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A B S T R A C T   

KRas-induced actin-interacting protein (KRAP) has been identified as crucial for the appropriate localization and 
functioning of the inositol trisphosphate receptors (IP3Rs) that mediate Ca2+ release from the endoplasmic re
ticulum. Here, we used siRNA knockdown of KRAP expression in HeLa and HEK293 cells to examine the roles of 
KRAP in the generation of IP3-mediated local Ca2+ puffs and global, cell-wide Ca2+ signals. High resolution Ca2+

imaging revealed that the mean amplitude of puffs was strongly reduced by KRAP knockdown, whereas the Ca2+

flux during openings of individual IP3R channels was little affected. In both control and KRAP knockdown cells 
the numbers of functional channels in the clusters underlying puff sites were stochastically distributed following 
a Poisson relationship, but the mean number of functional channels per site was reduced by about two thirds by 
KRAP knockdown. We conclude that KRAP is required for activity of IP3R channels at puff sites and stochastically 
‘licenses’ the function of individual channels on a one-to-one basis, rather than determining the functioning of 
the puff site as a whole. In addition to puff activity (‘punctate’ Ca2+ release), global, cell-wide Ca2+ signals 
evoked by higher levels of IP3 are further composed from a discrete ‘diffuse’ mode of Ca2+ release. By applying 
fluctuation analysis to isolate the punctate component during global Ca2+ signals, we find that KRAP knockdown 
suppresses to similar extents punctate and diffuse Ca2+ release in wild-type cells and in HEK293 cells exclusively 
expressing type 1 and type 3 IP3Rs. Thus, KRAP appears essential for the functioning of the IP3Rs involved in 
diffuse Ca2+ release as well as the clustered IP3Rs that generate local Ca2+ puffs.   

1. Introduction 

A major cellular signaling pathway involves the liberation of Ca2+

ions sequestered in the endoplasmic reticulum (ER) into the cytosol 
through inositol 1,4,5-trisphosphate receptors (IP3Rs) in the ER mem
brane [1]. Opening of the intrinsic channel formed by these tetrameric 
receptors is regulated by both IP3 and by cytosolic Ca2+ [2–4]. The latter 
feature endows a regenerative property of Ca2+-induced Ca2+ release 
(CICR), so that in the presence of IP3, Ca2+ released through an open 
channel may trigger the opening of adjacent IP3R channels. The 
patterning of Ca2+ signals is further defined by the spatial distribution of 
IP3Rs across the ER. Whereas most IP3Rs within the ER membrane are 
motile, a small fraction (~30%) are grouped in immotile clusters that 
contain a few to a few tens of IP3Rs [5,6] and are predominantly located 
near the plasma membrane [6,7]. The concerted openings of channels 
within these clusters generate local cytosolic Ca2+ transients (Ca2+

puffs) that typically last tens of milliseconds and are restricted to within 

~2 µm [7]. Puffs are preferentially activated at low levels of IP3, and 
appear as a flurry of activity during the initial rising phase of global, 
cell-wide Ca2+ signals evoked by higher levels of IP3 [8–13]. Because 
puffs are a ubiquitous feature of Ca2+ signaling in many cell types there 
is much interest in determining how the underlying IP3Rs are assembled 
into clusters, how these become anchored at fixed sites, and how they 
are ‘licensed’ to preferentially respond at low [IP3]. 

Several reports implicate KRas-induced actin-interacting protein 
(KRAP; also known as sperm-specific antigen 2 (SSFA2); and as IP3 re
ceptor interacting domain-containing protein 2 (ITPRID 2) [14]) as a 
potential key molecular player for both the spatial organization and 
functional activity of IP3Rs [15–17]. Notably, Thillaiappan et al. [17] 
described that KRAP tethered IP3Rs to actin filaments close beneath the 
plasma membrane where puff sites are located, and reported that 
knockdown of KRAP by siRNA abolished both Ca2+ puffs and the global 
increases in cytosolic Ca2+ concentration evoked by higher levels of IP3. 
Conversely, over-expressing KRAP resulted in immobilization of addi
tional IP3R clusters, an increase in numbers of Ca2+ puffs, and larger 
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global Ca2+ signals. KRAP thus appears to be crucial for anchoring and 
functionally licensing the clustered IP3Rs that generate local puffs and 
being obligatory for global Ca2+ signals evoked by higher levels of IP3. 

These two roles would be easily reconciled in the context of a widely 
held model wherein global, cell-wide Ca2+responses are generated by 
the coordinated activation of local puffs by successive cycles of Ca2+

release, diffusion and CICR as the Ca2+ wave propagates across IP3R 
clusters [8,9,12,17–23]. If puffs were thus the fundamental building 
block from which all cellular Ca2+ signals are generated, then their 
disruption by the absence of KRAP would readily explain the attenuation 
of global Ca2+spikes. However, interpretation is complicated by recent 
findings that local puff activity (‘punctate’ Ca2+ liberation) largely ter
minates about mid-way during the rise of global Ca2+ spikes, and that 
the greater fraction of the total Ca2+ release originates through a 
distinct, ‘diffuse’ mode of Ca2+ liberation [10,11]. 

Thillaiappan et al. [17] further observed that overexpression of 
KRAP increased the frequency of puffs and the number of sites at which 
they occurred, without affecting the mean amplitude of puffs. 
Conversely, KRAP knockdown massively reduced the number of 
observed puff sites, almost completely abolishing IP3-evoked puffs. 
From these findings they concluded that the level of KRAP expression 
determines the number of immobile IP3R puncta, suggesting an 
intriguing mechanism whereby KRAP captures pre-existing IP3R clus
ters, tethers them to actin and licenses these clusters to respond to IP3 in 
a ‘binary’, all-or-none manner. That is to say, the ‘quantal unit’ licensed 
by KRAP is a preestablished cluster of IP3Rs, rather than individual IP3Rs 
within a cluster. 

Prompted by these findings, we investigated two aspects of the role 
of KRAP in regulating Ca2+ release through IP3Rs. (i) Does the expres
sion level of KRAP differentially affect the punctate and diffuse modes of 
Ca2+ release? (ii) Does KRAP license individual IP3R channels to enable 
them to flux Ca2+ when activated by IP3, or are entire IP3R clusters 
licensed as a functional unit? To experimentally address these questions, 
we applied fluctuation analysis of Ca2+ fluorescence signals [10,11,24] 
as a sensitive measure of both global puff activity and the activity of 
individual IP3R channels. 

