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Highlights 

• A low Ca2+ affinity GECI- fused to ezrin, EPIC3, was developed to monitor [Ca2+] at the 

cell cortex  

• EPIC3 revealed [Ca2+] elevations in the 30–80 µM range at the cell cortex upon Ca2+ 

influx. 

• Similar high [Ca2+] was observed at the leading edge of motile cells and in phagocytic 

pseudopodia 

• Micro-domains of high [Ca2+] were also evident near the closed phagosome  

• The release of ezrin by calpain-1 from cell surface wrinkles occurred at >20 µM [Ca2+]. 

 

 

 

 

 

 

 

 

  



 

Abstract 

While [Ca2+] in the bulk cytosol ranges between 100 nM and 1 M, in specialised 

microdomains [Ca2+] may locally increase at least 10-fold higher. However, determination of 

local [Ca2+] in subdomains of the cells has been scant and particularly limited by currently 

available Ca2+ indicators. In this work, we aimed to visualise and quantify high [Ca2+] at the 

cell cortex and within cell surface wrinkles. For this, we developed EPIC3 (ezrin - protein 

indicator of Ca2+) by fusing the GECI of CEPIA3 with ezrin to generate a novel low affinity 

Ca2+ indicator that localizes to these subdomains. EPIC3 was used to monitor intra-wrinkle 

Ca2+ concentrations in the macrophage cell line, RAW 264.7. During Ca2+ influx, EPIC3 

reported Ca2+ concentrations in the range of 30–50 μM at the cell cortex, with peak 

concentrations reaching 80 μM near the tips of surface wrinkles. These Ca2+ concentrations 

were associated with ezrin cleavage by calpain 1, a Ca2+-activated protease, and release of the 

C-terminal fluorescent moieties. During phagocytosis, localised Ca2+ near the phagocytic cup 

and pseudopodia extension also reached high levels (50–80 μM). EPIC3 has thus revealed 

high [Ca2+] domains within cell surface wrinkles of living cells which will enable  the role of 

these newly discovered Ca2+  phenomena in controlling rapid cell shape changes and 

phagocytosis to be explored   
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1. Introduction 

Although the range of cytosolic Ca2+ concentrations is widely accepted to be between 0.1–1 

µM [1,2], at certain locations within the cell, local Ca2+ concentration may be considerably 

higher. For some cytosolic proteins, such as calpain-1, calpain-2 and synaptotagmin-1, the 

Ca2+ concentration required for activation is at least two orders of magnitude higher than the 

resting cytosolic free Ca2+ concentration (100 nM). 

Photolytic uncaging of cytosolic Ca2+, or whole cell perfusion, often requires Ca2+ levels in 

the tens or hundreds of micromolar to evoke a cellular effect [5,6,7,8]. This suggests that at 

certain distinct loci within the cell, Ca2+ concentrations may reach this high level in 

physiological conditions. Near the mouth of Ca2+ channels facing the cytosol, for example, 

[Ca2+] has been proposed to reach hundreds of micromolar within a 100 nm of the channel 

[9]. Moreover, computer modelling suggests that within plasma membrane folds, or cell-

surface wrinkles, the free Ca2+ concentration may reach 30–80 µM [10]. The direct 

experimental evidence for such very high Ca2+ concentrations is scant, and particularly 

limited by the currently available Ca2+ indicators.  

Total internal reflection fluorescence microscopy (TIRF) has measured intracellular Ca2+ 

signals within 100 nm of the plasma membrane, using fluorescent Ca2+ indicators [11]. 

However, the fluorophore used, fluo3, saturates at Ca2+ concentrations above approximately 3 

µM, thereby underestimating the Ca2+ concentration at the plasma membrane. Also, as TIRF 

requires the plasma membrane to be closely positioned to an adherent surface (i.e. within 100 

nm of the reflection beam), it measures the Ca2+ concentration beneath a flattened, rather than 

wrinkled membrane. Attempts to measure the Ca2+ concentration beneath the wrinkled plasma 

membrane of neutrophils in suspension have been made using FFP-18, a lipophilic 

membrane-targeting fluorescent probe with a lower Ca2+ affinity [12,13]. This approach 

reported a higher Ca2+ concentration at the plasma membrane than in the cytosol, which was 



estimated to be in the 10–30 µM range [12]. However, the fluorescent signals were too weak 

to enable imaging of individual cells during Ca2+ influx, and the upper limit was uncertain due 

to probe saturation [12].  

