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a b s t r a c t

Neurobiologists widely use green genetically encoded calcium indicators (GECIs) for visualization of
neuronal activity. Among them, ratiometric GECIs allow imaging of both active and non-active neuronal
populations. However, they are not popular, since their properties are inferior to intensiometric GCaMP
series of GECIs. The most characterized and developed ratiometric green GECI is FGCaMP7. However, the
dynamic range and sensitivity of its large Stock's shift green (LSS-Green) form is significantly lower than
its Green form and its molecular design is not optimal. To address these drawbacks, we engineered a
ratiometric green calcium indicator, called FNCaMP, which is based on bright mNeonGreen protein and
calmodulin from A. niger and has optimal NTnC-like design. We compared the properties of the FNCaMP
and FGCaMP7 indicators in vitro, in mammalian cells, and in neuronal cultures. Finally, we obtained and
analyzed X-ray structure of the FNCaMP indicator.

© 2023 Elsevier Inc. All rights reserved.
1. Introduction

Genetically encoded calcium indicators (GECIs) are used in
neurobiological studies for visualization of neuronal activity in
cultured cells and in vivo in the brain of the model organisms
including wide-field calcium imaging and imaging using minis-
copes and two-photon microscopes [1,2]. The most numerous
GECIs are green fluorescent GECIs, since they have excitation
optimal for microscopes [3e5]. The most popular and developed
green GECIs are intensiometric with positive calcium response,
such as GCaMPs [6e8], GGECOs [9], and NCaMP7 [10]. Themolecule
m indicator; FP, Fluorescent
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of this type of GECIs is composed of one green fluorescent protein
(FP) fused to calmodulin-M13-like peptide or troponin C [11].
Despite their popularity related to their great sensitivity and fast
dynamics, intensiometric GECIs have drawbacks. Intensiometric
GECIs are dim in inactive neurons, when calcium concentration is
low, which creates difficulties in identifying labeled neurons and
their processes during in vivo imaging and repeated sessions. Ar-
tifacts related to out-of-plane motion are noticeable with these
GECIs. In addition, it is not possible to quantitatively determine
Ca2þ concentration using intensiometric GECIs.

Although the ratiometric GECIs can overcome the limitations of
intensiometric GECIs, they are less popular and developed.
Currently, there are several classes of the ratiometric GECIs based
on the molecular design including: the fusion of intensiometric
GECIs with complementary FP, F€orster Resonance Energy Transfer
(FRET) based GECIs, single FP based GECIs, as well as other rarer or
uncommon types. Intensiometric GECI can be converted into
ratiometric GECI by fusing them to FP characterized by comple-
mentary fluorescence emission, such as green-orange
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MatryoshCaMP6s [12] and green-red GCaMP-R [13]. This type of
ratiometric GECIs suffers from the large molecular size and unde-
sired impact of FRET effects, possibly due to overlap between the
donor emission and acceptor absorption spectra, converged in one
molecule. Tethering an FP to GECIs negatively affects their prop-
erties, such as folding efficiency, dynamic range, and calcium af-
finity [12].

FRET-based ratiometric GECIs use two FPs with highly over-
lapping emission and absorption spectra in fusion to a calcium-
binding domain, such as calmodulin-M13-like peptide or
troponin. Cyan-yellow Cameleons [14], green-yellow CaYang, and
yellow-red CaYin GECIs [15] or green-red Twitch-GR, Twitch-NR
[16], cyan-yellow Twitch-1-5 and cyan-yellow TN-L15, TN-
humTnC [17] use calmodulin-M13 like peptide or troponin as
calcium-binding domain, respectively. This type of sensors is not
popular, since they have a limited dynamic range (up to 60%), lower
sensitivity, slower dynamics and requires specilized optical filters
for accurate detection of FRET signal. Also FRET-based GECIs have
larger size compared to other GEICs, which compliates their de-
livery to the cells.

