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ABSTRACT: Optical protein sensors that enable to detect relevant biomolecules of interest play central roles in biological
research. Coupling fluorescent reporters to protein sensing units has enabled the development of a wide range of biosensors
that recognize analytes with high selectivity. In these sensors, analyte recognition induces a conformational change of the
protein sensing unit that can modulate the optical signal of the fluorescent reporter. Here, we explore various designs for the
creation of tunable allosteric-like fluorogenic protein sensors through incorporation of sensing protein units within the
chemogenetic fluorescence-activating and absorption-shifting tag (FAST) that selectively binds and stabilizes the fluorescent
state of 4-hydroxybenzylidene rhodanine (HBR) analogs. Conformational coupling allowed us to design analyte-responsive

optical protein sensors through allosteric-like modulation of fluorogen binding.

Detection and quantification of analytes involved in biological
processes require the design of reliable biosensors, coupling
fluorescent reporters to analyte-specific binding domains, in-
teracting proteins, or enzyme target-sequences. Initially based
on fluorescent proteins (FPs), these sensors are either intensi-
ometric, when relying on a single FP (illustrated by calcium ion
detection with GCaMP and its improved variants!-3) or rati-
ometric, where a conformational change of the chimeric pro-
tein influences the Forster Resonance Energy Transfer (FRET)
efficiency between two FPs (notably leveraged for glutamate
imaging*5). The recent addition of chemogenetic probes, com-
prised of a synthetic fluorescent moiety coupled to a genet-
ically encoded part, has provided new opportunities for the de-
sign of innovative biosensor with a hybrid nature.® Relying on
resonance energy transfer, the coupling of self-labelling pro-
tein HaloTag with SNAP-tag’, a bioluminescent luciferase8 or a
fluorescent protein® has provided detection tools for a wide
range of molecules. Cellular apposition and long-term contact
have been visualized using fluorescence-activating proteins
(FAPs) targeted by a heterobivalent ligand.1%1t Usual protein
engineering strategies are now supported by computer-based
structural and functional predictions, that notably allowed de
novo design of fluorogenic Ca?* biosensors, in which ligand de-
tection regulates chromophore binding to mini-FAP, and thus
fluorescence.'? Such allosteric control has been illustrated as
well by coupling HaloTag to various sensing modalities that un-
dergo conformational change and influence the fluorescent
state equilibrium of the bound fluorophore.13

Allosteric regulation is a widespread process for modulating
protein function and regulating cell signaling and metabolism.
Binding of a ligand at one site of an allosteric protein positively
or negatively affects the output function of a distant binding or
catalytic site through a conformational change. This design
principle can be applied to the construction of allosterically
regulated protein switches in which proteins with input and
output functions of interest are combined such that their func-
tions are significantly coupled!415, opening new avenues for
the design of artificial protein switches for imaging, diagnostic
and therapeutic applications.!6.17

The chemogenetic fluorescence-activating and absorption-
shifting tag (FAST) represents an interesting reporter for the
creation of optical protein sensors. This protein tag selectively
and non-covalently binds and stabilizes the fluorescent state of
fluorogenic chromophores (so-called fluorogens), which are
otherwise dark when free in solution or in cells, including hy-
droxybenzylidene rhodanine (HBR) derivatives.1819 FAST and
its variants can be used to monitor gene expression and pro-
tein localization in live cells and organisms under aerobic1820-
25 and anaerobic conditions.26-30 [nserting circularly permuted
(cp)FAST between the Ca%*-binding Calmodulin and the pep-
tide M13 allowed the monitoring of Ca?* fluxes in live cells by
fluorescence microscopy.3! Dynamic interactions between pro-
teins could be probed in live cells through fusion to two com-
plementary fragments of FAST32. Further engineering recently
allowed the generation of a fluorogenic chemically induced
proximity tool to control and visualize the proximity of fusion
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proteins.33 These developments suggested that fusion of sens-
ing protein units undergoing conformational change upon an-
alyte recognition with FAST could create analyte-responsive-
ness by conditioning fluorogen complexation, thus fluores-
cence, through allosteric-like coupling.

FAST is an attractive reporting module for the design of fluo-
rescent sensors: first, its small size should permit the coupling
to sensing protein domains with minimal perturbation of their
folding. Second, FAST and its engineered variants form fluores-
cent assemblies with HBR derivatives!® and alternative fluoro-
genic push-pull chromophores with spectral properties cover-
ing the entire visible spectrum.2%25 This tunability conveniently
enables control over the spectral properties, providing higher
design versatility than FPs. These variants also display various
fluorogen affinities (and potentially conformational sensitiv-
ity), providing options for the optimization and tuning of con-
formational coupling between the chromophore binding
pocket and an analyte recognition domain.

Here, we explore various strategies for the design of allosteric-
like fluorogenic protein sensors based on FAST and show that
insertion of sensing protein domains into FAST or its derivati-
ves enables to create responsiveness to various biological ana-
lytes.

Results and Discussion

Evaluation of Allosteric Coupling in Fluorogenic Protein
Sensor

In allosteric fluorogenic sensors, the binding of the analyte can
either raise or lower the binding affinity of the fluorogen, lead-
ing to positive or negative allosteric modulation of fluores-
cence. The cooperativity constant o = Kp,r/ Kp/a (Where Kpris
the binding affinity constant of F (the fluorogen) in absence of
A (the analyte), and Kb,/ is the binding affinity constant of F
when A is already bound to the sensor) enables to know if the
cooperativity is positive (a > 1), or negative (o < 1) (see the full
model in Text S1, Fig. S1 and Fig. S2). The case o = 1 indicates
that the fluorogen and the analyte bind the sensor inde-
pendently. In allosteric sensors, the influence between the two
ligands is reciprocal, therefore the binding of the fluorogen
modifies the binding affinity of the analyte. The binding affinity
of the analyte is thus characterized by an apparent dissociation
constant Kpapp that depends on the fluorogen concentration
(see Fig. S1, Fig. S2 and Text S1). Consequently, the concen-
tration of fluorogen can be advantageously adjusted to tune the
binding affinity of the analyte (vide infra).

Engineering of Positive Glutamate-Responsiveness

To test the idea of engineering analyte-responsive FAST, we
first envisioned coupling FAST with a glutamate sensing unit.
Glutamate plays a key role both intracellularly and in chemical

communication in the nervous system.3435 As sensing domain,
we used the glutamate/aspartate import solute-binding pro-
tein (GItl) from E. coli. The design of ratiometric FRET gluta-
mate sensors through insertion of GItl between two fluores-
cent proteins suggested that Gltl undergoes conformational
change upon glutamate binding.3¢ This was further supported
by the generation of intensiometric glutamate sensors through
insertion ofa circularly permuted GFP (cpGFP) in between res-
idues 253 and 254 of Gltl.37 A circularly permuted version of
GltI (cpGltl) has been recently generated by connecting the N
and C termini with a linker of 37 amino acids and by reinstating
termini at position 253 and 254,38 further expanding the po-
tential of GltI for the creation of glutamate-responsiveness. To
generate glutamate-responsive FAST, we tested the insertion
of GItI(5-279) into FAST (in between residues 114 and 115) or
it circular permutation cpFAST (in between residues 125 and
1), yielding Glu-FAST-1 and Glu-FAST-2. We also inserted FAST
or cpFAST into GltI (in between residues 253 and 254), leading
to Glu-FAST-3 and Glu-FAST-4. The existence of cpGltI allowed
us to generate the circular permutations of these four topolo-
gies (cpGlu-FAST-(1-4)). The eight proteins were expressed in
bacteria and purified for subsequent in vitro characterization.
Through titrations with the fluorogen HMBR in absence and in
presence of 5 mM glutamate, we found that Glu-FAST-2 was the
topology in which HMBR binding was the most allosterically
coupled to glutamate binding (Fig. S3 and Table S1). Gluta-
mate binding increased HMBR affinity by 2.2-fold, showing
that Glu-FAST-2 exhibited positive cooperativity (Fig. 1a-d,i).

To determine the glutamate affinity of Glu-FAST-2, we meas-
ured fluorescence in presence of 1 uM HMBR and glutamate
concentrations ranging from 0.5 uM to 250 uM. Note that the
concentration of HMBR was chosen approximately equal to
(Kb,umBr Kb HMBR/glutamate) 172, @s this concentration is a good com-
promise to have both a good dynamic range and an acceptable
fluorescence signal (see Fig. S4 for more details). Fitting of the
glutamate titration curve yielded an apparent Kp.app for gluta-
mate binding of 7 uM, a value within the range expected to be
relevant for biosensing applications in physiological condi-
tions. In these conditions, the fluorescence dynamic range of
Glu-FAST-2, i.e. the maximal fluorescence variation of the sen-
sor, was 1.8-fold. Glutamate-responsiveness could be further
enhanced by several steps of protein engineering (Fig. S5 and
Table S2). Through the combined insertion of a rigid Pro-Pro
linker between Gltl and the N-terminal fragment of FAST
(FAST(1-114) = NFAST) and truncation of the first residue of
the C-terminal fragment of FAST (CFAST), we generated Glu-
FAST-2.1, which exhibits a 4.3-fold higher affinity for HMBR in
presence of glutamate. At 1 uM HMBR, Glu-FAST-2.1 exhibits a
Kb app for glutamate binding of 6 uM and an improved fluores-
cence dynamic range (2.5-fold vs 1.8-fold for Glu-FAST-2), in
agreement with an increased positive allosteric-like modula-
tion (Fig. 1e-g).
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Figure 1. FAST-based glutamate sensors. (a) Principle of glutamate-responsiveness. (b) Topology of the selected biosensor Glu-FAST-2
and its optimized version, Glu-FAST-2.1. (c,e) HMBR titration curves of Glu-FAST-2 and Glu-FAST-2.1, respectively, in the absence (light
grey) and in the presence of 5 mM glutamate (dark grey) in pH 7.4 HEPES buffer (50 mM) containing NaCl (150 mM). (d,f) Glutamate
titration curves of Glu-FAST-2 and Glu-FAST-2.1, respectively, in the presence of 1 uM HMBR. Data represent the mean * sem (n = 3).
The least-squares fit (line) gave the thermodynamic dissociation constants Kpumsr, KbHMBR/glutamate and KD glutamate app provided in (g). The
sensor concentration was fixed at 0.1 pM. (g) The dissociation constant of the fluorogen is given in the absence (Kpumsr) and in the
presence of glutamate (Kbpumsr/gutamate), and the cooperativity constant a is calculated as the ratio of the dissociation constant in the
absence and in presence of glutamate (Kpumer/ Kb HMBR/glutamate). The apparent dissociation constant Kb glutamate app for glutamate binding
is also given with the associated fluorescence intensity increase observed upon analyte addition (Fmax/Fmin). (h) Structural model of Glu-
FAST-2.1 bound to glutamate and HMBR generated by homology modeling and molecular dynamics. GltI is in blue and FAST in grey.
HMBR and glutamate are shown in space-filling model. (i) Root mean square fluctuations (RMSF) of the residues of Glu-FAST-2.1 during
molecular dynamic simulations of 30 ns (see also Fig. S5).

To get insights about the functioning of Glu-FAST-2.1, we gen-
erated atomic resolution models by homology modeling, fur-
ther refined by molecular dynamics. Our modeling suggests
that Glu-FAST-2.1 do not undergo strong conformational

change in presence of its ligands in agreement with the modest
dynamic range of the sensor (Fig. 1h,i and Fig. S6a-g). Never-
theless, fine analysis of the root mean square fluctuations
(RMSF) of each residue during long (30 ns) molecular
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dynamics showed that the conformational dynamics of the pro-
tein sensor is significantly different when the binding sites are
empty, occupied by one of the two ligands, or occupied by both
ligands (Fig. 1i and Fig. S6a-g). We observed in particular that
the binding of glutamate reduces the conformation dynamics
of both the GltI and the FAST domains, in agreement with a co-
operative conformational coupling between the two domains.
The effect of the binding of HMBR was less pronounced but
changes in the conformational dynamics could be observed
through changes of the residue RMSF profile (Fig. S6a-g) in
agreement with a conformational coupling between the FAST
and GltI domains. In addition, estimation of the sensor-ligand
binding energy using docking simulations suggested that the
affinity for HMBR increases when the glutamate is already
bound and that, reciprocally, the affinity for glutamate in-
creases when HMBR is already bound (Fig. S6h,i), in agree-
ment with an allosteric-like coupling.

