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SUMMARY

The selective manipulation of single intracellular-
signaling events remains one of the key tasks when
studying signaling networks. Here, we demonstrate
for the first time the stimulation of FKBP fusions of
various subunits of heterotrimeric G proteins by the
simple addition of the chemical dimerizer rapamycin.
Activation of constitutively active Gaq, but not its
GDP-bound form, leads to sustained oscillations of
intracellular calcium andmyo-inositol 1,4,5-trisphos-
phate (InsP3) levels in HEK cells, independent of the
activation of endogenous Gaq, in full agreement
with the InsP3-Ca

2+ cross-coupling model of calcium
oscillations. Rapamycin-induced translocation of
wild-type Gas to the plasma membrane results in
elevated cAMP levels. Activation of rapamycin-
inducible Gas or Gb1g2 evokes extensive modulation
of ATP-induced calcium transients. The results
demonstrate that inducible heterotrimeric G protein
subunits will provide ways for dissecting G protein-
coupled receptor signaling.

INTRODUCTION

For the understanding of intracellular signaling networks, it is

mandatory to dissect single signaling components not only bio-

chemically in artificial systems but also in the living cell. Although

overexpression of genes or the use of siRNAs might be suitable

for elevating or reducing the level of almost any protein of the

genome, their application is comparably slow, and the outcome

may be obscured by compensatory mechanisms. Small mole-

cules act usually much faster in this respect. However, most

pharmacological approaches will target receptors, thereby acti-

vating or inhibiting entire signaling modules. On the other hand,

inhibitors acting downstream of the receptor level will usually

block only a single branch of the signaling network, leaving the

rest of the network intact with all its complexity. In contrast

the use of specific activators appears to be a promising way of

dissecting signaling networks. Naturally, specific activators are

hard to come by, although membrane-permeant derivatives of

intracellular messengers (Subramanian et al., 2010; Laketa

et al., 2009; Schultz et al., 1993) and natural compounds such

as forskolin fall into this category. Furthermore, analog-sensitive

kinase alleles hold great promise for dissecting kinome networks
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(Shokat and Velleca, 2002). Other alternatives are switchable

proteins, preferentially those switched by light (Karginov et al.,

2010; Janovjak et al., 2010; Wu et al., 2009). Although there

are a few prominent examples for the latter, their preparation

and use are still in their infancy. More accessible are enzyme

constructs that are switchable by changing their location (Suh

et al., 2006; Varnai et al., 2006; Szentpetery et al., 2010; Fili

et al., 2006; Inoue et al., 2005). This is achieved by fusing the

binding domain of a chemical dimerizer such as rapamycin to

the protein of interest and locating the orthogonal rapamycin-

binding domain to the region where enzyme activity is transfer-

able to the effector molecules. This strategy has been very

successfully applied to lipid phosphatases and kinases that will

find their substrate only at the plasma membrane (Suh et al.,

2006; Varnai et al., 2006). In general a constitutively active

form is expressed in the cytoplasm as a fusion to FKBP, whereas

the partner domain (FRB) is equipped with a targeting sequence

that ensures lipidation. Other examples include manipulation of

phosphoinositide levels in Golgi membranes (Szentpetery

et al., 2010) and early endosomes (Fili et al., 2006), translocation

of small GTPases such as RhoA or Cdc42 (Inoue et al., 2005), or

receptor occupancy-independent activation of b-arrestins (Terri-

llon and Bouvier, 2004).

Here, for the first time we expand this technique to heterotri-

meric G protein subunits. Receptor activation usually triggers

several different signaling entities simultaneously (Figure 1A),

typically more than one of the Ga forms (Gaq, Gas, Ga12/13,

and Gai) and, invariably, the Gbg heterodimers (Wettschureck

and Offermanns, 2005). So far, it is difficult to determine the con-

tribution of each of these components to the signaling network.

With the help of the rapamycin-induced specific activation of

single G protein isoforms (Figure 1B), the effect of each of

them could be studied separately, independently of other iso-

forms, Gbg dimer activity, and modulation on the receptor level.

