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The cyclic adenosine monophosphate dependent kinase protein (PKA) controls a variety of cellular processes
including cell cycle regulation. Here, we took advantages of genetically encoded FRET-based biosensors, using an
AKAR-derived biosensor to characterize PKA activity during mitosis in living HeLa cells using a single-cell approach. We
measured PKA activity changes during mitosis. HeLa cells exhibit a substantial increase during mitosis, which ends with
telophase. An AKAREV T>A inactive form of the biosensor and H89 inhibitor were used to ascertain for the specificity of
the PKA activity measured. On a spatial point of view, high levels of activity near to chromosomal plate during
metaphase and anaphase were detected. By using the PKA inhibitor H89, we assessed the role of PKA in the
maintenance of a proper division phenotype. While this treatment in our hands did not impaired cell cycle progression
in a drastic manner, inhibition of PKA leads to a dramatic increase in chromososme misalignement on the spindle
during metaphase that could result in aneuploidies. Our study emphasizes the insights that can be gained with
genetically encoded FRET-based biosensors, which enable to overcome the shortcomings of classical methologies and
unveil in vivo PKA spatiotemporal profiles in HeLa cells.

Introduction

The cyclic adenosine monophosphate dependent kinase pro-
tein (PKA) controls a variety of cellular processes including cell
cycle regulation. PKA, in its inactive state, is composed of 4 sub-
units: a dimer of regulatory sub-units and a dimer of catalytic
sub-units. The binding of a specific ligand to G-protein coupled
receptor, leads to the production of cyclic adenosine monophos-
phate (cAMP) by the adenylyl cyclase. The binding of 4 molcules
of cAMP to the regulatory sub-units, induces a conformational
change that releases the dimer of catalytic sub-units, correspond-
ing to the active form of PKA, then able to phosphorylate its sub-
strates within the cell.1

PKA is dynamically regulated in space and time. Indeed, the
phosphodiesterases, enzymes responsible for the degradation of
cAMP, are targeted to different sub-cellular compartments. Those
enzymes thus create limits of cAMP pools, due to their degrada-
tion activities.2 The cAMP/PKA signaling is also controlled at a
subcellular level by the presence of the A-Kinase Anchor proteins
(AKAPs) that differentially target PKA to specific subcellular
compartments. Those AKAPs serve as a control mechanisms for

signal transduction because PKA is anchored in the vicinity of its
targets and can phosphorylate only selected proteins.3

The cAMP/PKA pathway is specifically implicated in the con-
trol of mitosis as it phosphorylates several substrate involved in
its progression.4 Several lines of evidences have suggested a role
for PKA in mitosis. In fact PKA is implicated in the process of
chromosomes condensation. Indeed the type IIa regulatory sub-
units are associated to AKAP95 that is localized to the chromatin
during the mitosis of HeLa cells. It has been show that this inter-
action as well as PKA activity are required to maintain the chro-
mosomes condensation.5 In HeLa cells PKA activity seems also
required during mitosis because it phosphorylates the histone
H1.4 at the Ser35 position resulting in a dissociation of this pro-
tein from the chromatin during mitosis. Indeed, PKA inhibition
leads to an increased compaction of the chromatin, highlighting
its involvement in the regulation of the condensation of the chro-
mosomes during mitosis.6 Moreover, in yeast, PKA must be
inhibited during mitosis in order to promote the activation of
the anaphase promoting complex (APC) responsible for the
cyclins destruction and involved the sister chromatid segrega-
tion.7 In fact, the purified catalytic subunit of PKA is able to
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phosphorylate 2 sub-units of the APC: cdc27 and Tsg24, result-
ing in a suppression of the APC activation in NIH3T3 cells.8

That suggests that PKA activity is required at the onset of mitosis
to prevent an early activation of this complex. Finally, the Aurora
A kinase, key protein for mitosis progression as it is involved in
centrosomes maturation, spindle formation, and as it participate
to the cdk1/cyclinB activation, is also a target of PKA. Phosphor-
ylation of Aurora A by PKA induces an increase of its activity
suggesting that PKA regulation could be essential during mitosis.