2. Materials and methods 

2.1. Cell culture 

Experiments were performed using HeLa cells (ATCC #CCL-2), and 
HEK293 cells genetically engineered to exclusively express either IP3R1 
or IP3R3 (Kerafast #EUR031 and #EUR033). Cells were cultured in 
Eagle’s Minimum Essential Medium (EMEM; ATCC #30–2003) supple
mented with 10% fetal bovine serum (Omega Scientific #FB-11) in 
plastic t25 or t75 cm2 flasks and were maintained at 37 ◦C in a hu
midified incubator gassed with 95% air and 5% CO2. 

2.2. siRNA knockdown 

siRNA-targeting KRAP (#M-015,325–01–0005), non-targeting 

control siRNA (#D-001,206–13–05), and siGLO red transfection indi
cator (#D-001,630–02–05) were purchased from Dharmacon (Chicago, 
IL) and prepared as 20 µM stock solutions according to the manufac
turer’s instructions; all were stored at − 20 ◦C until use. The siRNA 
targeting KRAP was a ‘SMARTpool” combination of four gene-specific 
siRNAs, specified by the manufacturer to improve the likelihood of 
effective gene silencing and minimize sequence-specific off-targeting by 
lowering the relative concentration of each siRNA. For transfection, 
HeLa or HEK293 cells were collected using 0.25% Trypsin-EDTA 
(ThermoFisher #25,200–056) and grown on 60 mm culture dishes. 
When cells were 80% confluent, they were incubated with either 24 nM 
KRAP siRNA (‘KRAP knockdown cells’) or 24 nM control siRNA (‘control 
cells’) together with DharmaFect transfection reagent (Cat #: T- 
2001–02) in OPTI-MEM (ThermoFisher; Cat #: 31,985,062) for 4–6 hrs. 
In all transfections, cells were additionally incubated with 2.4 nM siGLO 
Red transfection indicator to serve as a fluorescent tracer to visualize 
transfection efficiency and as a fiducial marker for selecting cells during 
imaging experiments. Following transfection, cells were harvested using 
0.25% Trypsin-EDTA, resuspended in EMEM, and plated on 35 mm 
glass-bottom imaging dishes (MatTek #P35–1.5–14-C; Ashland, MA) 
where they were grown for 48 hrs prior to imaging. To improve adhesion 
of HEK293 cells these were plated on poly-D-lysine (Millipore Sigma 
#P0899; St. Louis, MO) coated (1 mg/ml) imaging dishes. For both 
KRAP knockdown and control groups, those cells showing strong uptake 
of the SiGlo Red transfection indicator were selected for imaging. 

2.3. Cell loading 

Cells were incubated with 5 µM of the membrane-permeant fluo
rescent Ca2+ indicator Cal520-AM (AAT Bioquest #21,130; Sunnyvale, 
CA) for 1 hr at room temperature in a Ca2+-containing HEPES buffered 
salt solution (Ca2+-HBSS) together with 5 µM of the membrane- 
permeant ester of the caged IP3 analogue ci-IP3-PM (D-2,3,-O-Iso
propylidene-6-O-(2-nitro-4,5 dimethoxy) benzyl-myo-Inositol 1,4,5,-tri
sphosphate hexakis (propionoxymethyl) ester) (SiChem #cag- 
iso2–145–10; Bremen, Germany). In some experiments cells were 
additionally loaded by incubation with EGTA-AM (15 µM; Thermo 
Fisher Scientific #E1219) for a further 1 hr at room temperature in Ca2+- 
HBSS. Following loading, cells were maintained for 30 min at room 
temperature in Ca2+-HBSS before imaging. Cal520-AM, ci-IP3-PM, and 
EGTA-AM were all solubilized with DMSO/20% pluronic F127 (Ther
moFisher #P3000MP). Ca2+-HBSS contained (in mM) 135 NaCl, 5.4 KCl, 
2 CaCl2, 1 MgCl2, 10 HEPES, and 10 glucose (pH=7.4). Zero Ca2+-HBSS 
consisted of the same formulation with CaCl2 omitted, and 300 µM EGTA 
added. The receptor agonists carbachol (#C4832) and histamine 
(#H7125) were purchased from Millipore Sigma and solubilized in zero 
Ca2+-HBSS. 

2.4. Imaging 

Total internal reflection fluorescence (TIRF) imaging of Ca2+ signals 
was accomplished using two microscope systems. All data, except Fig. 1 
and supplemental Figs. S1 and S2, were acquired using a Nikon Eclipse 
microscope system (Nikon, Melville, NY, USA) with a 100X (NA 1.49) 
TIRF oil objective. Fluorescence of Cal520 was excited by 488-nm laser 
light, and emitted fluorescence (λ>510 nm) was imaged at 120 frames 
per second using an electron-multiplied CCD Camera (iXon DU897; 
Andor, Belfast, UK). Image data were acquired at 16 bit depth, using 2 ×
2 binning for a final field at the specimen of 130 × 130 binned pixels 
(one binned pixel = 0.32 µm) and were stored as stack.nd2 files using 
Nikon Elements for offline analysis. A flash of ultraviolet (UV) light 
(350–400 nm) from an arc lamp was focused to uniformly illuminate a 
region slightly larger than the imaging field to photorelease i-IP3. The 
amount of i-IP3 released was controlled by varying the flash duration 
with an electronically controlled shutter and neutral density filters. 

