'.\' frontiers

1N Molecular Biosciences

BRIEF RESEARCH REPORT
published: 11 March 2021
doi: 10.3389/fmolb.2021.629773

OPEN ACCESS

Edited by:
Fabio Trovato,
Freie Universitét Berlin, Germany

Reviewed by:

Kjetil Wessel Andressen,
University of Oslo, Norway
Francesco Tavanti,

University of Modena and Reggio
Emilia, Italy

Laura Orellana,

Karolinska Institutet (Kl), Sweden

*Correspondence:
Sergio Pantano
spantano@pasteur.edu.uy

Specialty section:

This article was submitted to
Biological Modeling and Simulation,
a section of the journal

Frontiers in Molecular Biosciences

Received: 15 November 2020
Accepted: 20 January 2021
Published: 11 March 2021

Citation:

Klein F, Sardi F, Machado MR,
Ortega C, Comini MA and Pantano S
(2021) CUTie2: The Attack of the Cyclic
Nucleotide Sensor Clones.

Front. Mol. Biosci. 8:629773.

doi: 10.3389/fmolb.2021.629773

Check for
updates

CUTie2: The Attack of the Cyclic
Nucleotide Sensor Clones

Florencia Klein'2, Florencia Sardi®, Matias R. Machado’, Claudia Ortega®,
Marcelo A. Comini® and Sergio Pantano "°*

"BioMolecular Simulation Group, Institut Pasteur de Montevideo, Montevideo, Uruguay, “Graduate Program in Chemistry,
Facultad de Quimica, Universidad de La Republica, Montevideo, Uruguay, ®Laboratory Redox Biology of Trypanosomes, Institut
Pasteur de Montevideo, Montevideo, Uruguay, “Recombinant Protein Unit, Institut Pasteur de Montevideo, Montevideo,
Uruguay, ®Shanghai Institute for Advanced Immunochemical Studies, ShanghaiTech University, Shanghai, China

The detection of small molecules in living cells using genetically encoded FRET sensors has
revolutionized our understanding of signaling pathways at the sub-cellular level. However,
engineering fluorescent proteins and specific binding domains to create new sensors
remains challenging because of the difficulties associated with the large size of the
polypeptides involved, and their intrinsically huge conformational variability. Indeed,
FRET sensors’ design still relies on vague structural notions, and trial and error
combinations of linkers and protein modules. We recently designed a FRET sensor for
the second messenger cCAMP named CUTie (Cyclic nucleotide Universal Tag for imaging
experiments), which granted sub-micrometer resolution in living cells. Here we apply a
combination of sequence/structure analysis to produce a new-generation FRET sensor for
the second messenger cGMP based on Protein kinase G | (PKGI), which we named
CUTie2. Coarse-grained molecular dynamics simulations achieved an exhaustive
sampling of the relevant spatio-temporal coordinates providing a quasi-quantitative
prediction of the FRET efficiency, as confirmed by in vitro experiments. Moreover,
biochemical characterization showed that the cGMP binding module maintains virtually
the same affinity and selectivity for its ligand thant the full-length protein. The computational
approach proposed here is easily generalizable to other allosteric protein modules,
providing a cost effective-strategy for the custom design of FRET sensors.

Keywords: CUTie, biosensor, FRET, molecular dynamics, coarse-grained, Sirah, cyclic nucleotide, signaling

INTRODUCTION

The development of genetically encoded sensors based on Foster resonance energy transfer (FRET)
effect is a well-established methodology for the non-invasive and real-time study of a plethora of
cellular events (Nikolaev and Lohse, 2006; Berrera et al., 2008; Meng and Sachs, 2011; Calamera et al.,
2019).

In general, FRET sensors are composed of a molecular detector, which undergoes a
conformational change upon a given signal. A couple of fluorophores suitable for FRET and
linked to convenient domains of the detector module complete the sensor architecture. Two
fluorophores are a suited FRET pair if there is a substantial overlap between the spectra of
emission and absorption of the donor and acceptor, respectively (Lindenburg and Merkx, 2014).
The use of spectral variants of the Green Fluorescent Protein (GFP) as FRET pairs opened the
possibility to generate genetically encoded sensors for monitoring intracellular signaling (Zaccolo
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et al., 2000). In particular, FRET sensors applied to the study of
cyclic nucleotides (CNs) have been instrumental for dissecting
molecular details of the corresponding signaling pathways, and
several protein architectures have been reported to work as FRET
sensors for CNs (Sprenger and Nikolaev, 2013; Pendin et al.,
2016).