Nevertheless, despite its implication in the control of mitosis,
the precise profile of PKA activity during this crucial step of divi-
sion remains quite elusive. On one hand, early studies have
shown that the cAMP level is low during G2 phase and mitosis
in HeLa cells and that an artificial increase of the cAMP level at
metaphase accelerate the exit of mitosis.9 Similarly, in Xenopus
cycling extracts a low cAMP level is detected at the onset of M-
phase.10 A drop in AMPc level and PKA activity is also known to
be requested for M-phase entry and meiotic resumption in Xeno-
pus oocytes.11 Noticeably, cell separation in Saccharomyces cerevi-
siae was also observed to be accompanied by AMPc levels
changes.12 In the same way a decrease of PKA activity, correlated
to a high PDE4D9 activity, during mitosis was observed in Rat-1
cells.13 On the other hand, if one focus on at PKA activity instead
of the level of its activator, an increase of the kinase activity has
been revealed during the mitosis of Chinese hamster ovary cell.14

More recently, in NIH3T3, an increase of PKA activity from the
beginning of mitosis until metaphase has been highlighted.8

The influence of the cAMP/PKA on cell proliferation also
exhibits a cell-type specifity. Depending on the cell line, the
cAMP pathway can for example modulate the mitogen-activated
protein kinase (MAPK) cascade at different levels.15 As a result,
cAMP can inhibit the growth of NIH3T3 cells 16 while it stimu-
lates the proliferation of the prostate cancer cell line LNCaP.17

Nevertheless, the numerous types of cAMP/ PKA deregulations
found in cancer cells encourage scientists to explore the role of
PKA as a therapeutic target for several cancers types (reviewed in
18). It is thus crucial to understand the PKA activity behavior
during the cell cycle and especially during mitosis.

Although the behavior of the cAMP level and PKA activity
during mitosis differs depending on the cell lines, as the types of
anchored phosphodiesterases and anchor proteins for PKA differ
between cell types, one shall also consider that PKA kinase activ-
ity could be highly dynamic and tightly regulated in space and
time. Kinases studies are often hindered because their activity
profiles to experimental conditions may be averaged in a popula-
tion of cells, making some activity variations undetectable using
traditional methods.19 This is notably the case during the cell
cycle, when, even with a good cell synchrony, short events could
be undetectable. Moreover as the cell integrity is often lost, spa-
tial information can also be diluted.

To overcome those shortcomings, genetically encoded FRET-
based biosensors have been developed in order to visualize pro-
tein activity in vivo and in single cells. Those Kinase Activity
Reporters are composed of 2 fluorescent proteins suitable for
FRET experiment that are flanking a specific substrate of the
kinase of interest and a phospho-amino-acid binding domain

(PAABD). This PAABD is able to recognize and bind the phos-
phorylated substrate, allowing a conformational modification
that eventually brings the fluorophores close to each other and
leads to a measurable FRET signal.20-23 Those signals are revers-
ible as the biosensor they can be dephosphorylated by protein
phosphatase. In fact, every increase FRET signal increase reflects
modification of the kinase/phosphatase activity balance.

Here we took advantages of those tools, using the AKAREV
biosensor,23 that directly derives from the well characterized
AKAR4,24 to assess PKA activity during mitosis in living HeLa
cells using a single-cell approach. We have measured the PKA
activity during mitosis, revealing high activity near to the chro-
mosomal plate during metaphase independently of any specific
localization of the catalytic sub-units. We also demonstrate that
this activity is required to maintain a proper division phenotype.

Results

PKA activity increases during mitosis
The use of the PKA biosensor AKAREV,23 allowed us to pre-

cisely define the timing of PKA activity changes during mitosis in
HeLa cells. Cells were synchronized and images were acquired
every 5 minutes to calculate FRET ratios and thus activity varia-
tions over time. We showed the activity curve and the FRET
ratio images for one representative cell (Fig. 1A and B). Those
measurements reveal that PKA activity increased starting from
the moment where the cell became round and less adherent,
which is a characteristic of the entry in metaphase (t D 3h15 on
Fig. 1A and B). This activity stayed high during the mitosis pro-
cess and finally decreased at the cytokinesis (4h40). In some of
the cells we detected a short peak of PKA activity just after cyto-
kinesis (exemplified in Fig. 1A and B), before the return to a
basal activity level while the cells reenter in G1 phase.