Engineering of Positive K*-Responsiveness

To further evaluate the incorporation of analyte responsive-
ness into FAST, we coupled FAST to the bacterial potassium
binding protein (Kbp),3° previously used for the design of rati-
ometric FRET-based, as well as intensiometric single fluores-
cent protein-based potassium ions (K*) indicators.*%4! As the
most abundant intracellular cations, K+ ions are essential for
proper cell functions and membrane potential.*2 In presence of
K+, Kbp adopts a globular structure with its N- and C- termini
close to each other, while ab initio model of apo-Kbp suggested
that Kbp adopts an elongated conformation in absence of K*
with quite distant N- and C-termini.3 As for the generation of
glutamate-responsive FAST, we tested different topologies to
identify a K*-responsive FAST. First, insertion of Kbp into FAST
(in between residues 114 and 115) and cpFAST (in between
residues 125 and 1) yielded K*-FAST-1 and K*-FAST-2. We also
tested insertion of FAST and cpFAST in between the K* binding
domain (BON) and the lysine motif (Lys) of Kbp, yielding K*-
FAST-3 and K*-FAST-4. The four proteins were expressed in
bacteria and purified for subsequent in vitro characterization
(Fig. S7 and Table S3).Titrations with the fluorogen HMBR in
absence and in presence of 10 mM K* showed that HMBR bind-
ing was allosterically coupled to K* binding into K*-FAST-2
with a cooperativity constant o = 2.3 (Fig. 2a-d,g). The three
other topologies showed no significant allosteric coupling.

Fluorescence measurements in presence of 0.1 uM HMBR and
K* concentrations ranging from 0.025 mM to 25 mM enabled
us to determine a Kpapp for K* of 0.15 mM and a fluorescence
dynamic range of 1.9-fold for this sensor (Fig. 2d,g). The affin-
ity of K*-FAST-2 for K* ions approached the affinity of Kbp
alone, previously determined by isothermal titration calorime-
try (ITC).39 As the affinity of K*-FAST-2 for K* ions was too high
to consider any applications in biosensing, we inserted a 15-
residues flexible linker between the BON and Lys domains

within K+-FAST-2 to lower the affinity for K*. This strategy was
previously shown to reduce K* affinity.*® Accordingly, the re-
sulting K*-FAST-5 exhibited an eight-fold greater Kpapp for K+
binding, reaching a range of affinity more suitable for biosens-
ing applications (Fig. S8 and Table S4). The subsequent N-ter-
minal truncation of CFAST reduced the affinity of the biosensor
for HMBR in the K*-bound and -free state, further reducing the
affinity for K* and improving the dynamic range. In agreement
with a positive allosteric coupling between the K* and HMBR
binding sites, the optimized K*-FAST-5.1 exhibits a higher Kp,app
for K* binding of 2 mM at 0.1 uM HMBR, and undergoes a 2.2-
fold fluorescence increase upon K* binding (Fig. 2e-g).

To get insights about the functioning of K+-FAST-5.1, we gener-
ated atomic resolution models by homology modeling, further
refined by molecular dynamics. As for Glu-FAST-2.1, our mod-
eling suggests that K*-FAST-5.1 do not undergo strong confor-
mational change in presence of its ligands in agreement with
the modest dynamic range of the sensor (Fig. 2h,i and Fig. S9a-
g). Detailed analysis of the root mean square fluctuations
(RMSF) of each residue during long (30 ns) molecular dynam-
ics showed that the conformational dynamics of the protein
sensor are significantly different when the binding sites are
empty, occupied by one of the two ligands, or occupied by both
ligands (Fig. 2i and Fig. S9a-g). We observed in particular that
the binding of either K* or HMBR reduces the conformation dy-
namics of both the Kbp and the FAST domains (Fig. S9a-g), in
agreement with a reciprocal cooperative conformational cou-
pling between the two domains. In addition, estimation of the
sensor-ligand binding energy using docking simulations sug-
gested that the affinity for HMBR increases when K* is already
bound and that, reciprocally, the estimated affinity for K* in-
creases when HMBR is already bound (Fig. S9h,i), in agree-
ment with an allosteric-like coupling.

Engineering of Negative ATP-Responsiveness

Encouraged by the generation of positive glutamate- and K*-
responsiveness through allosteric coupling, we next explored
the incorporation of ATP responsiveness into FAST. ATP is
considered to be the “energy currency” of the cell and is essen-
tial for most cellular processes. As ATP sensing protein domain,
we used the e-subunit of FoF1-ATP synthase from the thermo-
philic Bacillus PS3 (B. PS3 €), which can adopt either a ligand-
free extended conformation, or a hairpin-like contracted con-
formation upon ATP binding.*34* This ATP-induced conforma-
tional change has been used for the design of ATP protein sen-
sors through coupling with a fluorescent reporter.+5-47 Allo-
steric-like coupling with FAST was thus considered either by
insertion of B. PS3 ¢ into FAST or cpFAST, yielding ATP-FAST-
1 and ATP-FAST-2 respectively, or by inserting FAST or
cpFAST in B. PS3 ¢ at position 107-110 (previously identified
as functional split site),*8 yielding ATP-FAST-3 and ATP-FAST-
4, respectively. Through titrations with
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Figure 2. FAST-based K* sensors. (a) Principle of K*-responsiveness. (b) Topology of the selected biosensor K+-FAST-2 and its optimized
version, K+-FAST-5.1. (c,e) HMBR titration curves of K*-FAST-2 and K+-FAST-5.1, respectively, in the absence (light grey) and in the pres-
ence (dark grey) of 10 mM and 100 mM K+, respectively, in pH 7.4 HEPES buffer (50 mM) containing MgClz (75 mM). (d,f) K* titration
curves of K*-FAST-2 and K*-FAST-5.1, respectively, in the presence of 0.1 uM HMBR. Data represent the mean * sem (n = 3). The least-
squares fit (line) gave the thermodynamic dissociation constants Kp,umsr, Kp,nmer/x+ and Kp k+app provided in (g). The sensor concentration
was fixed at 0.1 uM. (g) The dissociation constant of the fluorogen is given in the absence (Kpumsr) and in the presence of K+ (Kbp,umsr/
x+), and the cooperativity constant a is calculated as the ratio of the dissociation constant in the absence and in presence of K+
(Kp,umsr/Kp,nmer/k+). The apparent dissociation constant Kpx+ app for K+ binding is also given with the associated fluorescence intensity
increase observed upon analyte addition (Fmax/Fmin). (h,i) Structural model of K+-FAST-5.1 bound to K* and HMBR generated by homol-
ogy modeling and molecular dynamics. Kbp is in purple and FAST in grey. HMBR and K* are shown in space-filling model. (i) Root mean
square fluctuations (RMSF) of the residues of K+-FAST-5.1 during molecular dynamic simulations of 30 ns.

the fluorogen HMBR in absence or presence of 5 mM ATP, we
found that ATP binding reduced HMBR affinity for all four to-
pologies, demonstrating negative binding cooperativity (Fig.
$10 and Table S5). We observed the strongest allosteric-like
coupling in ATP-FAST-1 and ATP-FAST-2. In these two chi-
meric proteins, ATP binding led to 100-fold and 25-fold reduc-
tion of HMBR affinity, respectively (i.e. o = 0.01 and 0.04

respectively). Interestingly, we found that HMBR was binding
ATP-free ATP-FAST-1 and ATP-FAST-2 with dissociation con-
stants Kpumsr very close to those found within FAST and
cpFAST respectively (Fig. 3a-c,f, Fig. S10 and Table S5). This
result suggested that FAST and cpFAST were properly folded
in absence of ATP in ATP-FAST-1 and ATP-FAST-2, and that the
ATP-induced conformational transition of B. PS3 ¢ domain
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induced a conformational change of FAST and cpFAST causing
the observed HMBR affinity drop.

As ATP-FAST-1 exhibited the strongest allosteric coupling, we
next characterized its affinity for ATP. We measured green flu-
orescence at a fixed HMBR concentration and ATP concentra-
tions ranging from 5 uM to 5000 uM. We chose [HMBR] =1
1M as a good compromise to obtain large dynamic range and
acceptable fluorescence. We observed a 8.3-fold decrease of
fluorescence upon ATP binding, and determined that ATP-
FAST-1 bound ATP in a highly selective manner with a Kpapp of
0.23 mM (Fig. 3e-f and Fig. S11a). The large fluorescence dy-
namic range was further confirmed by measuring the excita-
tion and emission spectra of ATP-FAST-1 in absence and pres-
ence of ATP (Fig. 3g). In agreement with a strong allosteric
coupling between FAST and B. PS3 ¢, we observed that an in-
crease of HMBR concentration induced an increase of the Kp,app
for ATP binding, demonstrating that the binding affinity of ATP
could be modulated by changing the fluorogen concentration
(Fig.S12a). The negative cooperativity of ATP-FAST-1 was fur-
ther indirectly confirmed by creating ATP-unresponsiveness.
Introduction of the mutations R122K/R126K known to reduce
ATP binding to B. PS3 ¢ 43 generated an ATP-insensitive ATP-
FAST-1 variant whose high affinity for HMBR was unaffected
by ATP (Fig. S13a,b).

The properties of ATP-FAST-1 were further modulated by us-
ing various HBR analogs. One remarkable feature provided by
the hybrid nature of FAST is the ability to modify its spectral
properties by simply changing the fluorogen. In addition to
HMBR that forms green fluorescent assembly with FAST, the
use of HBR-3,5DM and HBR-3,5DOM yields yellow and orange-
red fluorescent assemblies, respectively.l® We found that ATP-
FAST-1 exhibited ATP-responsiveness with HBR-3,5DM and
HBR-3,5DOM, enabling to perform ATP titration with a red-
shifted readout (Fig. 3g-i). This modularity represents an ad-
vantage over fluorescent protein-based sensors as it provides
spectral versatility for multiplexed experiments without the
need for reengineering the protein sensor. The use of different
fluorogens also opens new ways to tune the binding affinity of
ATP. As ATP-FAST-1 can bind different fluorogens, the Kp,app for
ATP binding could be modulated by using fluorogens exhibit-
ing different binding affinities (Fig. S12b,c), further demon-
strating the advantage of semisynthetic protein sensors.

The strong negative cooperativity of ATP-FAST-1 suggested
that increasing the binding affinity of the fluorogen could sig-
nificantly reduce the binding affinity of ATP, and therefore in-
crease the Kpapp for ATP binding. We replaced FAST with
pFAST - a promiscuous FAST variant that binds a large collec-
tion of isosteric and spectrally different HBR analogs and dis-
plays > 10-fold higher affinity for most HBR analogs.z> While
pFAST fluorescence was confirmed to be independent from the

presence of ATP, the resulting ATP-pFAST-1 conserved a
highly selective negative responsiveness to ATP and exhibited
reduced ATP binding affinity (Fig. 3d-f, Fig. S11b and Fig.
$13c,d). Through adequate choice of the fluorogen nature and
concentration, it was possible to obtain ATP-responsive sensor
with Kpapp for ATP binding in the millimolar range, an affinity
range that could be suitable for monitoring changes in cellular
ATP levels, and a dynamic range of 6.4-fold (Fig. S14 and Table
S6).

To get insights about the conformational coupling between B.
PS3 ¢ and FAST (or pFAST), we generated atomic resolution
models of ATP-FAST-1 and ATP-pFAST-1 by homology mode-
ling, further refined by molecular dynamics (Fig. 3j-1 and Fig.
$15). Our analysis suggested that ATP-FAST-1 and ATP-
pFAST-1 can adopt two very different conformations in func-
tion of the bound ligand. In presence of ATP, B. PS3 ¢ adopts a
closed conformation (which superimposes with the known 3D
structure of B. PS3 ¢ bound to ATP), preventing the association
of the C-terminal strand of FAST (CFAST) with the N-terminal
domain (NFAST) (Fig. 3k and Fig. 31). On the other hand, in
absence of ATP and in presence of HMBR, B. PS3 ¢ adopts an
open conformation that enables proper folding of full-length
FAST (Fig. 3j). These two models agree with the strong nega-
tive allosteric-like coupling we observed experimentally and
suggest that upon ATP binding ATP-FAST-1 and ATP-pFAST-1
undergo a strong conformational change that leads to the dis-
sociation of CFAST and NFAST, thus preventing fluorogen bind-
ing.

