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ABSTRACT

Fluorescent reporters are essential components for the design of optical biosensors able
to image intracellular analytes in living cells. Herein, we describe the development of cir-
cularly permuted variants of Fluorescence-Activating and absorption-Shifting Tag (FAST)
and demonstrate their potential as reporting module in biosensors. Circularly permutated
FAST (cpFAST) variants allow one to condition the binding and activation of a fluorogenic
ligand (and thus fluorescence) to analyte recognition by coupling them with analyte-bind-
ing domains. We demonstrated their use for biosensor design by generating multicolor
plug-and-play fluorogenic biosensors for imaging the intracellular levels of Ca?* in living

mammalian cells in real-time.
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Cells respond to external and internal stimuli by a series of biochemical events that are
tightly controlled in space and time. These downstream processes consist of interactions
between macromolecules as well as between macromolecules and analytes. Detecting
these interactions involves coupling a measurable output to a nanometer-scale molecular
recognition event, typically by linking a reporting module to a sensing domain that re-
sponds to an input by undergoing a conformational change. Fluorescent proteins (FP)
such as the green fluorescent protein (GFP) and its variants have been essential in the
development of genetically encoded optical biosensors. FP-based biosensors typically
function either by Forster resonance energy transfer (FRET), in which an analyte-binding
domain is flanked with two FPs acting as donor and acceptor for FRET studies, or by
fluorescence intensity change, in which conformational changes induced by analyte bind-

ing change the local environment of the chromophore of circularly permuted FPs.™4

Chemical-genetic fluorogenic reporters provide an attractive alternative to FPs as they
display many of the same advantages, while capitalizing on the specific interaction of a
fluorogenic chromophore (so-called fluorogen) with its cognate genetically encoded re-
ceptor in order to generate fluorescence.>’ Fluorogens are chromophores that display no
fluorescence until they interact with their cognate tag, resulting in systems with low back-
ground signal and little to no maturation time. The modular nature of these reporters
opens exciting prospects for the design of genetically encoded biosensors in which fluo-
rogen binding, and thus fluorescence, is conditioned to the recognition of a given analyte.

An elegant illustration of this principle was obtained using Spinach, an RNA aptamer that

ACS Paragon Plus Environment



oNOYTULT D WN =

ACS Chemical Biology

binds analogs of the GFP chromophore®. The coupling of metabolite-specific RNA ap-
tamers to Spinach led to biosensors in which metabolite binding promote Spinach fluo-

rescence? 9.

To validate this approach with protein-based fluorogenic systems (Figure 1A), which
have the advantages of being genetically targetable to any subcellular localization and in
principle implementable in all model cells and organisms, we evaluated the use of the
Fluorescence-Activating and absorption-Shifting Tag (FAST)'!, a variant of the 14 kDa
photoactive yellow protein (PYP) evolved to bind and activate (through conformational
locking) the fluorescence of various hydroxybenzylidene rhodanine (HBR) deriva-
tives'12, As fluorogen binding affinity depends on the protein structure, we anticipated

that conformational change would affect fluorogen binding and thus fluorescence.

To maximize conformational coupling and facilitate insertion of FAST as reporting module
into multidomain biosensors, we circularly permuted the protein. Circular permutation is
a method used both in the laboratory and by nature whereby the amino acid sequence is
altered such that the N and C termini are close in space but the protein retains the same
(or similar) 3D structure (and hence function). Relocating the N- and C- termini within the
structure of a protein to be spatially close has proved to be effective in increasing confor-
mational sensitivity. This technique has been successfully used in the development of
most intensiometric FP-based biosensors'3'5. We hypothesized that FAST would tolerate