To further confirm those results we constructed an AKAREV
T>A inactive form of the biosensor. It consists in a point mutant
version of the biosensor AKAREV: the phosphorylable threonine
in the substrate was replaced by an alanine. In this case there is
no phosphorylation of the biosensor, and thus no conformational
changes that generate FRET signal. We confirmed the loss func-
tionality of AKAREV T>A using 12.5 mM of forskolin, an acti-
vator of the adenylate cyclase, that induces an increase of the
production of cAMP and thus of PKA activity. Using forskolin,
the original biosensor AKAREV exhibited a strong FRET ratio
increase that reached 65%. Contrarily, upon addition of this acti-
vator, we observed that cells expressing AKAREV T>A did not
show any increase of the YFP/CFP ratio (Fig. 1D and E).

We thus analyzed the PKA activity variations during mitosis,
in comparison with the signals of this negative control biosensor.
To get a statistical view of this process, we averaged the YFP/
CFP values on several cells at different representative moments
based on morphological criteria: prior to mitosis, during mitosis,
while cytokinesis occurred and finally when cells returned in G1
phase. This analysis confirmed the increase of PKA activity dur-
ing metaphase characterized by 24% of FRET ratio increase.
This activity decreased at cytokinesis, as showed by FRET ratio
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decrease to only 11% (Fig. 1C). As mentioned previously, we
detected in early G1 2 different behaviors: in some cases a short
peak of PKA activity and in other cases, after cytokinesis PKA
activity stays low. We hypothesize that this very brief increase is
sometimes not detected because of the temporal resolution, and
could explain the intermediate value of 6% obtained for cells in
early G1 (Fig. 1C).

PKA catalytic sub-unit
is highly concentrated
to the centrosome during prophase and prometaphase

PKA is able to phosphorylate many substrates in the cell. To
understand the role of the activity variations during mitosis and
their potential effects, we wanted to define if the catalytic sub-

units of PKA, responsible for phosphorylation, were specifically
sub-localized during the cell division, in which case this localiza-
tion could bring insights on the processes or molecules targeted
by PKA during mitosis.

Mitotic stages are easily defined using the combination of
DNA and spindle staining, by observing both the formation of
the division apparatus and the condensation of the DNA. We
thus combined DNA, a-tubulin and PKA catalytic sub-unit
staining on synchronized HeLa cells (Fig. 2). We observed that
the catalytic subunit of PKA showed a granular localization in
the whole cell (except where the condensed chromosomes sat and
where PKA concentration was lower) all along mitosis. Addition-
ally, in the early phases of mitosis, 2 dots where PKA was highly
concentrated can be distinguished. Those dots were localized

Figure 1. PKA activity increases during mitosis. YFP/CFP ratio (normalized on the average of the 5 first time point values), corresponding to PKA activity
during the mitosis of one representative HeLa cell (black). At t D 4h45, when the division has occurred, the 2 curves correspond to each daughter cell
(dark gray and light gray) (A). Pseudo color images representing YFP/CFP ratio around mitosis of the same cell from t D 2h35 to t D 5h10 (scale bar D
10mM) (B). For the functionality control of the AKAREV biosensor and of the inactive mutant AKAREV T>A, YFP/CFP ratio has been measured before (t D
0 to 8 min) and after (t D 10 to 22 min) the addition of forksolin (12.5 mM) to the imaging medium, (n D 20 for AKAREV; n D 11 for AKAREV T>A). An
arrow indicates the time point where forskolin was added (C). Representative images for each condition in pseudo color scale (D). Histogram represents
the average YFP/CFP ratio of AKAREV (n D 8) normalized on the values obtained with its inactive mutant AKAREV T>A (n D 8). This time, all the single
curves has been normalized on the late G2/prophase step. Different cell cycle steps were isolated according to morphological criterions: late G2/pro-
phase corresponds to the 5 time points before the cell become round, mitosis corresponds to the moment where the cell is effectively round, cytokinesis
corresponds to the moment where the cell stretches out and start the constriction in 2 daughter cells, and early G1 corresponds to the 5 next points (E).
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where the microtubules converged at both sides of the nucleus in
prophase, and right in the middle of the asters in prometaphase
(Fig. 2). Using a centrosomal staining (g-tubulin) we confirmed
that this specific PKA localization corresponds to the centro-
somes, and is independent of PKA activity inhibition (data not
shown).