Genetically-encoded Ca2+ indicators (GECIs) based on the permutated GFP/calmodulin M13 

peptide construct [14] can be targeted to organelle-specific targeting sequences within the 

cell. A low Ca2+-affinity GECI variant, developed to report intra-organellar Ca2+ 

concentrations, named CEPIA 3 (calcium-measuring organelle-entrapped protein 

indicators) [15], has a Kd for Ca2+ of 11 µM. CEPIA3 thus increases its fluorescence intensity 

over the range 1–100 µM Ca2+. It was anticipated that modification of this probe, by 

replacement of the organelle-targeting sequence with ezrin, would enable investigation of 

cortical and intra-wrinkle Ca2+ concentrations. In the activate conformation, ezrin, also called 

cytovillin, localises almost exclusively to the cell cortex surface, within wrinkled membrane 

structures, through binding of its N-terminal FERM domain [16,17]. Fortunately, the addition 

of fluorescent tags to the C-terminus generates a constitutively active form of ezrin [18,19] 

and does not interfere with FERM domain binding [18] or disrupt the cortical subcellular 

localisation of the protein [20]. The aim was therefore to remove the organelle-targeting 

sequence of CEPIA 3 and fuse it to ezrin, producing a low affinity Ca2+ indicator protein that 

is targeted to wrinkled cell surface structures. This provides the opportunity to report Ca2+ 

concentrations in the high micromolar range at these sites.  

Here, we report the construction of the probe, which we have called EPIC3, (ezrin-protein 

indicator of Ca2+–3) and its use to monitor intra-wrinkle Ca2+ concentrations during Ca2+ 

influx in a macrophage cell line, RAW 264.7. As these cells are phagocytic, this also 

enabled the study to be extended to investigating cortical and intra-wrinkle Ca2+ levels 

during phagocytosis. We report that Ca2+ at the cell cortex can reach very high levels during 

Ca2+ influx and locally during phagocytosis, when these high levels are restricted to the site 



of phagocytic pseudopodia formation. Furthermore, under some conditions, completion of 

phagocytosis resulted in hotspots of elevated Ca2+ concentration near the phagosome.  

 

 

2. Methods and Materials 

2.1 Materials 

Plasmid vector pCMV CEPIA3mt was a gift from Masamitsu Iino (Addgene plasmid # 

58218, 58219 and 58220) and plasmid vector mCherry-Ezrin-N14 was a gift from Michael 

Davidson (Addgene plasmid # 55043). RAW 264.7 cells, originally from American Type 

Culture Collection, were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) 

supplemented with 10% heat inactivated foetal bovine serum (FBS) and 1% Penicillin and 

Streptomycin. Cells were incubated at 37°C in 5% CO2. 

   2.2 Transfection and cell stimulation 

RAW 264.7 cells were transfected with 3 µg of ezrin-mCherry, and 3 µg EPIC3 plasmid 

DNA using a Nucleofector (Lonza). Transfected RAW 264.7 cells were seeded onto 

glass-bottomed petri dishes and incubated in DMEM as above for 3–4 hrs at 37°C with 5% 

CO2, to allow for EPIC3 and ezrin-mCherry protein expression and cell attachment. Ca2+ 

influx was stimulated by addition of thapsigargin (40 µM) and ionomycin (20 µM) in low 

[Ca2+] medium followed by a high extracellular [Ca2+] (6.5 mM) “step2”. Physiological 

stimulation of RAW 264.7 cells by phagocytosis was achieved using zymosan particles 

(approx. 2 x 3µm), opsonised with mouse C3bi [21]. RAW 264.7 cells on glass-bottomed 

petri dishes were kept at 4°C for 15 mins prior to the addition of excess C3bi-opsonised 

zymosan, to enable zymosan particles to sediment and bind to the RAW 264.7 cells, without 



triggering phagocytosis. The chilled media was then replaced with pre-warmed medium 

(37°C) and the progress of phagocytosis was monitored.  

 

2.3 Imaging and processing 

Confocal images were taken using the Leica SP5 confocal inverted microscope (Leica 

Microsystems, Heidelberg) with resonance scanner, laser scanning and 63x objective. 

Images were acquired by sequentially scanning alternate lines with 633 nm and 488 nm 

argon laser lines. In this way, each image line was the result of a single wavelength laser 

excitation without any signal cross-talk. 

Image analysis and presentation was achieved using ImageJ software 

(https://imagej.nih.gov/ij/). The ratio of the EPIC3 and mCherry signals was produced using 

the “Ratio Plus plugin” (Ratio_Plus.java by Paulo J. Magalhães, University of Padua, Italy) 

and displayed using pre-set pseudo-colour look-up-tables (LUT) from within ImageJ. A 

dynamic mask of the cell edge created from the ezrin-mCherry signal, was applied to 

exclude the cytosolic signals, and so allow quantification of the signals from the ezrin-rich 

cortex of the cell. Surface plots where generated using the ImageJ plugin supplied by Kai 

Uwe Barthel, Internationale Medieninformatik, Berlin, Germany. 

