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ABSTRACT  Multiple functions of the endoplasmic reticulum (ER) essentially depend on ATP 
within this organelle. However, little is known about ER ATP dynamics and the regulation of 
ER ATP import. Here we describe real-time recordings of ER ATP fluxes in single cells using 
an ER-targeted, genetically encoded ATP sensor. In vitro experiments prove that the ATP sen-
sor is both Ca2+ and redox insensitive, which makes it possible to monitor Ca2+-coupled ER 
ATP dynamics specifically. The approach uncovers a cell type–specific regulation of ER ATP 
homeostasis in different cell types. Moreover, we show that intracellular Ca2+ release is cou-
pled to an increase of ATP within the ER. The Ca2+-coupled ER ATP increase is independent 
of the mode of Ca2+ mobilization and controlled by the rate of ATP biosynthesis. Further-
more, the energy stress sensor, AMP-activated protein kinase, is essential for the ATP in-
crease that occurs in response to Ca2+ depletion of the organelle. Our data highlight a novel 
Ca2+-controlled process that supplies the ER with additional energy upon cell stimulation.

INTRODUCTION
The endoplasmic reticulum (ER) is a complex organelle within eu-
karyotic cells that is central to synthesis (Groenendyk et al., 2010), 
glycosylation (Banerjee, 2012), folding and assembly (Naidoo, 
2009), degradation (Merulla et al., 2013), and secretion of proteins 
(Zanetti et al., 2012). These processes are essential, and any defect 
or delay would have detrimental or even lethal effects on cells and 
the whole organism (Rasheva and Domingos, 2009). For all of them, 

energy in the form of ATP is required (Fang et al., 2010). In the ER, 
ATP is either consumed to run these processes or acts as a messen-
ger or cofactor to initiate and maintain them (Bukau et al., 2006). 
Several steps during protein folding in the ER, such as the formation 
of disulfide bonds, need a constant supply of ATP to fulfill their en-
ergetic demands (Chia et al., 2012). It has been shown that the ac-
tivity of ER chaperones is modulated by binding and hydrolysis of 
ATP (Braakman and Bulleid, 2011), whereas under conditions of ATP 
depletion, protein processing within the ER is impaired (Kapoor and 
Sanyal, 2009). Although these findings indicate that ATP transport 
into the ER is essential for protein folding, it is not clear whether the 
ER protein-folding machinery is indeed controlled by ER ATP trans-
port. In addition, the ER reacts to a number of different cellular 
stress conditions by activating the unfolded protein response (UPR; 
Ron and Walter, 2007; Korennykh and Walter, 2012). The UPR is an 
early stress response, which activates a number of pathways to rees-
tablish homeostasis and minimize cell damage in a first instance, but 
if that fails, UPR triggers programmed cell death (Rasheva and Do-
mingos, 2009; Han et al., 2013). ATP within the ER has been found 
to control the dissociation of the glucose-regulated protein 78, an 
ER-resident chaperone, from the inositol response element 1, which 
is one of the main initiators of the UPR (Oikawa et al., 2009). These 
findings implicate the importance of ATP transport into the ER to 
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shown to play an important role for the 
transport of ATP into the lumen of the 
ER in Saccharomyces sp. (Kochendörfer 
et  al., 1999). Such findings point to the 
existence of regulated ER ATP transport 
machineries that might contribute to the 
regulation of vital processes in the lumen 
of this organelle.

Owing to the lack of suitable tools to 
monitor local ATP levels within intact cells, 
little is known about ER ATP fluxes in living 
cells. To overcome these limitations, we 
targeted a genetically encoded ATP probe 
to the lumen of the ER, which is based on 
Förster resonance energy transfer (FRET) 
between fluorescent proteins. Genetically 
encoded fluorescent ATP sensors, referred 
to as ATeams, were used to measure ATP 
levels in the cytosol, nucleus, and mito-
chondria of HeLa cells (Imamura et  al., 
2009). In this study we show that this ap-
proach can also be used for real-time mon-
itoring of ATP dynamics within the lumen 
of the ER on the single-cell level. Using the 
ER ATP probe, we reveal ER ATP signals 
that are controlled by ER Ca2+ release. Our 
data point to high ER ATP dynamics that is 
primarily controlled by the ER Ca2+ content 
([Ca2+]ER]) in an inverse manner. We identify 
the AMP-activated protein kinase (AMPK), 
a central sensor of energy stress (Hardie 
et al., 2012), as an essential determinant of 
Ca2+-coupled ER ATP increase. Eventually, 
we provide an original avenue to probe 
how the ATP content of the ER is altered in 
living cells under physiological and patho-
logical conditions.

RESULTS
Targeting of a genetically encoded ATP 
probe to the ER
To monitor ATP within the lumen of the ER 
on the single-cell level, we constructed an 
ER-targeted, genetically encoded, FRET-

based ATP probe, ERAT4.01, analogous to a previously reported 
ATP sensor (Imamura et al., 2009). The ATP probe reversibly binds 
ATP at the ε-subunit of the F0F1-ATP synthase from Bacillus subti-
lis. ATP binding induces a conformational rearrangement within 
the ATP sensor, which narrows the distance between the N- and 
C-terminal cyan and yellow fluorescent proteins (CFP and YFP), 
respectively, yielding increased FRET (Figure 1A). For ER target-
ing, the calreticulin signal sequence was fused to the N-terminus 
and the KDEL sequence, a classic ER-retention signal (Pelham, 
1990; Clairmont et al., 1992), was added to the C-terminus of the 
ATP probe (Figure 1A). The ER-targeted ATP probe localized to 
the ER as expected (Figure 1B). Use of high-resolution array con-
focal microscopy revealed that most cells displayed correct ER 
localization of the ATP probe, whereas in 9–38% of the cells 
tested, ERAT4.01 was mistargeted, depending on the cell type 
(Supplemental Figure S1). Of note, in all imaging experiments, 
cells with correct targeting of ERAT4.01 were selected and ana-
lyzed exclusively.

maintain protein folding and control the UPR. In addition, many 
other processes, such as protein phosphorylation (Ron and Harding, 
2012), glycosylation (Mohorko et al., 2011), and sterol biosynthesis 
(Blom et  al., 2011) within the ER, require ATP. However, little is 
known about the regulation and identity of ER ATP transporters.