So prior to the increase of PKA activity highlighted from
metaphase to cytokinesis, PKA is highly concentrated in the cen-
trosomal regions.

PKA activity is high near the chromosomes during
metaphase and anaphase

In order to observe PKA activity sub-localization, we per-
formed FRET experiments increasing the spatial resolution as
well as adding optical sectioning using confocal microscopy.
HeLa cells expressing the biosensor were synchronized using thy-
midine block and were fixed 9h after their release in fresh
medium. In Figure 3 are represented intensity images in order to
define the different structures inside the mitotic cells (Fig. 3, left
panel) and we applied a pseudo color scale on FRET images that
reveals in red the highest activity regions within the cell (Fig. 3,
center and right panel). We also chose to merge the intensity and
ratio channels in order to keep to sub-cellular structure informa-
tion associated with PKA activity (Fig. 3, right panel). On the
zoomed region (Fig. 3B and 3C) we applied an inverted gray

scale, so that on the merge the
structure of the condensed DNA
was highlighted.

Those experiments show that
during metaphase PKA activity is
particularly high in the close
vicinity of the condensed chro-
mosomes (Fig. 3A and 3B) in
both metaphase and anaphase. In
the same way a strong PKA activ-
ity is detected near the chromatin
during anaphase, while this activ-
ity is lower between the 2 bundles
of chromosomes (Fig. 3C and
3D). Moreover cells expressing
the mutant biosensor, or treated
with a PKA inhibitor result in the
abolition of any sub localization
of PKA activity confirming the
previous results (Fig. 3E).

Inhibition of PKA activity
induces mitotic defects that
do not delay the progression
of mitosis

Consistent with our data,
according to which PKA plays a
role at the centrosome and at the
level of the condensed chromo-
somes during mitosis, several

clues in literature also converge in the idea that PKA activity dur-
ing mitosis is involved in chromosomes positioning.

It was also previously reported that an artificial increase of PKA
activity using a cAMP analog during metaphase accelerate the exit of
mitosis.9 Now that we define that, at least in our cell line, mitosis
was characterized by an increase of PKA activity from metaphase to
cytokinesis, we wanted to observe if preventing experimentally this
increase using the PKA activity inhibitor H-89 dihydrochloride,
could lead to opposite effects. We thus synchronize the cells in late
G2 using a thymidine block followed by a nocodazole block. Cells
were then release in presence or absence of 10 mM of H-89 and
fixed 1h and 2 h later.

Using a combination of DNA and spindle staining in confocal
microscopy we image hundreds of cells in each conditions and
classified them in the different step of mitosis. The repartition of
cells through the different steps did not reveal any delay or accel-
eration in the progression of mitosis compared to the control
experiment. As an example, 2h after nocodazole release, in con-
trol conditions 64.6 § 10.8% of cells exhibited the phenotype of
a G1 cell, characterized by the presence of a cytoplasmic bridge
between 2 daughter cells. Upon treatment with the inhibitor, G1
cells represented 57.7 § 5.3% of the population, revealing an
absence of delay of mitosis when PKA is inhibited (Fig. 4B).
Nevertheless it appeared that cells that have been treated with the
PKA inhibitor exhibited improper phenotype in metaphase, such
as a chromosome that have already migrated to one of the spindle

Figure 2. PKA localization during mitosis. HeLa cells at different mitotic stages from prophase to cytokinesis
exhibiting a DNA staining (Hoechst, in blue, upper panel), a spindle staining (a-tubulin, in green, second
panel) and a PKA catalytic sub-unit staining (in red, third panel). The lower panel represents the merge of the
different channels. White arrows highlight the centrosomal regions where PKA catalytic sub-unit is more
concentrated.
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pole, or anarchic alignment of
chromosomes whereas the
spindle was already perfectly
formed (Fig. 4A). We quanti-
fied the proportion of cells
with those kinds of mitotic
defects and the results showed
that up to 63% of metaphases
exhibited strong defects
(Fig. 4C). As the respect of the
proper alignment of the DNA
on the mitotic spindle preserves
cells from aneuploidy, those
results suggest that the increase
of PKA activity during mitosis
could be involved in chromo-
somal stability.

