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Abstract

Currently available genetically encoded calcium indicators (GECIs) utilize calmodulins
(CaMs) or troponin C from metazoa such as mammals, birds, and teleosts, as calcium-bind-
ing domains. The amino acid sequences of the metazoan calcium-binding domains are
highly conserved, which may limit the range of the GECI key parameters and cause unde-
sired interactions with the intracellular environment in mammalian cells. Here we have used
fungi, evolutionary distinct organisms, to derive CaM and its binding partner domains and
design new GECI with improved properties. We applied iterative rounds of molecular evolu-
tion to develop FGCaMP, a novel green calcium indicator. It includes the circularly permuted
version of the enhanced green fluorescent protein (EGFP) sandwiched between the fungal
CaM and a fragment of CaM-dependent kinase. FGCaMP is an excitation-ratiometric indica-
tor that has a positive and an inverted fluorescence response to calcium ions when excited
at 488 and 405 nm, respectively. Compared with the GCaMP6s indicator in vitro, FGCaMP
has a similar brightness at 488 nm excitation, 7-fold higher brightness at 405 nm excitation,
and 1.3-fold faster calcium ion dissociation kinetics. Using site-directed mutagenesis, we
generated variants of FGCaMP with improved binding affinity to calcium ions and increased
the magnitude of FGCaMP fluorescence response to low calcium ion concentrations. Using
FGCaMP, we have successfully visualized calcium transients in cultured mammalian cells.
In contrast to the limited mobility of GCaMP6s and G-GECO1.2 indicators, FGCaMP exhib-
its practically 100% molecular mobility at physiological concentrations of calcium ionin
mammalian cells, as determined by photobleaching experiments with fluorescence recov-
ery. We have successfully monitored the calcium dynamics during spontaneous activity of
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neuronal cultures using FGCaMP and utilized whole-cell patch clamp recordings to further
characterize its behavior in neurons. Finally, we used FGCaMP in vivo to perform structural
and functional imaging of zebrafish using wide-field, confocal, and light-sheet microscopy.

Introduction

Calcium ions are universal second messengers involved in the regulation of physiological
responses in a wide range of organisms. Genetically encoded calcium indicators (GECls) are
indispensable tools for in vivo visualization of calcium dynamics. GECIs are composed of a
sensory Ca**-binding domain (e.g., calmodulin or troponin C) that, when bound to Ca**,
causes a conformational change that induces a fluorescence readout from the attached fluores-
cent proteins (FPs). GECI can be divided into two classes based on the number of FPs they
contain. In single-FP-based GEClIs, the change in FP domain fluorescence is modulated by
changes in the sensory module induced by binding of Ca®* ions [1,2]. Typically, the sensory
module is located on the N- or C-terminus of the GECI and includes mammalian calmodulin
(CaM) that undergoes Ca**-dependent binding with the M13 peptide of myosin light chain
kinase (CaM/M13) fused to the opposite end of the indicator. However, these features vary
slightly among the many types of GECI that currently exist. For example, two current calcium
indicators, Camgaroo 1 and 2, do not contain the M13 peptide, and the mammalian CaM is
inserted inside enhanced yellow FP (EYFP) [3,4]. Another recently developed calcium in-
dicator, NTnC, contains a truncated troponin C (TnC) from toadfish inserted into the
mNeonGreen green FP [5]. Apart from single-FP-based GEClIs, double-FP-based GECls take
advantage of the physical property of fluorescent molecules called fluorescence resonance
energy transfer (FRET). FRET involves one FPs emitting photons that then gets absorbed as
well as excites an adjacent FP, if in close enough proximity, which then emits a photon of the
wavelength of the adjacent FP [6]. The Ca®*-binding domain of FRET-based sensors employs
a mammalian CaM/M13 pair [7] or a mammalian or toadfish TnC [8]. The GECIs described
and current publicationsindicate a potential issue, that the diversity of domains in the sensory
modules are limited to proteins from metazoa such as mammals, birds, and teleosts.

Low diversity is an issue because the key properties of GECI, such as Ca®*-binding affinity,
and association/dissociation kinetics, as well as interactions with other cellular components,
are defined by the sensory module. Indeed, modifications of CaM and/or M13 peptide have
been used to alter the affinity to Ca®*, extending the range from 15 nM of Ca** for YC-Nano15
[7] to 2 mM for Ca-G1’ [9]. The kinetics of Ca** dissociation for GEClIs also varies widely,
ranging from 0.33 s! for YC-Nano140 [7] up to 62 s for GCaMP3g,g [10]. The first attempts
to develop GECIs revealed that GECIs based on a mammalian CaM/M13 pair exhibited poor
functional properties when expressed in the brain of transgenic animals. Compared to the
purified protein, Cameleon FRET sensors were ten-fold less responsive to calcium when
expressed in the central nervous system of transgenic mice [11]. Fluorescence recovery after
photobleaching (FRAP) experiments revealed that 50% of the Inverse-pericam calcium indica-
tor was immobile both in the cell body and the axons of transgenic mice neurons [12]. Regard-
less of calcium concentration approximately 15% of mammalian CaM in the brain is bound to
membranes. The dramatic reductions in the dynamic range of GECIs and their reduced
mobility may be explained by interactions of the mammalian CaM/M13 pair with other cellu-
lar components, such as CaM, kinases, phosphatases, ion channels and others [13]. To over-
come these limitations, mutations were introduced into both CaM and the M 13 peptide
[14,15] or differently-sourced Ca2+—binding proteins, such as TnC, were used [8]. However,
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the commonly used versions of green calcium GECIs such as G-GECOs and GCaMP6s were
not modified to prevent interactions with mammalian CaMs.

Because the sensory modules of GECIs define their key characteristics and since the diver-
sity of sensory modules in the available GEClISs is limited to metazoa, we decided to explore the
proteins from another kingdom, fungi, as a source of sensory modules with novel properties
and reduced interactions with endogenous mammalian proteins. All CaMs from metazoa
share high amino acid sequence homology, whereas CaMs from fungi and yeasts have lower
sequence homology to their metazoan orthologues. Therefore, we decided to use CaMs,
M13-like peptides, or calcineurins from the fungi Aspergillus niger and Aspergillus fumigatus
and the yeast Komagataella pastoris, since their sequences differ greatly from those in metazoa,
i.e. selected domains shared only 66-85, 25-47 and 59-68% amino acid identity with their
metazoan counterparts, respectively. Here we have designed a single-FP-based green ratio-
metric GECI, designated FGCaMP, that contains CaM and the M13-like peptide from Asper-
gillus fungi and circularly-permutated EGFP. We validated its spectral, physicochemical and
kinetics characteristics in vitro using standard techniques including stopped-flow fluorimetry.
We found point mutations within the M13-like peptide and CaM that enhanced the affinity
and fluorescence response of FGCaMP to calcium ions. Once developed, we were able to use
FGCaMP to monitor Ca>* changes in mammalian cells and in neurons during voltage-induced
and spontaneous activities. Additionally, we characterized the properties of FGCaMP in neu-
rons using whole-cell patch clamp recording. Finally, we performed structural and functional
imaging of FGCaMP in vivo in zebrafish.

Results and discussion

Development of calcium indicators based on Ca®*-binding proteins from
fungi
To engineer GECIs with sensory parts from fungi, we cloned CaMs from fungi and assembled
gene libraries with randomized linkers between fluorescent and sensory domains. We aligned
amino acids sequences of CaMs, M13-like peptides and calcineurins from Aspergillus niger,
Aspergillus fumigatus fungi and Komagataella pastoris yeast, which are available from the
Genomic database (Figure A in S1 Supporting Information). These sequences were homolo-
gous but different from the mammalian CaMs (66-85% amino acids identity, ident), M13-like
peptides (25-47% ident) and calcineurins (59-68% ident) which are present in available
GEClIs. The cloned CaMs from Aspergillus niger fungus and Komagataella pastoris yeast were
further used to assemble four bacterial libraries composed of CaMs, cpEGFP from GCaMP6f
variant [16] and M13-like peptides or calcineurins (Fig 1A). Both the linkers between sensory
domains and cpEGFP were randomized and had the length of two and three amino acids.

Next, the generated libraries of sensors with randomized linkers were expressed in E. coli
periplasm and screened for the response to Ca®* ions as described previously [5]. Briefly, we
screened ~10,000 colonies per library for the largest fluorescence response to Ca>* ions on
Petri dishes. Analysis of the best variants on bacterial suspensions revealed that the variants
having pairs of [CaM from K. pastoris/M13 peptide from K. pastoris], [CaM from K. pastoris/
calcineurin from K. pastoris], [CaM from A. niger/calcineurin from A. fumigatus] and [CaM
from A. niger/M13 peptide from A. fumigatus] demonstrated positive contrasts for Ca** addi-
tion of 0, 15, 23 and 68%, respectively. Thus, the variant pair demonstrating the highest
dynamic range, CaM from A. niger and M13 peptide from A. fumigatus fungi, was chosen as a
template for further improvement.

The mutant with the largest response for Ca>* from the library with CaM from A. niger and
M13 peptide from A. fumigatus fungi were subjected to the two rounds of random mutagenesis
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Fig 1. Schematic representation of the composition of the original libraries and suggested stages of the FGCaMP
calcium indicator function. (A) The designed original libraries for calcium indicators consisted of M13-like peptide or
calcineurin from A. fumigatus or K. pastoris and CaM from A. nigeror K. pastoris as a sensory part and cpEGFP as a
fluorescent part, with randomized linkers located between sensory and fluorescent components. (B) Schematic representation
of the FGCaMP indicator function. The cpEGFP component is shown as blue and cyan cylinders according to the excitation
wavelengths; CaM and M13-like peptide are shown in light gray and speckled gray, respectively; Ca®* ions are shown as red
dots.

https://doi.org/10.1371/journal.pone.0183757.9001

and selection. The final mutant was named FGCaMP (F stands for fungi) and had 10 muta-
tions relative to the original template including the linkers (Figure B in S1 Supporting Infor-
mation). Three mutations were located in the fluorescent domain and were external to the -
barrel, and two mutations resided in the sensory part. None of the mutations in the sensory
domain were located within Ca®*-binding loops (EF-hands) that are responsible for Ca**
binding.

In vitro characterization of the FGCaMP calcium indicator

The key properties of the FGCaMP calcium indicator were further characterized in vitro on
the protein purified from bacteria in comparison with GCaMP6s GECI. In the Ca**-free and
Ca”"-saturated states, FGCaMP has absorbance/fluorescence maxima at 402/516 and 493/516
nm, respectively (Fig 2A and 2B and Table 1). The 402 nm and 493 nm absorbing forms of
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Fig 2. In vitro properties of the purified FGCaMP indicator. (A, B) Absorbance (A), excitation and emission spectra (B) for FGCaMP in Ca®*-free
and Ca®*-bound states. (C, D) Intensity and dynamic range for FGCaMP as a function of pH at 402 (C) and 490 nm excitation (D), respectively. The
dynamic range (fold) at each pH value was measured as the ratio of FGCaMP fluorescence intensity in the absence of Ca®* to that in the presence
of Ca®* at 402 nm excitation (C) and vice versa at 490 nm excitation (D). Error represents the standard deviation for the average of three records.
(E) Maturation curves formEGFP and FGCaMP in Ca®*-bound state at 402 nm excitation. (F) Photobleaching curves for FGCaMP in Ca®*-free
state (at 355 nm excitation), in Ca®*-bound state (at 470 nm excitation), nEGFP, and mTagBFP2.

https://doi.org/10.1371/journal.pone.0183757.9002

FGCaMP can be attributed to the protonated and anionic forms of GFP chromophore, respec-
tively. Upon addition of 39 uM free Ca®", FGCaMP demonstrated 6.9-fold decrease and 14.7-
fold increase in fluorescence when exited at 402 and 493 nm, respectively. Hence, FGCaMP is
a ratiometric GECI with maximal 101-fold fluorescence ratio change upon Ca** binding. The
brightness of the 402- and 493-forms of FGCaMP in its Ca**-free and Ca®*-saturated states is
7-fold higher or similar to that for respective states of control GCaMP6s (Table 1). The “ratio-
metric-pericam” and GEX-GECO1 ratiometric green GECIs have substantially lower bright-
ness and fluorescence ratio changes of 10- and 18-fold, respectively [17,18] (Table A in S1
Supporting Information). The ratiometric yellow GECI, Y-GECO1, has significant 200-fold
fluorescence ratio change, but it suffers from the low brightness of its 413 nm absorbing form,
which is 13-fold dimmer than the 402 nm absorbing form of FGCaMP [19]. In addition,
Y-GECO1 has inverted response to Ca®* ions as compared to FGCaMP.