In the case of CNs, most often the detector is a cyclic
nucleotide-binding domain (CNBD) genetically fused to
suitable spectral variants of GFP. When the intracellular
concentration of cyclic nucleotides rises, they bind to the
CNBD, triggering an allosteric conformational change that
modifies both fluorophores’ relative distance and/or
orientation, translating into a change of the FRET signal
(Lindenburg and Merkx, 2014). Despite the proven usefulness
of genetically encoded sensors, very little work has been done to
advance on methods to systematically engineer FRET sensors
achieving quantitative predictions of FRET efficiency
(Stangherlin et al., 2014). Indeed, the design of novel sensors
is guided by a limited structural knowledge of the CNBDs. Such a
procedure often results in an undetermined and frustrating
number of trial and error attempts.

We were among the firsts to apply modeling techniques to
improve cAMP FRET sensors (Lissandron et al, 2005) and
provide simple structure-based rules to guide the design of CN
sensors (Machado and Pantano, 2015). More recently, we showed
that the combination of modeling techniques with coarse-grained
(CG) simulations effectively led to a quasi-quantitative prediction
of the FRET change upon raising cAMP concentrations.
Moreover, the rational design of the so-called CUTie sensor
produced for the first time a FRET sensor targetable to
different subcellular compartments that unveiled the presence
of unexpectedly small cellular (nano)domains regulated by cAMP
(Chao et al, 2019). Quantitative predictions of the FRET
efficiency of the CUTie sensor were achieved thanks to the
comprehensive sampling provided by CG simulations. As
confirmed experimentally, our cost-effective approach achieved
an exhaustive conformational sampling of the space accessible to
the fluorescent proteins linked to the cAMP-binding domain of
the regulatory subunit of the RIIp isoform of Protein kinase A
(Surdo et al,, 2017). Here, we aimed to prove the general validity
of our approach by designing and testing a FRET sensor for cyclic
guanosine 3’-5'-monophosphate (¢cGMP). This latest generation
sensor will be referred as CUTie2 hereafter.

The second messenger cGMP is involved in several
downstream intracellular signaling pathways. Among
others, ¢cGMP plays a central role in regulating the
cardiomyocyte function (Perera et al, 2015; Bork et al,
2019; Zhao et al, 2020) and is involved in neurological
diseases (Knott et al., 2017; Schepers et al., 2019). In
mammalian cells, the production of cGMP is regulated by
the binding of Nitric oxide (NO) to soluble guanylyl cyclases
and natriuretic peptides, that activate particulate guanylyl
cyclases GC-A and GC-B; while, its degradation is tightly
controlled by eight out of the eleven isoforms of
Phosphodiesterases (Friebe et al., 2020).

The development of cGMP sensors poses the challenge of
achieving simultaneously high affinity for cGMP vs. cAMP,
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FIGURE 1 | Design of CUTie2. (A) Global secondary structure of a

CNBD and multiple sequence alignment of related domains. Rectangles and
arrows are used to indicate a-helices and p-strands. Sequences 1 to 12, and
1310 24 correspond to cGMP and cAMP binding proteins, respectively.
These correspond to the UNIPROT codes, for the cGMP binding domains: 1)
Q13976, 2) Q13237, 3) AOA444U9Q8, 4) AOA443SJC3, 5) BOX970, 6)
AOA4Y2N1F1, 7) AOA4Y2BIM3, 8) AOA419PY19, 9) AOA2P8Y1RO0, 10)
AOA3R7JPEO, 11) AOA444UAH2, 12) AOAOMAENX8 and the cAMP binding
modules: 13 and 14) P0O0514, 15 and 16) P12369, 17) AOA2J8TG41, 18)
EOVRTS, 19 and 20) AOA091CJC2, 21) AOAS56UFGB, 22) A9QQ52, 23 and
24) AOA384A0R8. Aminoacids are colored by physicochemical character
according to CLUSTAL. (B) Cartoon representation and domain organization
of the CUTie2 sensor. Notice that the N-terminal of the protein remains free to
be eventually fused to arbitrary targeting domains. The schematic architecture
of the sensor and definition of the geometric factors and equations used to
calculate the FRET signal are provided on the right bottom.