Discussion

In this study we highlighted
the in vivo dynamics of PKA
activity during mitosis using
FRET-based biosensors. We
have shown that at the onset of
mitosis, that in prophase and
prometaphase, the catalytic
sub-unit of PKA is highly localized at the centrosomes, but this
specific localization is lost in the next steps of mitosis. The entry
in metaphase is associated with a rapid increase of PKA activity

that stays elevated until the cell effectively divides in 2 daughter
cells during cytokinesis. Moreover we have been able to detect
that during metaphase and anaphase, PKA activity is the highest

Figure 3. Sub-localization of PKA
activity during metaphase and
anaphase. Confocal FRET experi-
ment of cells expressing the
AKAREV biosensor during meta-
phase (A) and anaphase (C).
White squares define the zoom
in regions of the cell in meta-
phase (B) and in anaphase (D).
The left panel is composed of
intensity images, the center
panel correspond to the FRET
ratio images represented in a
rainbow pseudo color scale and
the right panel is the merge of
the 2 images. To highlight the
chromosome regions where PKA
is highly active, we applied an
inverted gray lookuptable on the
zoom in images (B and D, left
panel). Merge of intensity and
FRET images in a metaphasic cell
expressing AKAREV and treated
with H-89 (10 mM), and another
expressing the mutant AKAREV
T>A (E).

3236 Volume 13 Issue 20Cell Cycle



in the vicinity of the duplicated chromosomes. If the FRET-
based biosensor was able to reveal PKA activity during mitosis,
one shall not neglect the impact of phosphatase during this pro-
cess. Indeed, intensities measured reflect the changes of a kinase/
phosphatase activity balance. Finally we demonstrate that the
inhibition of PKA activity prior to mitosis leads to abnormal
mitotic phenotypes thus suggesting that the upkeep of PKA activ-
ity during mitosis is involved in the maintenance of the chromo-
somal stability.

Previous works already pointed out a link between PKA activ-
ity and chromosomal stability.25 For example in mouse

hepatoma cells BW1J, the type I regulatory sub-units (RI) as well
as the catalytic subunits of PKA colocalize with the tubulin at the
mitotic spindle. Moreover overexpression of the a sub-type
(RIa) as well as expression of a RIa mutant that acts as a domi-
nant negative of PKA activity lead to an increase of the propor-
tion of cells possessing a spindle that exhibits more than
2 poles.26 Furthermore, PKA is able to phosphorylate oncopro-
tein 18 (also called stathmin), a microtubules destabilizing pro-
tein whose activity is negatively regulated by phosphorylation at
the onset of mitosis in order to allow the formation of the mitotic
spindle.27,28

Figure 4. Effects of PKA inhibition using H-89 during mitosis. Immunostaining of metaphasic HeLa cells synchronized using thymidine-nocodazole
blocks. DNA was stained using Hoechst (upper panel, in red), spindle was stained using an a-tubulin antibody (second panel, in green). The lower panel
represent the merge of the 2 channels. First column shows a metaphase in control conditions, the next columns show different kind of mitotic pheno-
types observed upon inhibition of PKA activity using H-89 (10 mM). White arrows highlight chromosomes or pieces of DNA that have migrated preco-
ciously (A). Percentage of cells in each phase of mitosis defined according to phenotype, at 1 hour and 2 hour after release from a thymidine-nocdazole
synchrony, in control and h-89 treated conditions (total number of cell measured on 4 independent experiments: n D 663, n D 632, n D 754 and n D
1195 for respectively control condition after 1h and 2h, H-89 condition after 1h and after 2h) (B). Percentage of mitotic defects observed in control and
H-89 treated cells. Stars represent p-values obtained on a student t-test performed on the results of the 4 experiments with * < 0.05 and ** < 0.01 (C).
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Centrosomes are essential to ensure the fidelity of chromo-
somes segregation as they guide microtubules within the organi-
zation of a bipolar spindle. Consistently with our data exhibiting
a high concentration of PKA at the centrosomes (Fig. 2), it has
been shown that several AKAPs are able to target PKA to those
organelles such as AKAP350, AKAP450, CG-NAP and also peri-
centrin.29 As a necessary component of the centrosomal matrix,
pericentrin is involved in the organization of the mitotic spindle
by interacting with dynein and g-tubulin. Very interestingly, this
protein, that co-immuno precipitate with both PKA catalytic and
type II regulatory sub-units (RII), is highly phosphorylated upon
an elevation of PKA activity.30,31 Moreover, removal of PKA
anchoring in the cells leads to spindles defects.29 It has also been
shown that the cAMP level at the centrosome increases during
mitosis and come with an increase of PKA activity in this zone.32