 

2.4 Calculation of Ca2+ concentration 

The concentration of Ca2+ was calculated from the fluorescence intensity during the 

experiment (F), and the minimum (Fmin) and maximum (Fmax) fluorescence of the EPIC3 

using a variant of the standard equation for single wavelength fluorescent Ca2+ indicators 

(eg. ref 22), namely: 

Ca2+= Kd (−)(−), where  =F/Fmin and  =Fmax/Fmin 



The Kd and  values were those provided by Iino and colleagues [13, 23]. The Fmin values 

were measured at the start of each experiment when cytosolic Ca2+ was expected to be 

approx. 0.1 μM, the fractional Ca2+ saturation of EPIC3 would be ~ 0.01. The Kd value 

reported by Iino and colleagues [13, 23] was determined at pH 8.0 and thus may have a 

slightly higher value in the cytosol (approx. pH 7.2).  

3. Results 

3.1 Generation of EPIC3 

In order to generate a GECI-ezrin conjugate (EPIC3), the Ca2+-sensing domain of CEPIA3 

without its mitochondrial-targeting sequence [15] was generated to replace the mCherry 

domain of ezrin-mCherry. The following PCR primers were used for ezrin: 

Forward: CTAATAGCGGCCG CATGCCGAAACCAATCAATGTC 

Reverse: GTAATAGATATCCAGGGCCTCGAACTCGTCG 

For CEPIA3 the primers were: 

Forward: GCGGCGGATATCGGTTCTCATCATCATCATCATC  

Reverse: GCGGCG AAGCTTTTACTTCGCTGTCATCATTTG 

 

Restriction of the ezrin DNA fragments was performed using NotI and EcorV: and EcorV 

and HINDIII were used for the CEPIA3.for ligation into a pcDNA3.1(-) plasmid vector. The 

ezrin-CEPIA3 conjugate was transduced into chemically competent DH5α E. coli for 

selection of ampicillin antibiotic resistance and the presence of the inserted gene was detected 

by analysis of the fragments generated by NotI and HindIII digestion (fig 1a). Sequencing 

analysis confirmed the correct orientation and sequence of the ezrin-CEPIA3 conjugate 

(fig1b; complete sequence given in Supplementary Data B). The novel GECI (based on 

CEPIA3) was named EPIC3 representing ezrin protein indicator of Ca2+. 

 



3.2. Subcellular localisation of EPIC3 

Expression of EPIC3 within RAW 264.7 cells resulted in a characteristic pattern of 

subcellular locations shown in figure 2a. The probe was excluded from the nucleus (marked 

“N”), which occupies a significant fraction of the cytoplasm of these cells, and was seen in 

the cytosol (marked “cyto”). The cytosolic EPIC3 signal in the pre-stimulated cell was easily 

measured and was used to define the Fmin value for EPIC3 in each cell before the 

experimental stimulation. There was also an obvious cortical localisation of EPIC3 

fluorescence (fig 2a, 2b). This may be partially due to a higher Ca2+ concentration in this 

region of the resting cell (hence increasing the CEPIA fluorescence), and partially due to 

binding of the ezrin FERM domain to the inner face of the plasma membrane, thus 

sequestering the probe. It was therefore necessary to co-express a Ca2+-insensitive 

fluorescent marker, ezrin-mCherry. This probe, by having the ezrin moiety, would be 

targeted to similar sites as EPIC3 but, its fluorescence intensity would be independent of the 

Ca2+ concentration. The ezrin-mCherry localised completely at the cell cortex and in the cell 

surface wrinkles (fig 2c) with minimal fluorescent signal appearing in the cytosol. In 

contrast, the EPIC3 signal, in addition to a cortical location, also appeared in the cytosol (fig 

2c). This may be due to the larger fluorescent tag of EPIC3, as compared to ezrin-mCherry 

at the C-terminus interfering partially with cortical binding and making it less competitive 

than mCherry constructs for the same loci. The relative sizes of ezrin-mCherry and EPIC3 

domains are shown in Figure 2d, where the volume of each component in the schematic is 

proportional to its molecular weight.  