circular permutation in much the same way as its parent protein, PYP.'® Furthermore, we
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reasoned that such a development could provide a strategy to create FAST-based bio-
sensors by co-opting previously well-characterized sensor designs. For instance, calcium
sensors composed of a circularly permuted FP and a calcium-binding motif comprised of
calmodulin and M13 have been extensively explored.'>'* In these sensors, the calcium-
binding moieties calmodulin and M13 are appended to the N and C termini of the circularly
permuted fluorescent protein and binding of Ca?* results in the formation of the calmodulin
and M13 ternary complex, which in turn induces a conformational change in FP, and
results in higher fluorescence. This design, which has been implemented with Aequorea
GFP or its variants, has not yet been successfully adapted to other fluorescent reporting
modules. Herein, we describe the development of a series of circularly permuted FAST
(cpFAST) variants with fluorogen affinities spanning an order of magnitude and illustrate
using calcium sensors as a proof of principle that these cpFASTs can replace classic FPs

for the design of intensiometric biosensors.

We designed seven circularly permuted FAST (cpFAST) variants by linking the original
termini with peptide linkers of various lengths, and created new N- and C- termini at po-
sitions 115 and 114, respectively, as previously reported for circularly permuted PYP.
All cpFASTs showed good expression in E. coli (Figure S1) and formed green-yellow
fluorescent complexes with 4-hydroxy-3-methylbenzylidene rhodanine (HMBR), indicat-
ing that the circular permutation did not perturb the three-dimensional topology and func-
tion of FAST. Absorption and emission wavelengths, fluorescence quantum yields, and
absorption coefficients were nearly identical to those of non-permuted FAST (Table 1).

Interestingly, we observed that the shorter the linker inserted within cpFAST, the lower
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the affinity for HMBR (Table 1 and Figure S2). This trend may result from shorter linkers
introducing a physical constraint in the three-dimensional structure of the protein, thus
inducing a lower binding affinity. All coFAST were shown to activate HMBR fluorescence

in live cells (Figure S3).

To validate the use of our cpFASTSs for biosensor design, we created a sensor able to
selectively detect Ca?* by taking advantage of the Ca?*-dependent interaction of calmod-
ulin (CaM) and the Ca?*-CaM interacting peptide M13, which has been successfully used
in the past to generate genetically encoded FP-based calcium indicators (Figure
$4)131417 Ca?* is a highly versatile secondary messenger that regulates many different
cellular functions over a wide temporal range'®. The concentration Ca?* at resting state
and the amplitude of the concentration change can vary significantly as a function of the
intracellular localization and the cell type, therefore Ca?* biosensors with various dissoci-
ation constants (ideally from nM to mM) are required to fully address the physiological
role of Ca?* signaling. Because of the dynamic and transient nature of calcium signaling,
Ca?* was an ideal model analyte for us to validate the use of cpFASTs for the design of
dynamic fluorogenic biosensors. We connected the N-terminus of cpFASTs to the M13
peptide and their C-terminus to calmodulin (CaM). The corresponding sensors were ex-

pressed in E. coli with high yields (Figure S5), allowing full in vitro characterization.

For all sensors, the presence of Ca?* increased HMBR binding affinity (Figures 1B and

$6 and Table 2), demonstrating that Ca?* promoted fluorogen binding. We observed that
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the shorter the linker used within the cpFAST, the larger the Ca?*-induced increase in
affinity. In agreement with the circular permutation providing conformational sensitivity,
most cpFAST-based sensors displayed a larger Ca?*-induced change in fluorogen affinity

than a sensor in which the original FAST was inserted (Table 2).

An important feature of FAST is the ability to change its color from green-yellow to orange-
red by using 4-hydroxy-3,5-dimethoxybenzylidene rhodanine (HBR-3,5-DOM) instead of
HMBR'2. We therefore tested HBR-3,5-DOM with the cpFAST-based sensors. Ca?*-de-
pendent increases in fluorogen affinity were also observed in that case (Figures 1C and
S7 and Table 2), demonstrating that the color of the sensors could be tuned at will from
green-yellow to orange-red by choosing the appropriate fluorogen. This unprecedented
feature provides an experimental versatility not encountered with FP-based biosensors,
for which changing the color has required significant reengineering efforts’#. With FAST-
based sensors, sensor optimization is effectively decoupled from color choice, allowing

plug-an-play color change.