which is normally present at higher concentrations in
overlapping subcellular compartments (Stangherlin and
Zaccolo, 2012). Nevertheless, a number of cGMP sensors have
been reported (Sprenger and Nikolaev, 2013). The most
frequently used sensors are based on mammalian proteins,
which, due to their relatively high ECs5, (Cygnet2.1 and cGI-
500 ECsy = 0.5 uM, cGES-DE5 ECsy = 1.9 uM) (Honda et al.,
2001; Nikolaev et al., 2006; Russwurm et al., 2007) they are useful
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in environments with high concentrations of cGMP. So far, the
sensor with higher affinity for cGMP has an EC50. ~ 40 nM
(Niino et al., 2009; Calamera et al., 2019).

Therefore, it is highly desirable to count with a targetable
sensor with similar characteristics to those available for cAMP.

The design of allosteric sensors requires the knowledge of the
structure and conformational landscape accessible to the protein.
Schematically, the binding site of CNBDs is constituted by an 8-
stranded p-barrel, which is flanked by two helices commonly
designated as helix A and B (Figure 1A). In most CNBDs, a
C-terminal helix (helix C) acts as a lid that closes the binding
pocket in the presence of CNs (Berman et al., 2005). In absence of
the ligand, the C helix is highly mobile to the point it can’t be
solved by X-ray crystallography. This conformational behavior
makes this family of protein structures good candidates for FRET
sensors, and their C-terminal an obvious place to insert a
fluorescent protein. During the design of the original CUTie
sensor, we found that the loop connecting -strands 4-5 (named
4-5 loop) is poorly conserved, with frequent insertions in
different cAMP binding domains (see Figure 1A). This
suggested that the 4-5 loop is structurally permissive to insert
a fluorescent molecule without altering CNBD s characteristics
(Surdo et al., 2017). Therefore, we further explore the possibility
of engineering another CNBD to generate a FRET sensor for
c¢GMP. With this aim, selected on the human Protein kinase G
(PKG), which has two isoforms (I and II) (Butt et al., 1993;
Hofmann et al., 2009), sharing the same overall architecture and
CNBD organization (Vaandrager et al.,, 2005; Campbell et al.,
2016).

In-vitro experiments showed that the CUTie2 sensor
developed in-silico maintains a nearly native affinity (ECso =
277 nM) and over two orders of magnitude selectivity for cGMP
vs. CAMP, reaching a maximal FRET change of 26%. Since
CUTie2 maintains the same architecture of its cognate CUTie,
it might offer the possibility to dissecting simultaneously the
submicrometric coexistence of cAMP and c¢GMP signals.
Moreover, because of the global similarity of CNBDs, the
procedure illustrated here should be generalizable to arbitrary
proteins of this class.

METHODS

In Silico Design
To find a suitable insertion point for the first fluorescent module,
we perform a multiple sequence alignment of protein containing
CNBDs. To ensure the generality of our results, we consider
sequences from mammals, insect, fish, arachnid, crustacean and
annelid (Figure 1A). CNBD protein sequences are retrieved from
the UniProt database (Bateman, 2019, https://www.uniprot.org)
and aligned using ClustalW in the MPI Bioinformatics Toolkit
(Bioinformatics Toolkit, 2020).