 

 



3.3 EPIC3 reports high Ca
2+

 concentrations at the cell cortex during Ca2+ 

influx  

We have previously established an experimental strategy for inducing Ca2+ influx in RAW 

264.7 cells by monitoring the translocation of YFP-tagged C2 domain to the plasma 

membrane [24-26]. The strategy, based on thapsigargin-induced Ca2+ influx, caused an 

influx of Ca2+ uniformly at the RAW 264.7 cell periphery, which persisted for many minutes 

[20]. In cells expressing EPIC3, this Ca2+-influx strategy caused an increase in fluorescent 

EPIC3 signal at the cell cortex (fig 3a). Interestingly, the increased EPIC3 signal was 

restricted to regions of the cell that were undergoing an apparent expansion (fig 3a), as in 

myeloid cells, Ca2+ influx is often associated with membrane expansion [ 8,27, 28]. It was 

estimated that the Ca2+ concentration in the proximity of cortical EPIC3, reached between 

40–80 μM Ca2+ (fig 3a). As myeloid cells change shape in response to the Ca2+ influx (see 

ref 8,27–29), it was important to use a ratio method to eliminate cell volume change effects, 

especially in pseudopodia and at the cell “edge” [30]. Ezrin-mCherry, co-expressed with 

EPIC3, therefore served as the Ca2+ insensitive “control” probe. This also enabled an 

opportunity to use the highly localised Ca2+-independent signal from ezrin-mCherry (see 

figs 2cii and 3bii) to create a dynamic “mask” of the cell cortex and the surface wrinkles. 

The mask defines the region of interest from which the ratio signal should be quantified. In 

figure 3b, images of (i) EPIC3 signal, and (ii) ezrin-mCherry were simultaneously acquired 

as Ca2+ influx was stimulated. These were used to generate (iii) the ratio image of the cell 

cortex and the prominent surface wrinkles. This technique revealed that the majority of the 

high [Ca2+] signal at the cell cortex originated from within the wrinkled membrane 

structures. It was possible to quantify the Ca2+ concentration within the wrinkles at between 

20–40μM (fig 3c). Although mathematical modelling has previously predicted that the 

thickness and shape of membrane wrinkles would influence the intra-wrinkle Ca2+ level, no 



correlation between the Ca2+ concentration in individual wrinkles and these geometric 

parameters were found. It is probable that the noise in the [Ca2+] estimates was greater than 

the effect of wrinkle shape. However, gradients of Ca2+ concentration were identified within 

individual wrinkles. The highest Ca2+concentration was found at the wrinkle tip, reducing 

along its length towards the cell body (fig 3d). By combining the measurement of 10 

similarly sized and shaped wrinkles, despite the signal noise, it appeared that the first quarter 

of the wrinkle (starting at the wrinkle tip) consistently contained the highest Ca2+ 

concentration, which decayed approximately exponentially down the wrinkle tip. These 

results were therefore consistent with previous mathematical modelling predictions of 

similar intra-wrinkle Ca2+ gradients. 

3.4 Cell expansion and cortical Ca2+  

In order to establish whether the high cortical Ca2+ observed in response to experimentally-

induced Ca2+ influx also occurred physiologically, we examined Ca2+ signals in response to 

physiological stimuli. RAW 264.7 cells are myeloid cells (often described as macrophages) 

which, often change shape, when attached to a substrate, by producing broad pseudopodia. In 

RAW 264.7 cells co-expressing EPIC3 and ezrin-mCherry, undergoing such localised shape 

change events, high cortical Ca2+ concentrations were observed (fig 4a). These were restricted 

to the sites of pseudopodia extension at a defined leading edge of the moving cell (fig 4a,b). 

In these regions of active morphology change, the Ca2+ concentration in ezrin-rich domains 

(i.e. in plasma membrane micro-ridges) was estimated to reach approximately 40 µM (range 

20-120 µM n= 7).  

3.5 Local Ca2+ signals during Phagocytosis  

Phagocytosis by myeloid cells is perhaps the most physiological response that these cells 

undertake, and one which also requires Ca2+ influx to co-ordinate a dramatic cell shape 

change [20]. EPIC3-expressing cells were therefore assessed for their phagocytic activity. 



Transfection with the EPIC3 probe alone did not inhibit phagocytosis, and areas of high 

EPIC3 intensity were identified at the forming phagocytic cup (fig 4c) with the local Ca2+ 

concentration in the regions near the site of active phagocytosis being estimated to reach 

29.3 ± 16.9 µM. However, only 22% of cells co-expressing both EPIC3 and ezrin-mCherry 

(n=106) successfully completed phagocytosis despite either touching or within 2 µm of a 

zymosan particle. A further 29% of the cells ‘attempted’ phagocytosis, by the extending 

pseudopodia towards and even forming a loose phagocytic cup, which was then aborted. As 

the more weakly expressing cells were able to undergo phagocytosis, it was likely that “over 

expression” of additional ezrin constructs interfered with typical morphological outcomes. 