To further explore the potential of the ATP-responsive FAST,
we next generated sensors enabling ratiometric titration of
ATP through fusion of the red fluorescent protein mCherry to
the N-terminus of ATP-FAST-1 and ATP-pFAST-1. The appar-
ent affinities of the sensors for ATP were not significantly af-
fected by the presence of mCherry (Kp,app = 89 uM for mCherry-
ATP-FAST-1 and Kp,app = 1.6 mM for mCherry-ATP-pFAST-1 at
[HMBR] = 1 uM), showing that mCherry does not interfere with
the folding of the sensors. The fluorescence of mCherry re-
mained constant upon ATP addition, enabling to normalize the
fluorescent signal from HMBR (Fig. 4a-f). Ratiometric sensing
of ATP levels could facilitate studies in biological samples and
cells, by rendering measurements independent of the biosen-
sor concentration.

Finally, we evaluated the use of our ATP sensors for the in vitro
quantification of metabolites. Luminescent enzymatic assaysin
which a metabolite of interest is quantified through optical de-
tection of a generic cofactor converted or formed stoichiomet-
rically upon enzymatic conversion of the target metabolite can
be a general approach for monitoring metabolites at the point
of care and facilitate the diagnostic and monitoring of many
diseases.® We thus reasoned that our fluorogenic ATP sensor
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Figure 3. FAST-based ATP sensors. (a) Principle of ATP responsiveness. (b) Topology of the selected biosensor ATP-FAST-1 and ATP-
pFAST-1. (c) HMBR titration curves of ATP-FAST-1 in the absence (light grey) and in the presence of 5 mM ATP (dark grey) in pH 7.4
HEPES buffer (50 mM) containing MgClz (75 mM). (d) HMBR titration curves of ATP-pFAST-1 in the absence (light grey) and in the
presence of 30 mM ATP (dark grey) in pH 7.4 HEPES buffer (50 mM) containing MgClz (75 mM). (e) ATP titration curves of ATP-FAST-1
and ATP-pFAST-1 in pH 7.4 HEPES buffer (50 mM) containing MgClz (75 mM), in the presence of 1 uM HMBR. Data represent the mean
+ sem (n = 3). The least-squares fit (line) gave the thermodynamic dissociation constants Kp,umsr, Kpumer/ate and Kpatp app provided in
(f). The sensor concentration was fixed at 0.1 pM. (f) The dissociation constant of the fluorogen is given in the absence (Kp,umsr) and in
the presence of ATP (Kpumsr/atp), and the cooperativity constant a is calculated as the ratio of the dissociation constant in the absence
and in presence of ATP (Kpumsr/Kpumr/ate). The apparent dissociation constant Kpatp app for ATP binding is also given with the associ-
ated fluorescence intensity decrease observed upon ATP addition (Fmax/Fmin). (g-) Excitation and emission spectra of ATP-FAST-1 bound
to HMBR, HBR-3,5DM and HBR-3,5DOM, respectively, in the absence (solid line) and in the presence (dotted line) of 5 mM ATP. The
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concentration of the fluorogen was 1 pM. The sensor concentration was fixed at 0.1 puM. (j,k) Structural models of ATP-FAST-1 bound to
HMBR (j) or ATP (k) generated by homology modeling and molecular dynamics. B. PS3 ¢ is in magenta and FAST in grey. HMBR and ATP
are shown in space-filling model. (1) Root mean square fluctuations (RMSF) of the residues ATP-FAST-1 during molecular dynamic sim-

ulations.

should enable the design of an assay in which a metabolite of
interest is phosphorylated. Fluorescence increase of our sen-
sor upon ATP consumption could be quantified, enabling the
quantification of the metabolite of interest. As a proof-of-prin-
ciple, we developed an assay for the fluorometric detection of
glucose for which blood monitoring is essential in the manage-
ment of diabetes. Glucose can be stoichiometrically converted
into 6-phosphogluconate by, first, phosphorylation by the
hexokinase to form glucose 6-phosphate (G6P), consuming one

one molecule of NADH. Measurement of the green fluorescence
increase from mCherry-ATP-FAST-1 upon ATP consumption
allowed us to quantify the amount of ATP used for the conver-
sion of glucose, enabling to estimate the initial concentration
of glucose (Fig. 4g). We showed that we could accurately de-
termine glucose concentrations ranging from 150 to 420 pM.
This detection range enables to envision the quantification of
blood glucose concentrations, ranging from 3.9 to 7.8 mM,
through 20 to 25-fold dilution of the sample.

ATP molecule, and then conversion of G6P into 6-phosphoglu-
conate by the glucose-6-phosphate dehydrogenase, producing
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Figure 4. Ratiometric FAST-based ATP sensors. (a) Topology of the ratiometric biosensors mCherry-ATP-(p)FAST-1. (b,c) Emission
spectra of mCherry-ATP-FAST-1 and mCherry-ATP-pFAST-1, respectively, at Aex =470 nm (green) and Aex = 555 nm (red), in the absence
(solid line) and in the presence of 30 mM ATP (dotted line), with 1 uM HMBR. The sensor concentration was fixed at 0.1 pM. (d,e) ATP
titration curves of mCherry-ATP-FAST-1 and mCherry-ATP-pFAST-1, respectively, in pH 7.4 HEPES buffer (50 mM) containing MgCl2
(75 mM), in the presence of 1 uM HMBR. Fluorescence intensities from HMBR and mCherry were measured at Aex = 470 nm (green) and
Aex =555 nm (red), respectively. Data represent the mean + sem (n = 3). The least-squares fit (line) gave the thermodynamic dissociation
constants Kpumsr, Kpnmer/atp and Kpatpapp provided in (f). The sensor concentration was fixed at 0.1 uM. (f) The dissociation constant of
ATP Kpatpapp in the presence of 1 pM HMBR is given with the associated fluorescence intensity decrease observed upon ATP addition
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(Fmax/Fmin). (g) Quantification of a spiked glucose concentration measuring the evolution of NADH absorption or the evolution of the
fluorescence intensity at Aem = 540 nm using our ATP-FAST-1 sensor assay in the presence of 1 uM HMBR in pH 7.4 HEPES buffer (50
mM) containing MgClz (75 mM). The sensor concentration was fixed at 0.1 pM.

Conclusion

First described in oligomeric and symmetric proteins,*® allo-
steric proteins can be monomeric proteins in which two bind-
ing sites are coupled by a macromolecular conformational
change induced by the binding of either ligand and having an
effect on the binding of the other ligand.59-52 Here, we explored
the design of fluorescent sensors responding to biological ana-
lytes through incorporation of various sensing units into the
protein tag FAST that reversibly binds and stabilizes the fluo-
rescent state of HBR derivatives. Our study shows that confor-
mational coupling between FAST and a sensing domain can
generate fluorescent sensors with allosteric-like behavior, in
which fluorogen binding, and therefore fluorescence, is condi-
tioned to analyte recognition.

The possibility to split FAST into two complementary frag-
ments or to circularly permute its sequence allowed us to ex-
plore various topological designs for optimizing the conforma-
tional coupling with the sensing units. Moreover, the use of flu-
orogens displaying various absorption and emission spectra
enabled the generation of fluorogenic sensors with various
spectral properties without the need for any reengineering.
The recent developments of the color tunable pFAST?5 and the
far-red (fr)FAST20 should further favor the spectral diversifica-
tion and expansion of FAST-based sensors in the future. Inter-
estingly, the apparent affinity for the analyte, and thus the
range of analyte concentrations that can be measured, can be
modulated through (i) change of the fluorogen concentration,
(ii) use of fluorogens with different binding affinities or (iii) use
of FAST variants with different fluorogen affinities, in agree-
ment with an allosteric-like coupling between FAST and the an-
alyte-binding domain. Our study on the incorporation of ATP-
responsiveness into FAST indicates furthermore that it is pos-
sible to engineer strong allosteric-like coupling, and thus high
dynamic range, if the analyte-binding protein domain under-
goes a large conformational change upon analyte binding.

The design of allosteric-like fluorogenic protein sensors is still
in its very early days. Before the present study, analyte-respon-
sive fluorogenic protein sensors were only obtained through
the incorporation of CaZ* sensing domains in the bilirubin-ba-
sed fluorescent protein UnaG53 and in the de novo designed
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mini-fluorescence-activating protein (mFAP).12 Here, we show
that the concept of allosteric-like fluorogenic protein sensors
can be expanded to other analytes. In depth in vitro charac-
terization allowed us to challenge the principle of allosteric-
like sensors and identify the key parameters to modulate and
tune their properties. This first generation of sensors can how-
ever still be improved and optimized. In particular, our FAST-
based Glutamate and K* sensors still display rather modest dy-
namic range that might limit their general applicability. Future
engineering will include (i) systematic engineering of the lin-
kers (e.g. length, amino acid composition) used to connect the
sensing domains and the reporter domains, and (ii) creation of
new interactions between the two domains. Such engineering
steps have been necessary and indispensable for the optimiza-
tion of most GFP-based sensors, as engineering optimal sen-
sors at the first attempt remains a challenge in protein engine-
ering. Our modeling experiments will be helpful in this questin
particular to optimize the length of the linkers to be tested and
identify regions within the two domains that could beneficially
interact.

Future efforts should focus on (i) the implementation of such
sensors for the optical monitoring of analytes of interest in live
cells and organisms in real time, and (ii) the development of
fluorescent or bioluminescent assays for the monitoring of me-
tabolites at the point of care for the diagnostic and monitoring
of diseases. As the binding affinity for the analyte depends on
the concentration of fluorogen, the applications of such allos-
teric-like fluorescent sensors in live cells will require proper
calibration of the intracellular concentrations of applied flu-
orogen, through for instance in-cell titration using FAST vari-
ants with known fluorogen binding affinities. In addition, the
development of analyte-insensitive versions of the sensors will
be useful to verify that the intracellular fluorogen concentra-
tion does not vary during the time course of the experiment.

Finally, the recent developments of powerful de novo protein
design methods!2? and revolutionary protein structure predic-
tion tools>* based on artificial intelligence should accelerate
and improve the overall engineering process and lead in the
near future to efficient allosteric fluorogenic protein sensors
for various applications in the Life sciences.
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Here, we applied the concept of allosteric regulation to construct fluorescent protein-based switches responsive to
specific analytes. Incorporation of sensing units into the chemogenetic fluorescence-activating and absorption-shifting
tag (FAST) that reversibly binds and stabilizes the fluorescent state of 4-hydroxybenzylidene rhodanine (HBR) deriva-
tives allowed us to generate fluorescent sensors responding to biological analytes. We show that conformational cou-
pling between FAST and the sensing domain can generate allosteric-like behavior, in which fluorogen binding, and
therefore fluorescence, is conditioned to analyte recognition.
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Methods

General Synthetic oligonucleotides used for cloning were purchased from Integrated DNA Technology. PCR re-
actions were performed with Q5 polymerase (New England Biolabs) in the buffer provided. PCR products were
purified using QIAquick PCR purification kit (Qiagen). Isothermal assemblies (Gibson assembly) were performed
using homemade mix prepared according to previously described protocols (modified from the original described
protocol)." Gibson products were purified using MinElute PCR purification kit (Qiagen). Gibson products were
transformed in DH10 E. coli. Small-scale isolation of plasmid DNA was done using QlAprep miniprep kit (Qiagen)
from 3 mL of overnight culture supplemented with appropriate antibiotics. Large-scale isolation of plasmid DNA
was done using the QlAprep maxiprep kit (Qiagen) from 150 mL of overnight culture supplemented with appropri-
ate antibiotics. All plasmid sequences were confirmed by Sanger sequencing with appropriate sequencing primers
(GATC Biotech). The preparation of HMBR, HBR-3,5D0OM and HBR-3,5DM was previously described.?3

Protein expression and purification Expression vectors of the glutamate and ATP biosensors with an N-terminal
His-tag under the control of a T7 promoter were transformed in Rosetta(DE3)pLysS Escherichia coli competent
cells. Bacterial cells were grown at 37 °C in Lysogeny Broth (LB) supplemented with chloramphenicol (34 pg/mL)
and kanamycin (50 pug/mL) until ODsoonm = 0.6. Expression vectors of the K* biosensors with an N-terminal His-tag
under the control of a T7 promoter were transformed in BL21 Escherichia coli competent cells. Bacterial cells were
grown at 37 °C in Lysogeny Broth (LB) supplemented with kanamycin (50 ug/mL) until ODeoonm = 0.6. Expression
was induced overnight at 16°C by the addition of isopropyl $-D-1-thiogalactopyranoside (IPTG) (1 mM). Cells were
harvested by centrifugation (4000 x g for 20 min at 4°C) and stored at -30°C. The cell pellets were resuspended
in lysis buffer (TES 1x: trisaminomethane (Tris) 200 mM, EDTA 0.65 mM and sucrose 0.5 M, protease inhibitor
PMSF 1 mM, DNase 0.025 mg/mL, MgCl2 5 mM) and kept on ice for 1h, followed by resuspension in TES 0.25 x
to induce lysis by osmotic choc. Cellular fragments were removed by centrifugation (9200 x g for 1h at 4°C). The
supernatant was incubated overnight at 4°C by gentle agitation with Ni-NTA agarose beads in Tris (50 mM), NaCl
(150 mM) buffer with 20 mM imidazole. The beads were then washed sequentially with 10 volumes of Tris (50
mM), NaCl (150 mM) buffer with 20 mM imidazole, then with 5 volumes of Tris buffer complemented with 40mM
imidazole, and the proteins were eluted with 3 volumes of Tris buffer with 0.5 M imidazole. The buffer was after-
wards exchanged with HEPES buffer (HEPES 50 mM, NaCl 150 mM pH 8 for glutamate sensors, HEPES 50mM,
MgCl2 75 mM pH 8 for K* and ATP sensors) using PD-10 or PD-MidiTrap G-25 desalting columns (GE Healthcare).
Purity of the proteins was evaluated using SDS-PAGE electrophoresis stained with Coomassie blue.