In intensiometric fluorogen-based sensors, the dynamic range of the sensors is depend-
ent on the conditions of the experiment, notably the fluorogen concentration used (See
Sl Text 1 and Figure S8). To evaluate the dynamic range of our sensor, we measured
the fluorescence fold increase for cpFAST2-based sensor in a range of fluorogen con-
centrations sampling a large range of conditions and expected fluorescence fold in-

creases (Figure 1D-G). The observed fluorescence fold increase was slightly higher (~
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1.2) than predicted based solely on the change in fraction of sensor:fluorogen complex,
suggesting that the brightness of the sensor was also influenced by Ca?*, which we at-
tributed to an increased rigidity of the sensor in the presence of Ca?*. Similar results were

obtained with sensors based on other cpFASTs (Figure S9).

Next, we determined the Ca?* affinity of our sensors. We fixed the concentration of fluo-
rogen so that to maximize the change in fraction of sensor:fluorogen complex (see Sl
Text 1). The tested sensors displayed tight Ca?* binding with dissociation constants
(Kp,ca) of about 60 to 100 nM, in good agreement with that of the CaM and M13 fusion
protein linked with two amino acid linkers previously reported (Kp,ca of 80 nM)'®2°, and
Hill coefficients (n+) of about 3 in agreement with cooperative Ca?* binding to CaM (Fig-
ures 1H,l, S10-S13 and Table 2). Neither the fluorogen used (HMBR or HBR-3,5-DOM)
nor the cpFAST chosen had a significant influence on the affinity for Ca?*. Furthermore,
we examined the dependence of Kp,ca on fluorogen concentration for the sensor based
on cpFAST2. We found that Ca?* affinity is only slightly dependent on the fluorogen con-
centration (Figure S10 and S11), indicating that experimental conditions may be tuned
at will without affecting the basics of sensor function. The absence of strong dependence
of the Ca?* affinity on the fluorogen concentration in this case is linked to the cooperative
binding of Ca?*. With their high Ca?* affinity, our coFAST-based biosensors can allow the
detection of subtle changes in Ca?* concentration and complement the current suite of

widely used single-FP-based Ca?* indicators?".
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We next evaluated the function of our cpFAST-based Ca?* sensors in living cells. When
the sensors were expressed in HeLa cells and labeled with HMBR or HBR-3,5-DOM, the
fluorescence was uniformly distributed in cells (Figure 2). This observation was in agree-
ment with the sensors being small (33 kDa), monomeric proteins as confirmed by size-
exclusion chromatography coupled to multiangle light scattering (Figure S14). Treatment
with histamine, which triggers Ca?* release from the endoplasmic reticulum to the cyto-
plasm, induced a significant increase of fluorescence (2 to 3-fold), in accordance with an
increase of cytosolic free Ca?* (Figure 2, and movies S1-S3). This initial peak was fol-
lowed by oscillations and eventually desensitization (Figure 2 and movies S$S1-S3). Our
sensors did not display the striking oscillations reported with recently, highly-optimized
sensors very likely because of their high affinity for Ca%*. However, the observed response
was in good agreement with the known behavior of HelLa cells to histamine stimula-

tion'314.20.21 " demonstrating our ability to image Ca?* levels in living cells in real-time.