However, six dynamic phagocytotic events (out of 23) were captured with sufficient signal 

to noise and spatial resolution for analysis. From these, the Ca2+ concentration was estimated 

to reach up to 55 µM in distinct regions of peripheral cytosol, at sites of phagocytic cup 

formation (fig 4c,d). When undertaking phagocytosis of loosely adherent particles, the 

resultant internal phagosome was accompanied by a persistent, very localised area of high 

EPIC3 signal (fig 5a). This Ca2+ “hot spot” was closely associated with the phagosomal 

boundary (fig 5b iii). In a dynamic series (fig 5c), the formation of the localised Ca2+ “hot 

spot” resulted from an initial asymmetry in the high [Ca2+] region in the cell cortex near the 

phagocytic cup (fig 5ci). As phagocytosis proceeds (fig 5cii) and is completed (fig 5ciii), the 

asymmetry in pseudopodia of the phagocytic cup persists. A similar localised Ca2+ hot spot 

near phagosomes has previously been reported in HL60 and mouse neutrophils [32] and is 

shown to involve STIM-1 and junctate recruitment of the ER to the plasma membrane near 

phagosomes [33, 34]. 

 

 

 



 

3.6 Ca2+ and cleavage of ezrin 

In all cells tested, Ca2+influx caused a rise in the whole-cell EPIC3 signal, resulting from 

increased fluorescence from EPIC3 at the cell cortex, which subsided slowly. However, in 

many cells, the rate of return to the base line suddenly increased at some later time point (fig 

6a). The total cell ezrin-mCherry signal was approximately constant over the time period 

(fig 6a). As it has previously been shown that Ca2+ influx induced in RAW 264.7 is 

accompanied by loss of cortical fluorescence signal from ezrin-mEmerald or ezrin-GFP 

[20,35], this phenomenon suggested that the CEPIA3 fluorescent domain of EPIC3 was 

released from the region of high [Ca2+] at the cell cortex into the lower [Ca2+] environment 

of the bulk cytosol. The mechanism for this release likely involves Ca2+-activated protease, 

calpain-1, which cleaves ezrin in the linker region [20], thereby liberating the C-terminus 

with the associated fluorescent tag to diffuse into the cytosol [20,35]. This enabled 

quantification of the intra-wrinkle Ca2+ concentration required for maximum release rate of 

the fluorophore. However, it was clear that Ca2+ influx induced by a 6.5mM extracellular 

Ca2+ step produced sub-maximal release of the ezrin, which occurred after peak Ca2+ (see fig 

6a). Increasing the extracellular Ca2+ concentration step (up to 26 mM), the rise of cortical 

Ca2+ concentration influx was accelerated and the release of the cortical fluorescent tag was 

triggered before peak EPIC3 signal (fig 6b). The onset of the decline in the whole cell 

EPIC3 signal was also synchronous with the release of the mCherry from ezrin-mCherry at 

the cell cortex (fig 6b). The whole cell EPIC3 signal fell dramatically until the whole cell 

EPIC3 signal was at the level of the bulk cell cytosol, excluding the cell cortex (fig 6b). It 

should be noted that, although no ER was easily identified from the fluorescent images, it is 

possible that EPIC3 produced within/at the ER contributed to the total cytoplasmic signal, 

especially following a large Ca2+ influx, as in these experiments. However, the decrease of 

cortical EPIC3 was consistent with the liberation of the CEPIA3-containing C-terminus of 



EPIC3 moving from the high Ca2+ environment within the wrinkles into the lower [Ca2+] 

environment of the bulk cytosol. This phenomenon also confirmed that the intact EPIC3 

molecule reported a Ca2+ signal localised by the ezrin domain of EPIC3, and furthermore, 

that at the same time that cortical [Ca2+] was high, bulk cytosolic [Ca2+] was considerably 

lower. An estimate of the cortical Ca2+ concentration required for the liberation of mCherry 

or CEPIA3 tagged C-terminus of ezrin, made by measuring the cortical Ca2+ concentration 

at onset of its release, indicated that a concentration of Ca2+ greater than 19 ± 4.5 µM Ca2+ 

was required for ezrin cleavage to occur. This value is consistent with the Ca2+ requirement 

for calpain-1 activation which produces a half maximal activation of the proteolytic activity 

at 20–50 μM [3].   

In order to visualise the release of EPIC3 from the high Ca2+ environment within the 

wrinkled cell surface, it was necessary to image only the cell cortex using the mCherry mask 

(see Methods). In the example shown in figure 6c, the EPIC3 intensity within the two 

adjacent cell surface wrinkles (labelled w1 and w2) increased in response to the accelerated 

Ca2+ influx to similar levels, before a sharp decline in both. The peak intensities 

corresponded to peak Ca2+ concentration of approximately 30 μM. The rate of decline of 

intensity followed approximately 1st order decay kinetics with rate constant of 3–8s-1. This 

constant is in the same order of magnitude as the maximum rate of calpain-1 enzymatic 

proteolysis, reported in vitro by stop-flow, of 2s-1 [36]. The release of the ezrin C-terminus 

was accompanied by a loss of wrinkle structure and an apparent expansion of the cell 

surface area (fig 6d). This is shown dynamically in the image sequence in the 

Supplementary data (MOVIE1), from which individual frames shown in figure 6d were 

taken. The association between cell expansion at the time of the release of the C-terminal 

fluorescent tag for the cell cortex and wrinkles was observed in 13/15 cells expressing 

EPIC3.  