Some single FP-based GECIs are inherently ratiometric and
consist of single FP fused to calmodulin-M13-like peptide protein.
Ratiometric-pericam [18], GEX-GECO1 [9], and FGCaMP7 [19]
change their excitation maximum upon calcium ions binding from
390 to 415 to 482e498 nm, preserving the green fluorescence
peaked at 506e517 nm. GEM-GECO1 changes its emission
maximum from 511 to 455 nm, keeping its excitation maximum at
390e397 nm [9]. The most developed and characterized FGCaMP7
indicator has sensitivity in neurons similar to that for GCaMP6s
GECI [19]. Performance of FGCaMP7 was validated in vivo in the
mouse and the larval zebrafish brains [19]. In addition to the ad-
vantageous ratiometric phenotype, FGCaMP7 has calmodulin-M13-
like peptide from Aspergillus niger fungus, which prevents its in-
teractions with intracellular space in mammalian cells and allows
the generation of the truncated calcium-insensitive version to
control for such variations as pH, etc. [19]. However, as compared to
the anionic form of the FGCaMP7 indicator with excitation at
488 nm, the contrast of the protonated form with excitation at
405 nmwas 3-fold smaller in vitro (DF/F 9 vs 31), 5.6-fold smaller in
HeLa cells, 7-fold smaller in the cultured neurons and 9.6-fold
smaller in the brain of zebrafish. In turn, the contrast was unde-
tectable in the mouse brain in vivo under two-photon (2 P) exci-
tation [19]. Also, the topology of the FGCaMP7 sensor was
suboptimal in contrast to the NTnC-like design of such GECIs as
NCaMP7 [10], YTnC [20], iYTnC2 [21], cNTnC [11] and ncpGCaMP6s
[22]. In the NTnC-like desing, the calcium-binding domain is bured
inside the FP, allowing the sensor to retain its dynamic range and
affinity to Ca2þ unchanged, when re-cloned from one plasmid to
another. Hence, this type of ratiometric GECIs is the best among
other ratiometric GECIs and there is still room for improvement of
the single FP-based ratiometric GECIs.

The other types of ratiometric GECIs are less common and
include bioluminescent LUCI-GECO1 [22], chemigenetic HaloGFP-
Ca1 [23], rHCaMP [24], and dimerization-dependent RA-CaM-B-
M13-GA [25]. This type of GECIs are not popular, since they are not
optimal for visualization of fast neuronal activity.

In this work, we developed a single FP-based green ratiometric
indicator, FNCaMP, which has optimal NTnC-like topology. We
tested the performance of the FNCaMP indicator in mammalian
cells and neuronal cultures. Finally, we solved and analyzed its
crystal structure.
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2. Methods

2.1. Cloning of bacterial plasmids, mutagenesis, and library
screening

The cloning of bacterial plasmids, mutagenesis, and library
screening were performed as described previously [19], using the
primers listed in Table S1.
2.2. Protein purification and characterization

Proteins were purified and characterized as described in
Ref. [19].
2.3. Isolation of adeno-associated viral particles

rAAV viral particles were prepared as described earlier [19].
2.4. Extraction, cultivation, and transduction of dissociated
neuronal cultures

Neuronal cultures were prepared and cultivated as described in
[19].
2.5. Protein crystallization

An initial crystallization screening of FNCamp was performed
with a robotic crystallization system (Oryx4, Douglas Instr.,UK) and
commercially available 96-well crystallization screens (Hampton
Research, Aliso Viejo, CA, USA and Anatrace, Maumee, OH, USA) at
15 �C and 4 �C using the sitting drop vapor diffusion method. The
protein concentration was 15 mg/mL in the following buffer:
20 mM Tris, 200 mM NaCl, 5 mM Calcium chloride pH 7.5. Opti-
mization of the conditions was performed by the hanging-drop
vapor-diffusion method in 24-well VDX plates. Crystals were ob-
tained within 3 days in conditions: 0,1 M MMT buffer pH 8.0,25%
PEG 1500.
2.6. Data collection, processing, structure solution, and refinement

The obtained crystals were preliminary characterized using
synchrotron source (“Belok” beamline) at NRC Kurchatov Institute
(Moscow, Russia). The final FNCaMP diffraction data were collected
from a single crystal at 100 K at the beamline ID30A-3 of the ESRF
(Grenoble, France). The data were treated using XDS and Aimless
programs (Table S2). The structure was solved by the molecular
replacement method using MOLREP program and the structure of
the NCaMP7 (PDB ID 6XW2) as an initial model. The refinement of
the structure was carried out using Refmac5. The visual inspection
of electron density maps and the manual rebuilding of the model
were carried out using the COOT program. The TLS parameteriza-
tionwas introduced during refinement cycles. In the final model, an
asymmetric unit contained one independent copy of the protein of
403 residues, chromophore and 49 water molecules. Eleven N-
terminal residues as well as the region 298e304 of the loop be-
tween calmodulin and M13-like peptide have no electron density.