We next characterized pH stability of the FGCaMP indicator. According to fluorescence
changes in the Ca**-free and Ca**-saturated states, the 402 nm absorbing form of FGCaMP
had slightly different fluorescence pKa values of 6.56 and 7.0, respectively (Fig 2C and 2D and
Table 1). Upon Ca** binding, the apparent fluorescence pKa value of 493 nm absorbing form
of FGCaMP showed a larger shift from 6.2 to 7.33. Notably, in contrast to most previously
reported GECOs and GCaMPs variants [16,18], in which the apparent fluorescence pKa values
shifted toward a lower value upon binding to Ca®*, pKa of FGCaMP shifted toward larger
value similar to the Y-GECO1 ratiometric sensor [19]. However, pKa values for FGCaMP in
the Ca**-free and Ca**-saturated states determined according to absorbance at 402 or 493 nm
(Figure Cin S1 Supporting Information and Table 1) were different from respective pKas cal-
culated according to fluorescence; the exception was similar fluorescence and absorbance pKa
values for 493 nm absorbing form in the Ca**-saturated state. According to absorbance spectra
chromophore of FGCaMP,,, in Ca’"-free state is mostly in protonated state in the range of all
pH tested (pKa > 10). The difference between fluorescence and absorbance pKa values could
reflect the changes in quantum yield of FGCaMP with a variation of pH.

We next characterized the efficiency of maturation of the purified FGCaMP indicator. At
37°C, according to fluorescence of 402 nm absorbing form, in the presence of Ca®>* FGCaMP
matured 1.9-fold slower than mEGFP (Fig 2E and Table 1). Because of poor expression levels
of GCaMP6s, we could not fully characterize its maturation rate.

We further characterized the photostability of the purified FGCaMP protein. Under a wide-
field microscope equipped with a metal halide lamp and 470/40BP excitation filter, FGCaMP
sensor in the Ca®*-saturated state photobleached 1.5-fold slower than mEGFP (Fig 2F). In the
absence of Ca** FGCaMP photobleached 1.7-fold slower than a control mTagBFP2 when illu-
minated using 355/25BP excitation light. Hence, the FGCaMP indicator exceeded control pro-
teins in terms of photostability.

Both in the absence of Ca** and in the presence of 1 mM Ca*, purified FGCaMP sensor
eluted on size-exclusion chromatography as monomer (Figure D in S1 Supporting Informa-
tion); note that monomeric proteins are usually preferable in terms of reduced cytotoxicity [20].

To determine the affinity of FGCaMP to Ca>* ions we performed equilibrium binding
experiments. According to the equilibrium binding titration curves, FGCaMP displayed a
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Table 1. In vitro characterization of FGCaMP indicator.

Properties

Absorbance maxima (hm)
Emission maxima (nm)
Quantum yield ?
g(mM'cm™)®
Brightness (%)

Fluorescence contrast (fold)

pKaso, °
pKayes °

Ka (M)

Kg (nM) with 1 mM MgClI, ¢

dein (nM) d
Kon (7% M) ©

12" (s)

t A
K" jimit (87) ¢

Protein state
Maturation half-time (min) "

402-form
493-form

402-form
493-form

402-form
493-form

402-form
493-form
402-form
493-form
402-form
493-form
402-form
493-form

Photobleaching half-time (sec)

FGCaMP
apo sat
402 493
516
0.48+0.02 0.46+0.01
555 106120
56 104
6.9+0.5
14.7+0.6
6.56+0.03 7.0+0.6
[>10] [7.52+0.01]
6.2+0.2 7.33+0.07
[7.1£0.3] [7.34+0.08]

27629 [n =2.8+0.3]

27347 [n; = 3.5+0.3]; 4700£200 [n, = 1.9

+0.2]
400460 [n = 2.3+0.6]

460%40 [ny = 2.8+0.4]
4400800 [n, = 1.940.2]

200460 [n = 3.32+0.05]
200+60[n = 3.33+0.05]
(2.10.1) x 10?2
(2.5+0.1) x 1022

0.65+0.01
0.66x0.01
3915
4345
monomer
ND 27+4
5419 260+40

GCaMP6s
apo sat
402 500
518 515
0.11+0.01 0.61
33.31+0.6 7713
7.8 100
ND
4416
ND
9.6+0.3 6.16+0.08
ND

14449 [n = 2.510.3]

ND
19247 [n = 2.4+0.2]

ND
160+40 [n = 3.22+0.05]
ND
(6.50.9) x 10
ND
0.8820.01
ND
30020
monomer
ND

110+20 190+20

@ GCaMPss in the Ca®*-saturated state (QY = 0.61) and mTagBFP2 (QY = 0.64) were used as reference standards for 493- and 402-nm absorbing states,

respectively.

P Extinction coefficient was determined by alkaline denaturation.

° pKa values were determined according to pH dependence of fluorescence. pKa values determined according to the absorbance dependence vs pH
(Figure C in S1 Supporting Information) are shown in square brackets.
9 Experimental data for 402- and 493-forms were fitted to Hill equation or y = V{ *x™/(Kq;™"'+x™") + V,*x"%/(K4."2+x"2), respectively. Hill coefficient is shown
in square brackets.
© Hill coefficients and k,,, values were obtained via fitting the observed association rates (Figure F in S1 Supporting Information) at 0-350 nM Ca*

concentrations to the equation keps = kon X [Ca2*]" +k (Fig 3C)

3D). Hill coefficients are shown in square brackets.
ft,,,°" values were determined from the dissociation kinetics curves (Fig 3D).

g gonset

. delnetlc

Maturation of FGCaMP was registered according to 402-form in buffer B containing 10 mM CaZ*.

"mEGFP had a photobleaching half-time of 170 + 20 sec; mTagBFP2 had a photobleaching half-time of 32 + 6 sec.

https://doi.org/10.1371/journal.pone.0183757.t001

= (koff/kon)””. kot values were determined from the dissociation kinetics curves (Fig

imit Values are saturation levels of the observed association rates (at >600-800 nM Ca2* concentrations; Figure G in S1 Supporting Information).
" MEGFP had a maturation half-time of 14 min; we could not estimate the maturation rate for GCaMP6s because of its low expression level in bacteria.

biphasic Ca** binding with two K4 dissociation constants of 273 nM and 4.7 uM when excited

at 493 nm (Table 1 and Fig 3A). Fluorescence response corresponding to the high-affinity
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Fig 3. K4 and Ca®*-binding kinetics of FGCaMP. (A) Ca" titration curves for 402- and 493-forms of FGCaMP using 402 and 490 nm excitation
light, respectively. Fluorescence changes were normalized to maximal and minimal values. Experimental data for 402- and 493-forms were fitted
to Hill equation or double Hill equation y = V1 *x™/(Kg™'+x™) + Vo *x"%/(K4,"2+x"?), respectively. The value of 1 was added to normalized
fluorescence changes for both forms and their ratio was calculated. (B) Magnesium titration curves for FGCaMP sensor. (C) Association kinetics.
Observed Ca®* association rate constants determined from stopped-flow experiments at low Ca®* concentrations (in the range of 0-350 nM for
GCaMP6s and 0-500 nM for FGCaMP) are overlaid with the fitted curves (kops = kon X [CaZ*]" + ko). (D) Dissociation kinetics. Fluorescence
changes were normalized to maximal and minimal values. Starting concentration was 1000 nM.

https://doi.org/10.1371/journal.pone.0183757.9003

binding component of the FGCaMP titration curve (“contrast Kg4;,”) was 5.5-fold higher than
that for the low-affinity binding component (“contrast K4,”) (Table B in S1 Supporting Infor-
mation). According to Hills coefficients, both high- and low-affinity binding sites bound Ca**
with high cooperativity. When excited at 402 nm, FGCaMP demonstrated monophasic Ca**
binding with K4 of 276 nM value that was similar to that for the high affinity binding compo-
nent of the 493 nm absorbing form. Hence, at the low Ca** concentrations around 300 nM,
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FGCaMP behaves as a ratiometric sensor. At Ca** concentrations significantly higher or lower
than 300 nM one of the 493 or 402 nm absorbing forms is not fluorescent and FGCaMP can
be considered as intensiometric GECIL. The mammalian CaM/M13 hybrid protein without
GFP and CaM/M13-based sensor Cameleon-1 demonstrated similar biphasic Ca®* binding
with two dissociation constants of 70-80 nM and 2-11 uM [6,21]. The equilibrium K, value
for the high-affinity binding site of the FGCaMP indicator was 1.9-fold higher than the K4
value for GCaMP6s but 1.4-fold smaller than the K4 value for the GCaMP6f sensor whose
cpEGFP part was used for designing FGCaMP [16]. Because the K, values for both GCaMP6s
and GCaMPé6f sensors are optimized for the detection of calcium neuronal activity, we
assumed that FGCaMP with the similar high affinity K4 value should be also appropriate for
the detection of neuronal activity.

To characterize the specificity of FGCaMP to Ca®" ions we performed titration of FGCaMP
in the presence of magnesium ions (Mg>") that are present at ~0.5-11 mM concentration in
the cytoplasm of neurons [22]. Equilibrium binding titration of FGCaMP with Mg** showed
that the FGCaMP fluorescence did not noticeably change up to a 50 mM concentration of
Mg** (Fig 3B). In the presence of 1 mM Mg, purified FGCaMP and GCaMP6s demonstrated
slight increases of high-affinity K4 values in 1.4-1.7- and 1.3-fold, respectively (Table 1 and
Figure E in S1 Supporting Information). The addition of 1 mM Mg>" ions practically did not
affect Ky value for the lower affinity site of FGCaMP. Hence, FGCaMP has a high specificity to
Ca’" ions.

Characterization of the FGCaMP calcium indicator using stopped-flow
fluorimetry

Ca®* association and dissociation kinetics for FGCaMP were further studied using stopped-flow
fluorimetry in comparison with GCaMP6s GECI. To investigate association kinetics we calculated
the observed association rate constants (k) by fitting the kinetic curves (Figure F in S1 Supporting
Information) to the double exponentials (Figure G in S1 Supporting Information). At low Ca**
concentrations of 0-350/500 nM the curves could also be fitted to single exponentials (kg = k1,
Figure G in S1 Supporting Information) since the contributions of the second exponential were
insignificant (Figure G in S1 Supporting Information, panel B). k., values (k1 and k2) increased
nonlinearly with increasing Ca** concentrations indicating binding stoichiometry different from
1:1. kops values reached saturation (k°™*;..;,) at concentrations higher than 600 nM (in the case of
GCaMP6s) or 800 nM (in the case of FGCaMP). FGCaMP was 7-fold slower than GCaMP6s in
terms of the onset limiting rate (k™ (FGCaMP) = 43+5 57, k™ . (GCaMP6s) = 300+20 s™';
Figure G in S1 Supporting Information, panel A). Hence, at high (> 600 nM) Ca** concentrations
FGCaMP binds Ca*" significantly slower than does GCaMP6s.