 

 

4. Discussion 

Although mathematical modelling suggested localised high Ca2+ microenvironments at 

plasma membrane wrinkles and micro-ridges, it has been challenging to validate this 

prediction without a Ca2+ probe that is targeted to cell surface wrinkles. Here, exploiting a 

newly developed Ca2+ indicator EPIC3, we are the first to determine the local Ca2+ 

concentrations within these structures. We found that during Ca2+ influx, both artificially 

stimulated and during shape changes and phagocytosis of C3bi-opsonised zymosan, the Ca2+ 

concentrations reported by EPIC3 at the cell cortex were in the mid-decade micromolar 

range.  

Precise intra-wrinkle Ca2+ measurement was hampered by the signal noise levels. There 

were several reasons for this. Firstly, the Ca2+-dependent CEPIA3 signal has a small 

dynamic range, with its Fmax being only 1.8 fold higher than its Fmin [15, 23]. Secondly, there 

is the “small sample size” problem with measurement from small objects. The cell surface 

wrinkles are only approximately 1.0 μm long by 0.2 μm wide, which is near the limit of 

confocal imaging. This problem is compounded by fast acquisition of image sequences (i.e. 

recording dynamic events from small cell structures), reducing the signal/image further and 

consequently increasing the noise. Thirdly, in this study there was a problem that high 

expression (or over-expression) of the ezrin constructs had a negative impact on the cellular 

ability to change shape and undergo phagocytosis. As this was an aim of our study, the 

necessitated experiments were performed using cells expressing moderately low levels of 

fluorescently-tagged ezin. Fourthly, in the cells used here, the high levels of cortical Ca2+ 

were sufficient to activate calpain-1 and cleave ezrin, liberating the C-terminus containing 

the Ca2+ sensor. In the extreme examples shown in fig 6, the loss of cortical probe was 



almost total and so prevented further precise measurements. However, smaller losses of 

cortical Ca2+ sensor was a problem in all measurements and contributed to increased noise. 

Provided that the signals of EPIC3 and ezrin-mCherry were sufficiently above the detection 

limit, their ratio faithfully reported the Ca2+-dependent signal. By collecting the two signals 

separately, and taking ratio images offline, it was possible to also monitor the independent 

release of the cortical fluorescent tags. Provided EPIC3 and ezrin-mCherry probes release 

their fluorescent tags together, the ratio method would be accurate. Theoretically, it was 

unlikely that ezrin-mCherry would release its fluorescent tag more favourably as it binds to 

the cell cortex, in preference to EPIC3.   

Despite these caveats, EPIC3 has provided the first measurements of the Ca2+ concentrations 

within micro-ridge structures (wrinkles) at the plasma membrane of myeloid cells. The Ca2+ 

concentration within these structures were found to rise to more than two orders of 

magnitude greater than the resting cytosol. Many cell types have micro-ridge structures in 

their plasma membranes, and may serve as osmotic surface area buffers, or have other 

purposes. For example, in neutrophils, the plasma membrane micro-ridges provide a store of 

excess plasma membrane required for cell shape change events [29,37]. The high level of 

Ca2+ within the wrinkled membrane is consistent with the proposal that these loci are the 

restricted cellular sites of calpain-1 activation which so releases the wrinkled membrane and 

provides the additional membrane required for phagocytosis [38]. The finding here that, in 

RAW 264.7 cells, there was also a persistent and localised post-phagocytic hot-spot of high 

Ca2+ concentration (see fig 5) was unexpected from our previous work on cytosolic Ca2+ 

changes during phagocytosis by human neutrophils. Since ezrin is lost from the phagocytic 

cup during the early stages of phagocytosis [20,29,35], it is unlikely that the EPIC3 signal 

originated from this region. Dynamic imaging suggested instead that it was the result of a 

nearby signal. A similar Ca2+ hot spot phenomenon is reported in HL60 and mouse 



neutrophils [32], where it has been shown that STIM-1 and junctate recruitment of ER to the 

plasma membrane near phagosomes occurs [33, 34]. Although human neutrophils are 

essentially devoid of ER (with only a “remnant” endoplasmic structure near the nucleus), 

RAW 264.7 cells and HL60 cells have significant ER throughout the cell. Presumably, in 

our study, EPIC3 reported the localised Ca2+ influx (or Ca2+ leak) in this region of contact 

between the ER and the plasma membrane near the phagosome [32–34].  