Thermodynamic analysis Determination of the thermodynamic constants by titration experiments were per-
formed with a Spark 10M plate reader (Tecan) in HEPES buffer (HEPES 50 mM, NaCl 150 mM pH 7.4 for gluta-
mate sensors, HEPES 50mM, MgCl> 75 mM pH 7.4 for K* and ATP sensors). Normalized fluorescence intensity
was plotted as a function of fluorogen concentration and fitted in GraphPad Prism 7 to a one-site specific binding
model.

Determination of glucose concentrations Glucose samples were prepared in HEPES buffer (50 mM) containing
MgClz (75 mM) and were either evaluated with the Glucose (HK) Assay Kit (Sigma-Aldrich) or with our home-made
assay containing 1 unit of enzyme mix HK-G6P (Sigma-Aldrich), 0.1 uM purified sensor mCherry-ATP-FAST-1
and 1 yM HMBR in HEPES buffer (50 mM) containing MgClz (75 mM). After a 30min incubation at 25°C, absorb-
ance was measured with a biophotometer (Eppendorf) and fluorescence was measured Spark 10M plate reader
(Tecan).

Modeling Molecular modeling are performed using similar protocol than we previously described (12). Briefly,
homology model of sensors are generated based on PYP and appropriated GLU/K+/ATP binding proteins (re-
spectively pdb code: 2vha; 7pvc; 6fgf; 5e5y). Alignments were manually refined to avoid gaps in predicted and
known secondary structure elements. Three-dimensional FAST sensor models were built from these alignments
and from crystallographic atomic coordinates of template using the automated comparative modeling tool MOD-
ELER (Sali and Blundell) implemented in Discovery Studio. The best model according to DOPE score (Discrete
Optimized Protein Energy) and potential energy calculated by modeler were solvated (10 A water box and 0.145 M
NaCl) and minimized using Adopted Basis NR algorithm to a final gradient of 0.001. The resulting structure were
submitted to a 30 ns NAMD dynamics (for Glutamate and Potassium sensors) and 2 ns NAMD dynamics for the
ATP sensor. Molecular docking was also performed using previously described protocols (12). Briefly, flexible
ligand-rigid protein docking was performed using CDOCKER implemented in Discovery Studio. Random ligand
conformations were generated from the initial ligand structure through high-temperature molecular dynamics. The
best poses according to their ligscore were retained and clustered according to their binding mode. The most
significant poses were solvated and minimized using Adopted Basis NR algorithm to a final gradient of 0.001.
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Molecular cloning Designations NFAST and CFAST stand for FAST(1-114) and FAST(115-125), respectively,
and N-pFAST and C-pFAST stand for pFAST(1-114) and pFAST(115-125).

The plasmid pAG399, encoding His-FAST, was constructed by Gibson assembly from the plasmid pAG104 en-
coding CMV-FAST?. The synthetic pET28 backbone was amplified by PCR using the primers ag578/kanR and
ag579/kanF. The insert was amplified by PCR using the primers ag601/ag602. The three fragments were then
assembled by Gibson assembly.

The plasmid pAG400 encoding His-cpFAST2, was constructed by Gibson assembly from the plasmid pAG120
encoding His-tev-FAST.# The synthetic pET28 backbone was amplified by PCR using the primers ag578/kanR
and ag579/kanF. The insert was amplified by PCR using the primers ag603/ag604. The three fragments were then
assembled by Gibson assembly.

The plasmid pAG401 encoding His-Kbp, was constructed by Gibson assembly from a synthetic gene. The syn-
thetic pET28 backbone was amplified by PCR using the primers ag578/kanR and ag579/kanF. The insert was
amplified by PCR using the primers ag605/ag606. The three fragments were then assembled by Gibson assembly.

The plasmid pAG402 encoding His-Gltl was constructed by Gibson assembly from a synthetic gene. The synthetic
pET28 backbone was amplified by PCR using the primers ag578/kanR and ag579/kanF. The insert was amplified
by PCR using the primers ag601/ag602. The three fragments were then assembled by Gibson assembly.

The plasmid pAG403 encoding His-cpGltl was constructed by Gibson assembly from a synthetic gene. The syn-
thetic pET28 backbone was amplified by PCR using the primers ag578/kanR and ag579/kanF. The inserts NGltl
and CGltl were amplified by PCR using the primers ag609/ag610 and ag611/ag612. The four fragments were then
assembled by Gibson assembly.

The plasmid pAG729 encoding His-B.PS3 was constructed by Gibson assembly from a synthetic gene. The syn-
thetic pET28 backbone was amplified by PCR using the primers ag578/kanR and ag579/kanF. The insert was
amplified by PCR using the primers ag1033/ag1034. The three fragments were then assembled by Gibson as-
sembly.

The plasmid pAG445, encoding His-Glu-FAST-1, was constructed by Gibson assembly from the plasmid pAG399
encoding His-FAST. The fragment coding for NFAST was amplified by PCR using the primers ag630/kanF. The
fragment coding for CFAST was amplified using the primers ag629/kanR. The insert coding for Gltl was amplified
from pAG402 encoding His-Gltl using the primers ag631/ag632. The three fragments were then assembled by
Gibson assembly.

The plasmid pAG446, encoding His-cpGlu-FAST-1, was constructed by Gibson assembly from the plasmid
pAG403 encoding His-cpGltl. The fragment coding for CGltl was amplified by PCR using the primers ag632/kanF.
The fragment coding for NGItl was amplified using the primers ag631/kanR. The insert coding for coFAST2 was
amplified from pAG400 encoding cpFAST2 using the primers ag629/ag630. The three fragments were then as-
sembled by Gibson assembly.

The plasmid pAG447, encoding His-Glu-FAST-2, was constructed by Gibson assembly from the plasmid pAG400
encoding cpFAST2. The fragment coding for CFAST was amplified by PCR using the primers ag634/kanF. The
fragment coding for NFAST was amplified using the primers ag633/kanR. The insert coding for Gltl was amplified
from pAG402 encoding His-Gltl using the primers ag635/ag636. The three fragments were then assembled by
Gibson assembly.

The plasmid pAG448, encoding His-cpGlu-FAST-2, was constructed by Gibson assembly from the plasmid
pAG403 encoding His-cpGltl. The fragment coding for CGItl was amplified by PCR using the primers ag636/kanF.
The fragment coding for NGItl was amplified using the primers ag635/kanR. The insert coding for FAST was am-
plified from pAG399 encoding His-FAST using the primers ag633/ag634. The three fragments were then assem-
bled by Gibson assembly.

The plasmid pAG449, encoding His-Glu-FAST-3, was constructed by Gibson assembly from the plasmid pAG402
encoding His-Gltl. The fragment coding for NGItl was amplified by PCR in two fragments, using the primers
ag607/ag638 and ag579/kanF. The fragment coding for CGltl was amplified using the primers ag637/kanR. The
insert coding for FAST was amplified from pAG399 encoding His-FAST using the primers ag639/ag640. The four
fragments were then assembled by Gibson assembly.
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The plasmid pAG450, encoding His-cpGlu-FAST-3, was constructed by Gibson assembly from the plasmid
pAG400 encoding His-cpFAST2. The fragment coding for CFAST was amplified by PCR using the primers
ag640/kanF. The fragment coding for NFAST was amplified using the primers ag639/kanR. The insert coding for
cpGltl was amplified from pAG403 encoding His-cpGltl using the primers ag637/ag638. The three fragments were
then assembled by Gibson assembly.

The plasmid pAG451, encoding His-Glu-FAST-4, was constructed by Gibson assembly from the plasmid pAG402
encoding His-Gltl. The fragment coding for NGItl was amplified by PCR in two fragments, using the primers
ag607/agb42 and ag579/kanF. The fragment coding for CGltl was amplified using the primers ag641/kanR. The
insert coding for cpFAST2 was amplified from pAG400 encoding His-cpFAST2 using the primers ag643/ag644.
The four fragments were then assembled by Gibson assembly.

The plasmid pAG452, encoding His-cpGlu-FAST-4, was constructed by Gibson assembly from the plasmid
pAG399 encoding His-FAST. The fragment coding for NFAST was amplified by PCR using the primers
ag644/kanF. The fragment coding for CFAST was amplified using the primers ag643/kanR. The insert coding for
cpGltl was amplified from pAG403 encoding His-cpGltl using the primers ag641/ag642. The three fragments were
then assembled by Gibson assembly.

The plasmid pAG513, encoding His-Glu-FAST-2-CFAST(116-125), was constructed by Gibson assembly from the
plasmid pAG447. The pET28 backbone was amplified by PCR using the primers ag579/kanF. The fragment coding
for CFAST(116-125)-GItI-NFAST was amplified using the primers ag804/kanR. The two fragments were then as-
sembled by Gibson assembly.

The plasmid pAG634, encoding His-Glu-FAST-2-CFAST10-PP(2) (His-Glu-FAST-2.1), was constructed by Gibson
assembly from the plasmids pAG513. The fragment coding for CFAST(116-125)-Gltl was amplified by PCR using
the primers ag910/kanF. The fragment coding for NFAST was amplified using the primers ag704/kanR. The two
fragments were then assembled by Gibson assembly.

The plasmid pAG441, encoding His-K*-FAST-1, was constructed by Gibson assembly from the plasmid pAG399
encoding His-FAST. The fragment coding for NFAST was amplified by PCR using the primers ag614/kanF. The
fragment coding for CFAST was amplified using the primers ag613/kanR. The insert coding for Kbp was amplified
from pAG401 encoding His-Kbp using the primers ag615/ag616. The three fragments were then assembled by
Gibson assembly.

The plasmid pAG442, encoding His-K*-FAST-2, was constructed by Gibson assembly from the plasmid pAG400
encoding His-cpFAST2. The fragment coding for CFAST was amplified by PCR using the primers ag618/kanF.
The fragment coding for NFAST was amplified using the primers ag617/kanR. The insert coding for Kbp was
amplified from pAG401 encoding His-Kbp using the primers ag619/ag620. The three fragments were then assem-
bled by Gibson assembly.

The plasmid pAG443, encoding His-K*-FAST-3, was constructed by Gibson assembly from the plasmid pAG401
encoding His-Kbp. The fragment coding for BON was amplified by PCR using the primers ag622/kanF. The frag-
ment coding for Lys was amplified using the primers ag621/kanR. The insert coding for FAST was amplified from
pAG399 encoding His-FAST using the primers ag623/ag624. The three fragments were then assembled by Gibson
assembly.