Data in Fig. 1 and supplemental Figs. S1 and S2 were acquired using 

Abbreviations 

CICR Ca2+-induced Ca2+ release 
ER endoplasmic reticulum 
IP3 inositol trisphosphate 
IP3R inositol trisphosphate receptor 
KRAP K-Ras-induced actin-interacting protein 
TIRF total internal reflection fluorescence 
ROI region of interest 
siRNA small interfering RNA  
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a home-built microscope system [7] based around an Olympus (Center 
Valley, PA) IX50 microscope equipped with an Olympus 60X oil im
mersion TIRF objective (NA 1.45) and an Evolve EMCCD camera (Pho
tometrics; Tucson, AZ) with a bit depth of 16 bits, using 2 × 2 binning for 
a final field at the specimen of 128 × 128 binned pixels (one binned 
pixel = 0.53 µm) at a rate of 125 frames per second. Image data were 
streamed to computer memory using Metamorph v7.7 (Molecular De
vices; San Jose, CA) and stored on hard disk for offline analysis. Cal520 
fluorescence was excited using a 488 nm laser and detected through a 
510 nm long-pass (LP) emission filter. Receptor agonists were locally 
applied through glass micropipettes (tip diameters 1–2 µm) positioned 
above the cell, using a pneumatic picospritzer. Agonist delivery was 
empirically adjusted to evoke rapid rises in whole-cell cytosolic Ca2+

levels in control cells. 
All imaging was performed at room temperature, with cells bathed in 

zero Ca2+-HBSS. All cytosolic Ca2+ responses thus arose through release 
of Ca2+ from intracellular stores. The largest fluorescence ratio signals 
attained ΔF/F0 values around 10, appreciably below the maximal 
saturation value of about 19 evoked by ionomycin treatment in cells 
loaded with Cal520 and imaged by similar protocols to those used here 
[11]. The experiments in Figs. 1 and 2 were done using different batches 
of cells. For that reason, and because of differences in the microscope 
and camera, values of ΔF/F0 and SD signals obtained with the two 
system are not directly comparable. 

2.5. Image processing and data analysis 

Image stacks in nd2 or multi-plane TIF format were imported into 
FLIKA (http://flika-org.github.io), a freely available open-source image 
processing and analysis software in the Python programming language 
[24,25]. Internal processing and data output were performed using 
64-bit floating-point arithmetic. Processing was performed on image 
stacks following subtraction of camera black offset level. F/F0 ratio 
stacks were then generated by dividing each frame by an average of 100 
baseline frames acquired before stimulation and ΔF/F0 image stacks 
were generated by subtracting 1 from F/F0 ratio stacks. 

To generate image stacks representing the pixel-by-pixel standard 
deviation (SD) of temporal fluctuations in fluorescence of the Ca2+ in
dicator dye, we used a custom FLIKA script as described previously [10, 
11,27]. In brief, following subtraction of camera black offset level, re
cords involving UV flash photolysis were processed using the FLIKA 
‘flash remover’ plugin (https://github.com/gddickinson/flika_plugins) 
to replace the flash artifact with a smooth transition from pre-to post-
flash fluorescence levels. The image stack was then spatially filtered by a 
Gaussian blur function with a standard deviation equivalent to ~1 μm at 
the specimen and was temporally filtered (0.5 to 20 Hz) by a bandpass 
Butterworth function to attenuate high frequencies of photon shot noise 
and low frequency shifts in baseline fluorescence. A running variance of 
this temporally filtered movie was then calculated, pixel by pixel, by 
subtracting the square of the mean from the mean of the square of a 
moving 20 frame (160 ms) boxcar window. The running standard de
viation was calculated by taking the square root of the variance image 
stack to create a standard deviation (SD) stack. Finally, to remove the 
mean predicted photon shot noise (the variance of which increases in 
linear proportion to the mean fluorescence intensity) the SD stack was 
corrected, pixel-by-pixel, by subtracting the square root of a running 
mean of the spatially filtered fluorescence image stack multiplied by a 
scalar constant. Traces showing changes in SD signal throughout Ca2+

responses were measured from a region of interest (ROI) encompassing 
the entire cell, and from small (4 × 4 pixel; 1.28 × 1.28 μm) ROIs. 
Amplitudes of SD signals are reported in arbitrary units (AU), that are 
consistent within experiments using the Evolve camera (Fig. 1) or the 
iXion camera (Fig. 2). The locations of active puff sites were visualized 
by forming maximum intensity SD projection images where the intensity 
of each pixel is the maximum at that pixel across a range of frames ac
quired during the rising phase of Ca2+ responses. The locations of these 

ROIs were then transposed onto ΔF/F0 images for quantification of puff 
amplitudes. Measurements are stated as mean ± 1 SEM. 

Data plotting and statistical analysis were done using Microcal 
Origin (Northampton, Mass.) Mean values are expressed throughout as 
standardized mean ± 1 s.e.m. Comparison of mean values between 
groups was assessed by Student’s T-test. Chi squared values evaluating 
the correspondence between observed and predicted distributions of 
numbers of channels per site in Fig. 6 were calculated excluding sites 
with N ≥ 3 channels where few data were available. 

3. Results 

3.1. KRAP-knockdown impairs both punctate and diffuse Ca2+liberation 

We recently described that global IP3-mediated Ca2+signals arise 
through a combination of two different modes of Ca2+liberation; 
‘punctate’ release as transient, localized puffs, together with a spatially 
and temporally ‘diffuse’ release [10,11]. In light of findings that KRAP 
selectively localizes and licenses the clustered IP3Rs that underlie puffs 
[17] we investigated whether knockdown of KRAP may differentially 
affect the punctate vs. diffuse modes of Ca2+ release. As a convenient 
measure of punctate release we analyzed temporal fluctuations in 
Ca2+fluorescence signal, utilizing an algorithm to generate a standard 
deviation (SD) signal that reflects the mean puff activity throughout the 
TIRF footprint of a cell [11,24]. Because puff activity contributes < 30% 
of the total Ca2+ liberation during a global Ca2+ response [10,11] 
measurement of the peak amplitude of the global response then provides 
an indication of the relative magnitude of diffuse mode Ca2+release. We 
evaluated the effect of KRAP knockdown on the respective magnitudes 
of puff activity and peak global signal under two conditions; (i) by 
examining cell-to-cell variability in responses evoked by a fixed, 
maximal stimulus, and (ii) by applying photolysis flashes to photo
release varying amounts of i-IP3. 