The use of EPIC3 outlined above is relevant to a number of cell types especially those that 

undergo rapid cell shape changes regulated by calpain-1 activation, such as during 

phagocytosis. For all other cell types, EPIC3 may also be an important reporter of Ca2+ 

concentration. The small dynamic range of the signal may be resolved by the next iteration 

of low- affinity Ca2+ reporters, but, as it stands, EPIC3 allows exploration of the role and 

regulation of high [Ca2+] subdomains in the ezrin-rich cell cortex and in cell surface 

structures. 
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Figure Legends 

Figure 1. Construction of EPIC3 

(a) The domain map of EPIC3, showing the ezrin domain coupled to CEPIA3. The FERM 

domains and the calpain-sensitive linker region are indicated in the ezrin domain. (b) The 

plasmid map with the inserts and loci of the cutting sites of the restriction enzymes. (c) The 

result of NotI and HindIII digestion and the resultant DNA bands, corresponding to the 

molecular weight of the ezrin-CEPIA insert (3058bp). Lanes (i–v) shows the result from 4 

clones, where only lane (iii) from clone Ezrin-CEPIA3d contained the correct size insert and 

was thus further sequenced. Lane (v) shows the calibration ladder. The alignment sequence 

for ezrin-CEPIA3d (renamed on confirmation as EPIC3) is shown as Supplementary data B. 

 

Figure 2. Sub-cellular location of EPIC3 

(a) A confocal image of a typical RAW 264.7 cell expressing EPIC3, showing its detection 

in the cytoplasm (labelled “cyto”) and exclusion from the nucleus (labelled “N”). Binding at 

the cell cortex and within wrinkles is indicated. (b) An intensity profile through the centre of 

the cell, showing the quantitative relationship between the intensity of EPIC3 in the 

cytoplasm (indicated by the dotted line), nucleus ( indicated by “N”), and the two cortical 

locations        ( indicated by the solid lines).  (c) A simultaneously acquired pair of images 

from a cell expressing both (i) EPIC3, and (ii) ezrin-mCherry for comparison of the 

subcellular locations of the two fluorescent probes. (d) Cartoon representations of the 

structure of (i) ezrin-mCherry, and (ii) EPIC3. The volume of the three elements: FERM 

domain, fluorescent moiety labelled with a star and the interlinking α-helical domain, are 

proportional to their molecular sizes. 



 Figure 3. EPIC3 reports a high Ca
2+

 concentration at the cell cortex 

(a) The effect of Ca2+ influx on EPIC3 intensity is show at the times indicated as pseudo-

coloured images, where the colours represent estimated Ca2+ concentration as shown by the 

bar on the far right. The intensity profile of the cell at each of these time points is shown 

beneath in a’. (b) Images of a cell expressing both (i) EPIC3, and (ii) ezrin-mCherry are 

shown. The ratio of these images was used to estimate the Ca2+ concentration and is shown 

in pseudo-colours (iii). The key is shown on the far right. The ezrin-mCherry image was 

used as a mask and the image is shown at a higher magnification in order to show the 

wrinkles and their Ca2+ concentration clearly. (c) A similar experiment is shown in which the 

Ca2+ concentration within one “straight” wrinkle is shown (d) The analysis of 10 similar 

wrinkles is shown as Ca2+ concentration against the wrinkle length normalised as a fraction 

of the total wrinkle length (l/lt), where the individual wrinkle lengths were between 0.92 µm 

and 1.17 µm. 

 

Figure 4. High [Ca2+] domains during cell shape change 

(a) The sequence of images shows a typical RAW 264.7 cell forming large cell 

deformations, pseudopodia and cell movement at the times indicated. The Ca2+ 

concentration reported by EPIC3 is shown in pseudo-colour as indicated by the colour bar 

on the far right. (b) The Ca2+ profiles through the cells are shown at the times indicated. (c) 

Phagocytosis of an opsonised zymosan particle in a cell pseudo-coloured according to the 

colour bar below showing the Ca2+ concentration. (i) A cell (0 sec), chosen because it was 

proven to be phagocytically competent by having an internalised zymosan particle (labelled 

Z1), at the time of contact with a second particle (labelled Z2). (ii) By 20sec, a phagocytic 

cup has formed to capture the particle. High Ca2+ concentration is indicated by the white 

arrows. (iii) As phagocytosis proceeds (40sec), Ca2+ rises at other locations in the cell, 



indicated by the arrows. (iv) Phagocytosis is complete by 60sec and the particle is 

internalised. In the first and last images, the boundary of the zymosan particle is shown by a 

white dotted line for clarity. It should be noted that the centre of the zymosan particles are 

brightly auto-fluorescent and this is visible as an artefact in these images. (d) The Ca2+ 

profiles across the length of the cell, which includes the location of phagocytosis. The first 

profile labelled “phagocytic cup”, shows the Ca2+ concentration at the time the phagocytic 

cup has formed at 20 seconds. The second profile, labelled “post-phag”, shows the Ca2+ 

profile in the same orientation after phagocytic closure, 20 seconds later. The position of the 

zymosan particle is shown by the cross-hatched oval and the length of the extending 

pseudopod marked as “A”  in the phagocytic cup profile and “B” after phagocytosis (post-

Phag). In both  profiles, the position of the cortex at the rear of the cell is marked “R”. 