As an example, the anticipated mechanism of action of the

inducible Gaq is depicted in Figure 1C. We chose to assess the

effect of the designed constructs by monitoring the levels of

secondary messengers: intracellular calcium ([Ca2+]i, monitored

by the fluorescent indicator Fluo-4) and cyclic AMP (cAMP,

monitored by an Epac-based FRET sensor developed in the

lab of K. Jalink; Ponsioen et al. [2004]).
RESULTS AND DISCUSSION

Design of the Inducible Constructs
We prepared mRFP-FKBP fusion constructs for human Gaq with

various linkers between FKBP and the Ga protein (see Table S1
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Figure 1. Rapamycin-Inducible Heterotrimeric G Proteins

(A) Ligand binding to G protein-coupled receptors (GPCR) simultaneously activates heterotrimeric G proteins: Ga subunits and the Gbg heterodimer.

(B) To independently activate each of the G proteins in the absence of receptor activation, cytoplasmic fusion proteins are translocated to the plasma membrane

by addition of rapamycin.

(C) Translocation of a GTPase-deficient mutant of Gaq activates PLCb to generate InsP3 and diacylglycerol (DAG) from PtdInsP2. InsP3 induces calcium release

from internal stores. ER, endoplasmic reticulum.

See also Figure S1.
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available online) in which the innate palmitoylation residues

C9 and C10 of Gaq were replaced by serines to prevent interac-

tion with the plasma membrane and, hence, with the target

phospholipase Cb (PLCb). Interestingly, only the construct with

a lysine-rich linker was ultimately successful in elevating

[Ca2+]i. However, an analogous construct design was applied

to Gas without an N-terminal Cys to Ser mutation in the Gas
portion. For both Ga isoforms two variants of the FKBP fusions

were created: a wild-type (WT); and a constitutively active,

GTPase-deficient mutant (Waldo et al., 2010). Activity was

induced by artificially targeting the G protein fusions to the

rapamycin-binding FRB domain located at the plasma mem-

brane. The FRB domain was equipped with an Lck N-terminal

palmitoylation sequence for plasma membrane targeting and

was additionally tagged with ECFP or its nonfluorescent mutant

ECFP W66A. These constructs permitted plasma membrane

translocation of the FKBP fusions within 10–30 s after addition

of rapamycin (Figures S1A, S1B, and S2). Half-maximal translo-

cation times of various Gaq constructs with different linkers or

mutations were consistently between 17 and 20 s, when

200 nM rapamycin was applied (Figure S2). It should be noted

that these times include all diffusion phenomena involved in

the stimulation procedure, whereas the separation of Gaq and

Gbg dimers was recently reported to happen in less than 1 s

(Adjobo-Hermans et al., 2011).

Additional constructs were coexpressed if necessary (FRET

sensors, ECFP- or EGFP-Gb1 in experiments involving inducible

Gg2). In the inducible Gg2 construct (Gg2-FKBP-mRFP), the

lysine-rich linker was included, and the CAAX box of Gg2 was

removed. It is worth noting that rapamycin-induced plasma

membrane translocation of FKBP fusion of Gg2 caused cotrans-

location of Gb1 (Figure S1C).
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Inducible Gaq

Stimulation of HEK cells with ATP, a purinergic receptor agonist,

resulted in a typical short calcium transient in a few cells followed

by some sparse, additional transients (Figure 2A). Activation of

constitutively active Gaq by 200 nM rapamycin induced a series

of calcium spikes (Figure 2A), whereas treatment of the cells with

DMSO or translocation of WT Gaq had no effect on [Ca2+]i (data

not shown). Moreover, plasma membrane translocation of

GTPase-deficient Gaq constructs carrying additional mutations

H218A or L254A that abolished the interaction of Gaq with

PLCb (Waldo et al., 2010) did not induce calcium oscillations

(data not shown). This observation demonstrates the critical

role of PLCb in the generation of inducible Gaq-evoked calcium

transients. Potentially due to a lack in modulation by receptor

desensitization and the lack of reassociation with Gbg of the

GTPase-deficient Gaq mutant, the calcium oscillations main-

tained their shape for extended periods of time (Figure 2B).