Cellular ATP is generated during glycolysis in the cytosol and 
more efficiently within mitochondria by oxidative phosphoryla-
tion (OXPHOS). Because the ER is incapable of generating ATP 
autonomously, it is assumed that ATP is transported into this or-
ganelle (Hirschberg et al., 1998). However, there are conflicting 
reports regarding the need for an active ER ATP transport, as pas-
sive diffusion of ATP across the rather leaky ER membrane was 
suggested (Le et  al., 2004). So far, identification of ER ATP 
carrier(s) of mammals has not been made, but ATP translocation 
was characterized in ER-derived vesicles and proteoliposomes in 
vitro (Shin et al., 2000). Of note, a protein referred to as ER-ANT1 
was identified as an ATP/ADP transporter of the ER in the plant 
Arabidopsis thaliana (Leroch et  al., 2008), whereas Sac1p was 

FIGURE 1:  Targeting of a FRET-based genetically encoded ATP Probe to the ER. (A) Schematic 
representation of the ER-targeted ATP probe ERAT4.01. Binding of ATP to the ε-subunit of the 
bacterial FoF1-ATP synthase induces a conformational change within ERAT4.01, which is 
detected by a change of the FRET between the terminal enhanced CFP and the YFP variant 
citrine. ER targeting is achieved by adding both the calreticulin signal domain and the KDEL 
sequence. (B) EA.hy926 cells expressing both ERAT4.01 (left, green) and an ER-targeted RFP 
(middle, red), which colocalizes with the ERAT4.01 fluorescence signal (merge image, right).
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ERAT4.01 senses ER ATP depletions 
in real time
First we tested the ER-targeted ATP probe 
in HeLa cells, which are known to generate 
ATP primarily via anaerobic glycolysis (Lu 
et al., 2002). Inhibition of glycolysis with the 
d-glucose analogue 2-deoxy-d-glucose 
(2-DG) gradually reduced the FRET ratio of 
ERAT4.01 (Figure 2, A and B). This drop in 
the ratio under these conditions was based 
on a decreased fluorescence intensity in the 
FRET channel accompanied by a significant 
increase of the donor (CFP) signal (Supple-
mental Figure S2A), indicating that the 
probe senses changes of the ATP concen-
tration in the ER ([ATP]ER) in a ratiometric 
manner. The gradual and steady decline in 
the FRET ratio started 2.50 ± 0.18 min (aver-
age ± SEM, n = 10) after 2-DG addition, and 
the signal reached a minimum within 6.47 ± 
0.48 min (average ± SEM, n = 10). Subse-
quent replacement of 2-DG by d-glucose in 
the medium partially restored the FRET sig-
nal in ∼20% of the HeLa cells tested (Figure 
2, A and B), indicating that the probe senses 
ATP in the lumen of the ER in a dynamic and 
reversible manner. However, cells express-
ing AT1.03, an analogous genetically en-
coded cytosolic ATP sensor, showed a de-
layed decrease in the AT1.03 signal in 
response to 2-DG (Supplemental Figure S2, 
B–E). The reliability of the ER-targeted ATP 
probe to sense cellular ATP depletion was 
examined using four different cell types. In 
all of them the inhibition of ATP generation 
by a mixture of 2-DG and the mitochondrial 
ATP synthase inhibitor oligomycin A signifi-
cantly reduced the FRET signal by ERAT4.01 
over time. However, the kinetics of the de-
cline varied among the individual cell types 
(Figure 2C). These findings indicate that ATP 
is differently transferred into and/or con-
sumed in the ER under resting conditions, 
depending on the cell type. The basal FRET 
ratio, reflecting ER ATP levels under resting 

FIGURE 2:  ERAT4.01 senses ER ATP on inhibition of ATP-generating processes in different cell 
types. (A) Representative pseudocolored ratio (F535/F480) images over time of two HeLa cells 
expressing ERAT4.01 that were treated with 10 mM 2-DG. Red pixels indicate high ratio values 
(>2), and blue pixels indicate low ratio values (<2). (B) Nonnormalized ratios of ERAT4.01 signals 
expressed in the two HeLa cells presented in A in response to 10 mM 2-DG. Dotted lines 
represent individual bleaching functions (R0) of the ratios, which were used for normalization. 
(C) Representative average curves of ratio ERAT4.01 signals over time in four different cell types 
in response to 10 mM 2-DG and 2 μM oligomycin A. Curves were fitted using the Boltzmann 
sigmoid function in Prism software 5.01 (GraphPad, La Jolla, CA). (D) Columns represent basal 
ratio values of ERAT4.01 in four different cell types: EA.hy926 (green, n = 17), INS-1 832/13 
(red, n = 61), HEK-293 (blue, n = 25), and HeLa cells (purple, n = 23). *p < 0.05 vs. basal ratio 
value of ERAT4.01 expressed in EA.hy926 cells. (E) Comparison of the reduction of normalized 
ratio values over time between the mitochondria-targeted ATP probe mtAT1.03 (red dotted line) 
and ERAT4.01 (green continuous line) in response to 10 mM 2-DG using HeLa cells (left). Middle, 
statistical data of the maximal drop of normalized signal ratios in response to 2-DG of the 
mitochondrially targeted ATP probe (red column, n = 13) and the ER ATP sensor (green column, 
n = 10). Left, statistical analysis of the respective maximal slope of the 2-DG–induced reduction 
of normalized ratios of mtAT1.03 and ERAT4.01 signals in HeLa cells. *p < 0.05 vs. respective 
data from mtAT1.03 signals. (F) Representative normalized ratio time course of mtAT1.03 (red 
dotted line) and ERAT4.01 (green continuous line) in response to 2 μM oligomycin A in HeLa 
cells. Columns represent respective statistical data regarding the maximal reduction (middle) 
and the maximal slope (right) of the mitochondrial ATP signal (red columns, n = 5) and the ER 

ATP signal (green columns, n = 8) shown on 
the left. *p < 0.05 vs. respective data 
extracted from mtAT1.03 signals. 
(G) Representative normalized ratio time 
course of mtAT1.03 (red dotted line) and 
ERAT4.01 (green continuous line) in response 
to 2 μM oligomycin A in INS-1 832/13 cells. 
For comparison respective curves in HeLa 
cells from H are added in gray. Bottom, 
statistical data regarding the maximal 
reduction (left bottom) and the maximal 
slope (right bottom) of the mitochondrial ATP 
signal (red columns, n = 31) and the 
respective ER ATP signal (green columns, 
n = 39). *p < 0.05 vs. respective data 
extracted from mtAT1.03 signals.
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FRET ratio of mitAT1.03 and had almost 
no effect on respective FRET signals of 
ERAT4.01 (Figure 2F). This observation is in 
agreement with low levels of OXPHOS in 
HeLa cells (Supplemental Figure S2F) and 
previous reports showing that many cancer 
cells have reduced OXPHOS rates while 
generating ATP primarily by anaerobic glyc-
olysis (Lu et  al., 2002; Mathupala et  al., 
2010). However, in the clonal pancreatic 
beta cell line INS-1 832/13, which, in con-
trast to HeLa cells, shows a much higher rate 
of OXPHOS and less anaerobic glycolysis 
(Supplemental Figure S2F), an inhibition of 
the mitochondrial ATP-synthase reduced 
rapidly and considerably the ERAT4.01 sig-
nal (Figure 2G). Moreover, there was a delay 
(1.12 ± 0.17 min, n = 18) in the drop of the 
ratio of the ER-targeted ATP probe as com-
pared with mitAT1.03 in response to oligo-
mycin A (Figure 2G). These results point to 
an organelle- and cell type–specific ATP 
turnover and validate ERAT4.01 as a suitable 
probe to assess [ATP]ER in single living cells.