PDE4D3 is a phosphodiesterase that degrades cAMP specifically
localized at the centrosome. Using an inactive mutant of
PDE4D3, it was shown that disrupting the centrosomal micro-
domain of the low cAMP level reported in interphase drives a
local increases of the level of cAMP and accumulation of the cells
in prophase.32 As previously mentionned, several different
AKAPs target PKA to this compartment, which reinforces the
idea of multiple roles and/or targets of PKA at the centrosome
and thus its requirement.

In this study we observed that PKA activity is increased near
the condensed DNA, and that inhibition of the global activity of
PKA inside the cell also leads to mitotic defects (Fig. 3 and
Fig. 4). Nevertheless we did not observe spindle defects such as
multi-polar spindles. Our data mostly included misalignment of
chromosomes on the metaphase plates when PKA activity is
switched off. We then speculated that PKA could affect the
attachment of the DNA on the spindle and thus the kinetochores
functions or the segregation of the sister chromatids. Indeed, in
yeast, dosage suppression experiments have revealed a genetic
link between PKA signaling and kinetochores. In this model
overexpression of PKA negative regulators is able to rescue the
viability of kinetochore genes mutants.33 Moreover the deletion
of BCY1, a negative regulator of PKA, leads to a strong increase
of the chromosome loss rate, involving the attenuation of PKA
signaling as a contribution to kinetochore functions.34 While our
experiments also demonstrate that the inhibition of PKA leads to
mitotic defects (Fig. 4), we hypothesized that PKA activity
should be comprised in a permissive interval (not too high but
not too low) in order to favor a proper cell division.

Moreover PKA is also involved in the regulation of the Ana-
phase Promoting Complex that plays an important role in sister
chromatids segregation. PKA must be inhibited during mitosis in
order to promote the activation of this complex.35 We can
hypothesize that PKA inhibition allows the cells to by-pass the
metaphase/anaphase checkpoint. Further experiment about the
how PKA activity could also affect this checkpoint activation in
such context could bring essential information to understand the
involvement of this kinase in chromosomal stability.

In conclusion, as a member of the family of signaling mole-
cules, PKA is able to phosphorylate multiples targets including
several crucial proteins required for mitosis and maintenance of

genetic integrity by preserving or acting on centrosomes and
kinetochores functions as well as sister chromatids segregation or
DNA condensation. All the elements, previously mentioned are
converging to the idea of a precise spatial but also temporal regu-
lation of PKA activity within the cell during mitosis. We provide
here a precise overview of PKA spatio-temporal dynamics, in
HeLa cells, during mitosis, that appears essential to understand
the way the different specific effects of PKA are associated in the
regulation of cell division.

Materials and Methods

Chemical reagents and antibodies
Thymidine (http://www.sigmaaldrich.com/catalog/product/

sigma/t1895), Nocodazole (http://www.sigmaaldrich.com/
catalog/product/sigma/m1404) and the PKA inhibitor H-89
dihydrochloride (http://www.sigmaaldrich.com/catalog/product/
sigma/b1427) were from Sigma and used respectively at
2.5 mM, 100 nM and 10 mM. Forskolin was purchased from
Tocris Bioscience and used at 12.5 mM (http://www.tocris.com/
dispprod.php?ItemId D 2337). Anti-a-Tubulin antibody
produced in mouse was purchased from Sigma (http://www.
sigmaaldrich.com/catalog/product/sigma/t6199), Anti-cAMP
Protein Kinase Catalytic subunit antibody was from Abcam
(http://www.abcam.com/camp-protein-kinase-catalytic-subunit-
antibody-ab26322.html). Alexa conjugated secondary antibodies
produced in donkey were purchased from Invitrogen and we
used specifically an anti-mouse IgG-alexa488 (https://www.
lifetechnologies.com/order/catalog/product/A21202?CID D
search-a21202) and an anti-rabbit IgG-alexa594 (http://www.
lifetechnologies.com/order/catalog/product/A21207?ICID D
search-a21207). Hoechst 33242 was purchased from Molecular
Probes, Life Technologies.