In our first approach we stimulated cells by local application of a 
maximal concentration (100 μM) of histamine. Supplemental Fig. S1A 
shows superimposed traces of global Ca2+ fluorescence signals (ΔF/F0) 
evoked in control cells and in cells treated with siRNA to knock down 
KRAP expression. The mean size of the peak global Ca2+signals reduced 
from 7.12 ± 0.36 ΔF/F0 in 19 control cells to 4.27 ± 0.57 in 21 KRAP 
knockdown cells (Fig. S1B), and their latencies (time to peak) length
ened from 21.1 ± 2.5 s to 34.2 + 4.75 s. This relatively modest reduction 
in mean response amplitudes was appropriate for our purpose to 
examine whether the level of KRAP equivalently affected different as
pects of Ca2+ signaling, whereas a strong suppression of signals would 
yield little information. 

Figs. 1A,B compare global Ca2+ fluorescence signals (ΔF/F0; red 
traces) and SD signals (noisy black traces) evoked by local application of 
a maximal concentration (100 μM) of histamine to individual control 
and siRNA-treated cells. In parallel with the reduction in mean ampli
tude of peak global Ca2+signals in the 19 control and 21 KRAP siRNA- 
treated cells, the mean peak SD signal reduced from 14.25 ± 1.65 to 
7.15 ± 1.02 AU. Fig. 1C shows a scatterplot of peak SD signal vs. peak 
global signal for these control cells (open black symbols) and KRAP 
knockdown cells (filled red symbols). Both datasets show considerable 
variability, likely reflecting cell-to-cell variability together with vari
ability in extent of knockdown in the KRAP siRNA-treated cells. 
Nevertheless, the data points from control and KRAP knockdown cells 
all lie along the same trend curve, indicating that punctate and diffuse 
Ca2+ release are impaired to a similar extent by diminished KRAP 
expression. 

In our second approach to compare the effects of KRAP knockdown 
on punctate and global Ca2+ release we evoked responses by photo
release of i-IP3 with UV flashes of varying durations. Figs. 2A,B 
respectively illustrate records of global Ca2+ fluorescence signals (ΔF/ 
F0; red traces) and SD signals (black) evoked by photorelease of i-IP3 by 
UV flashes of increasing durations in control cells (Fig. 2A) and KRAP 
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knockdown cells (Fig. 2B). In both control and KRAP knockdown cells 
the peak amplitudes of global Ca2+ responses and SD signals increased 
with increasing flash duration, but both signals were smaller in the 
KRAP knockdown cells for equivalent flash durations. The mean values 
of peak global ΔF/F0 response pooled from 100 ms and 200 ms UV flash 
stimulation were significantly different between control and KRAP 
siRNA-treated cells (p = 0.046; control cell mean = 1.25 ± 1.44, n = 17; 
KRAP knockdown cell mean = 0.19 ± 0.15, n = 6). Similarly, the mean 
values of peak global SD responses pooled from 100 ms and 200 ms UV 
flash stimulation were significantly different between control and KRAP 
siRNA treated cells (p = 0.045; control cell mean = 7.05 ± 46.6, n = 17; 
KRAP knockdown cell mean = 0.995 ± 0.39, n = 6). The dose/response 
relationships for global Ca2+ signals (Fig. 2C) and SD signals (Fig. 2D) 
evoked by different flash durations were both depressed and shifted 
rightward in KRAP knockdown cells, such that a roughly 3–4-fold longer 
flash duration was required to evoke responses comparable to that in 
control cells. For example, the mean peak global SD signal evoked by 
100 ms flashes in control cells (4.65 ± 7.6 AU, n = 12) was not signif
icantly different (p – 0.21) from that evoked by 400 s flashes in KRAP 
knockdown cells (1.42 ± 2.17 AU, n = 10). A scatter plot of peak SD 
signal vs. peak global ΔF/F0 response (Fig. 2D) revealed a close overlap 

between data from control cells (open black symbols) and KRAP 
knockdown cells (filled red symbols); further indicating that the relative 
proportions of Ca2+ liberation attributable to punctate and diffuse 
modes was little changed by reduction of KRAP expression. 

3.3. Punctate and diffuse Ca2+ release in cells expressing single IP3R 
isoforms 

HeLa cells predominantly express IP3R types 1 and 3 [13,26]. To 
examine whether the Ca2+ signals remaining in the HeLa KRAP knock
down cells might arise from an IP3R isoform whose activity is not 
regulated by KRAP we utilized HEK293 cell lines that were genetically 
engineered to express exclusively type 1 or type 3 IP3Rs [27]. Knock
down of KRAP reduced the peak amplitude of global Ca2+signals evoked 
by local application of 100 μM carbachol by 30% in HEK293 cells 
expressing IP3R1 (ΔF/F0 3.68 ± 0.31 in control vs. 2.55 ± 0.4 -in KRAP 
knockdown; n = 8–10 cells per condition, p = 0.048) and by 43% in 
IP3R3-expressing cells (ΔF/F0 7.56 ± 0.61 in control vs. 4.28 ± 0.55 in 
KRAP knockdown; n = 8–9 cells per condition, p = 0.001). These results 
demonstrate that KRAP knockdown functionally depresses Ca2+ release 
mediated by both IP3R1 and IP3R3, findings consistent with prior studies 

Fig. 1. KRAP knockdown depresses both, 
punctate and diffuse modes of Ca2þ libera
tion. (A) Global fluorescence ratio Ca2+ signal 
(ΔF/F0; red trace) and SD signal (noisy black 
trace) from a representative control HeLa cell 
stimulated by local application of 100 µM his
tamine when marked by the arrow. (B) Corre
sponding records from a cell treated with 
siRNA to reduce expression of KRAP. (C) Scat
ter plot of peak global SD signal vs. peak global 
Ca2+ signal (ΔF/F0) for 19 control cells (open 
black symbols) and 17 KRAP knockdown cells 
(filled red symbols). The SD signal is expressed 
in arbitrary camera units, consistent for all 
data. The curve is a second-power relationship 
empirically fitted to the composite data.   
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reporting that KRAP co-immunoprecipitates with both types 1 and 3 
IP3Rs [15], and that KRAP silencing disrupts the cellular distributions of 
IP3R1 and IP3R3 [16]. 