Surprisingly, each cell showed a characteristic frequency as

well as amplitude in its oscillatory behavior. The statistical anal-

ysis of peak frequencies, amplitudes, and peak durations is

shown in Figure S3. None of the mentioned parameters of the

induced calcium oscillations (i.e., frequency, amplitude, and

peak duration) correlated with each other (data not shown).

There was also a lack of correlation between any of the oscilla-

tion parameters and the initial cytoplasmic abundance of the

FKBP fusion (before addition of rapamycin) or the loss of cyto-

plasmic FKBP fusion upon stimulation with the dimerizer (data

not shown). This indicates that oscillation frequency and ampli-

tude are governed by intrinsic cellular parameters rather than

the exogenous manipulation. Median amplitude of calcium

spikes after activation of the inducible Gaq is less than half of

the one elicited by ATP (via endogenous P2Y receptors) when
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Figure 2. ATP-Evoked Calcium Transients and Calcium Oscillations Triggered by Inducible Gaq in HEK Cells

(A) Typical calcium traces upon stimulation with 100 mM ATP.

(B) Typical inducible Gaq-evoked sustained calcium oscillations recorded in three individual cells. Some cells exhibited oscillations with a less-regular profile

or produced only a single calcium transient.

(C) Calcium spiking continued after treating the cells with 100 mM ATP.

(D) Pretreatment with ATP did not affect calcium oscillations induced by rapamycin-dependent Gaq.

See also Figures S2–S6.
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averaged over more than 100 cells. Nevertheless, single-cell

responses are frequently in the same range as those evoked

by ATP.

The median onset of the response (defined as the time point

when Fluo-4 fluorescence intensity exceeded 53 SD of the

baseline) occurred 55 s after activation of the inducible Gaq
(n = 131 cells) and 30 s after application of 100 mM ATP (n =

112 cells) (data not shown).

The effect of rapamycin could not be terminated by washing

the cells, likely due to the high stability of the ternary FKBP-

FRB-rapamycin complex (Figure S4).

Addition of ATP either several minutes after Gaq activation

(Figure 2C) or before application of the drug (Figure 2D) did not

modulate the oscillatory behavior. Inducing the calcium oscilla-

tions in the presence of extracellular manganese ions (Mn2+)

demonstrated rapid quenching of the Fluo-4 emission, indicating

active calcium influx (store-operated calcium entry, SOCE)

(Figure S5) triggered by emptying of intracellular calcium stores

(Bird et al., 2008). To find out whether the calcium oscillations

translated into a larger set of oscillating-signaling elements, we

expressed MInsP-1, a FRET reporter that monitors myo-inositol

1,4,5-trisphosphate (InsP3) levels, similar to that published by

Sato et al. (2005). MInsP-1 showed a drop in FRET each time

a calcium transient occurred (Figures 3A and 3B), indicating
1128 Chemistry & Biology 18, 1126–1133, September 23, 2011 ª201
periodic modulation of PLC activity. With the same sensor we

demonstrated that resting InsP3 levels were not altered by

expression of inducible Gaq components (Figure S6), suggesting

that inducible Gaq does not exhibit basal activity before activa-

tion with rapamycin. It should be mentioned that the expression

of the InsP3 FRET sensor exhibited a buffering effect and re-

duced the number of cells showing rapamycin-induced calcium

oscillations (data not shown).

PLC-activated hydrolysis of PIP2 should lead to stimulation of

protein kinase C (PKC) through the combined action of diacylgly-

cerol and calcium (Newton, 2010). Therefore, we employed the

plasma membrane-associated PKC-sensitive FRET reporter

pmCKAR (Violin et al., 2003). Induction of Gaq produced distinct

oscillations of PKC activity in individual cells (Figure 3C).

Validation of the InsP3-Ca2+ Cross-Coupling Model
The mechanism by which inducible Gaq-evoked calcium oscilla-

tions are best explained is the InsP3-Ca
2+ cross-coupling model

(Harootunian et al., 1991; Meyer and Stryer, 1991; Politi et al.,

2006) (see Figure 3D). The initial stimulation of PLCb by Gaq
induces the release of InsP3. The subsequently elevated Ca2+

levels are needed to elicit full PLC activity in a feed-forward

manner. The cycle is stopped when high [Ca2+]i blocks the

calcium-release function of the InsP3 receptor (InsP3R)
1 Elsevier Ltd All rights reserved



Figure 3. Effects of Inducible Gaq on Intracellular InsP3 Levels and PKC Activity

(A) Simultaneous measurement of InsP3 and calcium levels in the same cell revealed that every calcium spike was accompanied by an increase in cytosolic InsP3

levels.