ER Ca2+ mobilization leads to an 
increase of ATP within the lumen 
of the ER
The ER plays a central role in cell signaling 
by storing and releasing Ca2+ ions (Berridge, 
2002). Physiological Ca2+ mobilization from 
the ER is accomplished by various inositol 
1,4,5-trisphosphate (IP3)–generating ago-
nists (Miyazaki, 1993). We speculated that 
during such cell stimulations the ATP de-
mand within the ER might be altered. Hence 
we investigated whether changes of [Ca2+]ER 
correlate with fluctuations of [ATP]ER in re-
sponse to IP3-generating agonists. In both 
the glycolytic HeLa cells (Figure 3A) and the 
OXPHOS-dependent INS-1 832/13 cells 
(Figure 3B), IP3-mediated [Ca2+]ER depletion 
was coupled to a distinct elevation of the 
ERAT4.01 FRET signal. Removal of the IP3-
generating agonists and Ca2+ addition to 
the medium restored [Ca2+]ER and [ATP]ER 
levels (Figure 3, A and B). Use of carbachol 
(CCh) as an IP3-generating agonist in INS-1 
832/13 cells revealed a half-maximal effec-
tive concentration (EC50) of 6.62 (3.82–
11.45) μM (n = 10–17) to trigger an increase 
in the ERAT4.01 FRET signal (Figure 3C), 
whereas the respective EC50 in HeLa cells, 

using ATP as an IP3-generating agonist, was 21.77 (10.25–46.21) μM 
(n = 5–14; Figure 3D). A correlation between the genetically en-
coded ER Ca2+ sensor D1ER (Palmer et al., 2004) and ERAT4.01 sig-
nals showed that the increase in [ATP]ER lagged slightly behind the 
[Ca2+]ER reduction (Figure 3E). There was a clear linear correlation 
between the maximal degree of [Ca2+]ER depletion and the increase 
of [ATP]ER over a concentration range from 1 to 100 μM of the 
IP3-generating agonist (Figure 3F). This constant proportionality 
between [Ca2+]ER and [ATP]ER indicates that the drop of Ca2+ within 

conditions, also varied in the different cell types tested (Figure 2D). 
These findings point to cell type–specific ER ATP levels and 
homeostasis.

The comparison between FRET signals of the mitochondria-tar-
geted ATP probe mitAT1.03 and those of the ER ATP sensor showed 
that the mitochondrial ATP concentration ([ATP]mito) is affected be-
fore and more strongly than [ATP]ER by inhibition of glycolysis in 
HeLa cells (Figure 2E). However, inhibition of the mitochondrial ATP 
synthase in HeLa cells only minimally and transiently reduced the 

FIGURE 3:  ERAT4.01 reveals an ER ATP increase on Ca2+ mobilization from the ER. (A) Individual 
responses of HeLa cells expressing the ER-targeted ATP sensor ERAT4.01 (top) or the ER Ca2+ 
probe D1ER (bottom) in response to cell treatment with 100 μM histamine and 100 μM ATP in 
the absence of Ca2+ in the medium (top). As indicated, 2 mM Ca2+ was readded upon washout 
of the IP3-generating agonists. Thick black lines represent respective average curves. (B) ER ATP 
(top) and ER Ca2+ signals (bottom) in INS-1 832/13 cells expressing either ERAT4.01 or D1ER. 
Cells were treated with a mixture of 100 μM carbachol (CCh) and 100 μM ATP in Ca2+-free 
medium before 2 mM Ca2+ was readded. (C) Concentration response curve of carbachol 
triggering an [ATP]ER increase in INS-1 832/13 cells (n = 10–17). Experiments were performed in 
the absence of Ca2+ in the medium. (D) Concentration response curve of ATP to trigger an ER 
ATP increase in HeLa cells (n = 5–14). Experiments were performed in the absence of Ca2+ in the 
bathing medium. (E) Correlation between the ER Ca2+ content (y-axis) and the [ATP]ER increase 
(x-axis). Data were extracted from experiments shown in B. Respective maximal delta effects 
were defined as 100%. (F) Linear correlation between [Ca2+]ER (n = 18–38) and [ATP]ER 
(n = 10–17) in INS-1 832/13. As indicated, cells were treated with different concentration of CCh 
in the absence of Ca2+. (G) HeLa cells expressing the ER ATP probe were treated consecutively 
with different concentrations of ATP. Representative curve is given as percentage of the maximal 
effect; the delta maximal effect in response to 300 μM ATP was defined as 100%.
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respectively (Figure 3G). This finding indi-
cates that the ER ATP signal can be evoked 
repetitively in an ascending order of con-
centration of an IP3-generating agonist.

To determine whether the Ca2+-induced 
increase of ATP within the ER requires the 
IP3 signaling pathway, we depleted the ER 
Ca2+ store in IP3-independent ways. First we 
treated cells with 2,5-di-tert-butylhydroqui-
none (BHQ), an inhibitor of the sarco/endo-
plasmic reticulum Ca2+-ATPase (SERCA). 
Addition of BHQ slowly reduced [Ca2+]ER in 
Ca2+-free medium and gradually enhanced 
ER ATP levels (Supplemental Figure S3A). 
Subsequent stimulation with IP3-generating 
agonists further decreased [Ca2+]ER and in-
creased [ATP]ER. This observation further 
confirms that the increase of [ATP]ER de-
pends on the degree of [Ca2+]ER depletion. 
Thapsigargin, a more potent, irreversible, 
and selective SERCA inhibitor, also evoked 
a distinct increase of the ERAT4.01 FRET 
signal (Supplemental Figure S3B). Moreover, 
we used the Ca2+ ionophore ionomycin in 
Ca2+-free medium to deplete the ER Ca2+ 
store in a SERCA- and IP3-independent 
manner. Treatment of cells with ionomycin 
rapidly lowered [Ca2+]ER and caused a re-
spective increase of the ERAT4.01 FRET sig-
nal (Supplemental Figure S3, C and D). 
These results indicate that, independent of 
its mode, ER Ca2+ mobilization causes a sig-
nificant elevation of ER ATP level.

Ca2+-coupled ER ATP increase 
represents MgATP elevation and 
is neither due to direct effect of Ca2+ 
on the probe nor related to changes 
of ER redox
We next performed a series of in vitro ex-
periments in which the Ca2+ sensitivity of the 
genetically encoded ATP probe was tested 
(Figure 4). Both the ratio signals of the ER 
ATP probe in permeabilized cells (Figure 
4A) and the spectral changes of the purified 
ATP probe in vitro remained unaffected by 
Ca2+ addition in the absence of MgATP 
(Figure 4, B and E). These data show that 
the sensor used to study ER ATP dynamics is 
per se Ca2+ insensitive and indicate that the 
inverse correlation between [Ca2+]ER and the 
ERAT4.01 FRET signal in intact cells is not 
caused by a direct effect of Ca2+ on the sen-
sor. As expected, addition of MgATP signifi-
cantly increased the ratio signal in a ratio-
metric manner of ERAT4.01 in permeabilized 
cells (Figure 4F and Supplemental Figure 
S4A) and the purified ATP probe in vitro 

(Figure 4, C–E). However, in the presence of MgATP, addition of 
Ca2+ (100–500 or 2000 μM) slightly reduced the increased ratio sig-
nals of the ATP probe in vitro (Figure 4, C–E) and permeabilized cells 
(Figures 4G and Supplemental Figure S4B). The effect of Ca2+ on 

the ER is directly coupled to an elevation of [ATP]ER. In one given 
HeLa cell a consecutive treatment with a concentration lower than 
the EC50 followed by a maximal concentration of the IP3-generating 
agonist evoked a small and a large transient increase in [ATP]ER, 