3D starting conformations are built on the base of X-ray
structures of PKGIP protein (PDBid: 4KU7, residues K223 to
Y351 (Huang et al.,, 2014)). Because of practical reasons, both
fluorescent modules (Yellow and Cyan Fluorescent Proteins)
were modeled using the X-ray structure PDBid: 1QYO

The CUTie2 cGMP Sensor

(Barondeau et al., 2003). This corresponds to a triple mutation
of GFP, without the chromophore moiety. This variant presents
the typical GFP folding and obviates the need to parameterize CG
chromophores. This shortcut is well tolerated within the
coarseness of our approach. Initially, the CNBD, linkers and
the fluorescent module corresponding to the YFP were manually
positioned at distances compatible with covalent bonds and
ligated with Chimera (Pettersen et al., 2004). Subsequently, the
CFP module is attached to Y351 in the CNBD. Once a model is
complete, its structure is energy optimized by CG simulations
(see below). Different initial conformers are generated by
arbitrarily rotating torsional angles between the CNBD and
the CFP module. For simulations in the cGMP-free protein, a
new set of conformers are generated in which the ligand is removed
before starting the molecular dynamics (MD) simulations.

CG Simulations

CG MD simulations are performed using the SIRAH 2.0 force
field under the conditions reported in (Machado et al., 2019). The
interaction parameters for CG cGMP and the simulation protocol
are reported in supplementary material (Supplementary Figure
S1). Briefly, atomistic models are mapped to CG using SIRAH
Tools (Machado and Pantano, 2016) and solvated with CG water
up to 2 nm beyond the last bead in each direction. Explicit CG
ions are added to set an ionic strength of 15mM. Although
simulation boxes are different for each protomer, systems
typically contained 50,000 beads, roughly representing half a
million atoms. The simulation protocol consists of 5,000 steps
of unrestrained energy minimization, and five MD equilibration
steps in NPT ensemble at 1 bar using the v-rescale thermostat and
Parrinello-Rahman barostat:

(1) Solvent equilibration by 5 ns at 10 K and time step of 2.0 fs.

(2) 40 ps at 300 K and time step of 2.0 fs.

(3) 400 ps at 300 K with a time step of 20 fs.

(4) 400 ps at 300 K with a time step 20 fs and positional restrains
of 1,000 k] mol-1nm-2 on the whole protein.

(5) Same as the previous one but for 5 ns.

(6) Production simulations for 10 s.

Each equilibration step starts from 0K temperature, (i.e.
velocities are zeroed at each restart). We generated 16
different initial conformers in cGMP-bound and eight in
cGMP-free conformation, totalizing a cumulative simulation
time of 0.24 ms. Snapshots are recorded every 100 ps for analysis.

Non-bonded interactions are calculated with a 1.2 nm cutoff
and PME method (Darden et al., 1993; Essmann et al., 1995) for
long-range electrostatics. Simulations are performed using
GROMACS 4.6.7 (http://www.gromacs.org).

Analysis of the Trajectories

The FRET efficiency (E) depends only on the inter-fluorophore
distance (D) and the relative orientation of the chromophores
(commonly named orientational factor, or simply x*). The
change in FRET is calculated by subtracting the average FRET
values in ¢cGMP-bound and cGMP-free conformations. D is
estimated as the distance between the geometric centers of
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CFP and YFP, while «* factor is calculated from the dipoles
defined between the geometric center of the fluorescent protein
and the Ca of Ser147 in each fluorescent module (Figure 1B).
This agrees with the orientation of the dipole moment
estimated from DFT calculations for a variety of
chromophores in different fluorescent proteins (Rosell and
Boxer, 2003). Root Mean Square Deviations (RMSD) are
calculated on the Ca beads.

The FRET efficiencies in ¢cGMP-bound and -free states are
calculated as the running average with sliding windows of 100 ns
over the concatenated trajectories. Obviously, the final averages
are independent of the order in which the trajectories
are concatenated. The standard deviations in the simulated
FRET are calculated after convergence, (i.e. after a cumulative
time = 0.04 ms).

EXPERIMENTAL

All chemicals and reagents used are of analytical grade and
purchased from SIGMA. The DNA plasmid is synthetized by
Genscript and sequenced by the Molecular Biology Unit, Institut
Pasteur of Montevideo.