Visual inspection, comparison, and superposition of the struc-
tures were performed as described previously [19].



Fig. 1. Alignment of the amino acid sequences for the original FNCaMP0 and FNCaMP indicators. Residues from fluorescent part buried in b-can are highlighted in green. Residues
that are forming chromophore and M13-like peptide are underlined. Mutations in FNCaMP related to the original FNCaMP0 are highlighted in red. Linkers between fluorescent and
calcium-binding parts are highlighted in yellow. Residues that are forming Ca2þ-binding loops are highlighted in cyan. Calcium-coordinating residues are selected with asterisks.
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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2.7. Mammalian plasmid construction

Mammalian plasmid construction was performed as described
in Ref. [19].
2.8. Mammalian live cell imaging

Confocal imaging of live cells was performed as described in
Ref. [19].
2.9. Statistics

To estimate the significance of the difference between two
values, we used the ManneWhitney rank sum test and provided p
values calculated for the two-tailed hypothesis.
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3. Results

3.1. Development of the FNCaMP ratiometric indicator

For the development of the ratiometric green calcium indicator,
we inserted CaM-M13 peptide pair (derived from A. niger) into the
split-version of the mNeonGreen protein and improved its prop-
erties using directed molecular evolution in the bacteria. Calcium
binding CaM-M13 peptide pair was amplified from the FGCaMP7
indicator [19]. The split-version of the mNeonGreen protein and
linkers between calcium-binding domain and the fluorescent
domainwere amplified from the NCaMP7 indicator [10] (Figs. 1 and
2a). The original FNCaMP0 indicator revealed the ratiometric
phenotype, and dissociation constant to calcium ions in the pres-
ence of 1mMMg2þ of 414 ± 32 nM [n¼ 1.7 ± 0.2], and DF/F contrast
of 1.6 and 0.4 for Green and LSS-Green forms, respectively.



Fig. 2. Structure and in vitro properties of the FNCaMP calcium indicator. (a) A schematic representation of the FNCaMP indicator composition and a cartoon representation of its
crystal structure (PDB IDd 8OSI). (b) Absorption spectra for FNCaMP in Ca2þ-bound (5 mM Ca2þ) and Ca2þ-free (10 mM EDTA) states at pH 7.2. (c) Excitation and emission spectra
for FNCaMP in Ca2þ-bound (5 mM Ca2þ) and Ca2þ-free (10 mM EDTA) states for Green and LSS-Green forms, pH 7.2. (d) Fluorescence intensity for FNCaMP in Ca2þ-bound (10 mM
Ca2þ) and Ca2þ-free (10 mM EDTA) states as a function of pH for Green and LSS-Green forms. Error bars represent the standard deviation. (e) Ca2þ titration curves for Green and LSS-
Green forms of FNCaMP in the absence and in the presence of 1 mM MgCl2, pH 7.2. Error bars represent the standard deviation. (f) Fast protein liquid chromatography of FNCaMP.
FNCaMP (4.5 mg/mL) was eluted in 40 mM Tris-HCl (pH 7.5) and 200 mM NaCl buffer supplemented with 5 mM CaCl2. The experimental molecular weight of FNCaMP (51 kDa) was
determined from the dependence of logarithm of control molecular weights vs elution volume (Fig. S2). The theoretical molecular weight of FNCaMP was 48 kDa. (g) Maturation
curves for the FNCaMP and FGCaMP7 indicators in the presence of 5 mM Ca2þ, at 37 �C. (h) Photobleaching of FNCaMP and FGCaMP7 in Ca2þ-bound (5 mM Ca2þ) and Ca2þ-free
(10 mM EDTA) states at pH 7.2, 45 mM protein concentration. The power of 395/25 nm and 470/40 nm light before objective lens was 0.52 and 1.0 mW/cm2, respectively. (d,e,h)
Three (d,e) and seven-ten (h) replicates were averaged for analysis. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this
article.)
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We subjected FNCaMP0 to several rounds of directed evolution
including random mutagenesis followed by a screening on Petri
dishes and bacterial lysates. On each round, we imaged bacterial
colonies under the Leica fluorescent microscope using LSS-Green
(405/40ex and 540/40em) and Green (580/40ex and 535/40em)
channels before and after spraying 100 mM EDTA solution. We
picked up the colonies exhibiting the largest product of fluores-
cence contrast in both channels. About 15e20 selected clones were
analyzed on bacterial lysates using a plate reader and one clone
with the largest fluorescence contrast in both channels was used
for the next round of evolution. After eight rounds we found a
variant named FNCaMP#28e8, which demonstrated DF/F contrasts
of 24/25 and dissociation constants to Ca2þ in the presence of
1 mM Mg2þ of 322 ± 5 nM [n ¼ 3.54 ± 0.15]/303 ± 8 nM
[n ¼ 2.78 ± 0.17] for LSS-Green/Green forms, respectively. In HeLa
cells, FNCaMP#28e8 reacted to the increase of calcium concen-
tration induced by 2.5 mM ionomycin addition with DF/F contrasts
172
of 6.9 ± 4.6 and 11 ± 3 (averaged across 12 cells, two cultures) for
LSS-Green and Green forms, respectively. However, then co-
expressed in neuronal cultures with the control red R-GECO1 in-
dicator, FNCaMP#28-8 had 5.9 ± 0.4 and 4.8 ± 0.9 fold slower decay
half times for the Green and LSS-Green forms, respectively, as
compared to the dynamics of R-GECO1. Slow dynamics of
FNCaMP#28-8 mutant prompted us to apply rational mutagenesis
to speed up the dynamics of the FNCaMP#28-8 mutant.