The plasmid pAG444, encoding His-K*-FAST-4, was constructed by Gibson assembly from the plasmid pAG401
encoding His-Kbp. The fragment coding for BON was amplified by PCR using the primers ag626/kanF. The frag-
ment coding for Lys was amplified using the primers ag625/kanR. The insert coding for cpFAST2 was amplified
from pAG400 encoding His-cpFAST2 using the primers ag627/ag628. The three fragments were then assembled
by Gibson assembly.

The plasmid pAG512, encoding His-K*-FAST-5, was constructed by Gibson assembly from the plasmid pAG442.
The fragment coding for CFAST-GG-BON was amplified by PCR using the primer ag732 containing the sequence
coding for linker (GGGGS)s, with the primer kanF. The fragment coding for Lys-GG-NFAST was amplified using
the primer ag731 containing the complementary sequence coding for linker (GGGGS)s, with the primer kanR. The
two fragments were then assembled by Gibson assembly.
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The plasmid pAG625, encoding His-K*-FAST-5.1, was constructed by Gibson assembly from the plasmid pAG512.
The pET28 backbone was amplified by PCR using the primers ag579/kanF. The insert coding for CFAST(116-
125)- GG-Kbp(GGGGS)3-GG-NFAST was amplified by PCR using the primers ag804/kanR. The two fragments
were then assembled by Gibson assembly.

The plasmid pAG733, encoding ATP-FAST-1, was constructed by Gibson assembly from the plasmid pAG399
encoding His-FAST. The fragment coding for NFAST was amplified by PCR using the primers ag1049/kanF. The
fragment coding for CFAST was amplified using the primers ag1048/kanR. The insert coding for B.PS3 ¢ was
amplified by PCR from the plasmid pAG729 using the primers ag1046/ag1047. The three fragments were then
assembled by Gibson assembly.

The plasmid pAG734, encoding ATP-FAST-2, was constructed by Gibson assembly from the plasmid pAG400
encoding His-cpFAST. The fragment coding for CFAST was amplified by PCR using the primers ag1050/kanF.
The fragment coding for NFAST was amplified using the primers ag1051/kanR. The insert coding for the B.PS3 ¢
was amplified by PCR from the plasmid pAG729 using the primers ag1046/ag1047. The three fragments were
then assembled by Gibson assembly.

The plasmid pAG735 and pAG736, encoding the ATP-FAST-3 and ATP-FAST-4, respectively, were constructed
by Gibson assembly from the plasmid pAG729 encoding B.PS3 €. The fragment coding for N-B.PS3 € was ampli-
fied by PCR using the primers ag1058/kanF. The fragment coding for NFAST was amplified using the primers
ag1052/kanR. The insert coding for FAST or cpFAST were amplified by PCR from the plasmid pAG399 or pAG400,
respectively, using the primers ag1059/ag1060 or ag1061/1062, respectively. The three fragments were then as-
sembled by Gibson assembly.

The plasmid pAG881, encoding ATP-pFAST-1, was constructed by Gibson assembly from the plasmid pAG641
encoding His-pFAST.* The fragment coding for the pET28 backbone was amplified by PCR using the primers
ag579/kanF. The fragment coding for C-pFAST was amplified by PCR using the primers ag1259/kanR. The insert
coding for N-pFAST was amplified using the primers ag601/1260. The insert coding for B.PS3 € was amplified by
PCR from the plasmid pAG729 using the primers ag1046/ag1047. The four fragments were then assembled by
Gibson assembly.

The plasmids pAG1008 and pAG1021, encoding mCherry-ATP-pFAST-1 and mCherry-ATP-FAST-1 respectively,
were constructed by Gibson assembly from the plasmids pAG881 and pAG733. The fragment coding for mCherry
was amplified by PCR using primers ag1566/kanF. The fragments coding for ATP-pFAST-1 and ATP-FAST-1
were amplified by PCR using the primers ag336/kanR. The two fragments were then assembled by Gibson as-
sembly.

The plasmids pAG1091 and pAG1092, encoding ATP-FAST-1-R112K/R126K and ATP-pFAST-1-R122K/R126K
respectively, were constructed by Gibson assembly from the plasmids pAG733 and pAG881. The fragment coding
for the pET28 backbone was amplified by PCR using the primers ag579/kanF. The fragment coding for CFAST
and C-pFAST were amplified by PCR using the primers ag1704/kanR. The inserts coding for NFAST-B.PS3 € or
N-pFAST-B.PS3 € were amplified by PCR using the primers ag601/1703. The three fragments were then assem-
bled by Gibson assembly.

Sequences

Protein sequence of FAST:
EHVAFGSEDIENTLAKMDDGQLDGLAFGAIQLDGDGNILQYNAAEGDITGRDPKQVIGKNF-
FKDVAPGTDSPEFYGKFKEGVASGNLNTMFEWMIPTSRGPTKVKVHMKKALSGDSYWVFVKRV

Protein sequence of cpFAST2:
GDSYWVFVKRVGGSEHVAFGSEDIENTLAKMDDGQLDGLAFGAIQLDGDGNILQYNAAEG-
DITGRDPKQVIGKNFFKDVAPGTDSPEFYGKFKEGVASGNLNTMFEWMIPTSRGPTKVKVHMKKALS

Protein sequence of Glu-FAST-1:

EHVAFGSEDIENTLAKMDDGQLDGLAFGAIQLDGDGNILQYNAAEGDITGRDPKQVIGKNF-
FKDVAPGTDSPEFYGKFKEGVASGNLNTMFEWMIPTSRGPTKVKVHMKKALSAAGSTLDKIAKNGVIVVGHRES
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SVPFSYYDNQQKVVGYSQDYSNAIVEAVKKKLNKPDLQVKLIPITSQNRIPLLONGTFD-
FECGSTTNNVERQKQAAFSDTIFVVGTRLLTKKGGDIKDFANLKDKAVVVTSGTTSEVLLNKLNEEQKMNMRIISA
KDHGDSFRTLESGRAVAFMMDDVLLAGERAKAKKPDNWEIV-
GKPQSQEAYGCMLRKDDPQFKKLMDDTIAQVQTSGEAEKWFDKWFKNPIPPKNLNMNFELSDEMKALFKEPND
KALKGDSYWVFVKRV

Protein sequence of cpGlu-FAST-1:
KNLNMNFELSDEMKALFKEPNDKALKGDSYWVFVKRVGGSEHVAFGSEDIENTLAKMDDGQLDGLAFGAIQLD
GDGNILQYNAAEGDITGRDPKQVIGKNFFKDVAPGTDSPEFYGKFKEGVASGNLNTMFEWMIPTSRGPTKVKVH
MKKALSAAGSTLDKIAKNGVIVVGHRESSVPFSYYDNQQKVVGYSQDYSNAIVEAVKKKLNKPDLQVKLIPITSQN
RIPLLQNGTFDFECGSTTNNVERQKQAAFSDTIFVVGTRLLTKKGGDIKDFANLKDKAVVVTSGTTSEVLLNKLNE
EQKMNMRIISAKDHGDSFRTLESGRAVAFMMDDVLLAGERAKAKKPDNWEIVGKPQSQEAY GCMLRKDDPQFK
KLMDDTIAQVQTSGEAEKWFDKWFKNPIPP

Protein sequence of Glu-FAST-2:
GDSYWVFVKRVAAGSTLDKIAKNGVIVVGHRESSVPFSYYDNQQKVVGYSQDYSNAIVEAVKKKLNKPDLQVKLI
PITSQNRIPLLOQNGTFDFECGSTTNNVERQKQAAFSDTIFVVGTRLLTKKGGDIKDFANLKDKAVVVTSGTTSEVL
LNKLNEEQKMNMRIISAKDHGDSFRTLESGRAVAFMMDDVLLAGERAKAKKPDNWEIVGKPQSQEAY GCMLRK
DDPQFKKLMDDTIAQVQTSGEAEKWFDKWFKNPIPPKNLNMNFELSDEMKALFKEPNDKALKEHVAFGSEDIEN
TLAKMDDGQLDGLAFGAIQLDGDGNILQYNAAEGDITGRDPKQVIGKNFFKDVAPGTDSPEFYGKFKEGVASGN
LNTMFEWMIPTSRGPTKVKVHMKKALS

Protein sequence of cpGlu-FAST-2:
KNLNMNFELSDEMKALFKEPNDKALKEHVAFGSEDIENTLAKMDDGQLDGLAFGAIQLDGDGNILQYNAAEGDIT
GRDPKQVIGKNFFKDVAPGTDSPEFYGKFKEGVASGNLNTMFEWMIPTSRGPTKVKVHMKKALSGDSYWVFVK
RVAAGSTLDKIAKNGVIVVGHRESSVPFSYYDNQQKVVGYSQDYSNAIVEAVKKKLNKPDLQVKLIPITSQNRIPLL
QNGTFDFECGSTTNNVERQKQAAFSDTIFVVGTRLLTKKGGDIKDFANLKDKAVVVTSGTTSEVLLNKLNEEQKM
NMRIISAKDHGDSFRTLESGRAVAFMMDDVLLAGERAKAKKPDNWEIVGKPQSQEAY GCMLRKDDPQFKKLMD
DTIAQVQTSGEAEKWFDKWFKNPIPP

Protein sequence of Glu-FAST-3:
AAGSTLDKIAKNGVIVVGHRESSVPFSYYDNQQKVVGYSQDYSNAIVEAVKKKLNKPDLQVKLIPITSQNRIPLLQ
NGTFDFECGSTTNNVERQKQAAFSDTIFVVGTRLLTKKGGDIKDFANLKDKAVVVTSGTTSEVLLNKLNEEQKMN
MRIISAKDHGDSFRTLESGRAVAFMMDDVLLAGERAKAKKPDNWEIVGKPQSQEAYGCMLRKDDPQFKKLMDD
TIAQVQTSGEAEKWFDKWFKNPILVEHVAFGSEDIENTLAKMDDGQLDGLAFGAIQLDGDGNILQYNAAEGDITG
RDPKQVIGKNFFKDVAPGTDSPEFYGKFKEGVASGNLNTMFEWMIPTSRGPTKVKVHMKKALSGDSYWVFVKR
VNPLNMNFELSDEMKALFKEPNDKALK

Protein sequence of cpGlu-FAST-3:
GDSYWVFVKRVNPLNMNFELSDEMKALFKEPNDKALKGGSHHHHHHGMASMTGGQQMGRDLYDDDDKDPG
SSGSAAGSTLDKIAKNGVIVVGHRESSVPFSYYDNQQKVVGYSQDYSNAIVEAVKKKLNKPDLQVKLIPITSQNRI
PLLONGTFDFECGSTTNNVERQKQAAFSDTIFVVGTRLLTKKGGDIKDFANLKDKAVVVTSGTTSEVLLNKLNEE
QKMNMRIISAKDHGDSFRTLESGRAVAFMMDDVLLAGERAKAKKPDNWEIVGKPQSQEAYGCMLRKDDPQFKK
LMDDTIAQVQTSGEAEKWFDKWFKNPILVEHVAFGSEDIENTLAKMDDGQLDGLAFGAIQLDGDGNILQYNAAE
GDITGRDPKQVIGKNFFKDVAPGTDSPEFYGKFKEGVASGNLNTMFEWMIPTSRGPTKVKVHMKKALS

Protein sequence of Glu-FAST-4:
AAGSTLDKIAKNGVIVVGHRESSVPFSYYDNQQKVVGYSQDYSNAIVEAVKKKLNKPDLQVKLIPITSQNRIPLLQ
NGTFDFECGSTTNNVERQKQAAFSDTIFVVGTRLLTKKGGDIKDFANLKDKAVVVTSGTTSEVLLNKLNEEQKMN
MRIISAKDHGDSFRTLESGRAVAFMMDDVLLAGERAKAKKPDNWEIVGKPQSQEAYGCMLRKDDPQFKKLMDD
TIAQVQTSGEAEKWFDKWFKNPILVGDSYWVFVKRVGGSEHVAFGSEDIENTLAKMDDGQLDGLAFGAIQLDGD
GNILQYNAAEGDITGRDPKQVIGKNFFKDVAPGTDSPEFYGKFKEGVASGNLNTMFEWMIPTSRGPTKVKVHMK
KALSNPLNMNFELSDEMKALFKEPNDKALK