3.4. Imaging the action of KRAP on Ca2+signals from single IP3R 
channels 

The observations of Thillaiappan et al. [17] suggested that KRAP 
licenses a cluster of IP3Rs to respond to IP3 as a single functional entity to 
generate puffs, rather than licensing individual IP3Rs within a cluster. 
Specifically, they reported that the number of sites evoking puffs within 
a cell increased with increasing levels of KRAP over-expression, whereas 
the mean amplitude of puffs at these sites - a measure of the number of 
IP3R channels opening within a cluster - appeared independent of the 
level of KRAP. Further, they described that knockdown of KRAP resulted 
in almost complete abolition of local Ca2+ signals. However, we sus
pected that small fluorescence signals (blips) [18,28]) generated by 
openings of individual IP3R channels remaining after KRAP knockdown 
might have escaped detection. The automated algorithm (FLIKA) used 

by Thillaiappan et al. to identify puffs was developed in our lab [24,25] 
and we are aware of its limitations in detecting signals close to the 
baseline noise level, even with adjustments of threshold level as per
formed by Thillaiappan et al. [17]. To enhance the detection sensitivity, 
we therefore recorded from cells that were loaded with cytosolic EGTA 
to sharpen local Ca2+ signals and suppress global rises in baseline Ca2+

[7,29], and employed fluctuation analysis to identify local Ca2+ tran
sients with a signal-to-noise ratio better than that of the ‘raw’ fluores
cence signal [10,30]. 

The panels in Fig. 3A,B and supplemental Fig. S3 show representa
tive SD images that depict, for each pixel, the standard deviation of 
Ca2+-dependent temporal fluctuations in fluorescence. Each panel is a 
maximum-intensity projection across 1000 frames (8 s) acquired after 
photorelease of i-IP3. Bright regions highlight sites of transient, local 
Ca2+ events occurring during this time. SD images from control cells 
exhibited several bright hot-spots evoked following photorelease of i- 
IP3, corresponding to sites generating large puffs, together with 
numerous other sites showing weaker SD signals. In KRAP knockdown 
cells the evoked local Ca2+activity was greatly diminished, but several 

Fig. 2. IP3-sensitivity of punctate and global Ca2þ release is equivalently reduced by KRAP knockdown. (A, B) Examples of global ΔF/F0 and SD signals 
evoked by photorelease of ci-IP3 with varying flash durations as indicated. Each panel is from a different HeLa cell treated with control siRNA (A) or with siRNA to 
knock down KRAP expression (B). In each panel the ΔF/F0 trace (red) and SD trace (black) are plotted on different y-axes, individually scaled for presentation so that 
the peak amplitudes of the traces are roughly similar. (C) Peak global ΔF/F0 signals evoked in control (black open circles; 36 cells) and KRAP knockdown cells (filled 
red circles; 29 cells) by photorelease of i-IP3 by UV flashes of varying durations. (D) Peak global SD signals evoked in control (black open circles) and KRAP 
knockdown cells (filled red circles) by photorelease of i-IP3 by UV flashes of varying durations. Control data with flashes >400 ms could not be obtained as the SD 
signal was obscured by the flash artifact. (E) Scatter plot of peak amplitude of SD signal (punctate activity) vs. peak amplitude of the global Ca2+ signal (ΔF/F0) in 
that cell. Data are from 26 control cells (black open circles) and 26 KRAP knockdown cells (filled red circles). Data in C-E are plotted on double logarithmic co
ordinates to better encompass the wide range of stimulus and response amplitudes. Lines are linear regressions fit to the data on double logarithmic axes. 
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Fig. 3. KRAP knockdown cells predominantly show single channel Ca2þ signals (blips). (A) Three examples of maximum projection SD images of 1000 frames 
(8 s) acquired following photorelease of i-IP3 by a 25 ms flash duration in 3 control siRNA treated cells. Insets show baseline maximum intensity SD projections before 
stimulation. (B) Corresponding images from 3 KRAP siRNA-treated cells, following photorelease of i-IP3 with 200 ms (left two cells) and 400 ms (right cell) flash 
durations. The inset pre-flash images are reproduced at full size in supplemental Fig. S3. (C,D) Representative traces of fluorescence signals (ΔF/F0) recorded, 
respectively, in control and KRAP knockdown cells from small ROIs (4 × 4 pixel) placed on active hotspots identified from images like those in A,B. (E,F) Traces 
shown on an expanded timescale to better illustrate the kinetics of Ca2+ signals in control (E) and KRAP knockdown cells (F). 
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sites showing weak, localized SD signals remained evident in each cell. 

3.5. KRAP knockdown reduces the numbers of responding IP3R channels 
but not the single-channel Ca2+ flux 

To measure local Ca2+ fluorescence events we used SD image stacks 
and maximum intensity SD projections to identify hot-spots as a guide to 
position small regions of interest (ROIs) on image stacks of fluorescence 
ratio signal (ΔF/F0). Supplemental Video 1 shows representative image 
stacks of fluorescence (upper panels) and SD signal (lower panels) from 
a control cell (left) and a KRAP knockdown cell (right). Control cells 
generated local puffs (Fig. 3C,E) with varying amplitudes ranging as 
high as 2.3 ΔF/F0, together with smaller events (ΔF/F0 <0.2) compat
ible with blips arising from openings of single IP3R channels [31–33]. In 
contrast KRAP-knockdown cells showed predominantly small (ΔF/F0 
<0.2), blip-like signals (Figs. 3D,F), and no events were observed with 
amplitudes >0.4 ΔF/F0. The mean amplitude of events in control cells 
was ΔF/F0 0.263 ± 0.009 (6 cells, 1228 events) versus 0.152 ± 0.003 
(10 cells, 1130 events) in KRAP knockdown cells. The observed mean 
numbers of events per site during the recording period were similar in 
control (4.22) and in KRAP knockdown cells (3.88). 

Figs. 4A, B respectively plot the amplitude distributions of all events 
observed in control and KRAP-knockdown cells. The data from control 
cells (Fig. 4A) displayed a multi-modal distribution, resembling that 
described previously for local IP3-evoked Ca2+ signals in several cell 
types [31–33]. The peak amplitudes of Gaussian components fitted to 
the data recurred at roughly integer multiples, reflecting the coordi
nated openings of 1,2,3,4 etc. IP3R channels within a cluster [33]. The 
number of events under the first Gaussian component was 51% of the 
total (627/1228), indicating that about one half of all events in control 
cells likely involved openings of single channels, with multi-channel 
puffs comprising the remainder. Different from this, the amplitudes of 
events in KRAP knockdown cells were largely distributed as a single 
Gaussian function (Fig. 4B), with single-channel blips representing 91% 
(1113/1026) of all events. 