(B) Inducible Gaq-evoked oscillations of InsP3 levels recorded in the absence of calcium indicator demonstrated that oscillations of MInsP-1 fluorescence

emission ratio shown in (A) were not an artifact of Fura red bleed through into the FRET channels. Traces have been arbitrarily offset for clarity.

(C) Oscillations of PKC activity evoked by inducible Gaq. Traces have been arbitrarily offset for clarity.

(D) Schematic representation of the InsP3-Ca
2+ cross-coupling model of calcium oscillations. For details, see main text.
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(Mikoshiba, 2007). Because Ca2+ efflux from internal stores

ceases and the latter become refilled, SOCE stops, and remain-

ing cytoplasmic Ca2+ is rapidly exported. The now reestablished

low [Ca2+]i leads to resensitization of the InsP3R, thereby setting

the stage for the next Ca2+ spike. We validated this model in

experiments involving nonreceptor-mediated elevation of

[Ca2+]i. When HEK cells were kept in nominally calcium-free

medium, addition of the sarco/endoplasmic reticulum Ca2+

ATPase (SERCA) inhibitor thapsigargin (Putney, 2001) induced

a transient calcium spike and a very weak and transient change

in InsP3 concentration (Figure 4A). When PLCb was activated by

Gaq prior to thapsigargin addition, an initial change in InsP3

levelswas observed in somecells, invariably followed by a strong

InsP3 transient after thapsigargin addition (Figure 4B). When

calcium was added back to the medium, a massive increase in

[Ca2+]i and constantly elevated InsP3 levels were observed (Fig-

ure 4B), explaining why calcium levels cannot oscillate after

addition of thapsigargin. Quantitative comparison of the control

cells and the cells expressing inducibleGaq revealed a significant

difference in MInsP-1 FRET change upon calcium readdition to

the thapsigargin-treated cells (Figure 4C). Control cells exhibited

a median YFP/CFP emission ratio decrease of 1.75% (n = 60),

whereas rapamycin-induced Gaq activity showed a median ratio
Chemistry & Biology 18, 1126–113
decrease of 3.4% (n = 78, see Figure 4C). These results demon-

strate that both Gaq and elevated [Ca2+]i are crucial for full

activation of PLC. Calcium itself is the major mediator of [Ca2+]i
oscillations because it governs its own release from internal

stores and determines the rate of production of its mobilizing

agent.

Inducible Gas

Next, we applied the chemical dimerizer approach to Gas, which

is known to directly activate adenylate cyclase, thereby pro-

ducing the second messenger cAMP from ATP (Sadana and

Dessauer, 2009). Although we utilized constructs with an intact

palmitoylation motif of Gas, the resulting fusion proteins ex-

hibited cytosolic localization. Surprisingly, expression of consti-

tutively activeGas resulted in permanently elevated cAMP levels,

as were measured with an Epac-based FRET sensor (Figure 5A).

However, when WT Gas fused to FKBP was expressed, addition

of rapamycin generated a strong and sustained increase of

cAMP levels (Figure 5A). We repeated this experiment with

constructs devoid of the innate lipidation site of the GTPase

and obtained analogous results (data not shown). We further

examined the cytosolic FKBP fusions of Gas in the absence of

coexpressed FRB domains or the simple mRFP-Gas constructs
3, September 23, 2011 ª2011 Elsevier Ltd All rights reserved 1129



Figure 4. Effects of Nonreceptor-Mediated Elevation of [Ca2+]i on

Cytoplasmic InsP3 Levels in HEK Cells

(A and B) Addition of thapsigargin to cells held in calcium-free medium caused

transient elevation of [Ca2+]i. Upon calcium readdition a massive increase of

cytosolic calcium levels was observed, followed by a prolonged period of

elevated [Ca2+]i (lower traces).