Protein sequence of cpGlu-FAST-4:
EHVAFGSEDIENTLAKMDDGQLDGLAFGAIQLDGDGNILQYNAAEGDITGRDPKQVIGKNFFKDVAPGTDSPEFY
GKFKEGVASGNLNTMFEWMIPTSRGPTKVKVHMKKALSNPLNMNFELSDEMKALFKEPNDKALKGGSHHHHHH
GMASMTGGQQMGRDLYDDDDKDPGSSGSAAGSTLDKIAKNGVIVVGHRESSVPFSYYDNQQKVVGYSQDYS
NAIVEAVKKKLNKPDLQVKLIPITSQNRIPLLQNGTFDFECGSTTNNVERQKQAAFSDTIFVVGTRLLTKKGGDIKD
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FANLKDKAVVVTSGTTSEVLLNKLNEEQKMNMRIISAKDHGDSFRTLESGRAVAFMMDDVLLAGERAKAKKPDN
WEIVGKPQSQEAYGCMLRKDDPQFKKLMDDTIAQVQTSGEAEKWFDKWFKNPILVGDSYWVFVKRV

Protein sequence of Glu-FAST-2.1:
DSYWVFVKRVAAGSTLDKIAKNGVIVVGHRESSVPFSYYDNQQKVVGYSQDYSNAIVEAVKKKLNKPDLQVKLIPI
TSQNRIPLLQNGTFDFECGSTTNNVERQKQAAFSDTIFVVGTRLLTKKGGDIKDFANLKDKAVVVTSGTTSEVLLN
KLNEEQKMNMRIISAKDHGDSFRTLESGRAVAFMMDDVLLAGERAKAKKPDNWEIVGKPQSQEAYGCMLRKDD
PQFKKLMDDTIAQVQTSGEAEKWFDKWFKNPIPPKNLNMNFELSDEMKALFKEPNDKALKPPEHVAFGSEDIEN
TLAKMDDGQLDGLAFGAIQLDGDGNILQYNAAEGDITGRDPKQVIGKNFFKDVAPGTDSPEFYGKFKEGVASGN
LNTMFEWMIPTSRGPTKVKVHMKKALS

Protein sequence of K*-FAST-1:

EHVAFGSEDIENTLAKMDDGQLDGLAFGAIQLDGDGNILQYNAAEGDITGRDPKQVIGKNFFKDVAPGTDSPEFY

GKFKEGVASGNLNTMFEWMIPTSRGPTKVKVHMKKALSGGMGLFNFVKDAGEKLWDAVTGQHDKDDQAKKVQ

EHLNKTGIPDADKVNIQIADGKATVTGDGLSQEAKEKILVAVGNISGIASVDDQVKTATPATAS
GGGDSYWVFVKRV

Protein sequence of K*-FAST-2:
GDSYWVFVKRVGGMGLFNFVKDAGEKLWDAVTGQHDKDDQAKKVQEHLNKTGIPDADKVNIQIADGKATVTGD
GLSQEAKEKILVAVGNISGIASVDDQVKTATPATAS
GGEHVAFGSEDIENTLAKMDDGQLDGLAFGAIQLDGDGNILQYNAAEGDITGRDPKQVIGKNFF
KDVAPGTDSPEFYGKFKEGVASGNLNTMFEWMIPTSRGPTKVKVHMKKALS

Protein sequence of K*-FAST-3:
MGLFNFVKDAGEKLWDAVTGQHDKDDQAKKVQEHLNKTGIPDADKVNIQIADGKATVTGDGLSQEAKEKILVAVG
NISGIASVDDQVKTATPATEHVAFGSEDIENTLAKMDDGQLDGLAFGAIQLDGDGNILQYNAAEGDITGRDPKQVI
GKNFFKDVAPGTDSPEFYGKFKEGVASGNLNTMFEWMIPTSRGPTKVKVHMKKALSGDSYWVFVKRV

Protein sequence of K*-FAST-4:
MGLFNFVKDAGEKLWDAVTGQHDKDDQAKKVQEHLNKTGIPDADKVNIQIADGKATVTGDGLSQEAKEKILVAVG
NISGIASVDDQVKTATPATGDSYWVFVKRVGGSEHVAFGSEDIENTLAKMDDGQLDGLAFGAIQLDGDGNILQYN
AAEGDITGRDPKQVIGKNFFKDVAPGTDSPEFYGKFKEGVASGNLNTMFEWMIPTSRGPTKVKVHMKKALS

Protein sequence of K*-FAST-5:
GDSYWVFVKRVGGMGLFNFVKDAGEKLWDAVTGQHDKDDQAKKVQEHLNKTGIPDADKVNIQIADGKATVTGD
GLSQEAKEKILVAVGNISGIASVDDQVKTATPATASGGGGSGGGGSGGGGS
GGEHVAFGSEDIENTLAKMDDGQLDGLAFGAIQLDGDGNILQYNAAE
GDITGRDPKQVIGKNFFKDVAPGTDSPEFYGKFKEGVASGNLNTMFEWMIPTSRGPTKVKVHMKKALS

Protein sequence of K*-FAST-5.1:
DSYWVFVKRVGGMGLFNFVKDAGEKLWDAVTGQHDKDDQAKKVQEHLNKTGIPDADKVNIQIADGKATVTGDG
LSQEAKEKILVAVGNISGIASVDDQVKTATPATASGGGGSGGGGSGGGGS
GGEHVAFGSEDIENTLAKMDDGQLDGLAFGAIQLDGDGNILQYNAAE
GDITGRDPKQVIGKNFFKDVAPGTDSPEFYGKFKEGVASGNLNTMFEWMIPTSRGPTKVKVHMKKALS

Protein sequence of ATP-FAST-1:

EHVAFGSEDIENTLAKMDDGQLDGLAFGAIQLDGDGNILQYNAAEGDITGRDPKQVIGKNFFKDVAPGTDSPEFY

GKFKEGVASGNLNTMFEWMIPTSRGPTKVKVHMKKALSKTIHVSVVTPDGPVYEDDVEMVSVKAKSGELGILPG

HIPLKAPLEISAARLKKGGKTQYIAVSGGNLEVRPDKVTIYAQAAERAEDIDVLRAKAAKERAERRLQSQQDD
GDSYWVFVKRV

Protein sequence of ATP-FAST-2:
GDSYWVFVKRVKTIHVSVVTPDGPVYEDDVEMVSVKAKSGELGILPGHIPLKAPLEISAARLKKGGKTQYIAVSG
GNLEVRPDKVTIYAQAAERAEDIDVLRAKAAKERAERRLQSQQDD EHVAFGS
EDIENTLAKMDDGQLDGLAFGAIQLDGDGNILQYNAAEGDITGRDPKQVIGKNFFKDVAPGTDSPEFYGKFKEGV
ASGNLNTMFEWMIPTSRGPTKVKVHMKKALS
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Protein sequence of ATP-FAST-3:
KTIHVSVVTPDGPVYEDDVEMVSVKAKSGELGILPGHIPLKAPLEISAARLKKGGKTQYIAVSGGNLEVRPDKVTIY
AQAAERAEDIDVLRAKAAKERAERRLQSQQEHVAFGSEDIENTLAKMDDGQLDGLAFGAIQLDGDGNILQYNAA
EGDITGRDPKQVIGKNFFKDVAPGTDSPEFYGKFKEGVASGNLNTMFEWMIPTSRGPTKVKVHMKKALSGDSY
WVFVKRV

Protein sequence of ATP-FAST-4:
KTIHVSVVTPDGPVYEDDVEMVSVKAKSGELGILPGHIPLKAPLEISAARLKKGGKTQYIAVSGGNLEVRPDKVTIY
AQAAERAEDIDVLRAKAAKERAERRLQSQQGDSYWVFVKRVGGSEHVAFGSEDIENTLAKMDDGQLDGLAFGA
IQLDGDGNILQYNAAEGDITGRDPKQVIGKNFFKDVAPGTDSPEFY GKFKEGVASGNLNTMFEWMIPTSRGPTKV
KVHMKKALS

Protein sequence of ATP-pFAST-1:

EHVAFGSEDIENTLANMDDEQLDRLAFGVIQLDGDGNILLYNAAEGDITGRDPKQVIGKNFFKDVAPGTDTPEFYG

KFKEGAASGNLNTMFEWTIPTSRGPTKVKVHLKKALSKTIHVSVVTPDGPVYEDDVEMVSVKAKSGELGILPGHI

PLKAPLEISAARLKKGGKTQYIAVSGGNLEVRPDKVTIYAQAAERAEDIDVLRAKAAKERAERRLQSQQDD
GDRYWVFVKRV

Protein sequence of mCherry-ATP-FAST-1:
MASVSKGEEDNMAIIKEFMRFKVHMEGSVNGHEFEIEGEGEGRPYEGTQTAKLKVTKGGPLPFAWDILSPQFMY
GSKAYVKHPADIPDYLKLSFPEGFKWERVMNFEDGGVVTVTQDSSLQDGEFIYKVKLRGTNFPSDGPVMQKKT
MGWEASSERMYPEDGALKGEIKQRLKLKDGGHYDAEVKTTYKAKKPVQLPGAYNVNIKLDITSHNEDYTIVEQY
ERAEGRHSTGGMDELYKSGGGGSGGGGSEHVAFGSEDIENTLAKMDDGQLDGLAFGAIQLDGDGNILQYNAAE
GDITGRDPKQVIGKNFFKDVAPGTDSPEFYGKFKEGVASGNLNTMFEWMIPTSRGPTKVKVHMKKALSKTIHVSV
VTPDGPVYEDDVEMVSVKAKSGELGILPGHIPLKAPLEISAARLKKGGKTQYIAVSGGNLEVRPDKVTIYAQAAER
AEDIDVLRAKAAKERAERRLQSQQDD GDSYWVFVKRV

Protein sequence of mCherry-ATP-pFAST-1:
MASVSKGEEDNMAIIKEFMRFKVHMEGSVNGHEFEIEGEGEGRPYEGTQTAKLKVTKGGPLPFAWDILSPQFMY
GSKAYVKHPADIPDYLKLSFPEGFKWERVMNFEDGGVVTVTQDSSLQDGEFIYKVKLRGTNFPSDGPVMQKKT
MGWEASSERMYPEDGALKGEIKQRLKLKDGGHYDAEVKTTYKAKKPVQLPGAYNVNIKLDITSHNEDYTIVEQY
ERAEGRHSTGGMDELYKSGGGGSGGGGSEHVAFGSEDIENTLANMDDEQLDRLAFGVIQLDGDGNILLYNAAE
GDITGRDPKQVIGKNFFKDVAPGTDTPEFYGKFKEGAASGNLNTMFEWTIPTSRGPTKVKVHLKKALSKTIHVSV
VTPDGPVYEDDVEMVSVKAKSGELGILPGHIPLKAPLEISAARLKKGGKTQYIAVSGGNLEVRPDKVTIYAQAAER
AEDIDVLRAKAAKERAERRLQSQQDD GDRYWVFVKRV
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Text S1. Theoretical model for the analysis of allosteric fluorogenic biosensors

The following theoretical model for the analysis of allosteric fluorogenic biosensors was adapted from Ve-
lazquez-Campoy et al.’

KD.A
S + A /@ SA S: sensor, A: analyte, F: fluorogen
+ +
F F

a : cooperativity constant:

K
Kor H H Kora= ZYF -a=0:
-a=1:

-a>1:

mutually exclusive binding of Aand F
independent binding of A and F
cooperative binding of Aand F

SF + A —— SAF - a < 1 : anticooperative binding of Aand F
KD.A
KD,AIF - a
1
Fraction of the sensor bound to the analyte A Fon = p
in presence of the fluorogen F 1+ Koa
(Al
. KPP K 1+ CF . s
with pA = Rpp —— (apparent dissociation constant)
1+aCr

(F]
Kor

with Cr

(dimensionless concentration of F)

Figure S1. Model for the binding of a fluorogen F and an analyte A to two binding sites far apart in the sensor S,
but coupled by a conformational change induced by the binding of either ligand and having an effect on the binding
of the other ligand. Adapted from Velazquez-Campoy et al.’