In this study, we report the design of functional circularly permuted FAST variants
(cpFAST). We demonstrate using Ca?* sensors as a proof-of-principle that cpFASTs can
be an alternative to FPs as reporting module in biosensors. In cpFAST-based sensors,
the intensiometric response results from conditioning fluorogen binding (and thus fluores-
cence) to the recognition of an intracellular analyte. We could generate functional Ca?*
biosensors with minimal engineering efforts. The successful design of FP-based sensors
of the GCaMP family — made of circular permuted GFP flanked with CaM and M13 —
results from the serendipitous specific interaction between CaM and GFP in presence of

Ca?* that strongly affects GFP conformation and photophysical properties?2. Engineering
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efforts to implement this design to generate genetically encoded calcium indicators with
fluorescent reporter modules other than FPs have not been successful so far.?® In addi-
tion, extension of this serendipity-based design principle to analytes other than Ca?* has
turned out to be highly challenging.'®242” FAST-based Ca?* sensors display Ca?*-de-
pendent fluorescence without the need for a specific direct interaction between FAST and
the Ca?* sensing domains, which should thus facilitate the extension of this design prin-
ciple to other analytes using various sensing modules. The ability to change the color by
changing the fluorogen used allows the design of biosensors with various spectral prop-
erties without the need for reengineering, providing an unprecedented experimental ver-

satility for multicolor imaging.

Although conformationally coupling of FAST and the sensing unit allows one to condition
fluorogen binding to analyte recognition, it also makes the dynamic range of the sensor
and the affinity for the analyte dependent on the fluorogen concentration. Consequently,
the fluorogen concentration is a control parameter that must be chosen with care to opti-
mize measurements with the sensors. Despite this, the use of FAST for sensor design
opens exciting perspectives. Its robustness and tolerance to insertions make FAST a par-
ticularly interesting scaffold for sensor design at once taking advantage of its relatively
small size and the ability to change its color at-will. The use of cpFASTs could prove
useful in the screening of new sensing modules for which current development is stifled
by intrinsic limitations of FPs such as maturation time, tendency to oligomerize, and oxy-
gen sensitivity. The simplicity and tractability of such an approach should allow the design
of new plug-and-play biosensors for imaging in real-time analytes, endogenous biomole-

cules and cellular processes for which no systems currently exist.

10
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SUPPORTING INFORMATION

The supporting information contains Movies S1-S3, Sl Text 1, Figures S1-S14 and Mate-

rials and Methods.
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Table 1. Physico-chemical properties of the circularly permuted FAST (cpFAST)
variants bound to HMBR. Abbreviations are as follows: Aaps, wavelength of maximal
absorption; Aem, wavelength of maximal emission; e, molar absorption coefficient at Aabs;
¢, fluorescence quantum yield; Kp, thermodynamic dissociation constant.

Variant Linker size Ko
(a.a.) Aabs Aem € ) (M)
(nm) (nm) (mM-Tem™)

FAST* - 481 540 425+0.8 0.23+0.03 0.13+0.01
cpFAST1 0 481 540 ~35* ~0.2** 5.1+0.70
cpFAST2 3 481 540 ~35* ~0.2** 0.99 + 0.1
cpFAST3 5 481 540 ~ 35 ~0.2* 0.65 £ 0.04
cpFAST4 8 481 540 36.0+0.5 0.19+0.02 0.30+0.04
cpFAST5 11 481 542 36.2+0.9 0.28+0.03 0.22+0.03
cpFAST6 15 481 541 36.9+0.8 0.24 £0.03 0.26 +0.03
cpFAST7 18 481 540 33.0+£29 0.20+0.02 0.16 £0.01

* previously reported’?.

** Molar absorption coefficients and quantum yields for cpFAST1, cpFAST2 and cpFAST3 are approximate
numbers due to restrictions imposed on the maximum amount of complex that can be formed in solution
given the reported Ko (i.e., only at appreciably high protein concentrations will ~100% of complex be

formed).
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Table 2. Physico-chemical properties of the cpFAST-based Ca?* biosensors (M13-
Reporter-CaM) labeled with HMBR (A) and HBR-3,5-DOM (B). Abbreviations are as
follows: Kp,+ and Kp - are the thermodynamic dissociation constants of the sensor:fluoro-
gen complexes in presence and in absence of Ca?*; Kp,ca and ny are the thermodynamic
dissociation constant and Hill coefficient associated to Ca?* binding (the fluorogen con-
centration was fixed to (Kp,+Kb-)"?).