The recombinant form of CUTie2 is expressed as an
N-terminally six His-tagged protein using the vector
pET28a (+) and Escherichia coli Rosetta (DE3) as
heterologous expression host. The transformed bacteria are
grown at 37°C in 2YT medium containing 50 pg/ml
Kanamycin and 34 pg/ml Chloramphenicol until an optical
density of 0.8. Thereafter, 0.5 mM IPTG (Euromedex) is added
to the culture and incubation extended for 16 h at 20°C. After
centrifugation at 6,000 g for 30 min at 4°C, the cell pellet is
resuspended in 50 mM Tris-HCl pH 8.0, 300 mM NacCl,
20 mM imidazole (Buffer A), containing a EDTA-free
protease inhibitors cocktail (ROCHE) and Lysozyme (end
concentration 1 mg/ml). The cell suspension is subjected to
sonication and the debris removed by centrifugation at
16,000 g for 1 h at 4°C. The clarified extract is applied to a
1 ml HisTrap column (GE Healthcare) and upon washing in
Buffer A, the His-tagged protein is eluted with buffer A
containing 500 mM imidazole. The fractions containing the
cGMP sensor protein are pooled and concentrated by
centrifugation (5,000¢g at 4°C) in a Vivaspin-20 filter
(30 kDa cutoff), and further polished by a Superdex G-200
size exclusion chromatography (10/30 column) run in 50 mM
Tris-HCI (pH 8.0), 500 mM NaCl.

Protein concentration is measured at 280 nm, where €280 for
CUTie2 60.990 M cm™. In a Hellma® fluorescence cuvette (total
reaction volume of 120 pL), the sensor (100 nM) is treated with
different concentrations of cGMP or cAMP (0 nM-10 mM) in
PBS buffer containing 1 mM EDTA pH 7.0. Upon addition
of cGMP or cAMP, the fluorescence emission spectrum
(Aexc = 435 nm, Aem = 460-600 nm) of CUTie2 is recorded in
a Cary Eclipse fluorimeter every 1 min during 10 min and using slit
widths of 5 nm and a PMT of 780. The fluorescence intensity (FI)
values corresponding to CFP (485 nm) and YFP (527 nm) in the
absence (CO0) or presence of different concentrations of the

The CUTie2 cGMP Sensor

corresponding cyclic nucleotides (Cx) are used to calculate the
percentage FRET as follows:

F1527nm F1527nm
FRET = [( f§5nm) _< 4C§5nm>:| x 100 . (1)
FI; FI&g
The % FRET vs. Log [c(NMP] is plotted, fitted to non-linear
regression equations and statistically analyzed using the
GraphPad Prism six Software (San Diego, CA, United States).

Three independent titration experiments are performed with
three different batches of the recombinant sensor.

RESULTS AND DISCUSSION

In Silico Design

In order to define the structure of the cGMP sensor, we aligned
the protein sequences reported in Figure 1A. We identify the 4-5
loop as a suitable insertion site in cGMP binding domains. The
second fluorescent module is added to the C-terminal of the
protein, after the end of the C-helix. The scheme of the construct
and a molecular representation of CUTie2 are shown in
Figure 1B.

The module corresponding to YFP is inserted within the
cGMP-CNBD. It substitutes the original amino acids Asp,ge-
Ser-Pro-Ser-Glu,g, in the 4-5 loop by the linkers used in the
CUTie sensor, as previous MD simulations suggested they avoid
spurious distortions in the binding domain (Surdo et al., 2017).
The substitution of the original amino acids in the sequence is not
expected to alter significantly the conformation of the CNBD as
they are not determined in the X-ray structure. This assumption
could be verified a posteriori (see below). The CFP is linked
directly to the C-terminal of the CNBD. As a proof of concept of
our methodology, we choose the domain p of human PKG I, for
which the 3D structure and cGMP binding characteristics are well
defined (Huang et al., 2014). A schematic representation of the
CUTie2 sensor and its primary sequence are shown in Figure 1B,
and Supplementary Figure S2, respectively.