Fitting of the observed association rate constants at low (in the range of 0-350/500 nM)
Ca*" concentrations to the equation Kyps = kopy X [Ca**]" + k provided actual association rate
constants (k,,), and Hill coefficients (Fig 3C and Table 1). k,,, value for FGCaMP was 3.8-fold
higher than that for GCaMP6s. Hence, at low (< 600 nM) Ca*" concentrations FGCaMP
binds Ca** faster than does GCaMP6s. According to the Hill coefficient values, FGCaMP and
GCaMP6s bind Ca?* with similar cooperativity. K" values for FGCaMP and GCaMP6s indi-
cators were rather similar to those determined from the equilibrium studies. Calculations
based on the data obtained for FGCaMP using excitation at 500 or 402 nm, gave almost similar
results. We were unable to investigate thoroughly binding kinetics for the low-affinity binding
site of FGCaMP, because the responses were too fast for accurate measurements at Ca>* con-
centrations higher than 800 nM. The high affinity binding site of FGCaMP probably associates
with Ca** ions with a lower rate than does low-affinity site.
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Next, we studied Ca** dissociation kinetics for FGCaMP. To study dissociation from the
high-affinity site of the FGCaMP indicator alone we used initial Ca** concentrations of 1000
or 350 nM at which the high-affinity site is occupied, and the low-affinity site is mostly unoc-
cupied (Fig 3A). The dissociation half-times (t, 1,°") and kg rate constants were obtained from
the dissociation kinetic curves (Fig 3D). The t, »°T 0f 0.65+0.01 s and 0.66+0.01 s coincided for
both 402- and 493-forms of FGCaMP, respectively. As compared with FGCaMP, t,,,°" for
GCaMP6s was 1.3-fold longer (t; /203: 0.88+0.01 s). Hence, at low Ca>" concentrations, EGCaMP
releases Ca®" ions slightly faster than does GCaMP6s and this correlates with slightly higher K4
value for high-affinity site of FGCaMP as compared with that for GCaMP6s.

Improving FGCaMP properties by site-directed mutagenesis in sensory
part

We next attempted to enhance the fluorescence response to low Ca*" concentrations and affin-
ity of the FGCaMP indicator to Ca®" ions using site-directed mutagenesis of the sensory part.
First, we introduced known mutations in CaM part at positions that enhanced properties of
other GCaMP-like indicators such as GCaMP3 (N60D), GCaMP6s (D78Y/T79R), and GCaMP8
(M36L) [16,23]. These positions were located within Ca2+—binding loops (EF hand 2) of CaM or
out of them (Figure H in S1 Supporting Information). We also probed mutations Q26T, N98D,
and D138N located in EF hands 1, 3 and 4, respectively that are present in NTnC or GCaMP6s
indicators. The estimated Ca”" affinities determined for the respective 402- and 493-forms for
all mutants were similar. Probably, the protonated 402-form directly transforms into anionic
493-form. FGCaMP/N60D/D78Y/T79R/N98D mutant called FGCaMP2 combined both low
Ky, value for high-affinity binding site and 1.4-fold reduced “contrast K4,” at high Ca®* concen-
trations (Figure I in S1 Supporting Information and Table B in S1 Supporting Information).
According to the data for FGCaMP/N60D, FGCaMP/N98D and FGCaMP/D78Y/T79R mu-
tants, N98D single mutation was responsible for the low Kg4; value and D78Y/T79R double
mutation reduced “contrast Kg,” value at high Ca*" concentrations. Other mutations and their
combinations increased Kg; values in 1.2-2.9-fold and changed K, values maximally in 1.3-
1.5-fold. Most mutations and their combinations practically did not affect contrasts for 402-
form and “contrast K4,” values. Finally, we selected FGCaMP2 beneficial mutant for further
directed mutagenesis.

We next introduced mutations Q26D, T28D, T62D, F100D and S102D in FGCaMP2 in
order to further increase the affinity of FGCaMP to Ca>* ions as a result of decreasing Ky,
and/or Ky, values. These mutations located in EF hands 1, 2 and 3 and were negatively charged
to enhance binding to positively charged Ca®" ions. Only mutation $102D decreased high-
affinity Ky, value in 1.4-fold, but all other mutations increased Ky, value in 1.5-3.2-fold
(Figure J in S1 Supporting Information and Table B in S1 Supporting Information). Tested
mutations increased low-affinity Ky, values in 1.3-2.9-fold except T62D mutation which
decreased Ky, value in 2.3-fold. Fluorescence contrasts for 402-form slightly varied within 1.1-
1.4-fold, but “contrast K4,” and “contrast Kg,” values for 493-form were practically the same.
The FGCaMP3 (FGCaMP/N60D/D78Y/T79R/N98D/S102D) mutant having lowest high-
affinity Ky; value was chosen for further mutagenesis.

Next, we examined the influence of mutations in the M13-like peptide of FGCaMP3 on
its Ca®* binding affinity. With this aim, we generated two bacterial libraries of FGCaMP3 with
randomized non-conserved residues located in tripeptide .. . TLH. .. or ...IDT... (Figure H
in S1 Supporting Information). From these libraries we selected mutants having bright fluores-
cence and high contrast. Further analysis of these mutants revealed that mutagenesis at M13-
like peptide had a pronounced effect on FGCaMP3 binding affinity to Ca** ions (Figure K in S1
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Supporting Information and Table B in S1 Supporting Information). High-affinity Ky, values for
FGCaMP3 mutants with T3L/H5K, I8V/DIN/T10I or I8V/D9C/T10V mutations were in 2.0-
5.3-fold lower than that for FGCaMP3. Mutations I8R/D9G/T10A and T3M/L4N/H5L substan-
tially increased Ky, value in 3.8- and 5.0-fold, respectively. All found mutations affected Ky,
value to a less extent and reduced it in 1.2-2.0-fold. Mutations in M13-like peptide also affected
fluorescence contrasts of 402-form in 1.3-1.5-fold, decreased “contrast Kg,” values for 493-form
in 1.4-2.4-fold and practically did not change “contrast Kg,” values except mutation T3M/L4N/
H5L where it was increased in 1.7-fold. Therefore, the affinity of FGCaMP indicator to Ca®" ions
can be adjusted by the mutations in the M13-like peptide.

Hence, we have found mutants of FGCaMP with enhanced affinity and fluorescence
response to low Ca** concentrations which may be used as templates for the development of
improved versions of FGCaMP in the future.

Imaging of the FGCaMP indicator in HeLa Kyoto mammalian cells

To validate the behavior of FGCaMP in live mammalian cells, it was expressed in the cyto-
plasm of HeLa Kyoto mammalian cells. First, we characterized the dynamic range of the
FGCaMP sensor. With this aim, we recorded the response of FGCaMP to changes in cyto-
plasmic Ca®* concentration according to previously described protocol [18]. After addition of
external ionomycin/CaCl,, we observed 4-fold drop and 14-fold increase in green fluorescence
when excited at 405 nm and 488 nm, respectively (Fig 4A and 4B).

To assess possible interactions of FGCaMP protein with the intracellular environment we
performed fluorescence recovery after photobleaching (FRAP) of FGCaMP experiments in the
cytoplasm of HeLa cells. With this aim, FRAP experiments were carried out in HeLa Kyoto
cells transiently transfected with FGCaMP and control GCaMP6s and G-GECO1.2 GEClIs at
physiological and elevated Ca®" concentrations (Fig 4C-4F). At physiological Ca** concentra-
tions in the case of FGCaMP fluorescence recovered to 100% after photobleaching (Fig 4D).
At the same conditions fluorescence of control GCaMP6s and G-GECO1.2 recovered to only
70-74%. (Fig 4E and 4F). This result evidences that about 30% of GCaMP6s and G-GECO1.2
were not freely diffusible, and they might be bound to calmodulin or other cellular proteins,
but FGCaMP was freely diffusible in the cytoplasm of HeLa cells at physiological Ca®* concen-
trations. In the presence of ionomycin/2 mM Ca*" all three sensors behaved similarly, i.e. 60~
70% of them were mobile. For FGCaMP this change in mobility was reversible (Figure L in S1
Supporting Information). Hence, at elevated Ca** concentrations, part of FGCaMP became
not freely diffusible. Earlier R. Tsien and co-workers inserted several mutations in M13 peptide
and CaM parts of the Cameleons GECIs in order to disrupt interactions with an excess of cel-
lular CaM [15]. These mutations led to an increase of the dynamic range and sensitivity of
Cameleons in neuronal culture. However, these mutations are absent in GCaMP6s and
G-GECO1.2 and this may be the reason why they have limited mobility inside mammalian
cells. Therefore, the origin of CaM and M13-peptide parts of the FGCaMP indicator from
fungi led to a calcium indicator that does not interfere with, nor is perturbed by, endogenous
cellular proteins inside mammalian cells at physiological Ca®* concentrations.

Imaging spontaneous Ca®* activity in dissociated neuronal culture
expressing FGCaMP

We further demonstrated FGCaMP capability of detecting spontaneous activity in dissociated
neuronal culture using confocal microscopy and compared it with R-GECO1. We transduced
neuronal cultures isolated from mice at age of P0-P2 with recombinant adeno-associated viral
particles (rAAVs) carrying FGCaMP or control R-GECO1 indicators under CAG promoter.
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Fig 4. Response of FGCaMP to Ca®* concentration changes in HeLa Kyoto cells and FRAP of FGCaMP and
control GECls at different Ca®* concentrations in HeLa Kyoto cells. (A) Confocal image of HeLa Kyoto cells
expressing FGCaMP calcium sensor. (B) The graph illustrates changes in the green fluorescence of FGCaMP in
HeLa Kyoto cells excited at 405 (cyan line) or 488 nm (green line) in response to the addition of 2 mM CaCl, and

5 uM ionomycin. The changes correspond to the area indicated with white circles on the panel A. (C) Example of
HeLa Kyoto cells expressing FGCaMP calcium sensor used for FRAP experiment. An example of FRAP area
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having a size of around 1 um? is indicated with a white asterisk. (D)-(F) The graphs illustrate FRAP induced changes
in green fluorescence of FGCaMP and control GECIs at physiological Ca®* concentrations and in response to the
addition of 2 mM CaCl, and 5 uM ionomycin. Error bars are standard deviations shown for each 20" dot on plots.

https://doi.org/10.1371/journal.pone.0183757.9004

Using FGCaMP we successfully visualized spontaneous cytosolic Ca** oscillations in 2-3
weeks old neuronal cultures according to the fluorescence of both 402- and 493-forms (Fig
5B). The rise half-times for FGCaMP and R-GECO1 expressing in the same neurons were the
same, i.e. 2.5+1.1 and 1.940.2 sec, respectively. The decay half-times for FGCaMP and
R-GECOL1 were also similar, i.e. 3.7£0.9 and 4.0+0.8 sec, respectively. FGCaMP demonstrated
16% decrease and 14% increase in fluorescence when excited at 405 and 488 nm, respectively.
AR/R ratiometric signal of 31% for FGCaMP was slightly less than AF/F intensiometric signal
of 44% for the control R-GECO1. Hence, FGCaMP is applicable for monitoring of spontane-
ous neuronal activity.