Plasmids
The plasmid containing the AKAREV biosensor sequence has

been provided by Dr Jun-ichi Miyzaki.23 The mutated biosensor
AKAREV T>A was constructed by site directed mutagenesis
according to the procedure described by Sawano and Miyawaki 36

using the reverse primer 50 GCCGTCAACCAGCGCCG
CGCGCCTCAATC 30.

Cell culture, transfection and synchrony
HeLa cells were grown in Dulbecco’s modified Eagle’s

medium supplemented with 10% foetal calf serum and antibiot-
ics (100 units/mL of penicillin and 100 mg/mL of streptomycin)
at 37�C with 5% CO2. Cells were seeded on 10 mm or 32 mm
coverslips in 6-well plates and grown to reach 30–50% of conflu-
ency. For FRET experiment, cells were then transfected with
1.5 mg of DNA per well using FuGENE HD (Roche) transfec-
tion reagent. Cells were synchronized using 2.5mM of thymidine
during 20h, and were then released into fresh media to progress
from S phase to mitosis (9h). Depending on the experiment, an
additional step of synchrony, prior to the mitosis, have been per-
formed using a 100 nM nocodazole incubation during 4h.
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https://www.lifetechnologies.com&sol;order&sol;catalog&sol;product&sol;A21202?CID
https://www.lifetechnologies.com&sol;order&sol;catalog&sol;product&sol;A21202?CID
http://www.lifetechnologies.com&sol;order&sol;catalog&sol;product&sol;A21207?ICID
http://www.lifetechnologies.com&sol;order&sol;catalog&sol;product&sol;A21207?ICID
http://www.lifetechnologies.com&sol;order&sol;catalog&sol;product&sol;A21207?ICID
http://www.lifetechnologies.com&sol;order&sol;catalog&sol;product&sol;A21207?ICID


Immuno-fluorescence staining
Cells on coverslips were fixed with paraformaldehyde 4% for

30 min, then washed and permeabilised using a 0.5% Triton-
100X for 5 min. Then cells were incubated 1h in a blocking solu-
tion containing 2% Foetal calf serum, 5% donkey serum, and
2% Bovine serum albumin (PKAc and a-tubulin antibodies) or
2% Bovine serum albumin (g-Tubulin antibody). Cells were
then incubated for 2h with primary antibodies diluted respec-
tively at 1/500, 1/700 and 1/2000 for PKAc (rabbit), a-tubulin
(mouse) and g-Tubulin (rabbit). After washing, cells were incu-
bated with the appropriate secondary antibodies: IgG anti-mouse
conjugated to alexa 488 and IgG anti-rabbit conjugated to alexa
594. Cells were then washed and incubated with Hoechst (2uM,
10min). Finally coverslips were mounted on slides using Mowiol
488 mounting medium and sealed with clear nail polish.

Time lapse FRET imaging
Time lapse experiment were performed on cells in supple-

mented DMEM without red phenol for long term experiments
or in Leibowitz medium (L-15) for short term experiments, on a
thermostatted (37�C) inverted Leica AF6000 videomicroscope
(Leica Microsystem) with 63 £ 1.3 NA glycerin-immersion
objective. Fluorescence excitation was performed with a 427 §
10nm bandpass filter through a double band dichroic mirror
(440/520 nm). To avoid displacements between donor and
acceptor’s fluorescence measurements, we used fast detection fil-
ter wheel (respectively with 472 § 30 nm and 542 § 27 nm
bandpass filters)

Confocal microscopy
Images were acquired on a Nikon A1R confocal microscope

using a 60 £ 1.4 NA oil-immersion objective. For immuno-
staining experiments, fluorescence excitation was performed

sequentially at 404, 488 and 561 nm and signal were respectively
detected at 450 § 50, 525 § 50 and 595 § 50. For FRET exper-
iment, excitation was performed at 404 nm and signals were
detected simultaneously at 450 § 50 and 525 § 50 nm.

FRET analysis
FRET ratios from widefield microscopy experiment were cal-

culated with an ImageJ and a Matlab routine developed accord-
ing to the procedure described previously by Kardash and
coworkers.37 For more details about the system implementation
and application, see.22 The same strategy has been used for con-
focal FRET images except concerning the background subtrac-
tion that was realized manually.
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