The mean of a Gaussian function fitted to the first peak of the KRAP 
knockdown data (mean ΔF/F0 of 0.129) was similar to that of the first 
peak of the control data (mean ΔF/F0 of 0.144); with both values 
consistent with earlier measurements of fluorescence signals generated 
by openings of single IP3R channels [31–33]. In EGTA-loaded cells 
imaged by TIRF microscopy the fluorescence ratio (ΔF/F0) of local Ca2+

signals provides a relative measure of the Ca2+ flux (current) through 
the channel. We thus interpret these results as indicating that the Ca2+

flux through individual open IP3R channels was little affected by 
knockdown of KRAP. On the other hand, the proportion of events 
involving the concerted opening of multiple channels was substantially 
lower in KRAP knockdown cells (9% vs 49% in controls). 

3.6. Estimating the number of functional channels at a site 

The reduced proportion of multi-channel events in KRAP knockdown 
cells may reflect both changes in the mean numbers of functional 
channels present per site, and in the frequency at which events of 
differing magnitudes arise. To estimate the minimum number of func
tional channels present at any given site we measured the amplitude of 
the largest event observed at that site [10]. In control cells (n = 6) the 
distribution of sites generating events of a given maximal amplitude 
could again be fitted by a multimodal distribution, with Gaussian peaks 
distributed at roughly integer steps corresponding to sites where 
maximal events involved the concerted opening of 1,2,3 etc. channels 
(Fig. 5A). The corresponding data in KRAP knockdown cells (n = 10) 
predominantly followed a single Gaussian distribution, corresponding to 
single-channel events, with a smaller Gaussian component at an 
amplitude (ΔF/F0 0.26) corresponding to two-channel events (Fig. 5B). 
The mean maximum event size in control cells was ΔF/F0 0.425 as 
compared to 0.180 in KRAP knockdown cells, a reduction to 42%. 

By taking the areas under the Gaussian components in Figs. 5A,B, we 
then derived the mean numbers of sites that contained N (1, 2, 3 etc.) 
functional channels within the TIRF footprint of control (Fig. 5C) and 
KRAP knockdown cells (Fig. 5D). In control cells we observed a mean of 
51.0 functional sites per cell and estimated a mean of 123 functional 
channels per cell, giving an average number of channels per site of 2.41. 
In KRAP knockdown cells we observed a mean of 31.8 functional sites 
per cell, indicating that an average of about 19 sites (51 minus 32) per 
cell had become ‘silenced’ by the reduced expression of KRAP. The mean 
number of functional channels per cell was 41, giving an average 
number of functional channels per site (including silenced sites) of 0.8; a 
reduction by 66% as compared to control cells 

3.7. KRAP licenses individual IP3R channels not individual clusters 

We considered three models by which lack of KRAP might result in 

Fig. 4. Amplitude distributions of local Ca2þ events in control and KRAP knockdown cells. (A) Distribution of peak amplitudes of all local Ca2+ events (n =
1226) in 6 cells treated with control siRNA. The x-axis is truncated at 1.0 ΔF/F0 and omits 16 events with amplitudes between 1.03 and 2.3 ΔF/F0. The blue curve is a 
four-component Gaussian fit to the data, with respective means of individual Gaussian distributions (black curves) of ΔF/F0 0.144, 0.248, 0.377 and 0.573 and areas 
of 627, 396, 143 and 50 events. (B) Distribution of event amplitudes in KRAP siRNA-treated cells. Data are from 1130 events in 10 cells. Curves show a two- 
component Gaussian fit to the data, with means of ΔF/F0 0.129 and 0.231. 
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the marked reduction in numbers of functional channels and the asso
ciated change in distributions of sites containing differing numbers of 
channels (Figs. 5C,D). (i) KRAP knockdown randomly silenced individ
ual sites, with uniform probability regardless of how many channels 
they contained. (ii) KRAP knockdown randomly silenced multi-channel 
sites, while sparing a discrete population of lone channel sites that did 
not require KRAP to function. (iii) KRAP knockdown randomly silenced 
individual IP3R channels with equal probability across all sites. To 
discriminate between these scenarios, we predicted the mean numbers 
of sites per cell containing N channels that would remain if the observed 
functional sites or channels in control cells (Fig. 5A) were silenced ac
cording to each model, and compared these with the observed distri
bution in KRAP knockdown cells. The cyan bars in Figs 6A,B,C show the 
respective predictions. Red bars show, for comparison, the observed 
data replotted from Fig. 5D. In all three models the parameter value for 
the probability of silencing a site or channel was adjusted so that the 
predicted mean number of functional channels per cell matched the 
observed number (41). The predicted number of completely silenced 

sites (N = 0) was taken as the difference between the mean number of 
observed sites per control cell minus that in KRAP knockdown cells. 

Model (i) - random silencing of 66% of sites (Fig. 6A) - yielded a poor 
fit to the observations (Chi-squared value = 128). Notably, that model 
predicted nearly twice as many completely silenced sites (N = 0) as 
observed, but only about one fifth as many single channel sites (N = 1). 
Model (ii) - random silencing of 75% of multi-channel sites (Fig. 6B) - 
gave only a moderately improved fit (Chi-squared value = 16), again 
predicting a considerable excess of silenced sites, and a lower number of 
single channel sites. On the other hand, model (iii) - stochastic silencing 
of 66% of individual channels (Fig. 6C) - provided a substantially better 
fit to the data (Chi-squared value = 1.4). 