First, we increased the length of the linker between CaM and
M13-like peptide by four amino acids (GGSG, Fig. 1) according to
the linker's length for the NCaMP7 indicator [10]. Next, according to
mutations found during the development of the jGCaMP7f indica-
tor [6], we generated FNCaMP#28e8/A164L/V237L double mutant,
to replace residues before EF1,2- and EF3,4-hands with bulky side
chain ones. The final mutant was named FNCaMP and its dynamics
was further characterized in neuronal cultures.
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3.2. Characterization of the FNCaMP ratiometric indicator in
cultured neurons

Then co-expressed in neurons with the red R-GECO1 indicator,
FNCaMP demonstrated rise and decay half-times similar to those
for R-GECO1 (Fig. 3a, c,d and Video S1) and FGCaMP7 [19]. As
compared to R-GECO1, the DF/F response of FNCaMP to calcium
transients in neurons was 2.2- and 7.2-fold smaller for Green and
LSS-Green forms, respectively (Fig. 3b); the ratiometric DR/R
response of FNCaMP was 1.4 ± 0.3-fold smaller than DF/F response
of R-GECO1. The DF/F responses of the FNCaMP indicator for Green
and LSS-Green forms and its DR/R response in neurons were 3.2-,
2.5- and 3.1-fold smaller as compared to the same responses for
FGCaMP7 [19], respectively. The DF/F response for LSS-Green form
of FNCaMPwas 3.2-fold lower as compared to response of its Green
form (Fig. 3b). The difference in DF/F responses for two forms of the
FNCaMP indicator was 1.3-fold lower as compared to the same
difference for the FGCaMP7 indicator [19]. Hence, the FNCaMP can
visualize neuronal non-specific activity with similar dynamics, but
with 1.4-fold and 3.1-fold lower sensitivity as compared to the R-
GECO1 and FGCaMP7 indicators, respectively.
3.3. Characterization of the FNCaMP ratiometric indicator in vitro

