MCS Lck only and MCS Hras FI in response to fendiline and wortmannin treatments.
(a-b) FRET efficiency of MCS Lck only (a) and MCS Hras FI (b) in COS-7 cells before (black symbols) and after (red symbols) fendiline (60 μM) and wortmannin (10 μM) treatments in fixed cells. FRET efficiencies were normalized to the mean of untreated cells. Each symbol is one cell of n = 30 independent measurements; horizontal and vertical bars represent mean and standard error, respectively. ns, not significant (P > 0.05); * P < 0.05 (unpaired, two-tailed t-test).


Supplementary Figure 13 Overexpression of the phosphatidylinositol 4,5-bisphosphate 5-phosphatase (Inp54p) reduced the effective electrostatic potential of the inner plasma membrane.
COS-7 cells were transfected to co-express MCS+ and the CFP-tagged phosphatase Inp54p. (a, b) Intensity images of Inp54p expression (cyan) and FRET efficiency images of MCS+ (pseudo-colored as indicated by the color scale). In a, a correlation between high Inp54p expression and low FRET efficiency is visible. Scale bar in a = 30 μm; Scale bar in b = 10 μm. (c) FRET efficiency (R/G ratio) of MCS+ in control cells and cells overexpressing Inp54p CFP. Data were from n = 30 cells; horizontal lines indicate the means and vertical bars the standard errors. ** P < 0.01 (unpaired, two-tailed t-test). (d) R/G ratio line profile (red, 1st y-axis) and intensity profile of Inp54p (cyan, 2nd y-axis) across the cell shown in b; position of line profile is indicated by white line. Note that FRET efficiency was low in regions with high Inp54p expression and vice versa, even in a single cell. Taken together, the data demonstrate that chronic manipulations of phosphatidylinositol levels, here by converting phosphatidylinositol 4,5-bisphosphate to phosphatidylinositol 4-phosphate, reset the electrostatic potential as sensed by MCS+.


Supplementary Figure 14 Comparison of MCS+ to intensity-based sensors R-Pre GFP, Lact-C2 GFP and Akt PH GFP.
(a) Images of R-pre GFP (membrane charge sensor), Lact-C2 GFP Lact-C2 (PS) sensor) and Akt PH GFP (which senses PIP3) in COS-7 cells before and after the indicated drug treatments (3 min of 10 μM ionomycin, 20 μM thapsigargin, 1 mM dibucaine, 60 μM fendiline, or 10 μM wortmannin). The intensity ratio of plasma membrane (outer 10 pixels, ~1 μm) to cytoplasm (cell area minus outer 10 pixels) was measured with an semi-automated MATLAB routine (see Methods). Scale bar = 10 um. (b) Sensor responses as normalized plasma membrane-to-cytoplasm intensity ratios (R-pre GFP, Lact-C2 GFP and Akt PH GFP) and normalized FRET efficiency (MCS+) in response to drug treatments. Data are mean and standard error of n = 25 cells per condition; NA = not applicable.


Supplementary Figure 15 FRET efficiency of MCS revealed changes of electrostatic potential at T cell activation sites, and the expression of MCS+ did not affect T cell activation conditions.
(a-c) Merged donor (green) and acceptor (red) intensity images of Jurkat E6.1 cells expressing MCS activated with polystyrene beads coated in anti-human CD3 and anti-human CD28 antibodies (anti-CD3+28 Ab beads). Beads can be identified in the transmitted region (right). In b, regions were identified that corresponded to the central synapse (blue dotted regions) and the plasma membrane that was not part of the synapse (green dotted regions). Their corresponding R/G ratio values were plotted in c. In c, black horizontal and vertical lines indicate mean and standard error, respectively (** P<0.01, paired t-test, n = 14 cells). (d, e) Fluorescence donor lifetime image (d) and values (e) of MCS in Jurkat cells activated with anti-CD3+28 Ab beads. Fluorescence donor lifetime image was photon-weighted and pseudo-colored (blue to red) reflecting short to long lifetimes and high to low FRET, respectively. Regions corresponding to synapse (blue region and symbols) and plasma membrane that was not part of the synapse (green regions and symbols) were identified and their lifetime values were compared. In e, * P<0.05 (paired t-test, n = 5 cells). (f) Jurkat cells transfected with Lck10-GFP or MCS+ were activated on anti-CD3+CD28 Ab coated coverslips. T cells were immuno-stained for phosphorylated CD3ζ and phosphorylated TCR-CD3 clusters per um2 measured as described in Methods. ns, not significant, P > 0.05 (unpaired, two-tailed t-test).
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