 

Figure 5. Localised Ca2+ “hot spots” and phagocytosis 

(a) Images of the same cell in which there is a Ca2+ hotspot after completion of phagocytosis 

are shown. (i) The EPIC3 intensity image showing the location of the high intensity EPIC3 

signal. (ii) The location of EPIC3 is shown as an “overlay” of the phase contrast image. (iii) 

For clarity, the positions of the phagocytic pseudopodia labelled “psdpd”, the cell body and 

the enclosed zymosan particle (labelled “Z”) are indicated. The outline of the cell and the 

phagosome are shown as a dotted line. (b) The distribution of Ca2+ is shown (i) as a pseudo-

coloured image using the same cell outline shown in image aiii. The colour bar shown 

between parts (b) and (c) was used for all pseudo-coloured images in this figure. (ii) A 3D 

surface plot showing the data from the entire cell, where xy direction is from the confocal 

plane and the z direction is the Ca2+ concentration. The colours used are those in image bi. 

(iii) A similar 3D image is shown for the region close to the phagosome, shown in the insert. 



As before, the xy direction is from the confocal plane and the z direction is the Ca2+ 

concentration. The colours used are those used in the insert. (c) The sequence of images (i–

iv) showing phagocytosis from zero seconds, i.e. the first contact of the cell with the 

zymosan particle, to completion of phagocytosis at 120 seconds, is shown. The images are 

pseudo-coloured to reflect the Ca2+ concentration, as shown in the colour bar. The dotted 

outline shows the location of the zymosan particle at first contact and after completion of 

phagocytosis. The white arrows indicate areas of newly elevated Ca2+ concentration. (d) 3D 

surface plots showing the Ca2+ concentration data in the xy direction of the confocal plane. 

The z direction is the Ca2+ concentration. The colours used are those shown in the 

calibration colour bar. (i) 40 seconds after contact, and (ii) 120 seconds after contact. (e) The 

Ca2+ profile of the final highly localised Ca2+ domain shown in image civ.  

 

 

Figure 6. Release of the fluorescent moiety on EPIC3 from a high to a low 

Ca2+ concentration environment. 

(a) The time course of whole cell EPIC3 and mCherry fluorescence is shown in a cell 

expressing EPIC3 and ezrin-mCherry. At the arrow, the extracellular Ca2+ concentration was 

stepped up to 6.5 mM. The dotted line indicates the point at which the decline of whole cell 

EPIC3 signal suddenly accelerates. (b) (i) The whole cell EPIC3 and cytosolic EPIC3 

signals are shown, together with (ii) the cortical mCherry ezrin signal. At the arrow, the 

extracellular Ca2+ was stepped up to 26 mM. The dotted line indicates the point at which the 

decline of whole cell EPIC3 signal suddenly accelerated. The time and Ca2+ axes for this 

part are shown to the left.  (c) The left panel shows the location of two adjacent wrinkles 

(labelled w1 and w2) from which the time courses of the release of EPIC3 were measured. 



The time is shown below and the  Ca2+ axis is the same as in part (b) (d) A sequence of 

images show the release of the EPIC3 signal from the wrinkles and the accompanying effect 

on wrinkle structure and cell diameter. The upper series of images show the morphology of 

the cell by phase contrast, the lower series show the pseudo-coloured EPIC3 signal at the 

times shown. The complete data set is shown in the Supplementary Data as an avi file 

(MOVIE 1).  

 

 

 

 

  



 

 

Supplementary Data 

A. MOVIE 1 (attached) 

The EPIC3 signal from cell surface wrinkles has been pseudo-coloured to show the 

Ca2+ concentration within the wrinkles. The movie is an overlay of this onto the 

phase contrast image of the cell, in order to demonstrate the simultaneous loss of 

intra-wrinkle EPIC3 signal with loss of wrinkle structure and the accompanying 

apparent expansion of the cell surface area as the cell swells. Full details and the 

pseudocolour calibration bar are show in fig 6d. 

 

 

  



 

B. Sequence alignment of GCaMP2 sequencing alignment for EPIC3

 

  



 

 

B. Sequence alignment of construct with EPIC3 and ezrin 

 