FIGURE 4:  Characterization of the effect of Ca2+ on the ATP probe in permeabilized cells and in 
vitro. (A) The effect of Ca2+ on ERAT4.01 signals was evaluated in cells permeabilized with 10 μM 
ionomycin in the presence of 10 μM digitonin. In permeabilized cells multiple Ca2+elevations 
(2 mM Ca2+) in the absence of ATP do not affect the FRET signal of ERAT4.01 (solid curve). 
[Ca2+]ER was detected with D1ER (dotted curve). (B) Fluorescence spectra of the purified ER ATP 
probe without MgATP and in the presence of different Ca2+ concentrations as indicated. 
(C) Fluorescence spectra of the purified ER ATP probe in the presence of 4 mM MgATP and in 
the presence of different Ca2+ concentrations as indicated in B. (D) Fluorescence spectra of the 
purified ER ATP probe in the presence of 8 mM MgATP and in the presence of different Ca2+ 
concentrations as indicated in B. (E) ATP-dependent changes of the emission ratio of the 
purified ATP probe in vitro vs. the Ca2+ concentration. (F) Normalized FRET ratio changes of 
ERAT4.01 in permeabilized cells upon the addition of 1 mM Mg ATP (white column, n = 12) and 
10 mM Mg ATP (black column, n = 20). Respective changes of the fluorescence of the donor and 
FRET channel are presented in Supplemental Figure S4A. (G) Representative curve representing 
normalized ratio signals of ERAT4.01 in permeabilized HeLa cells in response to 10 mM MgATP 
and the subsequent addition and removal of 2 mM Ca2+. For statistical data see Supplemental 
Figure S4B. (H) Effect of a switch from 10 mM MgATP to 10 mM CaATP in permeabilized HeLa 
cells. The average curve was normalized to the maximal ratio signal, which was obtained by the 
addition of 10 mM MgATP (n = 4).
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not conclusive on whether ER ATP levels are elevated by Ca2+-in-
duced activation of ATP biosynthesis or [Ca2+]ER depletion causes 
the process. To find out whether elevation of [Ca2+]cyto is sufficient 
to trigger an increase of [ATP]ER, we measured ER ATP signals in 
INS-1 832/13 cells treated with high K+. Under these conditions, 
Ca2+ entry via voltage-dependent, L-type Ca2+ channels elevates 
[Ca2+]cyto without [Ca2+]ER depletion (Alam et al., 2012). The K+-in-
duced cytosolic Ca2+ elevation (Figure 5A, left) did not increase the 
ERAT4.01 FRET signal in INS-1 832/13 cells (Figure 5A, middle), 
whereas ER ATP levels dropped during treatment with high K+. The 
use of D1ER revealed that under these conditions ER Ca2+ levels 
increased (Figure 5A, right), confirming an inverse correlation be-
tween [Ca2+]ER and [ATP]ER (Figure 3E). Moreover, these experi-
ments indicate that cytosolic Ca2+ elevation alone is not sufficient 
to trigger the ER ATP signal. In an analogous experiment, HeLa 
cells were treated with an IP3-generating agonist in the presence of 
extracellular Ca2+, which resulted in a strong cytosolic Ca2+ eleva-
tion. However, the ER Ca2+ content was only partially affected due 
to activation of store-operated Ca2+ entry (SOCE; Smyth et  al., 
2010) under this condition (Figure 5B). In correlation with the ER 
Ca2+ content, there was a partial elevation in [ATP]ER, which was 
further increased by removal of Ca2+ from the medium (Figure 5B). 
Simultaneous drop of both [Ca2+]cyto and [Ca2+]ER under this condi-
tion confirms that the ER ATP increase is determined by the ER 
Ca2+ content in an inverse manner. Similar results were obtained in 
INS-1 832/13 cells, in which the SOCE-mediated increase of 
[Ca2+]cyto and [Ca2+]mito (Supplemental Figure S5) triggered eleva-
tion of ATP within mitochondria, whereas under these conditions 
[ATP]ER was reduced (Figure 5C) during ER Ca2+ refilling (Figure 
5D). These findings further demonstrate that, despite Ca2+-induced 
augmentation of the mitochondrial ATP biosynthesis rate, [Ca2+]ER 
inversely determines [ATP]ER.

Ca2+-coupled ER ATP signal requires ATP synthesis
So far our data do not answer whether [Ca2+]ER depletion reduces 
the consumption of ATP within the organelle or evokes ATP trans-
fer across the ER membrane. To clarify this point, we blocked the 
supply of ATP by inhibition of ATP-generating processes. Inhibi-
tion of glycolysis with 2-DG in HeLa cells abolished the [ATP]ER 
increase (Figure 6, A, top, and B, left), although ER Ca2+ release 
was unaffected (Figure 6, A, bottom, and B, right). Similar results 
were obtained when [Ca2+]ER was passively emptied by ionomycin 
(Supplemental Figure S6A), indicating that the inhibitory effect of 
2-DG on the ER ATP signal in HeLa cells was independent of the 
mode of Ca2+ mobilization. However, inhibiting the ATP synthase 
with oligomycin A even facilitated the increase in [ATP]ER upon 
ER Ca2+ depletion in HeLa cells (Figure 6, A and B). These data 
indicate that the ATP elevation observed in the ER is not due to 
reduced ATP consumption but due to increased ATP transfer or 
bioavailability in the organelle upon ER Ca2+ release. Moreover, 
these data further confirm that in HeLa cells the [Ca2+]ER -con-
trolled ATP increase is mainly dependent on anaerobic glycolysis. 
However, long-term inhibition of the ATP synthase in HeLa cells 
with oligomycin A for 30 min was effective in reducing Ca2+-cou-
pled ER ATP increase by 49% (Supplemental Figure S6B). On the 
other hand, acute inhibition of the ATP synthase in OXPHOS-de-
pendent INS-1 832/13 cells with oligomycin A for 3 min strongly 
reduced ATP in the ER upon [Ca2+]ER depletion independent of 
the mode of Ca2+ mobilization (Figure 6, C and D, and Supple-
mental Figure S6C). These data further indicate that the Ca2+-
coupled ER ATP signal requires continuous synthesis and transfer 
of ATP.

the ratio signal in vitro and permeabilized cells is likely to be caused 
by a competition between CaATP and MgATP. CaATP is not sensed 
by the genetically encoded ATP probe (Figure 4H). Accordingly, the 
Ca2+-coupled increase of the FRET signal of the ER-targeted ATP 
probe in intact cells (Figure 3) represents an increase in MgATP 
within the ER.