First, we characterized spectral and biochemical characteristics
of the FNCaMP indicator expressed and purified from bacteria.
FNCaMP had spectral properties similar to those for FGCaMP7
(Fig. 2b and c and Table 1). Themolecular brightnesses of LSS-Green
and Green forms of FNCaMP were 1.4-fold smaller and 1.4-fold
larger as compared to the brightnesses of the respective forms of
the FGCaMP7 indicator, respectively (Table 1).
Fig. 3. Comparison of the performance of the FNCaMP indicator with control R-GECO1 red i
transduced on day in vitro 4th with a mixture of rAAVs carrying the nuclear export sign
ratiometric indicator FNCaMP at 405 nm and 488 nm excitations and red indicator R-GECO
one selected cell labeled with circle. Scale bar: 20 mm. (b-d) Average DF/F responses (b), r
rameters for the R-GECO1. (bed) Error bars are the standard deviations across five cells. N
interpretation of the references to color in this figure legend, the reader is referred to the
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The addition of 1 mM Mg2þ ions (conditions resembling those
inside the cytosol of mammalian cells) decreased the DF/F dynamic
range of LSS-Green form of FNCaMP by 2.8-fold (Table 1); this
Mg2þ-dependence was not observed for the FGCaMP7 indicator. In
the presence of 1 mM Mg2þ ions, the dynamic ranges of LSS-Green
and Green forms of FNCaMP were similar or 3.6-fold smaller as
compared to the same forms of FGCaMP7, respectively (Table 1).

The shapes of pH dependences for FNCaMP and FGCaMP7 in-
dicators were different, but the dynamic range of both indicators
was sensitive to variations of pH (Fig. 2d and Table 1).

The affinities to Ca2þ in the presence of Mg2þ ions for LSS-Green
and Green forms of FNCaMP were 1.7- and 3.7-fold lower as
compared to FGCaMP7, respectively (Fig. 2e and Table 1). The cal-
cium affinity in the presence of Mg2þ ions for Green form of
FNCaMP was 2.3-fold lower than the calcium affinity for LSS-Green
form (Table 1); the calcium affinities for both forms of the FGCaMP7
indicator were practically the same. Similarly to FGCaMP7, the
addition of 1 mM Mg2þ ions decreased the calcium affinity of both
Green and LSS-Green forms in 1.9- and 1.6-fold, respectively (Fig. 2e
and Table 1).

FNCaMP eluted on fast protein liquid chromatography as a
monomer (Fig. 2f) similar to FGCaMP7 [19].

FNCaMP matured till 50% at 37 �C for 11 min (Fig. 2g and
Table 1). This time was 2.8-fold slower as compared to the
FGCaMP7 indicator.

The photostabilities of LSS-Green and Green forms of FNCaMP
under metal halide lamp illumination were 1.3-fold lower and 1.8-
fold higher as compared to FGCaMP7 (Fig. 2h and Table 1).

Hence, FNCaMP was superior to the FGCaMP7 indicator in
increased brightness and photostability of Green form, but inferior
to it in decreased brightness and photostability of LSS-Green form,
ndicator in cultured neurons during their non-specific activity. Neuronal cultures were
als (NES)- R-GECO1 and NES-FNCaMP. (a) Confocal images of neurons co-expressing
1 at 561 nm excitation were acquired on DIV 14,15th. Example of DF/F traces for the

ise (c), and decay (d) halftimes for the FNCaMP indicator normalized to the same pa-
s, not significant; p, the level of statistical significance; **, p-value is 0.001e0.01. (For
Web version of this article.)



Table 1
In vitro properties of the purified FNCaMP indicator compared to FGCaMP7.a mEGFP (quantum yield, QY ¼ 0.60 ref. [27]) and mTagBFP2 (QY ¼ 0.64 ref. [28]) were used as
reference standards for Green and LSS-Green states, respectively.b Extinction coefficient was determined by alkaline denaturation. C Brightness was normalized tomEGFP, with
a QY of 0.60 and an extinction coefficient of 53.3 ± 3.6 mM�1cm�1. d pKa values were calculated according to the pH dependence of fluorescence.e Experimental data were
fitted to Hill equation. Hill coefficients are shown in brackets. Kd values for GCaMP6s in the absence and in the presence of 1 mM MgCl2 were 144 ± 9 nM (4.0 ± 0.6) and
217 ± 16 nM (4.0 ± 0.6), respectively.f mEGFP had a maturation half-time of 13 ming The power of 395/25 nm and 470/40 nm light before objective lens was 0.52 and 1.0 mW/
cm2, respectively. ND, not determined. * The values for FGCaMP7 were from Ref. [19] except data marked with asterisk, which were measured in parallel.