Characterization of the FGCaMP sensor in a dissociated neuronal
culture with a whole-cell patch clamp and an external electric field

To further characterize the performance of FGCaMP in neurons, we compared fluorescence
responses to intracellular stimulation of cultured neurons, expressing FGCaMP and GCaMP6s
using whole-cell patch recording. In one series of these experiments, we measured the fluores-
cence changes in neurons in response to the train of 10 action potentials (APs) induced intra-
cellularly at a 50 Hz frequency. Cultured neurons were transduced with rAAV vectors carrying
the gene of the appropriate sensor 7-10 days prior to the experiment. In cells expressing
FGCaMP responses to APs were collected with 400 or 470 nm excitation successively. Alto-
gether 7 cells in 4 wells with FGCaMP and 6 cells in 2 wells with GCaMP6s were recorded.
Both indicators demonstrated fast and reliable changes in fluorescence levels in response to a
train of 10 APs. As expected, intracellular stimulation of GCaMP6s-expressing neurons in-
duced an increase in green fluorescence, while in response to the same stimulation FGCaMP-
expressing cells showed a drop or increase in green fluorescence using 400 or 470 nm excita-
tion light, respectively (Fig 5C). Neurons expressing FGCaMP showed faster kinetics of the
Ca’" responses as compared with GCaMP6s-positive cells. Thus both half-rise and half-decay
times were significantly shorter for 402-form of FGCaMP (p<0.005, Student’s t-test) (Table 2).
At the same time, the mean AF/F values for the train of 10 APs for FGCaMP- and GCaMP6s-
expressing neurons were 0.03 and 0.5, respectively. The signal-to-noise ratio (SNR) and AF/F
were significantly in 11-16- and 17-fold greater for Ca** responses measured in GCaMP6s-
expressing neurons in comparison to FGCaMP-expressing cells recorded with both 400 and
470 nm excitation light (p<0.01, Student’s t-test).

We also estimated linearity of responses elicited by a different number of APs in the neu-
rons expressing FGCaMP using intracellular stimulation with patch clamp or external electric
field. We recorded responses to 2-25 APs induced with patch clamp using a frequency of 50
Hz and both 400 and 470 nm excitation light. It was found that in the range of 2 to 25 APs
both forms of FGCaMP showed a linear dependence of maximal AF/F values from the number
of APs (Fig 5D). Stimulation with 5-160 pulses of external electric field (1 ms, 5 V and 87 Hz),
resulted in a linear averaged FGCaMP fluorescence responses in the range of 10-80 pulses
(Figure M in S1 Supporting Information).

Thus, in neurons, FGCaMP robustly and linearly responded to intracellular or external
electric stimulations however with a substantially worse response as compared with GCaMP6s
indicator and demonstrated kinetics of association-dissociation with Ca** ions similar or even
faster than that for the GCaMP6s indicator.
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Fig 5. Response of FGCaMP to Ca®* concentration variations as a result of spontaneous activity and to intracellularly induced APs in
cultured neurons. (A) Dissociated neuronal culture co-expressing FGCaMP and R-GECO calcium sensors. Red channel for R-GECO is not
shown. (B) The graph illustrates changes in red fluorescence of R-GECO (red line, excitation 561 nm) and green fluorescence of FGCaMP for 402-
(cyan line, excitation 405 nm) or 493-form (green line, excitation 488 nm) as a result of spontaneous activity in neuronal culture. The gray line
represents the ratio between fluorescence intensities for FGCaMP in two channels with excitation at 488 and 405 nm, respectively. The graphs
illustrate changes in fluorescence in the area indicated with a white circle. (C) Fluorescence changes in FGCaMP-expressing cells induced by the
train of 10 APs (bottom) for 402- (cyan curve, excitation 400 nm) or 493-form (green line, excitation 470 nm). Ca* responses were averaged across
all recorded neurons in different wells. An example of intracellular recording (dark gray) was taken from one cell. (D) Dependence of the amplitudes
of responses induced by different numbers of APs in neurons expressing FGCaMP indicator recorded for 493- (green line, N = 7, excitation 470 nm)
and 402-forms (cyan line, N = 7, excitation 400 nm). Note that in the range of 2 to 25 APs, the dependence is linear for both excitation wavelengths.
Values are shown as the means + SEM.

https://doi.org/10.1371/journal.pone.0183757.9g005
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Table 2. Characteristics of FGCaMP and GCaMP#6s calcium indicators responses to electrical intracellular stimulation of neurons expressing
these indicators.

Protein Number of cells Number of APs Rise half-time, s ? Decay half-time, s b AF/F° SNR®
FGCaMP (493-form) 7 10 0.28+0.01 2.110.4 0.029+0.006 175
FGCaMP (402-form) 7 10 0.29+0.02 2.0£0.2 0.030+0.007 1213
GCaMPé6s 6 10 0.45+0.07 3.410.4 0.5+0.2 190450

@ Rise half-time was measured as the time between the stimulus onset and the half-peak of response.

® Decay half-time was calculated as the time from the peak to the half-peak at the end of the response.

¢ AF/Fo was calculated as (F — Fy)/Fo, Where Fy is the baseline fluorescence signal averaged over a 1-s period immediately after the start of imaging. 400
and 470 nm excitation light were used for imaging of 402- and 493-form, respectively.

9 Signal-to-noise ratio (SNR) was quantified as the peak AF/F, response over the standard deviation of the signal during a one-second period before
stimulation. Values are shown as the means * standard errors of the mean.

https://doi.org/10.1371/journal.pone.0183757.t1002

In vivo visualization of neuronal activity in larval zebrafish using
FGCaMP and wide-field, confocal or light sheet microscopy

To explore the applicability of FGCaMP for in vivo recording of neuronal activity, we per-
formed fluorescence imaging of Ca®" activity in a subset of neurons in larval zebrafish at 4
days post fertilization. To deliver the indicators into zebrafish, DNA plasmids encoding
FGCaMP or GCaMP6f were co-injected with Tol2 transposase mRNA into the embryos of the
pan-neuronal expressing Gal4 zebrafish line. Before imaging, paralyzed larvae were embedded
in agarose gel to prevent motion.

First, we imaged the FGCaMP indicator under a wide-field or confocal microscope with no
stimulation. In this conditions both fluorescent 402- and 493-forms of the transiently expressed
FGCaMP calcium indicator demonstrated even cytoplasmic localization at the soma and in
individual dendrites of neurons localized in FB, MB, HB or spinal cord (Fig 6A and 6B).

Next, we recorded intensiometric fluorescence changes in the green channel (Ex: 475/34BP,
Em: 527/50BP) for FGCaMP and control GCaMP6f during 4-aminopyridine (4-AP) induced
neuronal activity (Fig 6C). The averaged peak AF/F value for FGCaMP was 77%, which was
about 2.1-fold lower than that for GCaMPéf (Fig 6D), while the average SNR for FGCaMP was
11% higher than that for GCaMP6f (n = 91 and 82 neurons for FGCaMP and GCaMPéf,
respectively; Fig 6E). We noticed that FGCaMP demonstrated high photostability allowing
prolonged imaging of neuronal activity.

We further performed ratiometric calcium imaging of 4-AP induced neuronal activity using
confocal microscopy. With this aim, we recorded green fluorescence under both 405 and 488 nm
laser excitation and 525/50BP emission. As expected from in vitro characterization data, during
neuronal activity, FGCaMP demonstrated opposing oscillations in green fluorescence intensities
when excited with 488 and 405 nm light (Fig 6F, S1 Video). Ratiometric imaging allowed to see
resting neurons before activation and also increased the AR/R value for FGCaMP.

Finally, we performed a ratiometric calcium imaging of 4-AP induced neuronal activity
using light sheet microscopy. Using light sheet microscope we recorded the 4-AP induced
activity of ~70 neurons in MB area with 0.7 Hz frequency during 14 min. For registration of
402- and 493-forms we used two 405 and 488 nm light sheets. With 525/50BP emission filter,
the average change in the ratio of 488 nm excitation to 405 nm excitation channel was 9-fold
(Fig 6G and 6H, S2 Video).

Thus, these data indicate that FGCaMP can reveal chemically-evoked neuronal activity in
vivo in a model with immobilized larval zebrafish using wide-field, confocal or light sheet
microscopy.
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Fig 6. Calcium imaging of neurons expressing FGCaMP in zebrafish larva at 4 days post fertilization. (A) Overlay of confocal fluorescence
images of neurons expressing FGCaMP, acquired with 488 and 405 nm excitation and 525/50BP emission. White box indicates area zoomed-in in
panel B. Scale bar, 100 um. FB, forebrain; MB, midbrain; HB, hindbrain. (B) High magnification images of the neurons highlighted in the white

box in panel A acquired with 488 nm excitation and 525/50BP emission (left, green pseudocolor) and 405 nm excitation and 525/50BP emission
(middle; blue pseudocolor), and overlay of the left and middle images (right). Scale bar, 50 um. (C) Representative single cell recording of
GCaMPé6f (top; magenta) and FGCaMP green fluorescence responses (bottom; green) during 4-aminopyridine induced neuronal activity (Ex: 475/
34BP, Em: 527/50BP). Population data for (D) maximum fluorescence changes AF/F and (E) SNR corresponding to the experiment in panel C (26
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neurons in 3 fish and 43 neurons from 5 fish for GCaMP6f and FGCaMP, respectively). Box plots with notches are used (narrow part of notch,
median; top and bottom of the notch, 95% confidence interval for the median; top and bottom horizontal lines, 25% and 75% percentiles for the
data; whiskers extend to 5th and 95th percentile for the data; horizontal bar is mean). (F) Representative single cell recording of FGCaMP green
fluorescence excited with 488 and 405 nm laser illumination during 4-aminopyridine induced neuronal activity. (G) Fluorescence ratio for the traces
shown in panel F. (H) Population data for fluorescence ratio for experiment in panel C (107 neurons in 2 fish). Box plots with notches are used (see
panel D for description).

https://doi.org/10.1371/journal.pone.0183757.9006

Conclusions

We created calcium indicators with different combinations of CaMs and M13-like peptides or
calcineurins from Aspergillus fungi and Komagataella yeast. From these combinations, we
chose the best one and using directed molecular evolution in bacteria, we developed a new
genetically encoded cpFP-based green calcium indicator, FGCaMP, with a novel sensory
M13-peptide/CaM pair from Aspergillus fungi (Fig 1A). We have characterized the main fea-
tures of this new ratiometric indicator both in vitro and in vivo. In vitro, FGCaMP demon-
strates the highest brightness and dynamic range combination among other ratiometric
indicators such as GEX-GECO, Pericam and Y-GECO [17,18,19]. It has other beneficial char
acteristics, such as high photostability, monomeric behavior and fast kinetics of dissociation
from Ca®" ions. FGCaMP has a ratiometric phenotype, i.e., upon binding of Ca** ions the
large Stokes shift green fluorescence reduces in its 402-form and increases in its 493-form. In
contrast to the intensiometric Ca®" sensors such as GCaMP6 variants and GECOs [16,18],
ratiometric changes inthe FGCaMP fluorescence enable quantitative measurements of Ca>*
concentrations at around 300 nM in live cells and help to visualize cells both at low and high
Ca®" concentrations. Its spectral properties fit the standard excitation sources and filter sets
well facilitating its imaging on common fluorescence microscopes in combination with other
standard probes such as BFPs, CFPs, and REPs.

Using site-directed mutagenesis, we found mutations that enhance the fluorescence
response and FGCaMP indicator affinity to Ca** concentration changes of 0-1000 nM that
occur during neuronal activity. The FGCaMP indicator and its enhanced versions FGCaMP2
and FGCaMP3 that include a novel sensory part from fungi may be further characterized in
vivo and used as templates for the development of calcium indicators that have different fluo-
rescent colors and properties.

We further characterized the features of the FGCaMP indicator in the cytoplasm of mam-
malian cells and on neuronal cultures and demonstrated its novel sensory part provides benefi-

cial high mobility. FGCaMP could reliably visualize variations in Ca®" ion concentrations
either induced by ionomycin in mammalian cells or by spontaneous activity in dissociated
neuronal cultures. Using FRAP experiments we have found that in contrast to G-GECO1.2
and GCaMPé6s standard green GECIs, FGCaMP has high mobility in the mammalian cells at
low Ca** concentrations. This property may be advantageous in terms of cytotoxicity and fluo-
rescence response in living cells.