Fig. $1 shows the general scheme of the ternary equilibrium in which the sensor S is able to bind the fluorogen
F and the analyte A and form a ternary complex SFA. Kp,a and Kb are the dissociation constant for the binding

of Aand F:

and Ko.ar and Kpra are the dissociation constants for the analyte A and the fluorogen F when the sensor S is

_I[SIIA]
[S][F]
DF = ﬁ @

already bound to the fluorogen F and the analyte A respectively:

[SF][A]
DAF = TSFA] 3)

[SA][F]
D,FIA = W 4
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If the binding of the analyte A influences the binding of the fluorogen F, one can introduce a cooperativity con-
stant a for the binding of F when A is bound to the macromolecule:

Ko e

KD,F/A = T (6)
According to equations (1-4)
Kor Kp,ar = Kpa KoFia(5)
Thus, it can be concluded that
K
Koar = % @)

Therefore, the influence between the two ligands is reciprocal: if the binding of the analyte A modifies the binding
affinity of the fluorogen F, the binding of the fluorogen F modifies the binding affinity of the analyte A in the same
extent.

Different cases are thus possible. If o = 0, the formation of the ternary complex is not possible (case of competi-
tive ligands or mutually exclusive binding). If a = 1, the formation of the ternary complex is possible, but the bind-
ing of one ligand has no influence on the binding of the other type of ligand (independent binding of the two lig-
ands. If a > 1, the formation of the ternary complex is possible, and the binding of one type of ligand raises the
binding affinity of the other type of ligand (positive cooperative binding). If a < 1, the formation of the ternary
complex is possible, but the binding of one type of ligand lowers the binding affinity of the other type of ligand
(negative cooperative binding).

The ternary system can be substituted to an equivalent binary system in which the fluorogen F implicitly influ-
ences the binding of the analyte A (through apparent thermodynamic parameters). This enables to analyze titra-
tions of the sensor S with the analyte A according to the standard procedure for a single ligand binding to a mac-
romolecule. Indeed, the fraction of sensor S bound to the analyte A is given by:

[SA] + [SFA]

Fon™ [ST+ [5AT + [5F1 + [SFA] ©)
(Al [AI[F]
__ Foa T RoaKor o

AL, 7, . A
" Kot Kor T Konkor

which can be reduced to a simpler expression if an apparent dissociation constant is defined:

1
Foa= —55 (10)
KR
[A]
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where:

[F]
KapP—KDA 1+KF (11)
1+a []

Using the dimensionless concentration Cr = [F]/Kp ¢, one gets

C
KPR = KDAH—F (12)

Note that KZ's = Kp A When Cr = 0 (absence of fluorogen) and K¢ s = Kp a/a when Cr is sufficiently high to satu-
rate the sensor.

a b a: cooperativity constant

a =1 :independent binding of Aand F

@ ]—+ analyte -
. S| - analyte
K (8] o
® £
S + A /«—— SA ]
+ + =
F F - - - . . . - .
[fluorogen] [analyte]
Kor . i . . _—
Koe ” ” Korm= - a > 1 : positive allosteric regulation of A and F binding
g ]—+ analyte
Sl - analyte
SF + A = SAF § w
bt w
Ko E
KD,A/F a ' ‘ ‘ ‘
. [fluorogen] [analyte]
. a < 1 : negative allosteric regulation of A and F binding
g ]—+ analyte
S: sensor, A: analyte, F: fluorogen § - analyte °
o
_I[SIA] _[SIIF] _ [SFIA] K = [SAlIF] 2
DA [SA] D,F [SF] D.A/F [SFA] D,F/A [SFA] i i . . . . . .
[fluorogen] [analyte]

Figure S2. Theoretical model for describing allosteric fluorogenic protein sensor. (a) Thermodynamic box.
(b) Theoretical possible behaviors. Here we assume that the brightness of SF and SAF are similar.
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Figure S3. Study of different topologies for the design of FAST-based glutamate biosensors. HMBR titration
curves of the eight Glutamate-responsive FAST topologies, in absence (light grey) and in presence of 5 mM glu-
tamate (dark grey) in pH 7.4 HEPES buffer (50 mM) containing NaCl (150 mM). Data represent the mean + sem
(n = 3). The least-squares fit (line) gave the thermodynamic dissociation constants Kpnmer and Kb, HvBR/glutamate
provided in Table S1. The sensor concentration was fixed at 0.1 uM.
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a positive allosteric regulation b  negative allosteric regulation
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Figure S4. How to choose fluorogen concentration to obtain both good dynamic range and satisfactory
detection sensitivity. a Simulated fluorogen binding curves in the presence and absence of analyte (with Ko =
10 Kb,r/a) in the case of a positive allosteric regulation. 3+ and - are the fluorogen bound fractions in presence
and absence of the analyte, respectively. Choosing the concentration of fluorogen Fit between Kpra/ 2 and
(Kor.Ko,ria)"? (contrasted rectangles) is a good compromise to obtain both good dynamic range and satisfactory
detection sensitivity. b Simulated fluorogen binding curves in the presence and absence of analyte (with Kp,ria =
10 KborF) in the case of a negative allosteric regulation. B+ and - are the fluorogen bound fractions in presence and
absence of the analyte, respectively. Choosing the concentration of fluorogen between Ko /2 and (Ko,r.KoFa)'?
(contrasted rectangles) is a good compromise to obtain both good dynamic range and satisfactory detection sen-
sitivity. Adapted from Tebo et al.®
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Figure S5. Optimization steps of Glu-FAST-2. a,b HMBR titration curves of Glu-FAST-2-PP(2) (a) and Glu-
FAST-2-CFAST(116-125) (b), respectively, in absence (light grey) and in presence of 5 mM glutamate (dark grey)
in pH 7.4 HEPES buffer (50 mM) containing NaCl (150 mM). ¢ Glutamate titration curve of Glu-FAST-2-
CFAST(116-125) in the presence of 1 yM HMBR in pH 7.4 HEPES buffer (50 mM) containing NaCl (150 mM).
Data represent the mean + sem (n = 3). The least-squares fit (line) gave the thermodynamic dissociation constants
Kb,HMBR, Kb HMBR/glutamate @Nd Kb glutamate app provided in Table S2. The sensor concentration was fixed at 0.1 uM.
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Figure S6. Study of Glu-FAST-2.1 by molecular dynamics. (a-d) Conformation of GIlu-FAST-2.1 models wit-
hout ligand (a), with glutamate (b), with HMBR (c) and with both ligands (d) obtained after molecular dynamic
simulations of 30 ns. HMBR (green) and glutamate are shown in space-filling model. Root mean square fluctua-
tions (RMSF) of the residues are color coded according to the shown color scale. (e-g) RMSF of each residue in
function of the ligands that are present for the full-length sensor (e), the FAST domain (f) and the Gltl domain (g).
The black lines show the mean RMSF in each condition; statistical comparisons were done via a 2-way ANOVA.
(h) Estimation of the HMBR binding energy in absence or in presence of Glutamate through HMBR docking in the
optimized structures (a) and (b), or by HMBR redocking in the optimized structure (c) and (d). The docking scores
are given. (i) Estimation of the relative Glutamate binding energy in absence or in presence of HMBR through
Glutamate docking in the optimized structures (a) and (c), or by Glutamate redocking in the optimized structures
(b) and (d). The docking scores are given.
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Figure S7. Study of different topologies for the design of FAST-based K* biosensors. HMBR titration curves
of the four K*-responsive FAST topologies, in absence (light grey) and in presence of 10 mM K* (dark grey) in pH
7.4 HEPES buffer (50 mM) containing MgClz (75 mM). Data represent the mean + sem (n = 3). The least-squares
fit (line) gave the thermodynamic dissociation constants Kp,nmer and Kb nmerik+ provided in Table S3. The sensor
concentration was fixed at 0.1 yM.
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Figure S8. Characterization of K*-FAST-5. a HMBR titration curves of K*-FAST-5 in absence (light grey) and in
presence of 100 mM K* (dark grey) in pH 7.4 HEPES buffer (50 mM) containing MgClz (75 mM). b K* titration
curve of K*-FAST-5 in the presence of 0.1 uM HMBR in pH 7.4 HEPES buffer (50 mM) containing MgCl2 (75 mM).
Data represent the mean + sem (n = 3). The least-squares fit (line) gave the thermodynamic dissociation constants
Kb nmer, Kb Hmerik* and Kp,k* app provided in Table S4. The sensor concentration was fixed at 0.1 uM.
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Figure S9. Study of K*-FAST-5.1 by molecular dynamics. (a-d) Conformation of K*-FAST-5.1 models without
ligand (a), with K* (b), with HMBR (c) and with both ligands (d) obtained after molecular dynamic simulations of 30
ns. HMBR (green) and K* (violet) are shown in space-filling model. Root mean square fluctuations (RMSF) of the
residues are color coded according to the shown color scale. (e-g) RMSF of each residue in function of the ligands
that are present for the full-length sensor (e), the FAST domain (f) and the Kbp domain (g). The black lines show
the mean RMSF in each condition; statistical comparisons were done via a 2-way ANOVA. (h) Estimation of the
HMBR binding energy in absence or in presence of K* through HMBR docking in the optimized structures (a) and
(b), or by HMBR redocking in the optimized structure (c) and (d). The docking scores are given. (i) Estimation of
the relative K* binding energy in absence or in presence of HMBR through K* docking in the optimized structures
(a) and (c), or by K* redocking in the optimized structures (b) and (d). The docking scores are given.
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Figure $10. Study of different topologies for the design of FAST-based ATP biosensors. HMBR titration
curves of the four ATP-responsive FAST topologies, in absence (light grey) and in presence of 5 mM ATP (dark
grey) in pH 7.4 HEPES buffer (50 mM) containing MgClz (75 mM). Data represent the mean £ sem (n = 3). The
least-squares fit (line) gave the thermodynamic dissociation constants Kb nwer and Kb Hwsriate provided in Table
S$5. The sensor concentration was fixed at 0.1 yM.
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Figure S11. ATP selectivity. a Normalized fluorescence intensity upon addition to ATP-FAST-1 of ATP and an-
alogs at concentration = 10 Kpatp app = 1.2 mM in the presence of 0.4 uM HMBR. b Normalized fluorescence
intensity upon addition to ATP-pFAST-1 of ATP and analogs at concentration = 10 Kp,atp app = 7 mM in the pres-
ence of 0.1 yM HMBR. Data represent the mean + sem (n = 3). The sensor concentration was fixed at 0.1 pM.
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Figure S12. Modularity provided by varying the fluorogen with ATP-FAST-1 a ATP titration curves of ATP-
FAST-1 in pH 7.4 HEPES buffer (50 mM) containing MgCl2 (75 mM), in the presence of 0.2, 0.4 and 3.5 yM HMBR.
b ATP titration curves of ATP-FAST-1 in the presence of 1 yM HMBR (green), HBR-3,5DM (yellow) and HBR-
3,5DOM (red), in pH 7.4 HEPES buffer (50 mM) containing MgClz (75 mM). Data represent the mean + sem (n =
3). The least-squares fit (line) gave the thermodynamic dissociation constants Ko atp app provided in ¢. The sensor
concentration was fixed at 0.1 yM. ¢ The apparent dissociation constant Kp,atp app for ATP binding with ATP-FAST-
1 is given for each fluorogen at various concentrations.
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Figure S$13. ATP responsiveness. a ATP titration curve of FAST in the presence of 0.1 yM HMBR, in pH 7.4
HEPES buffer (50 mM) containing MgClz (75 mM). b ATP titration curves of insensitive ATP-FAST-1-
R122K/R126K, in the presence of 0.4 yM HMBR. ¢ ATP titration curve of pFAST in the presence of 0.1 yM HMBR
in pH 7.4 HEPES buffer (50 mM) containing MgClz (75 mM). d ATP titration curves of insensitive ATP-pFAST-1-
R122K/R126K, in the presence of 0.1 yM HMBR. Data represent the mean + sem (n = 3). The sensor concentration
was fixed at 0.1 M.

S22



HMBR 0 HBR-3,5DM o HBR-3,5DOM o
Me

MeO.