(A) In cells not expressing inducible Gaq, sparse increases of InsP3 concen-

tration occurred during the time span of elevated calcium levels (upper traces).

(B) Activation of rapamycin-dependent Gaq in calcium-free medium evoked

a single calcium spike in most of the cells (other cells did not respond at all) and

a corresponding brief InsP3 transient. Elevation of [Ca2+]i led to a pronounced

increase of InsP3 levels (upper traces) indicating that active Gaq and calcium

were both required for PLC activity. Presented calcium and InsP3 traces were

not recorded simultaneously. InsP3 traces have been offset for clarity. Shaded

boxes mark time frames before (R0) and after calcium readdition (R1) within

which MInsP-1 emission ratio was averaged for calculations depicted in (C).

(C) Difference in emission ratio change between control and Gaq-expressing

cells is highly significant (Mann-Whitney U test, U = 4003.0; ***p < 0.001, two-

tailed). Whiskers represent 10th and 90th percentile.

Chemistry & Biology

Inducible Heterotrimeric G Proteins

1130 Chemistry & Biology 18, 1126–1133, September 23, 2011 ª201
devoid of the lipidation site and found that the Q212L but not

the WT forms still led to constantly high cAMP levels and, hence,

exhibited basal activity (Figure S7). It appears that any constantly

active cytoplasmic fusion of Gas Q212L will be able to activate

adenylate cyclase in a kiss-and-run fashion, potentially due

to a high intrinsic affinity.

This novel method of activating intracellular cAMP production

complements the commonly used direct activation of adenylate

cyclase with forskolin (Ponsioen et al., 2004; Sadana and Dessa-

uer, 2009). Inducible Gas will lead to elevated cAMP levels only in

those cells expressing both protein components of the inducible

system, thus permitting the observation of activated versus

silent cells in one experiment. Importantly, contrary to the forsko-

lin approach, rapamycin-dependent Gas has a potential of being

applicable in vivo because cAMP levels could be selectively

elevated in a chosen organ or cell type (given tissue-specific

expression of all protein components of the inducible system).

Crosstalk of Calcium and cAMP Signaling
In order to make use of the rapamycin-inducible Ga protein con-

structs, we investigated the crosstalk of calcium- and cAMP-

mediated signaling by monitoring [Ca2+]i. In HEK cells, induction

of cAMP levels by rapamycin-dependent Gas in combination

with purinergic stimulation by ATP generated secondary calcium

transients independent of the order of stimuli (Figures 5B and

5C). It was previously suggested that increased cAMP levels

have a potentiating effect on calcium transients in HEK cells

(Schmidt et al., 2001). We find that in our experimental setup

calcium oscillations were induced via PKA and not by Epac,

another cAMP effector (Holz et al., 2008). This was demon-

strated by generating oscillations with the membrane-permeant

acetoxymethyl (AM) ester of the PKA-selective agonist 6-benzyl-

cAMP (6-Bz-cAMP/AM, see Figure S8A), whereas the Epac-

selective agonist 8-p-chlorophenylthio-20-O-methyl-cAMP/AM

(8-pCPT-20-O-Me-cAMP/AM) (Ponsioen et al., 2004; Holz

et al., 2008) had a negligible effect (Figure S8B). We chose to

test 2 mMconcentration of both cAMP analogs because applica-

tion of 2 mM 8-pCPT-20-O-Me-cAMP/AM resulted in saturation

of the Epac-based cAMP FRET sensor (Figure S9A), whereas

1 mM concentration of this compound elicited a submaximal

response (Figure S9B). A total of 2 mM 6-Bz-cAMP/AM had no

effect on the FRET levels of the Epac-based sensor (Figure S9C).

Instead of rapamycin-induced Gas stimulation, an increase of

cAMP levels by the b-adrenergic agonist isoprenaline generated

calcium oscillations in a similar manner (Figures S8C and S8D).

Interestingly, the constant presence of ATP was required for

the isoprenaline-induced oscillations because treatment of

the cells with apyrase, an enzyme that rapidly hydrolyzes ATP,

resulted in full abolishment of calcium oscillations (Figure S8E).