Using whole-cell patch clamp recording, we revealed faster kinetics of Ca** responses in
neurons expressing FGCaMP compared with those expressing GCaMP6s. We also found that
FGCaMP shows a lower sensitivity to APs than GCaMP6s GECI. This low sensitivity correlates
with the lower affinity of the FGCaMP indicator to Ca®" ions and with its lower fluorescence
responses at low Ca®" concentration changes in the range of 0-1000 nM. Hence, the utilization
of enhanced versions of FGCaMP such as FGCaMP2 and FGCaMP3 may address this impor-
tant limitation.

Finally, we have explored the potential of the FGCaMP indicator for in vivo applications.
Using wide-field, confocal and light sheet fluorescence microscopy FGCaMP has successfully
revealed chemically-evoked neuronal Ca** ion activity in vivo in the nervous system of
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paralyzed zebrafish. During in vivo experiments, the FGCaMP indicator demonstrated a lower
AF/F dynamic range and revealed less neuronal calcium ion activity than GCaMP6f. Ratio-
metric in vivo imaging with FGCaMP allowed visualization of resting neurons before their
activation. Importantly, the ratiometric fluorescence responses of FGCaMP may enable the
quantitative estimation of Ca®" ions concentrations.

We believe that further exploration of the novel sensory module from Aspergillus fungi and
CaMs from other fungi species may provide enhanced sensors that demonstrate superior
properties yet are distinct from GECIs with conventional sensory parts from metazoans.

Materials and methods
Mutagenesis and library screening

CaMs were cloned from Aspergillus niger fungus (F-1057, VKPM, Russia) and Komagataella
pastoris yeast (Y-3490, VKPM, Russia). mRNAs from fungus and yeast were isolated using
RNaesy Plus Mini kit (Qiagen, USA). cDNAs were PCR amplified using reverse transcriptase
kit (Evrogen, Russia) with CaMs specific primers (Table C in S1 Supporting Information).
M13-like and calcineurin peptides were synthesized from oligonucleotides (Table C in S1 Sup-
porting Information) by polymerase chain reaction (PCR) with overlapping fragments [24].

Primary construction of sensors and directed saturated mutagenesis of linkers between
fluorescent and sensory parts were accomplished using PCR with overlapping fragments [24].
For PCR amplification, we used a C1000 Touch Thermal Cycler (Bio-Rad, USA). Random
mutations were introduced over the whole length of the sensor gene using PCR in the presence
of Mn** ions with conditions to achieve 2-3 random mutations per 1000 bp according to the
Diversify PCR Random Mutagenesis Kit User Manual (Clontech, USA).

Further, we cloned genes for sensors using the BgllI/HindIII restriction sites of the pPBAD/
HisB-TorA plasmid encoding the TorA signal sequence, which is necessary for the transport
of sensors into the periplasmic space of bacteria and transformed these plasmids into bacteria.
To that end, PCR products were purified in 1% agarose gels and extracted using PCR purifica-
tion and a gel extraction kit (Evrogen, Russia). Afterward, plasmids and PCR digests were
ligated. Ligation mixes were further purified via PCR purification and using a gel extraction kit
(Evrogen, Russia) and were transformed into electrocompetent BW25113 bacteria using
electroporation.

Screening of bacterial libraries was sequentially performed on Petri dishes, bacterial suspen-
sions in a 96-well plate format, and purified proteins.

Primary screening of approximately 20,000-40,000 colonies of bacterial library expressing
calcium sensors variants was performed on Petri dishes under fluorescent stereomicroscope
Leica M205FA (Leica, Germany). Expression of the sensors in the colonies on Petri dishes was
induced with 0.0002% arabinose for 16 h at 37°C and 24 h at room temperature (r.t.). Reaction
of the sensors with calcium ions was further monitored under the fluorescent stereomicro-
scope Leica. Green fluorescence of both forms was registered by 405/40BP and 480/40BP
excitation filters, respectively, and 510/40BP and 535/40BP emission filters, respectively. Fluo-
rescence images of Petri dishes with bacterial colonies were snapped before and after spraying
the plates with 100 mM EDTA, 100 mM Na,HPO, at pH 7.4. Images obtained were analyzed
using the Image]J software and 60-96 colonies having the highest brightness and contrast were
picked up for further analysis on bacterial streaks.

Next, approximately ~30-40 mutants selected through analysis of streaks were analyzed on
bacterial suspensions using 96-well Modulus™ II Microplate Reader (Turner Biosystems,
USA). For this purpose, the best streaks picked up from Petri dishes were grown in 200 uL ali-
quots of LB medium containing 100 pg/ml ampicillin, 0.0002% arabinose, and 100 uM CaCl,
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for 12-16 h at 220 rpm and 37°C and for 24 h at r.t. Bacterial suspensions containing 180 pl of
100 mM NaOAc pH 7.4 buffer supplemented with 100 uM CaCl, and 20 pl of bacterial culture
were aliquoted onto 96-well plates. These suspensions were incubated at r.t. for 1 h with mea-
surement of the fluorescence signal. Afterward, EDTA solution was added until a final concen-
tration of 0.4 mM, followed by fluorescence registration for 10 min. Next, a solution of CaCl,
was added until a final concentration of 5 mM, followed by fluorescence recording for 10 min.
Data collected were analyzed using the Origin 6.0 software, as plots of the dependence of fluo-
rescence vs time. Clones having the highest brightness and contrast in response to the addition
of CaCl, and EDTA were selected. On last round of mutagenesis, we skipped the step with
analysis on bacterial suspension.

The ~5-10 best clones found on bacterial suspensions or streaks were subsequently grown
for protein purification in LB supplemented with 0.0002% arabinose, 100 pg/ml ampicillin and
100 pM CaCl, overnight at 37°C, 220 rpm. The cultures were centrifuged at 1,640 g for 15
min. The cell pellets were resuspended in B-Per solution (Thermo Scientific, USA) containing
1 mg/mL lysozyme and 20 u/mL DNAse I (Invitrogen, USA). The recombinant proteins were
purified using Ni-NTA resin (Qiagen, USA). Purified proteins were characterized for bright-
ness (product of quantum yield and extinction coefficient) and contrast as described below.
Clones exhibited increased brightness and contrast were compared to clones from the previous
round of mutagenesis and subjected to the next round of random mutagenesis.

Protein purification and characterization

The genes for protein expression were cloned into the pBAD/HisD vector (Invitrogen, USA)
at the BgIII/HindIII restriction sites, and the resulting plasmids were transformed into
BW25113 bacteria. The bacterial cultures were grown in LB medium supplemented with
0.02% arabinose and 100 pg/ml ampicillin overnight at 37°C and 220 rpm. The cultures were
then centrifuged at 4648 g for 10 min, and the cell pellets were resuspended in PBS at pH 7.4
with 300 mM NaCl and lysed by sonication on ice. The recombinant proteins were purified
using Ni-NTA resin (Qiagen, USA), followed by dialysis for 12-16 h against buffer solutions
(30 mM HEPES, 100 mM KCI, pH 7.2, with either 10 mM EDTA (buffer A) or 10 mM CaCl,
(buffer B) or without EDTA and CacCl, (buffer C)). The absorbance values and excitation and
emission spectra were measured with a CM2203 spectrofluorometer (Solar, Belarus).

Chromophore extinction coefficients for purified FGCaMP in the Ca**-free and Ca**-satu-
rated states were measured in buffers A or B, respectively, by alkaline denaturation with 1 M
NaOH and using extinction coefficients for GFP-like chromophores equal to 44,000 M cm”
in 1 M NaOH [25].

For quantum yield determination, the integrated fluorescence values of purified FGCaMP
in the Ca®"-free and Ca”" saturated states were measured in buffers A or B, respectively, and
were compared with equally absorbing GCaMP6s in the saturated state (quantum yield of 0.61
ref. [16]) or mTagBFP2 (quantum yield of 0.64 ref. [26]), as previously reported [27].

Purified FGCaMP (5 mg/ml) protein was diluted 1:5,000 in buffer (30 mM HEPES, 100
mM KCl, pH 7.2) containing 10 mM EGTA (zero free Ca®") or 10 mM Ca-EGTA (39 uM free
Ca’"). These two stocks were mixed in various ratios to give solutions with different free Ca®*
concentrations, as described previously [18]. The K; and n values were calculated by fitting
experimental data with Hill’s equation.

Size-exclusion chromatography was performed with a SuperdexTM 75 10/300 GL column
using GE AKTA Explorer (Amersham Pharmacia, UK) FPLC System.

For determination of the pH dependence according to fluorescence, FGCaMP protein was
dialyzed in Ca**-free buffer A or in Ca** containing buffer B. Next, it was diluted 1:100 into a

1
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series of pH adjusted buffers (30 mM citric acid, 30 mM borax, and 30 mM NaCl) with pH val-
ues ranging from 9 to 3.5 in 0.5 pH units interval in a 96-well black clear bottom plate (Thermo
Scientific, USA), as described in the original paper [18]. Fluorescence was measured using a
Modulus™ IT Microplate Reader (TurnerBiosystems, USA) and CM2203 spectrofluorometer
(Solar, Belarus).

For determination of the pH dependence according to absorbance, FGCaMP protein was
dialyzed in 100mM KCl, pH ~7.5 supplemented with either 20 mM CaCl, or 10 mM EDTA.
Next, it was diluted 1:10 into a series of pH adjusted buffers (30 mM citric acid, 30 mM borax,
and 30 mM NaCl) with pH values ranging from 10 to 5 in 0.5 pH units interval in a 1.5 ml
tubes. Upon incubation at r.t. for 20 min, absorbance was measured using a NanoDrop 2000c
spectrophotometer (Thermo Scientific, USA).

Photobleaching experiments were performed with suspensions of purified proteins in min-
eral oil, as previously described [28]. Briefly, the kinetics of photobleaching was measured using
purified proteins dialyzed in Ca®*-free buffer A or in Ca®" containing buffer B at a 1 mg/ml con-
centration, in aqueous microdroplets in mineral oil using Zeiss Axio Imager Z2 microscope
(Zeiss, Germany) equipped with a 120 W mercury short-arc lamp (LEJ, Germany), a 63x 1.4
NA oil immersion objective lens (PlanApo, Zeiss, Germany), a 355/25 BP and 470/40BP excita-
tion filter, a FT 495 beam splitter, and 525/50BP emission filter. Light power density was mea-
sured at a rear focal plane of the objective lens. The times to photobleach from 1000 down to
500 emitted photons per second were calculated according to standard procedures [20]. In
brief, the averaged raw data were corrected for a spectral output of the lamp, transmission pro-
files of the excitation filter and dichroic mirror, and absorbance spectra of the respective green
fluorescent proteins and their quantum yields. EGFP protein that has been characterized
according to this procedure in [20] was used as a reference for the FGCaMP form absorbing at
493 nm. mTagBFP protein was used as a reference for the FGCaMP form absorbing at 402 nm.

To study protein maturation, BW25113 bacteria transformed with the pBAD/HisB-Tor-
A-FGCaMP plasmid were grown in LB medium supplemented with ampicillin at 37°C over-
night. The next morning 0.2% arabinose was added to bacterial cells. Upon induction of the
protein expression, the bacterial cultures were grown at 37°C in 50 ml tubes filled to the brim
and tightly sealed to restrict oxygen supply. After 2 hours, the cultures were centrifuged in the
same tightly closed tubes. After opening the tubes, the bacteria were sonicated in PBS buffer
and the resulting proteins were purified using Ni-NTA resin within 10 min, with all proce-
dures and buffers at or below 4°C. Protein maturation of FGCaMP occurred in Ca®* contain-
ing buffer B at 37°C. Green fluorescence signal of the protein was monitored using a CM2203
spectrofluorometer (Solar, Belarus) at 402 nm excitation.