SONH NONH \ H
a HO =X b HO X c HO
Me S Me s OMe S
8 8 8
c 1.0 c - ATP c 1.0
(0] [0] (0]
[&] (8] [&]
[} (7] [}
o o o
S 05 S g 05
J = “+ ATP =
E |/ e /T £ \
S 0.0&2 <} . : o) AR
S 400 500 600 < 500 600 < 500 600 700
Wavelength (nm) Wavelength (nm) Wavelength (nm)
d e f
1.0 1.0 1.0
(=] N (=] (=]
&L S S
w05 w05 w05 °
- 0.1uM < 0.1 uM
<o 1 UM o1 HM %
0.0/ - 5uM 0.0 0.04 = 5uM
102 10" 10° 10" 102 102 10" 10° 10" 102 102 10" 10° 10" 102
[ATP] (mM) [ATP] (mM) [ATP] (mM)

Figure S14. Modularity provided by varying the fluorogen with ATP-pFAST-1. a-c Excitation and emission
spectra of ATP-pFAST-1 with a HMBR, b HBR3,5DM and ¢ HBR3,5DOM in the absence (solid line) and in the
presence of 30 mM ATP (dotted line). The concentration of fluorogen was 1 uM. Sensor concentration was fixed
at 0.1 yM. d-f ATP titration curves of ATP-pFAST-1 in presence of 0.1, 1 or 5 uM of d HMBR, e HBR-3,5-DM and
f HBR-3,5-DOM, in pH 7.4 HEPES buffer (50 mM) containing MgCl2 (75 mM). Data represent the mean + sem (n
= 3). The least-squares fit (line) gave the thermodynamic dissociation constant Kp,atp app provided in Table $6. The
sensor concentration was fixed at 0.1 yM.
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Figure S15. Structural models of ATP-pFAST-1. a,b Structural models of ATP-pFAST-1 bound to ATP (a) or
HMBR (b) generated by homology modeling and molecular dynamics. B. PS3 ¢ is in magenta and pFAST in grey.
HMBR and ATP are shown in space-filling model. ¢ Root mean square fluctuations (RMSF) of the residues of
ATP-pFAST-1 during molecular dynamic simulations of 2 ns.
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Table S1. Study of different topologies for the design of FAST-based glutamate biosensors. For each sen-
sor is given the dissociation constant of HMBR in absence of glutamate (Kb nver), in presence of 5 mM of glutamate
(Kb, HmBR/glutamate), @and the cooperativity constant a, calculated as the ratio Ko nmer/Kb,HMBR/glutamate.

Sensor Kb, Hmer (M) Kb HmBRIglutamate (M) a
FAST 0.14 £ 0.01 0.16 £ 0.01 0.9
Glu-FAST-1 0.33+0.04 0.34£0.03 1.0
cpGlu-FAST-1 1.2+0.08 0.86 £ 0.08 1.4
Glu-FAST-2 1.5+0.05 0.68 £ 0.05 2.2
cpGlu-FAST-2 0.28 £ 0.02 0.24 £ 0.01 1.2
Glu-FAST-3 0.31+0.01 0.28 £ 0.02 1.1
cpGlu-FAST-3 0.63 £ 0.06 0.61+£0.03 1.0
Glu-FAST-4 0.68 £ 0.04 0.40+£0.02 1.7
cpGlu-FAST-4 0.14 £ 0.01 0.10 £ 0.01 1.4

Table S2. Optimization steps of Glu-FAST-2. For each sensor is given the dissociation constant of HMBR in
absence of glutamate (Kbo,nmer), in presence of 5 mM of glutamate (Kb nverigutamate), @and the cooperativity constant
a, calculated as the ratio Kb,nmer/KbHMBRigutamate. The apparent dissociation constant of glutamate is also given
with the associated fluorescence intensity increase observed upon glutamate addition (Fmax/Fmin).

Sensor Kb,Hmer (M) Kb, HMBR/glutamate (MM) o Kb glutamate app (HM) Fmax! Fenin
Glu-FAST-2-PP(2) 27+0.2 1.31£0.1 2.1 - -
Glu-FAST-2-CFAST(116-125) 2.7+0.3 0.93+0.06 2.9 54+04 2.4

Table S3. Study of different topologies for the design of FAST-based K* biosensors. For each sensor is
given the dissociation constant of HMBR in absence of K* (Kp,nmsr), in presence of 10 mM of K* (Kb Hmsrik+), and
the cooperativity constant a, calculated as the ratio Kp,#mer/Kb,HMBR/ Kk+.

Sensor Kb, Hmer (M) Kb 1merik+ (MM) ]
FAST 0.15+0.01 0.17 £0.01 0.9
K*-FAST-1 0.21£0.03 0.34 £0.03 0.6
K*-FAST-2 0.44 £0.02 0.19+£0.01 2.3
K*-FAST-3 0.26 £ 0.02 0.21+£0.02 1.2
K*-FAST-4 24+0.1 3.1+0.1 0.8
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Table S4. Characterization of K*-FAST-5. |s given the dissociation constant of HMIBR in absence of K* (Kb,HmBR),
in presence of 100 mM K* (Kb,nwsrik+), and the cooperativity constant a, calculated as the ratio Kb nmsr/Kb,HmBR/K+.
The apparent dissociation constant of K* is also given with the associated fluorescence intensity increase observed
upon K* addition (Fmax/Fmin).

Sensor Kb,Hmer (M) Kb, Hmerik+ (MM) a Kb k+app (MM) Fmax! Frnin

K*-FAST-5 0.42+0.03 0.23+0.02 1.8 1.1+03 1.9

Table S5. Study of different topologies for the design of FAST-based ATP biosensors. For each sensor is
given the dissociation constant of the fluorogen in absence of ATP (Kpuwmer), in presence of 5 mM of ATP
(Kp,nmer/aTP), and the cooperativity constant a, calculated as the ratio Kp,nmsr/Kb,HMBR/ATP.

Sensor Kb, Hmer (M) Kb umeriate (UM) o
ATP-FAST-1 0.37£0.10 ~31 ~0.01
ATP-FAST-2 21+0.1 ~52 ~0.04
ATP-FAST-3 0.64 £ 0.02 1.2+£0.1 0.5
ATP-FAST-4 1.3+£0.1 40+0.2 0.3

Table S6. Modularity provided by varying the fluorogen with ATP-pFAST-1. The apparent dissociation con-
stant for ATP is given for each fluorogen with the associated fluorescence intensity decrease observed upon ATP
addition (Fmax/Fmin).

Fluorogen [fluorogen] (uM) Kb,aTp app (MM) Fmax! Fenin

HMBR 0.1 0.73+0.09 9.5

1 26+0.6 6.4

5 59+23 25

HBR-3,5-DM 0.1 0.42 £0.07 8.5
1 19+04 6.6

5 58+22 4.0

HBR-3,5-DOM 0.1 0.26 £ 0.06 15
1 0.80 £0.17 7.9

5 1.3+£0.7 25
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Table S7. Primers used in this study

Primer Sequence

kanf Gcatcaaccaaaccgttattcattcgtg

kanr Cacgaatgaataacggtttggttgatgc

ag336 gcagcggcggagggggatccgagcatgttgectttggeag
agb579 Catgctagccatatggcetgecg

ag601 ggcagccatatggctagcatggagceatgttgectttgg

ag607 ggcagccatatggctagcatggcagecgggceagtactctg
ag613 gtattccggaagagggcggcggtgacagctattgggtetttg
ag614 ttgaacagacccataccaccggaaagggctttcttcatgtge
ag615 agaaagccctttccggtggtatgggtctgttcaattitgtgaaag
ag616 caatagctgtcaccgecgecctcttccggaatacgcaacac
ag617 gtattccggaagagggcggcgagcatgttgectttgge

ag618 ttgaacagacccataccacccacccgtttcacaaagaccc
ag619 ttgtgaaacgggtgggtggtatgggtctgticaattttgtgaaag
ag620 aaggcaacatgctcgccgcecctcttccggaatacgcaacac
ag621 gggtctttgtgaaacgggtggccagecagttttataccgttaag
ag622 ctgccaaaggcaacatgctcagtggetggtgtcgee

ag623 gaaaacggcgacaccagccactgagcatgttgcctttggcag
ag624 acggtataaaactggctggccacccgtttcacaaagacce
ag625 acatgaagaaagccctttccgccagecagttttataccgttaag
ag626 aagacccaatagctgtcaccagtggetggtgtcge

ag627 gaaaacggcgacaccagccactggtgacagctattgggtctttg
ag628 acggtataaaactggctggcggaaagggctttcttcatgtge
ag629 cgaatgacaaggcactgaaaggtgacagctattgggtctttg
ag630 tccagagtactgcccgetgcggaaagggctttcttcatgtge
ag631 acatgaagaaagccctttccgcagcgggceagtactc

ag632 aagacccaatagctgtcacctttcagtgccttgtcattcgg
ag633 cgaatgacaaggcactgaaagagcatgttgcctttgge

ag634 tccagagtactgcccgcetgccacccegtttcacaaagaccce
ag635 gggtctttgtgaaacgggtggcagecgggcagtacte

ag636 ctgccaaaggcaacatgctctttcagtgecttgtcattcgg
ag637 ttgtgaaacgggtgaacccgctgaacatgaatttcgaactgtcag
ag638 aaggcaacatgctccaccagaattggatttttgaaccacttatcaaacc
ag639 tcaaaaatccaattctggtggagcatgttgectttgge

ag640 aaattcatgttcagcgggttcacccgtttcacaaagacce
ag641 agaaagccctttccaacccgcetgaacatgaatttcgaactgtcag
ag642 caatagctgtcacccaccagaattggatttttgaaccacttatcaaacc
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ag643
ag644
ag704
ag731
ag732
ag804
ag910
ag1046
ag1047
ag1048
ag1049
ag1050
ag1051
ag1052
ag1058
ag1059
ag1060
ag1061
ag1062
ag1259
ag1260
ag1566
ag1703

ag1704

gttcaaaaatccaattctggtgggtgacagcetattgggtctttg
gaaattcatgttcagcgggttggaaagggctttcttcatgtge
Gagcatgttgcctttgge
ggcggaggcggaageggeggaggeggatccggecggaggeggaagecagttttataccgttaagtctgge
gcettccgectcecgeecggateecgecteegecgcttecegectccgeecgetggeagtggetggtgte
gcagccatatggctagcatggacagctattgggtctttgtgaaac
caaaggcaacatgctctggtggtttcagtgccttgtcattcgg
Aagacaatacacgtttccgtagtcac

Cttcatttctgcaacgctgagtc
ctcagcgttgcagaaatgaagggtgacagctattgggtctttg
ctacggaaacgtgtattgtcttggaaagggctttcttcatgtge
ctacggaaacgtgtattgtcttcacccgtttcacaaagaccc
ctcagcgttgcagaaatgaaggagcatgttgectttggcag
Atagactttaaaagagctgaactcge

Ggactgcaaccttcgttce
cggaacgaaggttgcagtccacaagggagcatgttgectttgge
gttcagctcttttaaagtctataccgagcacccegtttcacaaagacce
cggaacgaaggttgcagtccacaaggggtgacagctattgggtctttg
gttcagctcttttaaagtctataccgagggaaagggctttcttcatgtge
cagcgttgcagaaatgaagggtgacagatattgggtctttgtg
cggaaacgtgtattgtcttggaaagggctttcttcaagtge
ggatcceccteegecgetgecgectecteceggacttgtacagetegtecatgee
Caatgcgagttcagctcttttaaagtc

ctttaaaagagctgaactcgcattgaaaaaggctatgaataagctcagegttgcagaaatgaag
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Table S8. Plasmids used in this study

Plasmid ORF

pAG399 His-FAST

pAG400 His-cpFAST2

pAG401 His-Kbp

pAG402 His-Gltl

pAG403 His-cpGltl

pAG441 His-K*-FAST-1

pAG442 His-K*-FAST-2

pAG443 His-K*-FAST-3

pAG444 His-K*-FAST-4

pAG445 His-Glu-FAST-1

pAG446 His-cpGlu-FAST-1

pAG447 His-Glu-FAST-2

pAG448 His-cpGlu-FAST-2

pAG449 His-Glu-FAST-3

pAG450 His-cpGlu-FAST-3
pAG451 His-Glu-FAST-4

pAG452 His-cpGlu-FAST-4

pAG512 His-K*-FAST-5

pAG513 His-Glu-FAST-2-CFAST(116-125)
pAG625 His-K*-FAST-5.1

pAG634 His-Glu-FAST-2.1

pAG729 His-B.PS3

pAG733 His-ATP-FAST-1

pAG734 His-ATP-FAST-2

pAG735 His-ATP-FAST-3

pAG736 His-ATP-FAST-4

pAG881 His-ATP-pFAST-1
pAG1008 His-mCherry-ATP-pFAST-1
pAG1021 His-mCherry-ATP-FAST-1
pAG1091 His-ATP-FAST-1-R122K/R126K
pAG1092 His-ATP-pFAST-1-R122K/R126K
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