Calcium oscillations following rapamycin-induced Gaq translo-

cation were strongly affected by addition of isoprenaline re-

sulting in increased calcium levels followed by faster calcium

oscillations (Figures S8F and S8G). Similarly, also calcium

transients evoked by muscarinic stimulation of HEK cells with

carbachol were potentiated by isoprenaline (Figures S8H and

S8I). These results suggest that cAMP signaling is not acting

on the purinergic receptor level as was indicated by the apyrase

experiment. The most plausible explanation of the observed

phenomenon relates to the reported sensitization of the InsP3R
1 Elsevier Ltd All rights reserved



Figure 5. Effects of Inducible Gas in HEK Cells

(A) Plasma membrane translocation of WT Gas (blue trace) resulted in sustained elevation of cAMP levels as measured by an Epac-based sensor. Cells ex-

pressing FKBP fusion of a GTPase-deficient Gas mutant exhibited constantly elevated cAMP levels (green trace). Plasmamembrane translocation of the negative

control construct (mRFP-FKBP) had no effect on cAMP levels (red trace). Bold traces represent the median value of 3 independent experiments (30–40 cells); thin

traces represent quartile distance.

(B and C) Influence of rapamycin/Gas-induced elevated cAMP levels on ATP-evoked calcium signaling. Calcium oscillations were triggered regardless of the

addition sequence, whereas rapamycin addition had no effect on its own. Addition of isoprenaline (ISO) had no further effect on calcium oscillations.

See also Figures S7–S9.
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for lower InsP3 levels upon phosphorylation by PKA (Mikoshiba,

2007; Bruce et al., 2002; Wagner et al., 2003). Under these

conditions subthreshold levels of InsP3 generated by the desen-

sitized purinergic receptor might become sufficient to elicit

pronounced calcium transients.

Modulation of Calcium Transients by Inducible Gb1g2

An apparently similar effect to the aforementioned cAMP-

evoked potentiation of calcium signaling (i.e., generation of

secondary calcium transients) was observed when a FKBP-

fused Gg2 was activated via the rapamycin system. Although

translocation of Gb1g2 to the plasma membrane had no direct

effect on intracellular cAMP levels (data not shown), we ob-

served the onset of massive calcium oscillations when the

Gb1g2 translocation was induced in the presence of ATP (Figures

S8J and S8K). It should be noted that treatment of HEK cells with

apyrase prior to the inducible Gb1g2 activation vastly abrogated

any calcium transients (data not shown). We suspect a direct

effect of Gb1g2 on PLCb activity (Wettschureck and Offermanns,

2005; Waldo et al., 2010; Suh et al., 2008; Smrcka, 2008).

However, it seems that in the majority of the cases, Gb1g2 alone

is insufficient for full activation of the enzyme. Gb1g2 may rather
Chemistry & Biology 18, 1126–113
play a role in modulation of calcium transients or sensitization of

cells for subthreshold levels of calcium-mobilizing agonists.

Further work aiming at a closer characterization of the observed

phenomena is currently in progress.

SIGNIFICANCE

We generated rapamycin-inducible functional fusion pro-

teins for two of the most prominent heterotrimeric G protein

a subunits as well as the Gb1g2 dimer. Unlike with any other

method, it is now possible to activate G protein subunits

independently. For the first time, a ‘‘pure’’ Gaq, Gaq, or

Gb1g2 signal may be produced. Our approach is expected

to be independent from endogenous trimeric G protein

levels asweoverexpress the activatable subunit.Wedemon-

strated that this dissection of the signaling network leads in

case of Gaq to an unusual form of calcium oscillations. This

is likely due to lack of interference at the G protein level.

Because the onset of activity is fast, cellular effects may be

manipulated within subminute resolution, sufficiently fast

for events in nonexcitable cells. Even faster manipulations,

i.e., in neurons, would require application of light-sensitive
3, September 23, 2011 ª2011 Elsevier Ltd All rights reserved 1131
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tools (Janovjak et al., 2010). The probes permit studying the

relative contribution of each subunit in living cells and in the

future potentially also in entire organisms. Spatially re-

stricted activation might be achieved by using photoactivat-

able rapamycin derivatives in the future (Umeda et al., 2011).