Having the primary sequence and structural knowledge of the
protein modules, it is possible to construct 3D representations of
the sensor. However, a quantitative prediction of the FRET
efficiency requires a complete sampling of all relevant
collective variables. In this regard, it may be important to
recall that the FRET effect is a dipole-dipole interaction, which
rapidly decays as the 1/D° (Figure 1B), where D is the distance
between chromophores. In practical terms, 10 nm is considered
as an upper limit for the distance of interaction between two
fluorescent proteins. On the other hand, the numerical value of k>
ranges from 0 to 4 (see definition in Figure 1B). Therefore, a
proper sampling of the relevant coordinates to quantify the FRET
effect must achieve a complete sampling of D and «* within the
above range. In principle, MD simulations can be used to this aim.
However, the computational cost of such simulations is
prohibitive. Hence, we sorted out to use the accurate and
topologically unbiased SIRAH force field for CG simulations
(Machado et al, 2019). Different starting conformers are
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FIGURE 2 | CG simulation of the CUTie2 sensor. (A) Instantaneous
RMSD of one randomly chosen conformer in cGMP-bound conformation.
Black, gray, yellow, and cyan correspond to the whole molecule, the CNBD,
the YFP, and the CFP modules, respectively. (B-D) Distance between
chromophores, k?, and FRET efficiency. The orange line in each panel
corresponds to the average over the entire trajectory.

prepared in the cGMP-bound and -free states and simulated for
10 ps each.

Figure 2 shows the main determinants of a simulation of
c¢GMP-bound to CUTije2. The relative mobility of each protein
module (CNBD and the two fluorescent variants), and the whole
construct is characterized in terms of their RMSD from their
initial positions. Individual domains show quite stable and
relatively low RMSD values. However, the CUTie2 sensor as a
whole shows excursions up to 2 nm with stability regions in time-
windows of about 2 us (Figure 2A). Those flat RMSD regions
show a rough correspondence to the distance between
chromophores (Figure 2B), indicating that the stable regions
in the global RMSD can be identified with large-scale movements
of the fluorescent modules. Indeed, the distance between
chromophores vary from 5nm up to 8 nm in this particular

The CUTie2 cGMP Sensor

staring conformer. Calculation of k> shows that the simulation
samples the complete spectrum of values with a much faster
dynamics (Figure 2C). The reason for this difference is rather
obvious, while significant variations in D imply the motion of
entire protein modules, the dynamics of k” is related to rotations
of torsional dihedrals associated to the protein backbone, which
happen spontaneously in the nanosecond timescale at room
temperature. The combination of both collective variables as
detailed in Figure 1B allows for a theoretical estimation of the
FRET illustrated in Figure 2D. Because of the marked difference
in the dynamics of D and % the FRET efficiency is mostly
correlated to the inverse of D.

Experimentally, the FRET efficiency averages on a wide
number of conformations and within time windows of
minutes. Intuitively, a proper comparison between simulated
and experimental FRET efficiencies requires performing
simulations of the sensor in c¢cGMP-bound and-free states,
calculating the average FRET efficiencies in both states and,
then subtract both values to obtain the variation in FRET
efficiency upon ¢cGMP binding. For such comparison to be
meaningful, one should assume a broad sampling of the
relevant variables, namely, D and x> While Figure 2B
suggests that this is true for k% D is still limited to a restricted
range (Figure 2C).

Therefore, we generate two sets of simulations with different
starting conformers in cGMP-bound and-free states. After each
10 ps simulation, we concatenate the trajectories and calculate the
running average of the FRET efficiency (Figure 3A). New
conformers are generated until convergence is reached. In the
c¢GMP-bound case we generate a total of 16 different conformers for
a cumulative time of 0.16 ms (see Supplementary Figure S3). For
the cGMP-free case, only eight conformers are deemed necessary
since in the absence of cGMP the two fluorophores sample
preferentially higher D distances (see Supplementary Figure $4).

The average change in FRET efficiency resulted in 22% (s.d. 2,
Figure 3A).