With an ER-targeted, genetically encoded thiol redox sensor it 
was shown recently that ER Ca2+ depletion induces a significant 
reductive shift within the organelle (Avezov et  al., 2013). Hence 
we carefully verified whether the inverse correlation between 
[Ca2+]ER and the ERAT4.01 FRET signal might be due to Ca2+-cou-
pled fluctuations of the ER thiol redox. For this purpose we gener-
ated and tested additional genetically encoded, ER-targeted ATP 
probes that differ in terms of donor and acceptor fluorescent pro-
teins (FPs) and contain mutations within the ε-subunit (Supplemen-
tal Figure S4, C–J). Two to three cysteines (Cs), which might form 
transient reducible disulfide bounds, are present at different posi-
tions of all FPs used (two Cs in enhanced CFP, citrine, cpv [circularly 
permuted venus], and enhanced GFP [EGFP]; three Cs in Tag–red 
fluorescent protein [RFP]; see Supplemental Figure S4, C–E and 
G–I) but not within the ATP-binding ε-subunit of the ATP probes. 
However, a putative glycosylation site, asparagine (N) in position 7 
within the ε-subunit, which if glycosylated might cause interactions 
between the ATP sensor and chaperones within the ER (Helenius 
and Aebi, 2004), was detected and, hence, mutated to glutamine 
(Q), yielding respective N7Q mutants of ER-targeted ATP probes 
(Supplemental Figure S4, D, E, H, and I). In addition CFP/YFP-
based (Supplemental Figure S4E) and respective GFP/RFP-based 
(Supplemental Figure S4I), red-shifted, ER-targeted ATP probes 
with arginine (R)-to-lysine (K) mutations in positions 122 and 126 of 
the ε-subunit, yielding respective R122K and R126K mutants, 
which are ATP insensitive, were generated and tested (Supplemen-
tal Figure S4, F and J). Of note, in contrast to the CFP/YFP-based 
probes, the red-shifted, ER-targeted ATP sensors contain TagRFP, 
the FRET acceptor FP, on the N-terminus and EGFP, the FRET do-
nor protein, on the C-terminus. With those ER-targeted ATP probes 
containing the wild-type ε-subunit or the N7Q mutation a signifi-
cant increase of the FRET ratio signal was observed in response to 
ER Ca2+ depletion independent of the FPs, and hence the position 
of cysteines, within the different sensors (Supplemental Figure S4, 
F and J). In line with these findings, the CFP/YFP and the red-
shifted ER ATP sensors that contain the ATP-insensitive R122K, 
R126K mutated ε-subunit did not respond with an increase of the 
FRET ratio signal upon ER Ca2+ depletion (Supplemental Figure 
S4, F and J). These observations indicate that exclusively changes 
in the level of ATP and not a reductive shift of the ER redox account 
for the Ca2+-coupled signal and point to the redox insensitivity of 
the ER-targeted ATP probes. Addition of the reducing agent di-
thiothreitol in permeabilized (Supplemental Figure S4K) and intact 
cells (Supplemental Figure S4L) minimally affected fluorescence 
signals of ERAT4.01 in the absence and presence of MgATP, which 
further confirms the redox stability of the genetically encoded ATP 
probe and excludes the possibility that a Ca2+-coupled reductive 
shift of the ER redox affects the ERAT4.01 FRET signal in intact cells 
in response to Ca2+ depletion.

[ATP]ER is determined by ER Ca2+ content in an inverse 
manner independent of [Ca2+]cyto and [Ca2+]mito
Ca2+ mobilization from the ER induces an increase of the cytosolic 
([Ca2+]cyto) and mitochondrial Ca2+ concentrations ([Ca2+]mito), which 
facilitate ATP biosynthesis primarily by stimulating mitochondrial 
enzymes (Denton, 2009; Nakano et al., 2011). So far our data are 
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Ca2+-regulated ER ATP increase is highly sensitive to cellular 
growth and energy status and requires AMPK activity
To correlate the Ca2+-coupled ER ATP elevation with the metabolic 
status of the cell, we investigated ER ATP signals under different 
rates of cell growth and substrate availability. For this purpose, we 
compared ER Ca2+ and ATP signals (Figure 7A) of freshly split HeLa 
cells (20 h before experiments [20hSC]) with those of HeLa cells 
that had been split 72 h before experiments (72hSC). The cell 
growth rate was clearly higher in 20hSC than in 72hSC (Supple-
mental Figure S7, A–C). The higher growth rate of the 20hSC cor-
relates with a higher metabolic rate in these cells (Supplemental 
Figure S7D). The ER ATP increase in response to ionomycin was 
considerably larger in 20hSC than in 72hSC (Figure 7A, top), 
whereas the respective [Ca2+]ER depletion, which was identified as 
the main cause of ER ATP increases, did not differ between the two 
groups (Figure 7A, bottom). These observations show that in re-
sponse to ER Ca2+ mobilization more ATP is available within the 
lumen of this organelle in constantly dividing cancerous cells with 
a high metabolic rate.

To further investigate correlations between the metabolic rate 
and Ca2+-controlled ER ATP fluxes, we examined [ATP]ER under con-
ditions of energy stress, which was induced by glucose removal from 
the cell storage medium. When glucose was removed, the ATP el-
evation in the ER upon [Ca2+]ER depletion was immediately abol-
ished (within 4 min; Figure 7B), whereas readdition of glucose for 
4 min to the medium almost completely restored the signal (Supple-
mental Figure S7E). This indicates a strong dependence of the Ca2+-
controlled ER ATP increase on glucose availability. Of interest, under 
long-term glucose starvation (2–8 h), the [ATP]ER increase in re-
sponse to [Ca2+]ER depletion was again observed in both 72hSC 
(Figure 7C) and 20hSC (Figure 7D), whereas there was still a signifi-
cant difference in the Ca2+-controlled ER ATP signals of glucose-
starved and control cells. The respective [Ca2+]ER depletion was not 
altered by glucose starvation in the two cell groups (Supplemental 
Figure S7, F and G). Plotting the Ca2+-coupled ER ATP increase over 
time showed that the ER ATP signal was initially strongly reduced 
but recovered after 4 h (Figure 7E). However, the global cellular ATP 
content was not significantly affected by glucose starvation during 
this time (Supplemental Figure S7H). These findings point to com-
pensatory mechanisms that specifically maintain Ca2+-coupled ER 
ATP fluxes under conditions of energy stress. Our data demonstrate 
that glucose-deprived HeLa cells have a much higher rate of oxygen 
consumption (Supplemental Figure S7I), reflecting enhanced 
OXPHOS to compensate for a halt in anaerobic glycolysis. In line 
with these findings, the restored Ca2+-coupled ER ATP signal in 
glucose-starved HeLa cells was abolished by inhibition of mitochon-
drial ATP synthase (Figure 7F), whereas the respective signal in the 
presence of glucose was only partially reduced by OXPHOS inhibi-
tion (Supplemental Figure S6B).

Cells—particularly cancer cells—have sophisticated mechanisms 
to cope with energy stress (Mathupala et al., 2010; Liang and Mills, 
2013). AMPK is a central stress sensor that regulates cellular ATP 
homeostasis (Hardie et al., 2012). To determine whether this kinase 
controls the Ca2+-coupled ER ATP increase, we measured ER ATP 
signals in cells treated with small interfering RNA (siRNA) targeting 
AMPK. The siRNA-based approach effectively lowered AMPK ex-
pression levels in HeLa cells (Supplemental Figure S7J). AMPK-
knockdown cells showed reduced ER ATP signals in response to 
ionomycin (Figure 7, G and H), whereas the respective ER Ca2+ re-
lease was not affected (Supplemental Figure S7, K and L). Of note, 
the reducing effect of AMPK knockdown on the ionomycin-triggered 
[ATP]ER elevation was observed in both cells maintained in high 