The continuous activation of PLCb by Gaq leads to the ac-

tivation of a basic, intrinsic oscillatory machinery involving

PLC activity and InsP3 and intracellular calcium levels that

in turn triggers oscillatory PKC activity. Interestingly, each

cell in the dish seems to be equipped with a unique compo-

sition of the oscillation-relevant molecules, as is suggested

by the complete absence of correlation between signal

durations, intensities, frequencies, and expression levels.

The individual calcium response patterns of neighboring

cells might have important consequences for physiological

cell function, and therefore, these regular unmodulated

calcium oscillations should be studied in intact tissue.
EXPERIMENTAL PROCEDURES

DNA Constructs’ Design

All constructs were cloned in the standard pEGFP vector backbone (Clontech).

Site-directed mutagenesis was performed using QuikChange Lightning Site-

Directed Mutagenesis Kit (Stratagene) according to the manufacturer’s

protocol.

The plasma membrane-anchored rapamycin-binding domain consists of

the N-terminal plasma membrane-targeting peptide of rat Lck kinase (aa 1–

10), FRB T2098L domain (aa 2021–2113 of human mTOR), and ECFP, either

nonmodified or as an ECFP W66A nonfluorescent mutant. The linker between

the signaling peptide and FRB consists of the aa sequence RSANSGAGAGA

GAILSR. The linker between FRB and ECFP is TSYPYD-VPDYAPVAT.

FKBP fusions of the Ga subunits of the heterotrimeric G proteins consist of

mRFP, human FKBP1A, and a full-length sequence of the corresponding

human Ga subunit. The linker between mRFP and FKBP is SGLRSRAAA-

GAGGAARAA. In the functional Gaq construct with the lysine-rich linker, the

aa sequence between FKBP and Gaq is ARGAAAGAGGAGRSGKKGKK

GKKGTT. In two other nonfunctional variants of this construct, the sequences

of the latter linker are ARGAAAGAGGAGRSGGKLGTT and ARGAAAGAGG

AGRS-GGAGGAGGAGTT. All constructs with Gaq fused to FKBP contain

C9S, C10S substitutions. Additional mutations of Gaq (Q209L, H218A,

L254A) were introduced by site-directed mutagenesis.

In the FKBP-Gas fusion constructs, Gas is connected with the rapamycin-

binding domain by the lysine-rich linker (see above). cDNA of Gas (isoform f

according to the nomenclature of Entrez Gene database, http://www.ncbi.nlm.

nih.gov/gene) was obtained from ImaGenes (clone name IRAUp969F0240D)

and converted into isoform g (Entrez Gene) by site-directed mutagenesis.

GTPase-deficient Gas Q212L was generated by site-directed mutagenesis.

C3S mutants of the FKBP fusion constructs of Gas and the respective

mRFP-Gas C3S constructs were generated by site-directed mutagenesis.

The linker between mRFP and the GTPase in the latter fusions was

SGLRSRSAAAGAGG.

The construct used as a negative control of rapamycin-induced plasma

membrane translocation events consists only of mRFP and FKBP, linked as

described above. FKBP is followed by ARGAAAGAGGAGR and a stop codon.

Inducible Gg2 consists of humanGg2 (aa 1–67), FKBP, andmRFP. The linker

between Gg2 and FKBP is SRSKKGKKGKKGRSRSAAAGAGGAARAA. FKBP

and mRFP are connected by ARGAAAGAGGAGRSGGAGGAGGAGT. ECFP

and EGFP fusions of humanGb1 contain respective fluorescent proteins linked

to the Gb1 subunit via an SGLRSRAQASNS linker.