Stopped-flow fluorimetry

The kinetic curves of Ca**-association with FGCaMP and GCaMP6s were acquired on a Chir-
ascan Spectrofluorimeter equipped with a stopped-flow module (Applied Photophysics, UK).
Ca”" (varying concentrations) and protein solutions (20 pg/ml in 30 mM HEPES buffer (pH
7.2) containing 100 mM KCl) were prepared as described in [5]. Fluorescence excitation was
set to 500 nm for GCaMP6s and to 500 or 402 nm for FGCaMP. Fluorescence emission was
detected using a 515 nm cut-off filter. Exponential fitting of the fluorescence signal changes
over time and fitting the observed data to the equation kyps = konx [Ca®*]™+ kg were per-
formed as described in [5]. In the Ca>*- dissociation kinetics experiments, protein solution
(20 pg/ml) in 30 mM HEPES (pH 7.2), 100 mM KCl and 1 uM CaCl, (or 0.35 uM CaCl, for
FGCaMP) was rapidly mixed (1:1) with 30 mM HEPES (pH 7.2), 100 mM KCl, and 10 mM
EGTA.
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Mammalian plasmids construction

In order to construct the pAAV-CAG-R-GECO1 plasmid R-GECO1 was PCR amplified as
KpnlI-EcoRI fragment and swapped with the iRFP-P2A-EGFP gene in the pAAV-CAG-iRFP-
P2A-EGFP vector. In order to construct pAAV-CAG-FGCaMP and pAAV-CAG-GCaMP6s
plasmids FGCaMP and GCaMP6s were PCR amplified as BamHI-HindIII and BamHI-EcoRI
fragments and swapped with the TagRFP gene in the pAAV-CAG-TagRFP vector. In order to
construct the pAAV-CAG-TagRFP plasmid, the TagRFP (Evrogen) gene was PCR amplified as
Nhel-EcoRI fragment and swapped with the iRFP-P2A-EGFP gene in the pAAV-CAG-iRFP-
P2A-EGFP vector.

For transient expression in zebrafish larvae, we designed expression vector by cloning the 4
non-repetitive upstream activating sequences (4nrUAS) as previously described [29] together
with a beta actin core minimal promoter followed by the 1.2 kb long 3’'UTR sequence of Danio
rerio synaptotagmin Ila (syt2a). The expression cassette was flanked by Tol2 transposon ends.
FGCaMP and GCaMP6f genes were PCR amplified and cloned into the designed pTol2-
4nrUAS vector using Spel and Ascl sites.

Cell culture and transfection

HeLa Kyoto cells were maintained in Dulbecco’s Modified Eagle Medium (DMEM) (GIBCO)
supplemented with 10% fetal bovine serum (FBS) (Sigma), 2 mM GlutaMax-I (GIBCO), 50 U/
ml penicillin, and 50 pg/ml streptomycin (GIBCO). Plasmids for transfection were prepared
using a Plasmid Miniprep purification kit (Evrogen, Russia). Transfection was performed
using TurboFectTM (Thermo Fisher Scientific, USA) according to the manufacturer’s
protocol.

rAAV particle production and isolation

The rAAV particles were purified as described [5]. HEK293T cells were kindly provided by
Chumakov P.M. from Moscow, IMB.

Mammalian live-cell imaging

HeLa Kyoto cell (kindly gifted by Belousov V.V from Moscow, IBC) cultures were imaged 24—
48 h after transfection using a laser spinning-disk Andor XDi Technology Revolution multi-
point confocal system (Andor, UK) equipped with an inverted Nikon Eclipse Ti microscope, a
75 W mercury-xenon lamp (Hamamatsu, Japan), a 60x oil immersion objective (Nikon,
Japan), a 16-bit QuantEM 512SC electron-multiplying CCD (Photometrics, USA), and a cage
incubator (Okolab, Italy). Before imaging, the culture medium was changed to Dulbecco’s
Phosphate Buffered Saline (DPBS) buffered with 20 mM HEPES, pH 7.4.

For time-lapse imaging experiments with varying Ca®" concentration, 1 mM EDTA and 5
UM ionomycin were added to cells for imaging calcium sensors in the Ca®*-free state. After
imaging calcium indicators in the apo-state, cells were washed with DPBS buffered with 20
mM HEPES, pH 7.4. Next, 2 mM CaCl, and 5 uM ionomycin were added to induce fluores-
cence signal for Ca®*-saturated calcium indicators.

FRAP (fluorescence recovery after photobleaching) experiments

FRAP experiments were carried out in HeLa Kyoto cells transiently transfected with FGCaMP
and control GECIs (GCaMP6s, and G-GECO1.2) at physiological and elevated Ca** concen-
trations. Each FRAP-experiment lasts for 15-20 minutes with cells kept in an incubator at
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37°C, 5% CO, and high humidity. Experiments were done with the LSM780 system (Carl
Zeiss, Germany).

FRAP experiments were done in “spot” mode with a 488-nm laser for bleaching and data
acquisition. 100x objective (NA = 1.46 oil immersion) was used in all experiments and pinhole
was fully opened.

Laser intensity (between 0.05-0.2 pW) and detector gain were adjusted to get maximum
signal without detector oversaturation to maximize dynamic range. Spectral range of detector
was set to 490-570 nm.

Fluorescence recovery was traced for 600 ms after 40 ms (Fig 4C-4F) or 310 ms (Figure L
in S1 Supporting Information) of bleaching with 100% laser power (~50 uW). Bleaching dura-
tion was chosen to have no impact on recovery rate. Bleaching was started after reaching of
constant fluorescence signal.

The FRAP curve was treated as follows: maximum intensity (before bleaching) was normal-
ized to 1 a.u., and minimal intensity (immediately after bleaching) was normalized to 0 a.u.
FRAP curves from 5 different cells were averaged to produce each FRAP curve with standard
deviations shown on Fig 4. Percent of the mobile fraction was found by dividing mean inten-
sity at the end of recovery over mean intensity before bleaching.

For experiments at elevated Ca>* concentrations, 2 mM CaCl, and 5 uM ionomycin were
added to the cells. For experiments concerning reversibility of mobility, FRAP measurements
were performed sequentially at elevated Ca*>* concentrations (in the presence of 2 mM CaCl, /
5 uM ionomycin) and upon elimination of Ca** ions (upon washing of the cells and addition
of ImM EDTA / 5 uM ionomycin).

Isolation, transduction, transfection, and imaging of neuronal cultures

Dissociated neuronal cultures were isolated from C57BL/6 mice at postnatal days 0-3 and
were cultivated on 35-mm MatTek glass-bottom dishes in a full Neurobasal medium, i.e. Neu-
robasal Medium A (GIBCO, UK) supplemented with 2% B27 Supplement (GIBCO, UK), 0.5
mM GlutaMax-I (GIBCO, UK), 50 U/ml penicillin, and 50 pg/ml streptomycin (GIBCO, UK).
On the 4% day in vitro (DIV), neuronal cells were transduced with 1-2 ul rAAV viral particles
(titer of ~0.5/10° particles/pl) carrying AAV-CAG-FGCaMP or AAV-CAG-R-GECO1. On the
day 14-21*" after transduction cells were imaged using an Andor XDi Technology Revolution
multi-point confocal system.

On the 5-7™ DIV neuronal cultures were transfected by Ca**-phosphate method with
some modifications [30]. DNA plasmids were isolated using a Plasmid Midiprep purification
kit (Evrogen, Russia). DNAs were mixed with 2 M CaCl, and 2xHBSS buffer and after incuba-
tion at r.t. for 10 min formed DNA pellet was added to the neuronal culture. After 20-60 min
of incubation at 37°C and 5% CO,, neuronal cultures were washed with MEM medium
(GIBCO, UK) supplemented with 20 mM HEPES (pH 6.8). Washing was repeated till com-
plete disappearance of DNA pellet (usually two washing were enough). Each washing lasted
for 4 min with incubation at 37°C and 5% CO,. Finally, cultures were incubated in the full
Neurobasal medium. One-two days after transfection cultures were imaged using an Andor
XDi Technology Revolution multi-point confocal system.

Stimulation of neuronal cultures with electric field

Stimulation of neuronal cultures with the electric field was performed according to described
protocol [16]. Briefly, transfected neurons expressing FGCaMP were stimulated in the full
Neurobasal medium supplemented with a 10 uM 6-Cyano-2,3-dihydroxy-7-nitro-quinoxaline
(CNQX) and 100 pM 2-Amino-5-phosphonovalerate (APV) to inhibit spontaneous activity.
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Action potentials (APs) were evoked by field stimulation with a custom-built stimulation unit
and a custom-built 35 mm cap stimulator with pairs of parallel platinum-iridium wires. Indi-
vidual pulses of 1 ms, 5 V, and 87 Hz reliably triggered APs. Fluorescence changes were moni-
tored using Andor XDi Technology Revolution multi-point confocal system.

Whole-cell electrophysiology and calcium imaging

Whole-cell recordings with patch electrodes were made from cultured neurons, expressing
GEClIs. Cells were selected under visual control using 470/20 BP and 510LP green fluorescence
filter set, Nomarski optics, and infrared video microscopy. The patch electrodes were filled
with a potassium gluconate-based solution (130 mM potassium gluconate, 20 mM KCl, 4 mM
Mg-ATP, 0.3 mM Na,-GTP, 10 mM sodium phosphocreatine, 10 mM HEPES at pH 7.3) and
had a resistance of 6-8 MQ. During recording, cells were bathed in modified Hank’s solution
containing: 138 mM NaCl, 1.26 mM CaCl,, 0.5 mM MgCl,, 0.4 mM MgSOy,, 5.3 mM KCI, 0.44
mM KH,PO,, 4.16 mM NaHCOs3, 0.34 mM Na,HPO,, 10 mM Glucose, 10 mM HEPES at

pH 7.4 and room temperature. Recordings were made with a MultiClamp 700B (Molecular
Devices, USA) amplifier in the bridge mode. After amplification and low-pass filtering at 10
kHz, data were digitized at 20 kHz and fed into a computer using the Digidata 1500 interface
and PCLAMP software (Molecular Devices, USA). Cells were stimulated with 50 Hz trains of
short (5 ms) intracellularly applied current pulses; the intensity of the pulses was adjusted to
reliably induce action potentials for each cell.

Optical imaging was performed on an Olympus BX51WI microscope equipped with UV-
compatible 40x water immersion objective, two camera ports, and two collimated light emit-
ting diodes (LED) with the peak emission wavelength of 400 nm and 470 nm (Thorlabs, USA)
for epi-illumination. Imaging was performed with a NeuroCCD camera (80 x 80 pixels, Red-
ShirtImaging, USA) using a frame rate of 40 Hz. Fluorescence changes were measured with
single wavelength excitation (400 or 470 nm) and emission >510 nm. Analysis of optical data,
including spatial averaging, high-pass and low-pass filtering, was conducted with the Neuro-
plex 7 software (RedShirtImaging, USA). The time-courses of the responses were corrected for
bleaching using a linear regression computed through the mean values 2 seconds before the
stimulation and by subtracting the extrapolated values.

Transient expression in zebrafish embryos

All experiments with zebrafish were conducted in accordance with MIT Committee on Ani-
mal Care. Zebrafish were raised and bred at 28°C according to standard methods. DNA plas-
mids encoding FGCaMP or GCaMP6f were co-injected with Tol2 transposase mRNA into
the embryos of the pan-neuronal expressing Gal4 line, tg(elavi3:GAL4-VP16)"° [31]. The
embryos used in the study were homozygous nacre. Briefly, DNA and Tol2 transposase
mRNA, synthesized using pCR2FA as a template [32] (nMESSAGE mMACHINE®) SP6
Transcription Kit, Thermofisher), were diluted to a final concentration of 25 ng/pl in 0.4 mM
KCl solution containing 0.05% phenol red solution (Sigma Aldrich) to monitor the injection
quality. The mixture was kept on ice to minimize degradation of mRNA during the injection.
The mixture was injected into embryos at 1-4 cell stages as described previously [33]. Larvae
were screened for green fluorescence in the brain and spinal cord at 2-3 days post fertilization
(dpf; animals were used without regard to sex) and subsequently imaged at 4 dpf.