FIGURE 5:  ER Ca2+ content controls [ATP]ER in an inverse manner 
independent of [Ca2+]cyto and [Ca2+]mito. (A) Average normalized mean 
ratio signal of [Ca2+]cyto ± SEM over time (left), mean ERAT4.01 signal 
(middle), and [Ca2+]ER (right) in INS-1 832/13 cells that were treated 
with 130 mM K+ (n = 21). (B) Ca2+ was mobilized in HeLa cells by 
100 μM histamine in the presence of 2 mM extracellular Ca2+ (blue 
curve) and propagated in the absence of Ca2+ in the medium as 
indicated. Curves show representative responses in [Ca2+]ER (green), 
[ATP]ER (red), and [Ca2+]cyto (blue) of HeLa cells expressing D1ER, 
ERAT4.01, or the cytosolic Cameleon, respectively. Right, relative 
[ATP]ER increase in presence of Ca2+ (white column, n = 13) or its 
absence (red column, n = 13). *p < 0.05 vs. ERAT4.01 signal measured 
in the presence of extracellular Ca2+. (C) Average signals ± SEM over 
time of [ATP]mito (magenta dotted curve, n = 25) and [ATP]ER (red 
curve n = 21) in INS-1 832/13 cells upon SOCE. Cells expressed either 
the mitochondria-targeted ATP probe mtAT1.03 or the ER-targeted 
ER ATP sensor ERAT4.01. (D) ER Ca2+ refilling upon SOCE measured 
in INS-1 832/13 cells expressing D1ER (n = 6).
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DISCUSSION
The genetically encoded fluorescent ER ATP 
sensor presented here is a novel tool for 
monitoring [ATP]ER in living cells with high 
temporal and spatial resolution. Based on 
this exceptional advantage compared with 
existing methods to assess ATP, application 
of this tool proved for the first time the exis-
tence of tightly regulated ATP dynamics 
within the ER. It unveiled a Ca2+-controlled 
ER ATP signal, which raises several stimulat-
ing questions and novel hypotheses regard-
ing the role of ATP in this organelle.

Many studies proved that the ER needs 
to be supplied with energy in order to per-
form a number of vital functions. Although 
many reports suggest a transfer of energy in 
the form of ATP into the ER (Clairmont et al., 
1992; Hirschberg et  al., 1998; Szabadkai 
et  al., 2006; Kornmann and Walter, 2010; 
Elbaz and Schuldiner, 2011), the experimen-
tal proof is limited, mainly due to the lack of 
sophisticated methods to measure ATP 
within organelles. Attempts have been 
made to estimate changes of ATP levels 
within the ER in living cells by using ER-tar-
geted firefly luciferase (Dorner and Kauf-
man, 1994). However, this approach does 
not allow visualization of organelle ATP dy-
namics in a reversible manner on the single-
cell level. Although Willemse et  al. (2007) 
published a cautionary note regarding the 
interference of ATP with fluorescent pro-
teins, Imamura et  al. (2009) developed an 
efficient CFP-YFP FRET-based ATP sensor 
capable of detecting ATP in living cells with 
high spatiotemporal resolution. We modi-
fied and targeted this kind of genetically 
encoded ATP sensor to measure ATP dy-
namics within the ER. By using pharmaco-
logical tools that deplete the cellular ATP 
content, we showed that the ER-targeted 
ATP probe senses ATP within the lumen of 
the ER in a ratiometric (Supplemental Figure 
S2A) and reversible manner (Figure 2, A and 
B) in real time (Figure 2). The correlation be-
tween ATP dynamics in the ER with that of 
mitochondria shows that [ATP]ER changes 
lag only slightly behind changes of mito-
chondrial ATP levels (Figure 2, E and G), in-
dicating regulated coupling of the two or-
ganelles in terms of ATP transfer. Because 
cytosolic ATP changes did not correlate with 
that of the ER (Supplemental Figure S2, 
B–E), this points to a spatial association be-
tween the organelles’ ATP pools and con-
firms the concept of a bioenergetic coupling 
of these organelles (Bravo et al., 2011; Calì 

et al., 2013). An analogous functional and spatial coupling was re-
ported for the transfer of lipids (Kornmann and Walter, 2010), chap-
erones (Sun et al., 2006), and Ca2+ signaling between the ER and 
mitochondria (Szabadkai et al., 2006; Graier et al., 2007), which is 

glucose–containing medium (Figure 7G) and glucose-starved cells 
(Figure 7H). These findings suggest that AMPK activity is generally 
fundamental for ER ATP transfer upon [Ca2+]ER mobilization in HeLa 
cells.

FIGURE 6:  The Ca2+-coupled ER ATP signal requires transfer of ATP across the ER membrane. 
(A) Individual responses of HeLa cells expressing the ER-targeted ATP sensor ERAT4.01 (top) or 
the ER Ca2+ probe D1ER (bottom) in response to treatment with 100 μM histamine in the 
absence of Ca2+. Cells were pretreated with either 2 μM oligomycin A (red dotted curve; n = 24 
for [ATP]ER; n = 30 for [Ca2+]ER) or 10 mM 2-DG (blue dotted curve; n = 22 for [ATP]ER; n = 26 for 
[Ca2+]ER), and control cells were untreated (black curve; n = 18 for [ATP]ER; n = 30 for [Ca2+]ER). 
As indicated, 2 mM Ca2+ was readded upon washout of the IP3-generating agonists. Curves 
represent normalized mean ratio ± SEM over time. (B) Increase in [ATP]ER in control HeLa cells 
(white) and HeLa cells treated with either 2 μM oligomycin A (red) or 2-DG (blue) before Ca2+ 
mobilization by 100 μM histamine (as shown in A). *p < 0.05 vs. controls. (C) Individual responses 
of INS-1 832/13 cells expressing the ER-targeted ATP sensor ERAT4.01 (top) or the ER Ca2+ 
probe D1ER (bottom) in response to cell treatment with 100 μM carbachol in the absence of 
Ca2+. Cells were pretreated with 2 μM oligomycin A (red dotted curves; n = 63 for [ATP]ER; 
n = 13 for [Ca2+]ER), and control cells were untreated (black curves; n = 64 for [ATP]ER; n = 19 for 
[Ca2+]ER). As indicated, 2 mM Ca2+ was readded upon washout of the IP3-generating agonists. 
Curves represent normalized mean ratio ± SEM over time. (D) Increase in [ATP]ER in cells treated 
with 2 μM oligomycin A (red) as compared with untreated controls (white). Ca2+ was mobilized 
by 100 μM carbachol (see C). *p < 0.05 vs. respective controls.
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accomplished by physical tethering of the 
organelles (de Brito and Scorrano, 2008; 
Merkwirth and Langer, 2008).

The central finding of this work is that the 
ER Ca2+ concentration is a major regulator 
of ATP elevation in the ER, once Ca2+ falls 
below a certain threshold in the organelle 
(Figure 3E). ATP forms stable complexes 
with both Ca2+ and Mg2+ ions, whereas in 
living cells MgATP is the predominant form. 
Of interest, our experiments demonstrate 
that the genetically encoded ATP probe de-
tects MgATP exclusively (Figure 4H). Be-
cause both Ca2+ and Mg2+ concentrations 
within the ER are in the high micromolar to 
millimolar range (Miyawaki et  al., 1997; 
Mooren et  al., 2001), CaATP and MgATP 
complexes might coexist within the organ-
elle. Considering a rather constant Mg2+ 
concentration within the ER and the higher 
affinity of Mg2+ to form the MgATP com-
plex, a transformation of CaATP into MgATP 
can only partially account for the increase of 
the ERAT4.01 FRET signal we observed in 
intact cells upon ER Ca2+ depletion. How-
ever, in pancreatic acinar cells, ER-depen-
dent Mg2+ and Ca2+ movements were shown 
in response to cholecystokinin (Mooren 
et al., 2001), indicating that the formation of 
MgATP within the ER upon Ca2+ mobiliza-
tion might occur. Nevertheless, we found 
several conditions in which the ER Ca2+ de-
pletion was identical despite a significant 
effect on the ER ATP increase (Figures 6 and 
7, C, D, G, and H, and Supplemental Figure 
S7, F, G, and K). This argues against the pos-
sibility that MgATP increases within the ER 
by Ca2+-dependent Mg2+ entry into the or-
ganelle in the cell types used. Because we 
proved that the fluorescence properties of 
the ATP probe are Ca2+ and redox insensi-
tive (Figure 4 and Supplemental Figure S4), 
neither ER Ca2+ fluctuations nor changes in 
the ER thiol redox directly account for the 
FRET signal observed. Although the actual 
physiological meaning of the Ca2+-coupled 
ER ATP elevation awaits to be explored in 
detail, the inverse correlation between 

