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Abstract

Among biosensors, genetically-encoded FRET biosensors raised hope to dissect signaling pathways by
monitoring enzymatic activities or second messengers levels in living cells and even in living and developing
organisms. FRET (Froster resonance Energy Transfer) is a radiationless energy transfer from donor to acceptor
fluorophore. For most genetically encoded donor/acceptor pair, this transfer can only occur if they are separated by
a distance less than ~10 nm. A FRET based sensor is made up of an adapted bioreceptor tagged on both ends with
appropriate fluorophores.
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Genetically-Encoded FRET Biosensors for Signaling
Networks

Cellular functions require an accurate transduction of extracellular
stimuli into functional responses via intracellular signaling networks of
second messengers and enzymes. Untangling the complexity of the
signaling network has become imperative for the understanding of cell
functioning both in physiological and pathological contexts, and for
therapeutically perspectives. It might be achieved by focusing on
specific protein kinases or second messengers, which act as main
effectors or contributors in many pathological contexts, like those
which serve as converging hub for oncogenes. Among the tools within
the arsenal of available biosensors for these signaling networks,
genetically-encoded FRET biosensors raised hope to dissect signaling
pathways by monitoring enzymatic activities or second messengers
levels in living cells and even in living and developing organisms [1].
FRET (Förster resonance Energy Transfer) is a radiationless energy
transfer from donor to acceptor fluorophore [2]. For most genetically
encoded donor/acceptor pair, this transfer can only occur if they are
separated by a distance less than ~10 nm. A FRET based sensor is
made up of an adapted bioreceptor tagged on both ends with
appropriate fluorophores. The bioreceptor alters its conformation upon
either second messenger presence or kinase activity and results in a
change in FRET efficiency [3]. This change will be measurable in
various manners while it induces modifications of most light
properties (fluorescence emission, lifetime, polarization [4]).

AKAR and Epac as Archetypes for Genetically-Encoded
FRET Reporters
The cAMP-PKA (cyclic Adenosine monophosphate-a kinase

protein) pathway is quite a node in molecular networks driving cellular
responses towards external stimuli and exerts crucial functions
throughout cell cycle [5]. In its inactive state, PKA is composed of

regulatory subunits dimers associated with catalytic subunits dimer.
Binding of a specific ligand to GPCR (G protein coupled receptor),
leads to an increased production of cAMP by Adenylate Cyclase. The
latter increase induces fixation of four cAMP molecules on the
regulatory dimer resulting in the dissociation from the catalytic dimer,
and represents the active form of the kinase. PKA activity can be down
regulated by the degradation of cAMP achieved by the PDEs
(PhosphoDiEsterase) (Figure 1A). The protein kinase A (PKA) activity,
regulated by cAMP levels, has provided a focus of particular interest in
the field of signaling pathways studies and a challenge for the
engineering of genetically-encoded biosensors. To overcome the
disadvantages of the biochemical methodologies, one had to cut a
Gordian knot: how to extract individual response from a heterogenous
cellular population, which might be at the same time transient, and
sub-localized. Two families of genetically-encoded biosensors have
emerged to this extent for PKA-cAMP tandem. PKA Kinase Activity
Reporters (AKAR), are structurally composed of two fluorescent
proteins, chosen for their amenability for FRET experiments, flanking
a specific substrate for a specific kinase and a phospho-amino-acid
binding domain (PAABD) [2]. This PAABD recognizes and binds the
phosphorylated substrate, allowing a conformational modification that
brings the fluorophores close to each other in order to lead to a
measurable FRET signal. AKAR and its derivatives are the archetypes
of KAR [6,7] and reflect the balance of phosphorylation/
dephosphorylation levels of PKA substrates. The other manner to get a
hand on the pathway activity is to measure the level of the second
messenger. Hence their name, cAMP sensors are based on the Epac
proteins that are able to unfold upon cAMP binding. Thus in Epac
sensor, the tandem of fluorophore is flanking a bioreceptor made of the
Epac protein. In this case, the sensor is folded in absence of cAMP,
while an increase of the cAMP level leads to a loss in FRET efficiency.

Different Viewing Angles on a Single Signaling Node
For both biosensors, one shall keep in mind that specificity of the

phosphorylation/dephosphorylation site or cAMP association site are
assessed usually through the use of pharmalogical compounds, whose
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specificities are always subjected to caution. In regard to their dynamic
ranges and the choice of adequate controls, we also previously reported
that genetically-encoded biosensors shall be carefully considered [7].
Furthermore, what is measured is the response of each specific
biosensor to its environment (second messenger levels or kinase
activity increases). Thus, the measured dynamic is a mix of both the
biological pathway and the biosensor response time depending on its
own structural properties. In regard to this matter, the tandem PKA-
cAMP is a school-case. Indeed cAMP fixation on Epac sensor will
induce its opening while PKA activation will be reflected by bringing
together the fluorophores into close vicinity. From a structural point of
view, the two mechanisms are in complete opposition (Figure 1B and
1C), while both events are reflecting the activation of the signaling
node involving cAMP-PKA. As dominoes, following the pathway
activation, cAMP level first rises, and second, PKA activity is
increased.

Figure 1: cAMP and PKA signaling node. (A) Scheme of the cAMP-
PKA node. GPCR, Reg (regulatory subunit), Cat (catalytic subunit),
PDE. Conformational modifications of TEpacVV [8] (B) and
AKAR3 [9] (C), respectively upon association of cAMP and
phosphorylation. (D) AKAR3 and TEpacVV measurements in
HeLa cells, upon forskolin activation (arrow). Measurements were
performed in two separate cells. For experimental procedures,
please see [5].

Practical Application of TEpacVV and AKAR3 and to
Dissect cAMP/PKA Pathway

In this example, we used a well characterized acquisition and
analysis procedure [5] to measure the previously described cascade in
response to adenylate cyclase activation through forskolin. While one
shall expect a maximum increase of CAMP level prior to PKA
activation, we observed a response for AKAR3 that reaches its
maximum within less than one minute, while TEpacVV reaches a
plateau after five minutes, through a less abrupt slope that the one for
AKAR3 (Figure 1D).

Though, without prior knowledge of the biological model, it could
be hypothesized that PKA is activated by cAMP level less than
TEpacVV detection threshold. We could also imagine that cAMP level
required for PKA activation is quite low. This second hypothesis is also

reinforced by the fact that, in this kind of experiments, high levels of
drugs are used which produce very strong molecular responses.
Nevertheless, it is more likely that the difference is the result of the
intrinsic structural properties of the biosensors. Even if the tools used
to monitor cAMP levels and PKA activity are both part of the
genetically-encoded FRET-based biosensors family, they are two tools
relying on different principles. It is, for example, possible that the
unfolding of the cAMP sensor requires more time than the
phosphorylation of AKAR3 by PKA. Indeed, in AKAR’s case, the
kinase has to reach a free phosphorylation site within an unfolded
sensor, whereas in Epac’s case, the cAMP molecules have to find their
way in a folded sensor and thus schematically push the fluorophores
away to access the binding site. We should neither forget about the
dynamic ranges of sensors (that relies on fluorophores tandem among
other parameters), resulting in variable FRET signal magnitude in
response to the same pathways activation. While dissecting a signaling
pathway with several genetically-encoded biosensors, it is thus worthy
to assess the properties of relaxation-tightening of the biosensors by
measuring the response time and amplitude to a massive activation of
the pathway. Using two biosensors of different dynamical structures is
tantalizing, in order to correlate the amount of second messenger and
the activities of the kinases, but remains challenging.
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