Calcium imaging in zebrafish embryos

Zebrafish larvae at 4 dpf were used to image neurons expressing FGCaMP or GCaMPé6f. To
prevent motion artifacts during imaging, larvae were paralyzed by applying a paralytic agent,
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pancronium bromide, at a final concentration of 0.20 mg/ml (Sigma Aldrich), to stop muscle
motion [34]. Paralyzed larvae were immobilized in 1.5% ultra-low-melting agarose (Sigma
Aldrich) prepared in E3 medium following standard protocols [35]. For neuronal activity
imaging, embedded larval zebrafish was stimulated by administration of 4-aminopyridine
(Sigma) at final concentration 1 mM. For wide-field calcium imaging, the embedded larvae
were mounted on an inverted epifluorescent Nikon Eclipse Ti microscope equipped with 40x
NA 1.15 (Nikon) objective lens, an SPECTRA-X light engine (Lumencor), and a 5.5 Zyla cam-
era (Andor), controlled by NIS-Elements AR software. The fluorescence of FGCaMP and
GCaMP6f was excited with 475/34BP from a LED and imaged with 527/50BP emission filter.
Confocal imaging was performed on an inverted Nikon Eclipse Ti microscope equipped with
spinning disk sCSU-W1 confocal scanner unit (YOKOGAWA), 405 and 488 nm solid state
lasers, 40x NA 1.15 and 20x NA 0.75 (Nikon) objective lenses, and a 4.2PLUS Zyla camera
(Andor), controlled by NIS-Elements AR software. Lightsheet imaging for Supplementary
Video 2 was performed on a Zeiss Z.1 light sheet microscope. For image acquisition, paralyzed
larvae embedded in ultra-low-melting agarose gel were extruded from the glass capillary and
mounded on coverslip. Light sheets were generated by two illumination objectives (10x, NA
0.2) with 405 and 488 nm laser excitation, and the fluorescence signal detected by a 20x water
immersion objective (NA 1.0). Both light sheets were used for data collection.

Animal care

All experiments with mice were approved by the National Research Center “Kurchatov Insti-
tute” Committee on Animal Care (protocol No. 1, 7 September 2015) and were in accordance
with the Russian Federation Order Requirements N 267 M3 and the National Institutes of
Health Guide for the Care and Use of Laboratory Animals. Ten C57BL/6 mice were used in
this study, ages PO old. For euthanasia of PO neonates, we used decapitation by sharp scissors.
Mice were used without regard to gender.

Supporting information

S1 Supporting information. File containing all supporting Figures (A-O) and Tables
(A-C). Figure A in S1 Supporting information. Alignment of the amino acid sequences for
CaMs and peptides from CaM-dependent kinases and calcineurins found in different species.
Figure B in S1 Supporting information. Alignment of the amino acid sequences for original
library and FGCaMP calcium indicator. Figure C in S1 Supporting information. pH depen-
dence of absorbance for the purified FGCaMP indicator. Figure D in S1 Supporting informa-
tion. Size-exclusion chromatography for FGCaMP protein. Figure E in S1 Supporting
information. Ca®" titration curves for FGCaMP and GCaMPés in the absence or presence of 1
mM MgCl,. Figure F in S1 Supporting information. Kinetic curves obtained from Ca**-asso-
ciation experiments. Figure G in S1 Supporting information. Detailed analysis of the onset
kinetics for Ca”-binding. Figure H in S1 Supporting information. Alignment of the amino
acid sequences of M13-like peptides and CaMs from FGCaMP and the other calcium indica-
tors. Figure I in S1 Supporting information. Ca’" titration curves for FGCaMP mutants.
Figure J in S1 Supporting information. Ca** titration curves for FGCaMP2 mutants with
mutations in CaM part. Figure K in S1 Supporting information. Ca*" titration curves for
FGCaMP3 variants with mutations in the M13-like peptide. Figure L in S1 Supporting infor-
mation. Reversible changes in the mobile fraction of the FGCaMP indicator at the transition
from high to low Ca®* concentrations in HeLa Kyoto cells studied by FRAP experiments.
Figure M in S1 Supporting information. Fluorescence changes in response to the external
electric field in cultured neurons expressing FGCaMP indicator. Figure N in S1 Supporting

PLOS ONE | https://doi.org/10.1371/journal.pone.0183757  August 24, 2017 24/27


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0183757.s001
https://doi.org/10.1371/journal.pone.0183757

@° PLOS | ONE

Genetically encoded calcium indicator based on fungi

information. Confocal ratiometric calcium imaging with FGCaMP during 4-AP induced neu-
ronal activity in paralyzed larvae embedded in ultra-low-melting agarose gel. Figure O in S1
Supporting information. Lightsheet ratiometric calcium imaging with FGCaMP during 4-AP
induced neuronal activity in paralyzed larvae embedded in ultra-low-melting agarose gel.
Table A in S1 Supporting information. Brightness and contrasts for FGCaMP and other
ratiometric green and yellow GEClIs. Table B in S1 Supporting information. K, values and
fluorescence contrasts for 402- and 493-forms of FGCaMP and its mutants. Table C in S1
Supporting information. List of primers.

(PDF)

S1 Dataset. Excel file containing values of all data points presented in this manuscript.
(XLSX)

S1 Video. Confocal ratiometric calcium imaging with FGCaMP during 4-AP induced neu-
ronal activity in paralyzed larvae embedded in ultra-low-melting agarose gel.
(AVI)

$2 Video. Lightsheet ratiometric calcium imaging with FGCaMP during 4-AP induced
neuronal activity in paralyzed larvae embedded in ultra-low-melting agarose gel.
(AVI)

Acknowledgments

We are grateful to Shoh Asano, Siranush Babakhanova and Orhan Celiker (all from MIT,
USA) for the help with zebrafish imaging, to Clemens Riegler and Florian Engert (both from
Harvard University) for the pTol2-4nrUAS expression vector, to Daniel Estandian for the text
editing (MIT, USA) and to Dmitry A. Korzhenevskiy (National Research Center Kurchatov
Institute, Russia) for help with the size-exclusion chromatography.

Author Contributions
Conceptualization: Ivan V. Smirnov, Andrey O. Bogorodskiy, Fedor V. Subach.

Data curation: Natalia V. Barykina, Oksana M. Subach, Kiryl D. Piatkevich, Erica E. Jung,
Aleksey Y. Malyshev, Ivan V. Smirnov, Andrey O. Bogorodskiy, Anna M. Varizhuk, Fedor
V. Subach.

Formal analysis: Natalia V. Barykina, Oksana M. Subach, Kiryl D. Piatkevich, Erica E. Jung,
Aleksey Y. Malyshev, Ivan V. Smirnov, Andrey O. Bogorodskiy, Anna M. Varizhuk, Fedor
V. Subach.

Funding acquisition: Aleksey Y. Malyshev, Valentin I. Borshchevskiy, Galina E. Pozmogova,
Edward S. Boyden, Konstantin V. Anokhin, Grigori N. Enikolopov, Fedor V. Subach.

Investigation: Natalia V. Barykina, Oksana M. Subach, Kiryl D. Piatkevich, Erica E. Jung,
Aleksey Y. Malyshev, Ivan V. Smirnov, Andrey O. Bogorodskiy, Anna M. Varizhuk, Fedor
V. Subach.

Methodology: Fedor V. Subach.
Project administration: Fedor V. Subach.

Resources: Aleksey Y. Malyshev, Valentin I. Borshchevskiy, Galina E. Pozmogova, Edward S.
Boyden, Konstantin V. Anokhin, Grigori N. Enikolopov, Fedor V. Subach.

Supervision: Fedor V. Subach.

PLOS ONE | https://doi.org/10.1371/journal.pone.0183757  August 24, 2017 25/27


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0183757.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0183757.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0183757.s004
https://doi.org/10.1371/journal.pone.0183757

o @
@ : PLOS | ONE Genetically encoded calcium indicator based on fungi

Validation: Natalia V. Barykina, Oksana M. Subach, Kiryl D. Piatkevich, Erica E. Jung, Alek-
sey Y. Malyshev, Ivan V. Smirnov, Andrey O. Bogorodskiy, Valentin I. Borshchevskiy,
Anna M. Varizhuk, Galina E. Pozmogova, Edward S. Boyden, Konstantin V. Anokhin, Gri-
gori N. Enikolopov, Fedor V. Subach.

Visualization: Natalia V. Barykina, Oksana M. Subach, Kiryl D. Piatkevich, Andrey O. Bogor-
odskiy, Anna M. Varizhuk, Fedor V. Subach.

Writing - original draft: Natalia V. Barykina, Oksana M. Subach, Kiryl D. Piatkevich, Aleksey
Y. Malyshev, Andrey O. Bogorodskiy, Anna M. Varizhuk, Grigori N. Enikolopov, Fedor V.
Subach.

Writing - review & editing: Natalia V. Barykina, Oksana M. Subach, Kiryl D. Piatkevich,
Erica E. Jung, Aleksey Y. Malyshev, Ivan V. Smirnov, Andrey O. Bogorodskiy, Valentin I.
Borshchevskiy, Anna M. Varizhuk, Galina E. Pozmogova, Edward S. Boyden, Konstantin
V. Anokhin, Grigori N. Enikolopov, Fedor V. Subach.

References

1. Akerboom J, Rivera JD, Guilbe MM, Malave EC, Hernandez HH, Tian L, et al. (2009) Crystal structures
of the GCaMP calcium sensor reveal the mechanism of fluorescence signal change and aid rational
design. The Journal of biological chemistry 284: 6455-6464. https://doi.org/10.1074/jbc.M807657200
PMID: 19098007

2. Wang Q, Shui B, Kotlikoff MI, Sondermann H (2008) Structural basis for calcium sensing by GCaMP2.
Structure 16: 1817—1827. https://doi.org/10.1016/j.str.2008.10.008 PMID: 19081058

3. Baird GS, Zacharias DA, Tsien RY (1999) Circular permutation and receptor insertion within green fluo-
rescent proteins. Proceedings of the National Academy of Sciences of the United States of America 96:
11241-11246. PMID: 10500161

4. Griesbeck O, Baird GS, Campbell RE, Zacharias DA, Tsien RY (2001) Reducing the environmental
sensitivity of yellow fluorescent protein. Mechanism and applications. The Journal of biological chemis-
try 276:29188-29194. https://doi.org/10.1074/jbc.M102815200 PMID: 11387331

5. Barykina NV, Subach OM, Doronin DA, Sotskov VP, Roshchina MA, Kunitsyna TA, et al. (2016) A new
design for a green calcium indicator with a smaller size and a reduced number of calcium-binding sites.
Scientific reports 6: 34447. https://doi.org/10.1038/srep34447 PMID: 27677952

6. Miyawaki A, Llopis J, Heim R, McCaffery JM, Adams JA, Ikura M, et al. (1997) Fluorescent indicators
for Ca2+ based on green fluorescent proteins and calmodulin. Nature 388: 882—-887. https://doi.org/10.
1038/42264 PMID: 9278050

7. Horikawa K, Yamada Y, Matsuda T, Kobayashi K, Hashimoto M, Matsu-ura T, et al. (2010) Spontane-
ous network activity visualized by ultrasensitive Ca(2+) indicators, yellow Cameleon-Nano. Nature
methods 7: 729-732. https://doi.org/10.1038/nmeth.1488 PMID: 20693999