Properties Proteins

FNCaMP FGCaMP7

Apo Sat Apo Sat

Absorption/Excitation maximum (nm) 403/406 503/506 400/403 * 498/501 *
Emission maximum (nm) 518 520 516
Quantum yielda 0.29 ± 0.10 0.62 ± 0.10 0.35 ± 0.01 * 0.62 ± 0.01 *
ε (mM-1cm-1) b 53 ± 11 140 ± 12 60 ± 4 * 101 ± 12 *
Brightness vs mEGFP (%)c 48 271 66 * 196 *
DF/F LSS-Green 27 ± 6 8.3 ± 0.3

Green 7.3 ± 0.9 37.4 ± 0.9
DF/F with 1 mM MgCl2 LSS-Green 9.5 ± 0.5 9.1 ± 1.0

Green 8.7 ± 0.8 31.7 ± 1.5
pKa (LSS-Green)d 5.23 ± 0.05;

8.93 ± 0.13
5.04 ± 0.01;
6.52 ± 0.04

6.63 ± 0.20 6.00 ± 0.20

pKa (Green)d 6.98 ± 0.05 6.56 ± 0.01 5.28 ± 0.10;
7.81 ± 0.10

6.87 ± 0.01

Kd (nM)e LSS-Green 234 ± 35 (n ¼ 1.1 ± 0.2) 130 ± 10 (n ¼ 2.7 ± 0.1)
Green 477 ± 33 (n ¼ 1.6 ± 0.2) 160 ± 10 (n ¼ 2.6 ± 0.2)

Kd (nM) with 1 mM MgCl2e LSS-Green 381 ± 88 (n ¼ 1.0 ± 0.2) 230 ± 5 (n ¼ 2.2 ± 0.1)
Green 895 ± 65 (n ¼ 1.9 ± 0.2) 240 ± 6 (n ¼ 2.3 ± 0.2)

Protein state Monomer monomer
Maturation half-time (min)f ND 11 ND 4 *
Photobleaching half-time (sec)g 616 ± 207 195 ± 73 795 ± 360 * 110 ± 26 *
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decreased dynamic range of Green form, and lower calcium affin-
ities of both forms.

3.4. Characterization of the FNCaMP ratiometric indicator in HeLa
cells

In HeLa mammalian cells FNCaMP responded to ionomycin-
induced elevations of calcium ions concentration with DF/F values
of 5.4 ± 2.2 and 5.2 ± 1.2 for LSS-Green and Green forms, respec-
tively (Fig. 4), and DR/R values of 41 ± 21. R-GECO1 co-expressed in
the same cells showed DF/F response value of 6.2 ± 2.0. The DF/F
responses of the LSS-Green and Green forms of FGCaMP7 were the
same or 2-fold larger than the responses of the respective forms of
the FNCaMP indicator (Fig. 4c). The responses of both forms of
FNCaMPwere the same, in contrast to FGCaMP7, whose Green form
had a response 2.2-fold larger than that for LSS-Green form
(Fig. 4c). Hence, in the cytosol of mammalian cells, FNCaMP had a
similar or 2.2-fold lower response to Ca2þ transients as compared
to the R-GECO1 and FGCaMP7 indicators, respectively.

3.5. Crystal structure of the FNCaMP indicator

To understand the molecular basis of FNCaMP's fluorescence
sensitivity to Ca2þ, we solved the crystal structure of FNCaMP in the
presence of Ca2þ at 2.42 Å resolution. FNCaMP has a monomeric
state in the crystal, supporting the biochemical data. The 68GYG70

chromophore is in cis configuration and forms five direct and three
water-mediated hydrogen bonds (H-bonds) with the neighboring
residues (Fig. 5a). The contacts of the OH group of the chromo-
phore's tyrosine with surrounding amino acids in the FNCaMP in-
dicator are different from those in the NCaMP7 indicator, while
both indicators are based on mNeonGreen protein. The phenolic
OH-group in the chromophore of the FNCaMP indicator forms one
direct H-bond with the SH-group of C334 and three water-
mediated bonds with the OH-group of S335, carbonyl groups of
C334 as well as NH-group of R389 (Fig. 5b). In opposite, in NCaMP7
174
it forms only three water-mediated interactions with other amino
acids. Since A164L and V237L substitutions in �5 positions before
the consensus motifs in calcium-binding EF-hands 1 and 3 in
FNCaMP0 caused about 5-fold acceleration of decay half-times in
neurons, we analyzed the surroundings of these substitutions
(Fig. 5c and d). Both L164 and V237 are located in the hydrophobic
pockets in the interface between M13-peptide and calmodulin in
the regions of the 1, 2, and 3 consensus calcium-binding motifs.
4. Discussion

Based on mNeonGreen protein and calmodulin from A. niger, we
created a ratiometric green calcium indicator, FNCaMP, and char-
acterized its properties in vitro, in mammalian cells, in neuronal
culture, and analyzed its crystal structure.