To further illustrate the conformational sampling we plot the
FRET efficiencies of the different starting conformers as a
function of D and ¥’ to provide a breakdown of the sampling
achieved (Figure 3B, only the cGMP-bound case is shown for
brevity). The whole set of points covers the range D < 10 nm and
0 > k* > 4. The spreading of the distribution clearly shows that
some conformers remain trapped in relatively narrow
conformational regions, while others can widely explore the D
variable. Using the backmapping capability of the SIRAH force
field (Machado and Pantano, 2016), we produce pseudo atomistic
representative  snapshots from three different starting
conformations. The violet molecule (indicated with the letter
“a” in Figure 3B) remains blocked in a high FRET configuration,
while the red molecule (indicated with “b” in Figure 3B) explores
a much wider range. In contrast, the cyan molecule (indicated
with “c” in Figure 3B) spends most of the time with the two
ﬂuorescent modules far apart from each other, making little
contributions to the global FRET. It is also interesting to
notice that, because of the topology of the sensor, there is a
region of values of D between 3 and 4 nm, which is structurally
forbidden.
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FIGURE 3 | FRET efficiency and experimental validation. (A) Averaged FRET values calculated from different conformers vs. simulated time for cGMP-bound and
-free sets of simulations. (B) Assessment of the completeness of the conformational sampling for the cGMP-bound simulations. The FRET efficiency is reported as a
function of D and «? for each of the conformers (indicated by different colors). Six particular conformers taken from three trajectories are shown in cartoon representation
to illustrate the conformational dispersion achieved during the simulations. Gray spheres indicate the cGMP binding sites. The letters in lower case indicate the
position of the corresponding conformer in the graph. (C) Representative concentration-response plot for recombinant CUTie2 titrated with different concentrations of
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Experimental Validation

In order to provide experimental confirmation of the in silico
predictions, the recombinant form of the CUTie2 sensor was
expressed and the FRET signal measured in vitro for cGMP and
cAMP in three independent experiments (see Supplementary
Figure S5).

As shown in Figure 3C, the maximal FRET efficiency obtained
at saturating concentrations of cGMP (FRET >26%) compares
well with the computational predictions. Moreover, the effective
concentration of cGMP that triggers a 50% FRET response of
CUTie2 (ECs) to cGMP was 277 + 60 nM, which nicely matches
the value reported for this CNBD by using competition
fluorescence polarization (Huang et al, 2014). Interestingly,
the Hill’s slope estimated from the three independent cGMP
titration assays with CUTie2 is 1.5 + 0.4, which is within the range
of values reported for PKG I (Huang et al., 2014) and a related
FRET sensor (Honda et al, 2001), and may suggest a certain
cooperative effect upon ligand binding. As mentioned before, the
selectivity of the sensor for ¢cGMP is essential for in vivo
applications since in many subcellular compartments the
cAMP concentration is higher than that of cGMP (Stangherlin
and Zaccolo, 2012). In this regard, CUTie2 titration with cAMP
revealed an ECsg of 121 + 11 pM, which shows that the sensor has
a >400-fold higher selectivity for cGMP.

DISCUSSION AND CONCLUSION

This manuscript presents a computational methodology for the
design and quasi-quantitative prediction of FRET efficiency of

genetically encodable sensors for cGMP. The agreement with
experimental data obtained here, and with the previously
published CUTie sensor for cAMP (Surdo et al,, 2017) supports
the general validity and transferability of our approach. Within the
standard deviations of FRET changes obtained by the experimental
and computational determinations, our approach could be
considered quasiquantitatively accurate. The capacity of both
fluorescent modules to produce FRET at cGMP concentrations
comparable to those measured for the intact protein strongly
suggests that both the fluorescent proteins and the CNBD adopt
their expected folding. This fact is not entirely obvious if we
consider that YFP is inserted within the folding of the CNBD.
In this regard, it may be worth mentioning that peptide linkers are
present between the CNBD and YFP sequence (Supplementary
Figure S2). These linkers are the same used in the CUTie sensor.
The marked differences in sequence conservation in the region of
the 4-5 loop shown in Figure 1A and the correct functioning of
CUTie and CUTie2 strongly suggest that these linkers are well
suited for inserting a fluorescent module within the 4-5 loop of any
CNBD. The equivalence in cGMP affinity and cAMP selectivity in
relation to the intact CNBD further highlight this fact. This opens
the possibility to generate a portfolio of sensors with different
ligand affinities based on other biochemically well-characterized
CNBDs or other ligand-specific domains that undergo a similar
allosteric-dependent conformational change. CUTie and CUTie2
share the common feature of having a free N-terminal that can be
fused to arbitrary targeting proteins/sequences. Namely, both can
be regarded as FRET tags that can be targeted to different
subcellular localizations determined by the accompanying
protein or targeting signal. In summary, this new sensor holds
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great potential to unravel simultaneous signaling pathways with
submicrometric resolution and high cyclic nucleotide selectivity in
living cells.
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