MInsP-1 contains a C-terminally truncated ECFP (aa 1–227) connected by

a 2 aa-linker (TG) to the InsP3-binding pocket of human InsP3R1 (aa 224–

579), the latter being linked by 2 aa (TR) to cp172Venus. cDNA of InsP3R1

was generated from total RNA isolated from the HeLa CCL-2 cell line (RNeasy

Kit; QIAGEN) using RevertAid Premium First Strand cDNA Synthesis Kit (Fer-

mantas) with an oligo(dT)18 primer according to the manufacturer’s protocol.
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Cell Culture and Transfection

All cell experiments, except for the rapamycin washout, were performed

with HEK293 cells. HEK cells were grown in DMEM containing 4.5 g/l glucose,

supplemented with 10% FBS, 1 mM sodium pyruvate, and 0.1 mg/ml

Primocin. HeLa CCL-2 cells were grown in DMEM containing 1 g/l glucose,

supplementedwith 10%FBS and 0.1mg/ml Primocin. For live-imaging experi-

ments, HEK cells were plated in 35 mm diameter m-Dish with ibiTreat surface

(ibidi). HeLa cells were plated in gridded glass-bottom dishes (MatTek). Cells

were transfected at around 70% confluency with Lipofectamine 2000 reagent.

Transfections were performed in DMEM containing 4.5 g/l glucose without any

other supplements (HEK) or OptiMem (HeLa) according to the manufacturer’s

instructions. Cells were used 18–30 hr after transfection. For consistency of

the culturing conditions, HEK cells without transfection were also incubated

in DMEM without supplements for 18–30 hr before imaging.

For experiments involving monitoring of cytosolic calcium levels, the cells

were loaded with Fluo-4/AM or Fura red/AM (1 mg/ml, directly in the transfec-

tion medium for 20 min at 37�C [HEK] or at room temperature [HeLa]). Five

minute Fluo-4 loading of HEK cells was performed for experiments aiming at

quantitative analysis of calcium transients. After loading with the calcium

indicator, the medium was gently exchanged with the imaging medium

(without a washing step). Standard imaging medium contained 20 mMHEPES

(pH 7.4), 115 mM NaCl, 1.2 mM CaCl2, 1.2 mM MgCl2, 1.2 mM K2HPO4, and

2 g/l glucose. In calcium-free imaging medium CaCl2 was omitted, and the

medium was supplemented with 0.1 mM EGTA.

Stock solutions of all chemical compounds added to the cells, either before

or during the live-imaging time-lapse, were prediluted in imaging medium

before their careful addition to the dish. Cells were incubated at 37�C in the

environmental chamber of the microscope for about 15 min before image

acquisition.

Microscopy, Image Processing, and Analysis

All experiments, except for the rapamycin washout experiments (HeLa cells,

22�C), were performed on a Leica TCS SP2 AOBS confocal microscope in

an environmental chamber at 37�C. For monitoring of intracellular calcium

levels and FRET measurements, an HCX PL APO lbd.BL 40.03 1.40 oil objec-

tive was used. The pinhole was fully opened. Images were acquired in 8 bit

mode, with two to four line averaging and 5 s between frames.

In calcium-imaging experiments Fluo-4 and Fura red were excited with the

488 and 405 nm laser lines, respectively, and their emission was sampled

from 510 to 600 nm and from 625 to 725 nm, respectively.

For CFP/YFP FRET measurements the 405 nm laser was used for excitation

of CFP. Donor emission was sampled between 470 and 510 nm, acceptor

emission between 520 and 540 nm. Excitation and emission settings

were kept constant for ratiometric FRET analysis in order to image cells

expressing similar amounts of the sensors and avoid expression-related

variability.

In experiments involving simultaneous measurement of intracellular calcium

and InsP3 levels, images of both donor and acceptor of MInsP-1 were cor-

rected for the Fura red bleed through before ratio calculation.

Image processing was performed using ImageJ (http://rsb.info.nih.gov/ij);

further calculations were performed in Microsoft Office Excel and Origin.

Computational analysis of calcium oscillation patterns was performed in

a custom-written Perl script developed by Jean-Karim Hériché (EMBL Heidel-

berg, Heidelberg, Germany). The Mann-Whitney U test was performed online:

http://elegans.swmed.edu/�leon/stats/utest.html. In FRET experiments

background levels were measured outside the cells and subtracted globally.

The median filter (1 pixel) was used for image smoothening. A threshold was

applied before calculation of acceptor/donor ratio or FRET efficiency.

In time-lapse microscopy analysis, individual cell traces were obtained.

Every experiment was performed at least three times. Data presented for every

experiment are representative of at least 30 cells, except for experiments

involving MInsP-1 FRET probe, where data are representative of 10 cells or

more.
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