FIGURE 7:  The Ca2+-coupled ER ATP transport machinery is highly sensitive to the cellular 
growth and energy status and requires AMPK activity. (A) Normalized average ratio signals ± 
SEM of [ATP]ER (top) and [Ca2+]ER (bottom) over time in response to 2 μM ionomycin in Ca2+-free 
medium of HeLa cells that were split 20 h (20hSC; black curves; n = 26 for [ATP]ER; n = 18 for 
[Ca2+]ER) or 72 h before measurement (72hSC; green dotted curve; n = 32 for [ATP]ER; n = 21 for 
[Ca2+]ER). *p < 0.05 vs. controls. Right, relative changes of [ATP]ER (top) and [Ca2+]ER (bottom) 
deduced from the signals presented. *p < 0.05 vs. 72hSC. (B) Normalized ERAT4.01 FRET 
signals in HeLa cells that were constantly perfused with medium containing 10 mM glucose 
(black curve and corresponding white column, n = 13) or when glucose was removed for 4 min 
(orange curve, orange column, n = 9) before cell treatment with 2 μM ionomycin. *p < 0.05 vs. 
without glucose. (C) ERAT4.01 mean normalized ratios ± SEM of 72hSC upon treatment with 
2 μM ionomycin in Ca2+-free medium. Cells were preincubated in loading buffer with 10 mM 
glucose (black curve, n = 32) or without glucose (blue dotted curve, n = 32) for 2–8 h before 
experiments. *p < 0.05 vs. without glucose. (D) ERAT4.01 mean normalized ratio signals ± SEM 
of 20hSC upon treatment with 2 μM ionomycin in Ca2+-free bathing medium. Cells were 
preincubated in loading buffer with 10 mM (green dotted curve, n = 26) or without glucose 
(purple dotted curve, n = 38) for 2–8 h before experiments. *p < 0.05 vs. without glucose. 
(E) Time course demonstrating the effect of glucose starvation on the ER Ca2+-coupled ER ATP 
signal in response to 2 μM ionomycin using HeLa cells (n = 3–38). Respective signals were 
normalized to the average maximal delta ERAT4.01 ratio signal of cells that were kept in 10 mM 
glucose. (F) Normalized mean ERAT4.01 ratios ± SEM over time of HeLa cells that were kept in 
glucose-free medium for 5 h. Control cells (black curve, n = 14) and cells that were pretreated 
with 2 μM oligomycin A for 20 min (red curve, n = 26) were stimulated with 2 μM ionomycin in 

Ca2+- and glucose-free buffer. *p < 0.05 vs. 
control. (G) Average normalized ERAT4.01 
signals ± SEM over time in control (black 
curve, n = 30) and HeLa cells treated with 
siRNA against AMPKα/β (red curve, n = 36) in 
response to 2 μM ionomycin in Ca2+-free 
medium. Cells were kept in buffer containing 
10 mM glucose. *p < 0.05 vs. control. 
(H) Experiments as in G, for cells kept in 
glucose-free medium for 2–8 h. Control cells 
(black curves, n = 42); siAMPKα/β-treated 
cells (red curve, n = 27). *p < 0.05 vs. control.
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dynamics might have multiple implications in cell physiology and 
disease.

MATERIALS AND METHODS
Construction of ER-targeted ATP probes
To engineer ERAT4.01, the ATP-binding box (i.e., ε-subunit) of the 
F0F1-ATP synthase of B. subtilis was amplified from AT1.03 (Imamura 
et al., 2009), including restriction sites for SphI and SacI by PCR. 
Subsequently, the D1 domain (design1 of calmodulin and M13 se-
quence) of the ER-targeted Ca2+ probe D1ER (Palmer et al., 2004) 
was exchanged for the ATP-binding box using the restriction en-
zymes SphI and SacI in the pUC19(+) cloning vector and the com-
plete ER-targeted ATP sensor transferred into the pcDNA3.1(+) ex-
pression vector via the restriction sites of HindIII and EcoRI. In 
analogy, the ER-targeted ATeams ERAT3.01N7Q and ERAT3.01N7Q, 

R122K, R126K and the respective red-shifted ATP probes ERGRAT, ER-
GRATN7Q, and ERGRATN7Q, R122K, R126K containing TagRFP on the N-
terminus and EGFP on the C-terminus were constructed. For details 
see Supplemental Figure S4.

Cell culture and transfection
Human umbilical vein endothelial cells (EA.hy926), HeLa cells, and 
HEK-293 cells were grown in DMEM supplemented with 10% fetal 
calf serum (FCS). The rat pancreatic insulinoma cell line (INS-1 
832/13) was cultured in RPMI 1640 medium containing 10% FCS. All 
cells were kept at 37°C in 5% CO2. Cells were transfected with re-
spective constructs after reaching 50% confluence using the Trans-
Fast transfection reagent from Promega (Madison, WI) as described 
previously (Waldeck-Weiermair et al., 2012). Cells were transiently 
transfected with the FRET-based mitochondrial or cytosolic ATP 
sensor mitAT1.03 or AT1.03 (Imamura et al., 2009) or the ER Ca2+ 
sensor D1ER (Palmer et al., 2004). Standard AMPKα/β siRNA was 
obtained from Santa Cruz Biotechnology (Dallas, TX).

ATP and Ca2+ measurements using genetically encoded 
sensors
Cells transfected with the respective FRET-based sensors were 
grown on 30-mm glass coverslips. Before experiments, cells were 
kept in a loading buffer containing (in mM) 135 NaCl, 5 KCl, 2 CaCl2, 
1 MgCl2, 20 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 
(HEPES), 2.6 NaHCO3, 0.44 KH2PO4, 0.34 Na2HPO4, and 10 d-glu-
cose with 0.1% vitamins, 0.2% essential amino acids, and 1% peni-
cillin/streptomycin for 2–8 h at room temperature. Glucose starva-
tion was induced by incubating cells with loading buffer without 
glucose. Coverslips were subsequently put into a perfusion cham-
ber and imaged using an AxioVert inverted microscope (Zeiss, Vi-
enna, Austria) with a 40× oil immersion objective. The Ca2+ sensors 
(Cameleons) and ERAT4.01 were excited at 440 ± 10 nm, and emis-
sion was recorded at 480 and 530 nm using a beam splitter or a 
motorized filter wheel as described previously (Waldeck-Weiermair 
et al., 2012). Red-shifted, ER-targeted ATP probes (Supplemental 
Figure S4) were excited at 477 nm, and emission was collected at 
510 and 590 nm using a motorized filter wheel. Cell permeabiliza-
tion was obtained using a mixture of 10 μM digitonin and 2 μM 
ionomycin in a buffer containing 130 mM KCl, 10 mM HEPES, pH 
7.2 (KOH), with or without 2 mM Ca2+ (CaCl2) and with or without 
1–10 mM MgATP or 10 mM CaATP.