By many parameters, FNCaMP is inferior to FGCaMP7 including
lower contrast of Green form, lower affinity to Ca2þ and as a
consequence lower sensitivity in neuronal cultures. However,
FNCaMP has an advantageous NTnC-like design with the insertion
of calmodulin inside the FP, which ensures that N- and C-terminus
are remote from the calcium-binding domain of the sensor. Simi-
larly to FGCaMP7, calmodulin from fungus used in the FNCaMP
indicator ensures its inertness to the cytosolic environment of the
mammalian cells. Overall, the FNCaMP indicator could be further
improved, but still can be used for calcium imaging in mammalian
cells and neurons and provides an alternative platform for the
development of the ratiometric calcium indicator.

Using the crystal structure of FNCaMP, we explained the mo-
lecular basis of FNCaMP's function. We suggested that FNCaMP's
fluorescence sensitivity to Ca2þ may be provided by the interaction
of OH-group of Y227 from calmodulin with the phenolic OH-group
of the chromophore via H-bonds with C334 SH-group and K351
carbonyl group (Fig. 5a and b). The fluorescence sensitivity to cal-
cium ions in NCaMP7 [10] and GCaMP6m [26] was attributed to
similar interaction of the OH-group of the chromophore in the
fluorescent domain and corresponding Y225 and Y380 in the



Fig. 4. The response of the FNCaMP indicator to calcium transients in HeLa cells. (a) Confocal images of HeLa cells co-expressing green FNCaMP and red R-GECO1 (not shown)
indicators in LSS-Green and Green channels before (upper panels) and after 2.5 mM ionomycin addition (lower panels). (b) The graph illustrate changes in fluorescence of FNCaMP
and co-expressed R-GECO1 GECI in response to 2.5 mM ionomycin in the area indicated with white circle. Ionomycin addition is shownwith arrow. Scale bar: 10 mm. (c) Normalized
DF/F responses averaged across 5e8 cells and 3e4 cultures. Ns, not significant; p, the level of statistical significance; **, p-value is 0.001e0.01. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.)
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calcium-binding domain. We also suggest that the ratiometric
phenotype of FNCaMP, which consists in the protonation-
deprotonation of the OH-group of the tyrosine chromophore, is
probably provided with a hydrogen bond network between the
OH-group of the chromophore and hydroxyl-group of S336 and
further to water molecules and other residues of the FNCaMP
indicator.
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The crystal structure of FNCaMP allowed to explain why
changing the amino acids at the �5 positions before the consensus
motifs in calcium-binding EF-hands 1 and 3 in FNCaMP0 led to
faster kinetics in neurons for the FNCaMP indicator compared to
FNCaMP0 (Fig. 5c and d). The fluorescence response rate of the
calcium indicator depends on the association-dissociation rate
between calmodulin and M13-peptide [8]. The A317L mutation in



Fig. 5. Crystal structure of the FNCaMP indicator. (a) Chromophore environment in the FnCaMP structure prepared with Ligplot [29]. (b) The hydrogen bond network (dashed blue
lines), formed between OH-group of the chromophore, neigbouring amino acids and solvent molecules. (c,d) The environment of L169 (c) and L242 (d) residues within 8 Å. Residues
of the mNeonGreen, CaM, M13-peptide, and chromophore are colored in green, blue, yellow, and magenta, respectively. Solvent molecules and Ca2þ are shown as red and green
spheres, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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the calmodulin/M13-peptide interface of jGCaMP7f resulted in
faster flurescence respose to Ca2þ ions [8]. Thus, we can assume
that leucine substitutions (L164 and L237) positioned in the same
interface of FNCaMP cause the faster kinetics of the sensor.
Accession numbers

The coordinates and structure factor files of the FNCaMP indi-
cator was deposited into protein data bank (www.rcsb.org) with
the accession number PDB ID 8OSI.
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