8. Thestrup T, Litzlbauer J, Bartholomaus I, Mues M, Russo L, Dana H, et al. (2014) Optimized ratiometric
calcium sensors for functional in vivo imaging of neurons and T lymphocytes. Nature methods 11: 175—
182. https://doi.org/10.1038/nmeth.2773 PMID: 24390440

9. ZouJ, Hofer AM, Lurtz MM, Gadda G, Ellis AL, Chen N, et al. (2007) Developing sensors for real-time
measurement of high Ca2+ concentrations. Biochemistry 46: 12275-12288. https://doi.org/10.1021/
bi7007307 PMID: 17924653

10. Helassa N, Zhang XH, Conte |, Scaringi J, Esposito E, Bradley J, et al. (2015) Fast-Response Calmodu-
lin-Based Fluorescent Indicators Reveal Rapid Intracellular Calcium Dynamics. Scientific reports 5:
15978. https://doi.org/10.1038/srep15978 PMID: 26527405

11. NagaiT, Yamada S, Tominaga T, Ichikawa M, Miyawaki A (2004) Expanded dynamic range of fluores-
cent indicators for Ca(2+) by circularly permuted yellow fluorescent proteins. Proceedings of the
National Academy of Sciences of the United States of America 101: 10554—10559. https://doi.org/10.
1073/pnas.0400417101 PMID: 15247428

12. Hasan MT, Friedrich RW, Euler T, Larkum ME, Giese G, Both M, et al. (2004) Functional fluorescent
Ca2+ indicator proteins in transgenic mice under TET control. PLoS biology 2: e163. https://doi.org/10.
1371/journal.pbio.0020163 PMID: 15208716

13. Jurado LA, Chockalingam PS, Jarrett HW (1999) Apocalmodulin. Physiological reviews 79: 661-682.
PMID: 10390515

PLOS ONE | https://doi.org/10.1371/journal.pone.0183757  August 24, 2017 26/27


https://doi.org/10.1074/jbc.M807657200
http://www.ncbi.nlm.nih.gov/pubmed/19098007
https://doi.org/10.1016/j.str.2008.10.008
http://www.ncbi.nlm.nih.gov/pubmed/19081058
http://www.ncbi.nlm.nih.gov/pubmed/10500161
https://doi.org/10.1074/jbc.M102815200
http://www.ncbi.nlm.nih.gov/pubmed/11387331
https://doi.org/10.1038/srep34447
http://www.ncbi.nlm.nih.gov/pubmed/27677952
https://doi.org/10.1038/42264
https://doi.org/10.1038/42264
http://www.ncbi.nlm.nih.gov/pubmed/9278050
https://doi.org/10.1038/nmeth.1488
http://www.ncbi.nlm.nih.gov/pubmed/20693999
https://doi.org/10.1038/nmeth.2773
http://www.ncbi.nlm.nih.gov/pubmed/24390440
https://doi.org/10.1021/bi7007307
https://doi.org/10.1021/bi7007307
http://www.ncbi.nlm.nih.gov/pubmed/17924653
https://doi.org/10.1038/srep15978
http://www.ncbi.nlm.nih.gov/pubmed/26527405
https://doi.org/10.1073/pnas.0400417101
https://doi.org/10.1073/pnas.0400417101
http://www.ncbi.nlm.nih.gov/pubmed/15247428
https://doi.org/10.1371/journal.pbio.0020163
https://doi.org/10.1371/journal.pbio.0020163
http://www.ncbi.nlm.nih.gov/pubmed/15208716
http://www.ncbi.nlm.nih.gov/pubmed/10390515
https://doi.org/10.1371/journal.pone.0183757

@° PLOS | ONE

Genetically encoded calcium indicator based on fungi

14.
15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Method of the Year 2008. Nature Methods 6: 1.

Palmer AE, Giacomello M, Kortemme T, Hires SA, Lev-Ram V, Baker D, et al. (2006) Ca2+ indicators
based on computationally redesigned calmodulin-peptide pairs. Chemistry & biology 13: 521-530.

Chen TW, Wardill TJ, Sun Y, Pulver SR, Renninger SL, Baohan A, et al. (2013) Ultrasensitive fluores-
cent proteins for imaging neuronal activity. Nature 499: 295-300. https://doi.org/10.1038/nature 12354
PMID: 23868258

Nagai T, Sawano A, Park ES, Miyawaki A (2001) Circularly permuted green fluorescent proteins engi-
neered to sense Ca2+. Proceedings of the National Academy of Sciences of the United States of Amer-
ica 98: 3197-3202. https://doi.org/10.1073/pnas.051636098 PMID: 11248055

Zhao'Y, Araki S, Wu J, Teramoto T, Chang YF, Nakano M, et al. (2011) An expanded palette of geneti-
cally encoded Ca(2) indicators. Science 333: 1888—1891. https://doi.org/10.1126/science.1208592
PMID: 21903779

ZhaoY, Abdelfattah AS, Ruangkittisakul A, Ballanyi K, Campbell RE, Harrison DJ (2014) Microfluidic
cell sorter-aided directed evolution of a protein-based calcium ion indicator with an inverted fluorescent
response. Integrative biology: quantitative biosciences from nano to macro 6: 714—725.

Shaner NC, Steinbach PA, Tsien RY (2005) A guide to choosing fluorescent proteins. Nat Methods 2:
905-909. https://doi.org/10.1038/nmeth819 PMID: 16299475

Porumb T, Yau P, Harvey TS, Ikura M (1994) A calmodulin-target peptide hybrid molecule with unique
calcium-binding properties. Protein engineering 7: 109—115. PMID: 8140087

Brocard JB, Rajdev S, Reynolds IJ (1993) Glutamate-induced increases in intracellular free Mg2+ in cul-
tured cortical neurons. Neuron 11: 751-757. PMID: 8104432

Ohkura M, Sasaki T, Sadakari J, Gengyo-Ando K, Kagawa-Nagamura Y, Kobayashi C, et al. (2012)
Genetically encoded green fluorescent Ca2+ indicators with improved detectability for neuronal Ca2+
signals. PloS one 7: e51286. https://doi.org/10.1371/journal.pone.0051286 PMID: 23240011

Ho SN, Hunt HD, Horton RM, Pullen JK, Pease LR (1989) Site-directed mutagenesis by overlap exten-
sion using the polymerase chain reaction. Gene 77: 51-59. PMID: 2744487

Subach FV, Patterson GH, Manley S, Gillette JM, Lippincott-Schwartz J, Verkhusha VV (2009) Photo-
activatable mCherry for high-resolution two-color fluorescence microscopy. Nat Methods 6: 153—159.
https://doi.org/10.1038/nmeth.1298 PMID: 19169259

Subach OM, Cranfill PJ, Davidson MW, Verkhusha VV (2011) An enhanced monomeric blue fluores-
cent protein with the high chemical stability of the chromophore. PloS one 6: €28674. https://doi.org/10.
1371/journal.pone.0028674 PMID: 22174863

Tsien RY (1980) New calcium indicators and buffers with high selectivity against magnesium and pro-
tons: design, synthesis, and properties of prototype structures. Biochemistry 19: 2396—-2404. PMID:
6770893

Subach OM, Gundorov IS, Yoshimura M, Subach FV, Zhang J, Gruenwald D, et al. (2008) Conversion
of red fluorescent protein into a bright blue probe. Chem Biol 15: 1116—1124. https://doi.org/10.1016/j.
chembiol.2008.08.006 PMID: 18940671

Subedi A, Macurak M, Gee ST, Monge E, Goll MG, Potter CJ, et al. (2014) Adoption of the Q transcrip-
tional regulatory system for zebrafish transgenesis. Methods 66: 433—440. https://doi.org/10.1016/].
ymeth.2013.06.012 PMID: 23792917

Jiang M, Chen G (2006) High Ca2+-phosphate transfection efficiency in low-density neuronal cultures.
Nature protocols 1: 695—700. https://doi.org/10.1038/nprot.2006.86 PMID: 17406298

Kimura Y, Satou C, Higashijima S (2008) V2a and V2b neurons are generated by the final divisions of
pair-producing progenitors in the zebrafish spinal cord. Development 135: 3001-3005. https://doi.org/
10.1242/dev.024802 PMID: 18684740

Kwan KM, Fujimoto E, Grabher C, Mangum BD, Hardy ME, Campbell DS, et al. (2007) The Tol2kit: a
multisite gateway-based construction kit for Tol2 transposon transgenesis constructs. Developmental
dynamics: an official publication of the American Association of Anatomists 236: 3088—3099.

Fisher S, Grice EA, Vinton RM, Bessling SL, Urasaki A, Kawakami K, et al. (2006) Evaluating the biolog-
ical relevance of putative enhancers using Tol2 transposon-mediated transgenesis in zebrafish. Nature
protocols 1: 1297-1305. https://doi.org/10.1038/nprot.2006.230 PMID: 17406414

Panier T, Romano SA, Olive R, Pietri T, Sumbre G, Candelier R, et al. (2013) Fast functional imaging of
multiple brain regions in intact zebrafish larvae using selective plane illumination microscopy. Frontiers
in neural circuits 7: 65. https://doi.org/10.3389/fncir.2013.00065 PMID: 23576959

Renaud O, Herbomel P, Kissa K (2011) Studying cell behavior in whole zebrafish embryos by confocal
live imaging: application to hematopoietic stem cells. Nature protocols 6: 1897—1904. https://doi.org/
10.1038/nprot.2011.408 PMID: 22082984

PLOS ONE | https://doi.org/10.1371/journal.pone.0183757  August 24, 2017 27/27


https://doi.org/10.1038/nature12354
http://www.ncbi.nlm.nih.gov/pubmed/23868258
https://doi.org/10.1073/pnas.051636098
http://www.ncbi.nlm.nih.gov/pubmed/11248055
https://doi.org/10.1126/science.1208592
http://www.ncbi.nlm.nih.gov/pubmed/21903779
https://doi.org/10.1038/nmeth819
http://www.ncbi.nlm.nih.gov/pubmed/16299475
http://www.ncbi.nlm.nih.gov/pubmed/8140087
http://www.ncbi.nlm.nih.gov/pubmed/8104432
https://doi.org/10.1371/journal.pone.0051286
http://www.ncbi.nlm.nih.gov/pubmed/23240011
http://www.ncbi.nlm.nih.gov/pubmed/2744487
https://doi.org/10.1038/nmeth.1298
http://www.ncbi.nlm.nih.gov/pubmed/19169259
https://doi.org/10.1371/journal.pone.0028674
https://doi.org/10.1371/journal.pone.0028674
http://www.ncbi.nlm.nih.gov/pubmed/22174863
http://www.ncbi.nlm.nih.gov/pubmed/6770893
https://doi.org/10.1016/j.chembiol.2008.08.006
https://doi.org/10.1016/j.chembiol.2008.08.006
http://www.ncbi.nlm.nih.gov/pubmed/18940671
https://doi.org/10.1016/j.ymeth.2013.06.012
https://doi.org/10.1016/j.ymeth.2013.06.012
http://www.ncbi.nlm.nih.gov/pubmed/23792917
https://doi.org/10.1038/nprot.2006.86
http://www.ncbi.nlm.nih.gov/pubmed/17406298
https://doi.org/10.1242/dev.024802
https://doi.org/10.1242/dev.024802
http://www.ncbi.nlm.nih.gov/pubmed/18684740
https://doi.org/10.1038/nprot.2006.230
http://www.ncbi.nlm.nih.gov/pubmed/17406414
https://doi.org/10.3389/fncir.2013.00065
http://www.ncbi.nlm.nih.gov/pubmed/23576959
https://doi.org/10.1038/nprot.2011.408
https://doi.org/10.1038/nprot.2011.408
http://www.ncbi.nlm.nih.gov/pubmed/22082984
https://doi.org/10.1371/journal.pone.0183757