Characterization of the ATP probe in vitro
The fluorescence spectra of purified AT1.03 in the absence and 
presence of 100, 200, 300, 400, and 500 μM Ca2+ were measured 
using a buffer containing 50 mM 3-(N-morpholino)propanesulfonic 

[Ca2+]ER and [ATP]ER suggests an increased demand of energy in the 
lumen of the organelle in order to cope with Ca2+-related stress un-
der conditions of cell stimulation. Considering that both [Ca2+]ER 
and [ATP]ER are major regulators of protein folding within the ER 
(Braakman and Bulleid, 2011), the inverse correlation of these fac-
tors might be essential to sustain the vital functions of the organelle. 
Moreover, our data further show that [ATP]ER is highly dependent on 
glycolysis or OXPHOS, as inhibition of these metabolic processes 
reduces both basal ER ATP levels (Figure 2) and Ca2+-coupled in-
crease of ATP within the lumen of the ER (Figure 6). These findings 
are in line with several reports demonstrating that inhibition of ATP-
generating processes severely impairs ER function (Harding et al., 
2002; Schröder and Kaufman, 2005; Yu and Kim, 2010).

Although Ca2+ is known to enhance OXPHOS and, hence, mito-
chondrial ATP generation (Jouaville et  al., 1999; Denton, 2009; 
Nakano et al., 2011), our data reveal that the increase in [ATP]ER 
upon ER Ca2+ release is not evoked by Ca2+-stimulated ATP synthe-
sis, but instead [Ca2+]ER is the main determinant of the process 
(Figure 5 and Supplemental Figure S5). Accordingly, it is tempting to 
speculate about the existence of a putative ER ATP translocase, 
which is activated once Ca2+ falls below a certain threshold within 
the ER. Bioinformatics search tools such as National Center for Bio-
technology Information BLAST (Altschul et  al., 1990), Target P 
(Emanuelsson et  al., 2007), PROSITE (Sigrist et  al., 2002), and 
TMHMM (Krogh et al., 2001) indeed predict the existence of several 
ANT-like proteins with Ca2+-binding domains (e.g., EF hands; un-
published data). Although it still needs to be verified experimentally 
whether such proteins catalyze the transfer of ATP into the ER in a 
Ca2+-dependent manner, an in silico approach was successfully used 
to identify the ER-ANT1 in A. thaliana (Leroch et al., 2008). Our data 
show that the genetically encoded ER ATP sensor is a suitable novel 
tool to characterize ER ATP dynamics in vivo, which also offers the 
possibility to identify the elusive ER ATP transporter(s) in future.

Our data show that a change of the metabolic rate by whatever 
means (e.g., glucose deprivation; Figure 7, B–H) and differential rate 
of proliferation (Figure 7A) affects the Ca2+-coupled ER ATP increase, 
indicating that the process is tightly regulated and linked to ATP-
generating processes. Of interest, glucose deprivation initially 
strongly inhibited the ER ATP signal in response to ER Ca2+ deple-
tion, but after ∼4 h the signal was almost completely restored (Figure 
7E) by enhanced activity of mitochondrial OXPHOS (Supplemental 
Figure S7I). These findings suggest compensatory mechanisms that 
regulate and reestablish the process during energy stress and point 
to adaptability of the Ca2+-coupled ER ATP regulation. Our data 
show that AMPK regulates the Ca2+-coupled ATP increase under 
different conditions, suggesting that this energy stress sensor is a 
strong regulator of ER ATP homeostasis. AMPK serves as an energy 
stress sensor that is able to restore and maintain ATP levels by stimu-
lating both glycolysis and OXPHOS while inhibiting ATP-consuming 
processes (Shaw, 2006; Hardie et al., 2012; Kottakis and Bardeesy, 
2012). Hence the clear dependence of Ca2+-coupled ER ATP regula-
tion on AMPK activity reported here (Figure 7, G and H) might indi-
cate that this process is particularly important to balance stress re-
sponses. Although the role of [ATP]ER in modulating ER stress 
responses is not clear, AMPK activation might counteract ER stress–
induced cell damage by controlling ER ATP levels.

In summary, with the design and use of an ER-targeted, ge-
netically encoded ATP sensor, we revealed the existence of an 
abundant [Ca2+]ER-regulated ER ATP increase. Furthermore, the 
Ca2+-coupled ER ATP signal was tightly linked to ATP generation, 
and AMPK was found to be an important regulator of this pro-
cess. Understanding such mechanistic specifics of organelle ATP 
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acid–KOH (pH 7.3), 50 mM KCl, 0.5 mM, MgCl2, and 0.05% Triton 
X-100 at 37°C with a FP-6500 spectrofluorometer (Jasco, Tokyo, Ja-
pan) as previously described (Imamura et  al., 2009). Equimolar 
amounts of MgCl2 were added to obtain MgATP complex.

Confocal imaging
High-resolution images for localizing ERAT 4.01 were acquired by 
array confocal laser scanning microscopy. The array confocal laser 
scanning microscope was built on an inverse, fully automatic micro-
scope (Axio Observer.Z1; Zeiss, Göttingen, Germany) equipped 
with a 100× oil immersion objective (Plan-Fluor ×100/1.45 oil; Zeiss), 
a Nipkow-based confocal scanner unit (CSU-X1; Yokogawa, Tokyo, 
Japan), a motorized filter wheel (CSUX1FW; Yokogawa) on the emis-
sion side, and an acousto-optical tunable filter–based laser merge 
module for laser lines 405, 445, 473, 488, 515, and 561 nm (Visitron 
Systems, Puchheim, Germany). ERAT4.01 was excited at 445 nm; ER 
RFP was excited at 561 nm. Emission was acquired with a charge-
coupled device camera (CoolSNAP-HQ; Photometrics, Tucson, AZ). 
All devices were controlled by VisiView Premier acquisition software 
(Visitron Systems).

Measurement of cellular oxygen consumption and 
extracellular acidification rate
HeLa cells were plated in XF96 polystyrene cell culture microplates 
(Seahorse Bioscience, North Billerica, MA) at a density of 
40,000 cells/well. After overnight incubation, cells were preincu-
bated for 3 h at 37°C in physiological buffer containing glucose 
and compounds as specified. Before starting the experiment, cells 
were changed to unbuffered XF assay medium (Seahorse Biosci-
ence) supplemented with 1 mM sodium pyruvate and either 10 mM 
or no glucose, as indicated.

Measurement of cellular ATP content using 
high-performance liquid chromatography
Separation of adenine nucleotides was performed on a Hypersil 
ODS column (5 μm, 250 × 4 mm inner diameter), using a L2200 au-
tosampler, two l-2130 HTA pumps, and a L2450 diode array detec-
tor as described recently (Khan et al., 2012).

Quantification of cell proliferation
Cell proliferation rate was determined by real-time phase contrast 
microscopy, using a Cell-IQ device (Chipman Technology, Tampere, 
Finland) as described (Toimela et al., 2008). Images were acquired at 
randomly selected areas of the wells. Confluency and cell number 
was quantified using Cell-IQ Analyser software.

Statistical analysis
Data shown represent mean ± SEM, where n is the number of single 
cells of three or more independent experiments or just the number 
of individual experiments. Statistical analyses were performed with 
unpaired Student’s t test, and p < 0.05 was considered to be 
significant.
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