3.8. Availability of KRAP stochastically determines the number of 
functional IP3Rs in a cluster 

The improved fit provided by model (iii) suggested that KRAP may 
stochastically and independently license individual IP3R channels 

Fig. 5. Distributions of sites containing differing numbers of IP3R channels in control and KRAP knockdown cells. (A) Distributions of largest event am
plitudes among 6 control cells. The y-axis is scaled as the mean number of sites per cell showing events of a given amplitude. The blue curve shows the sum of 4 
Gaussian functions fitted to the data (black curves) with means of ΔF/F0 0.170, 0.290, 0.419 and 0.554. The mean number of sites per cell was 51. (B) Corresponding 
distribution of largest event sizes among 10 cells treated with KRAP siRNA. The means of the Gaussian distributions are ΔF/F0 0.141 and 0.259, and the mean 
number of observed sites per cell was 32. (C, D) Bar graphs show, respectively, for control and KRAP knockdown cells, the estimated mean numbers of sites per cell 
containing N channels. Values were derived from the areas under the Gaussian curves in A, B, and by manually counting the numbers of sites estimated to contain ≥5 
channels in control cells. The mean number of sites (19) with zero functional channels in KRAP knockdown cells was derived from the difference in mean numbers of 
functional sites in control (51) and KRAP knockdown cells (32). The estimated mean total number of functional channels per control cell was 123, and in KRAP 
knockdown cells 41; a reduction by 66%. 
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within clusters, so that the mean number of functional channels per 
cluster, m, is determined by the level of KRAP expression. To evaluate 
this possibility, we examined whether the numbers of functional chan
nels per site in both control and KRAP knockdown cells were distributed 
following Poisson statistics, as expected for a stochastic distribution. The 
probability distribution of the Poisson function requires only a single 
parameter, m. In the case of the control cells we could not calculate m 
directly from the mean of the observed data in Fig. 5A, because this may 
have been biased by omission of undetected, silent sites. Instead, we 
adjusted parameter values for m and the number of silent sites, 
obtaining an optimal fit to the data for observed sites (N ≥ 1) with m =
2.236 and a predicted mean of 6 silent sites per cell (Fig. 7A). In the case 
of the KRAP knockdown cells the data were fit (Fig. 7B) by a Poisson 
relationship with m = 0.745, determined from a total mean number of 
sites per cell = 56 (33 functional sites + 23 silent sites). 

4. Discussion 

Numerous proteins have been identified to associate with IP3Rs and 
potentially modulate their localization and/or their function to release 

Ca2+ in response to IP3 [34]. Here, we focused on KRAP, a cytoplasmic 
protein associated with filamentous-actin [14]. KRAP was initially 
shown to be relevant to the localization of IP3Rs [16], and to be crucial 
for their functioning because knockdown of KRAP in HEK293 cells 
diminished IP3-mediated Ca2+ release without affecting the content of 
intracellular Ca2+ stores or the binding of IP3 to its receptor [15]. A more 
recent study by Thillaiappan et al. [17] reinforced the functional 
importance of KRAP, reporting that essentially all IP3-evoked responses 
in HeLa cells could be eliminated by knockdown of KRAP without 
changing the expression level of IP3Rs, and concluded that endogenous 
KRAP limits the number of IP3Rs licensed to respond to IP3 and thereby 
the ability of a cell to evoke cytosolic Ca2+ signals. Moreover, Thil
laiappan et al. [17] derived additional mechanistic insights, showing 
that KRAP tethered loose confederations of IP3Rs to actin filaments 
immediately beneath the plasma membrane to establish the stationary 
clusters of IP3Rs that generate local Ca2+ puffs. Here, we investigated 
whether KRAP regulates the ability of clustered IP3Rs to generate puffs 
by licensing individual receptor/channels or the cluster as a unitary 
entity; and whether KRAP is equivalently required for diffuse, cell-wide 
Ca2+ release by IP3. 

Fig. 6. Modeling the predicted distributions of sites containing differing numbers of IP3R channels in KRAP knockdown cells. In all panels, the red bars 
show the mean number of sites per KRAP knockdown cell estimated to contain N = 0, 1, 2, 3, 4, 5, 6 channels, reproduced from Fig. 5D. Cyan bars show the mean 
numbers of sites per cell predicted by different models for the action of KRAP on puff sites or individual IP3R channels. (A) Distribution predicted by a model in which 
lack of KRAP results in silencing of 66% of the functional sites present in control cells. (B) Distribution predicted by a model in which lack of KRAP results in silencing 
of 75% of the multi-channel sites present in control cells but leaves unaffected those sites containing a single channel. (C) Distribution predicted by a model in which 
lack of KRAP results in the random silencing of 75% of individual IP3R channels. 

Fig. 7. The distributions of sites containing differing numbers of functional channels in control and KRAP knockdown cells accord with Poisson re
lationships. Cyan bars show Poisson distributions fitted to the observed distributions of numbers of sites containing N functional channels in control (A) and KRAP 
knockdown cells (B). gray and red bars respectively reproduce the observed data from Figs. 5C, D. The control distribution was calculated with the mean number of 
channels per site = 2.236, and with the predicted number of undetected, silent sites = 6. The KRAP knockdown distribution was calculated with the mean number of 
channels per site = 0.745, and with the predicted number of undetected, silent sites = 26. 
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4.1. Licensing of IP3Rs at puff sites by KRAP 

The IP3Rs at puff sites represent only a small fraction of all those 
present in the cell, leading to proposals that some unidentified factor 
enables these clustered receptors to preferentially respond to low levels 
of IP3 [5,6]. Our findings here confirm and extend the results of Thil
laiappan et al. [17] in showing that KRAP is required for the gating of 
IP3Rs within clusters. We found that mean size of local Ca2+ puffs was 
strongly reduced by KRAP knockdown, whereas the amplitude of Ca2+

signals attributable to openings of single IP3R channels was little 
affected. Thus, KRAP appeared to control the number of licensed IP3R 
channels at a puff site, but not the Ca2+ flux through those channels that 
do open. To quantify this effect, we estimated the numbers of functional 
IP3Rs present at a puff site by scaling the amplitude of the largest Ca2+

event at that site as an integer multiple of the signal generated by the 
opening of a single IP3R channel. In control cells expressing physiolog
ical levels of KRAP, and in cells where expression of KRAP had been 
reduced by siRNA treatment, the estimated numbers of functional 
channels per site (1, 2, 3 etc.) followed a distribution in good accord with 
Poisson statistics, indicating a stochastic variation in the small numbers 
of channels active within different sites across the cell. Notably, how
ever, the mean number of functional channels per site was reduced to 
about one third in the KRAP knockdown cells. Thus, we conclude that 
the level KRAP plays a key role in stochastically titrating how many 
licensed channels are present at a site. 