Reporter Ko+ (uM) Ko.- (uM) Kb.ca (M) [nH]
FAST A 0.16 + 0.01 0.36 + 0.02
CPFAST1 A 4.0+0.4 18.2+0.8 77+2[2.8+0.2]
B 17.4+0.8 37 3 63+ 1[4.0+0.5]
CPFAST2 A 1.40 + 0.04 5.2+0.1 99 +4[3.0 + 0.3]
B 3.9+0.1 18.0 £ 0.8 82+ 1[3.3+0.2]
CpFAST3 A 0.80 + 0.02 2.9+0.1 64 +2[3.3+0.3]
B 42+0.2 14.8 +0.9 57 +3[2.3+0.3]
CpFAST4 A 0.59 + 0.03 1.39 + 0.03
B 2.8+0.1 9.1+0.4
cpFAST5 A 0.36 + 0.01 0.82 + 0.02
B 2.50 + 0.09 7.5+0.6
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Figure 1. cpFAST-based biosensors. (A) Fluorogenic biosensors composed of a
cpFAST variant coupled to analyte-recognition modules in which the binding of the fluo-
rogenic ligand, and thus the fluorescence, is conditioned to the binding of the analyte.
Kb - and Kp + are the thermodynamic dissociation constants of the sensor:fluorogen com-
plex in the absence and the presence of analyte, respectively. (B,C) Titration curves of
M13-cpFAST2-CaM in the absence or in presence of Ca?* with either HMBR (B) or HBR-
3,5DOM (C). Data represent mean + sem (n = 3). Least square fit (line) gave the thermo-
dynamic dissociation constants Kp- and Kp,+ provided in Table 2. (D,E) Excitation and
emission spectra of M13-cpFAST2-CaM:HMBR (D) and M13-cpFAST2-CaM:HBR-3,5-
DOM (E) in the absence (dotted line) and presence (solid line) of Ca?*. The concentration
of HMBR was 0.7 yM and that of HBR-3,5-DOM 1.95 uM. Sensor concentration was fixed
at 0.1 uM. (F,G) Dependence of the /+/I- emission ratio on concentration of (F) HMBR and
(G) HBR-3,5-DOM. (F) I+ and /- were obtained by integrating spectra recorded at a sensor
concentration of 100 nM and HMBR concentrations of 0.7 uM, 1.4 yM, 2.7 yM, 5.2 uM,
and 10.4 uM at 25 °C. (G) /+ and /- were obtained by integrating spectra recorded at a
sensor concentration of 100 nM and HBR-3,5-DOM concentrations of 1.95 yM, 3.9 uM,
8.4 uM, 18 uM and 36 uM at 25 °C. (H,l) Ca?* titration curve of M13-cpFAST2-CaM in
the presence of 2.7 yM HMBR (H) and 8.4 yM HBR-3,5DOM (l). Data represent mean *
sem (n =3). Least square fit (line) gave the thermodynamic dissociation constant Kp,ca
and Hill coefficient ny provided in Table 2. Sensor concentration was fixed at 0.01 yM.
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Figure 2. Ca?* imaging in HelLa cells. M13-cpFAST2-CaM was expressed in HelLa cells
and labeled with 5 yM HMBR (A,D,G) or 10 yM HBR-3,5DOM (B,E,H). M13-cpFAST 3-
CaM was expressed in Hela cells and labeled with 5 yM HMBR (C,F,l). Cells were stim-
ulated with 50 yM histamine. Movies S1, S2 and S3 were recorded by confocal micros-
copy. (A-C) Average fluorescence images showing homogenous distribution of the sen-
sors. (D-F) Fluorescence intensity changes in response to histamine addition. Time of
histamine addition is indicated by the black arrow. (G-I) Low fluorescence was observed
in resting state (low Ca?*). Histamine addition (50 uM) induced a significant increase of
fluorescence (high Ca?*), in accordance with an increase of cytosolic free Ca?*. (A-l)

Scale bars 20 pm.
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