Our observation of small Ca2+ events in KRAP knockdown cells, 
predominantly attributable to openings of single IP3R channels, differs 
from the report by Thilliappan et al. [17] that local Ca2+ signals were 
completely abolished by KRAP knockdown. These conflicting results 
may have resulted in part from differing levels of KRAP knockdown, as 
we imaged 48 hrs after transfection of siRNA, whereas Thilliappan et al. 
imaged after 72 hrs. In addition, the failure of Thilliappan et al. to detect 
residual activity may be ascribed to the slower imaging rate they used 
(20 frames s− 1 versus 125 frames s− 1 in our studies), together with the 
lower sensitivity of the algorithm they used to threshold events as 
compared to our method of fluctuation analysis. Indeed, careful in
spection of the published video record of Thilliappan et al. (supple
mental video 8) [17] does appear to reveal local Ca2+ events in the KRAP 
knockdown cell. We propose that residual events in our studies, and 
likely in those of Thilliapan et al., persisted because KRAP levels were 
not completely knocked down and reject an alternative hypothesis that 
the cells may have expressed a distinct population of ‘lone’ IP3R chan
nels that do not require KRAP to function. Specifically, the numbers and 
amplitude distribution of residual events we observed accorded well 
with that predicted if lack of KRAP were to stochastically silence indi
vidual IP3R channels within a cluster, one-by-one; but not with that ex
pected if reduced levels of KRAP were to selectively silence individual 
multi-channel sites. 

In contrast to our conclusion that KRAP determines the number of 
functional channels within a puff site at physiological and sub- 
physiological levels, Thillaiappan et al. [17] described that over
expression of KRAP increased the numbers of puff sites per cell without 
affecting the mean amplitude of puffs; suggesting that the availability of 
KRAP determines, in an all-or-none manner, the responsiveness of IP3R 
clusters as unitary entities without affecting the average numbers of 
functional channels within a cluster. We suspect that these differences in 
findings and interpretations may have a straightforward methodological 
explanation. A lower detection sensitivity in the experiments of Thil
laiappan et al. would lead to an undercount of the number of active puff 
sites in control cells and bias the estimated mean puff amplitude higher 
than the true value. Licensing of an increased number of individual 
IP3Rs by overexpression of KRAP would then result in detection of 
previously undetected sites that now contained sufficient functional 
channels to produce supra-threshold responses. Further, it is likely that a 
factor (such as the availability of IP3R anchoring sites in a scaffolding 
structure) [35] sets an upper bound to the number of IP3Rs that can be 

physically present in a cluster. Thus, the amplitudes of detected events 
would be constrained between the detection threshold and that set by 
the maximal number of IP3Rs; a limited range that might obscure an 
increase in puff amplitudes resulting from overexpression of KRAP. 

In addition to examining the requirement of KRAP for IP3R function, 
Thillaiappan et al. further utilized expression of EGFP-tagged IP3R show 
that knockdown of KRAP reduced the number of immotile IP3R puncta 
adjacent to the plasma membrane [17]. They ascribed this to a loss of 
bright puncta rather than disaggregation of individual IP3R puncta; 
supporting a notion that KRAP both licenses IP3Rs within a cluster and 
anchors the cluster to actin as a unit. Their observation may be recon
ciled with our finding that KRAP licenses individual IP3Rs by a model 
where a scaffolding structure determines the number of IP3Rs physically 
present within a punctum (cluster) [17, 35]. The availability of KRAP 
then determines how many of these receptors are licensed by binding 
KRAP, and we suggest that the presence of even a single 
KRAP-associated IP3R is sufficient to anchor a cluster. Reductions of 
KRAP level would then progressively reduce the number of licensed 
IP3Rs in a cluster without changing the number physically present (the 
brightness of a punctum), up until the point where no IP3R bound KRAP 
and the cluster became unmoored. 

4.2. Dependence of diffuse IP3-evoked Ca2+release on KRAP 

We recently proposed that global, cell wide Ca2+ signals mediated by 
IP3 are composed from two different modes of Ca2+ liberation from the 
ER. Local puff activity (‘punctate’ Ca2+ liberation) largely terminates 
about mid-way during the rise of global Ca2+ spikes, whereas a greater 
fraction of the total Ca2+ release originates through a distinct, ‘diffuse’ 
mode of Ca2+ release [10,11]. In agreement with previous reports [15, 
17] we found that KRAP knockdown strongly attenuated global Ca2+

responses. The extent of attenuation roughly paralleled the attenuation 
of puff activity, indicating that KRAP is equivalently required for both 
punctate and diffuse modes of Ca2+ release. Thillaiappan et al. [17] 
proposed that the suppression of global Ca2+ responses by knockdown of 
KRAP arises as a consequence of the suppression of puffs, because puffs 
act as a requisite trigger to evoke diffuse Ca2+ release. We argue that this 
is not the case, because diffuse release can be evoked in conditions such 
as partial depletion of ER Ca2+ content when puff activity is completely 
suppressed [11]. Instead, we propose that KRAP is required to func
tionally license the IP3Rs that underlie both punctate and diffuse Ca2+

release. 
Together with other findings in immortal cell lines [15–17], our re

sults point to a crucial, indeed likely essential, role for KRAP in enabling 
Ca2+ release through IP3Rs. However, it is not clear whether this 
requirement applies universally across all cell and tissue types. Notably, 
dual knockout of IP3R isoforms in transgenic mice results in embryonic 
lethality [36, 37], whereas KRAP knockout mice are viable [38]. 
Moreover, as previously noted [17], IP3Rs remain functional in experi
mental conditions such as patch-clamp recordings and lipid bilayer 
reconstitution where KRAP would be absent, suggesting that in intact 
cells KRAP may relieve IP3Rs from inhibition by some unknown 
repressor. Variation in expression level of this repressor might thus 
allow cells to escape from the requirement for KRAP to enable functional 
IP3R-mediated Ca2+ signaling. 
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