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ABSTRACT: To monitor the Ca®* dynamics in cells, various genetically encoded
Ca®" indicators (GECIs) based on Forster resonance energy transfer (FRET)
between fluorescent proteins are widely used for live imaging. Conventionally,
cyan and yellow fluorescent proteins have been often used as FRET pairs.
Meanwhile, bathochromically shifted indicators with green and red fluorescent
protein pairs have various advantages, such as low toxicity and autofluorescence in
cells. However, it remains difficult to develop them with a similar level of dynamic
range as cyan and yellow fluorescent protein pairs. To improve this, we used
Gamillus, which has a unique trans-configuration chromophore, as a green
fluorescent protein. Based on one of the best high-dynamic-range GECIs,
Twitch—NR, we developed a GECI with 1.5-times higher dynamic range (253%),
Twitch—GmRR, using RRvT as a red fluorescent protein. Twitch—GmRR had SO?IVavelesn%oth (nm)7°° p—
high brightness and photostability and was successfully applied for imaging the

Ca’" dynamics in live cells. Our results suggest that Gamillus with trans-type

chromophores contributes to improving the dynamic range of GECIs. Therefore, selection of the cis—trans isomer of the
chromophore may be a fundamental approach to improve the dynamic range of green—red FRET indicators, unlimited by GEClIs.
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T o determine the role of Ca®* signaling at different based indicators also do not show significantly low intensity at
spatiotemporal scales, Ca** imaging technology has been low Ca’* levels that generally occur with most intesiometric
extensively developed and several Ca** indicators are currently single FP-based indicators, thus enabling the imaging of the
available for living cells. For example, fluorescent protein (FP)- distribution pattern of indicators localized in the subcellular
based genetically encoded Ca®" indicators (GECIs) using space with a high signal-to-noise ratio. Many of these
Forster resonance energy transfer (FRET) consist of a Ca® drawbacks and advantages relate to the usability of currently
sensing domain and a FRET FP pair fused to its termini. Ca**- available indicators rather than their fundamental nature, but
dependent structural changes in the Ca**-sensing domain they are important points for the development of practically

cause a shift in the relative distance and orientation of the useful indicators.

terminal FRET FP pair, resulting in reciprocal fluorescence Cyan FPs (CFPs) and yellow FPs (YFPs) are the most
intensity changes owing to the changes i.n the FRET efficiency. widely used pairs for the development of FRET-based
Co@pared tf’ smglt? FP—basefI indicators, FR_ET—based indicators. To date, they and their circular permutants are
1gd1cators, Whl-Ch require .twoloptlcal channe.ls, are disadvanta- used in FRET-based indicators with high dynamic range, such
gious for multicolor imaging.” FRET-based indicators are also as the Cameleon and Twitch series with calmodulin-M13 and
inferior to single FP-based indicators with smaller intensity troponin C (TnC) derivative as the Ca?* sensing domains

Fhan_ges and slower hnehc_s ’ Howeve_r, they_ can perform respectively.z_4 However, the violet excitation light of CFP for
imaging free from any intensity fluctuations owing to changes

in the indicator concentration and focal position by generating
an intensity ratio image between the FRET acceptor and donor Received:  November 11, 2023
channels. Although intensity-independent imaging with single Revised:  February 29, 2024
FP-based indicators is possible using fluorescence lifetime Accepted: - March 6, 2024
imaging microscopy (FLIM) or excitation-ratiometric indica- Published: March 22, 2024
tors, these require complicated and expensive optical setups or

currently have a limited number of indicators available. FRET-
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Figure 1. Ca®* response of Twitch—GmRR and the other variants. Fluorescence spectra in the absence (10 mM EGTA) and saturated Ca** (1 mM
CaCl,) conditions are indicated by blue and red lines, respectively, for Twitch—GmtT (A), Twitch—GmRR (B), and Twitch—NR (C). (D)

Dynamic range of the green—red Twitch variants. Dynamic range was calculated using the following formula: %, where R_¢, and R,¢,

—Ca

indicate the fluorescence intensities ratio in the absence of Ca** and with saturated Ca®, respectively (n = 4, error bar represents + SD).

FRET imaging can lead to problems, such as cell phototoxicity,
autofluorescence of cell components, and scattering in
tissues.”~ To address this situation, bathochromically shifted
FRET indicators with green FP (GFP) and red FP (RFP) pairs
have been developed for several types of indicators, including
GECIs."™"? Although they induce a change in acceptor/donor
intensity ratio in response to the change in concentration of
their targets, their dynamic range is significantly smaller than
that of the CFP—YFP FRET-based GECIs with an over 500%
dynamic range. To im%prove this situation, we aimed to use a
new GFP, Gamillus."” Gamillus has a chromophore in the
trans configuration that is isomeric to the chromophores of
general GFPs in the cis configuration. In some cases, mRuby?2
or mRuby3 with chromophores in the trans configuration have
been used as GFP—RFP FRET-based indicators.*~'° However,
donor FP with chromophores in the trans configuration has
not yet been used for the development of GFP—RFP FRET-
based indicators. Expecting the chromophore of the donor
with a trans configuration and high quantum yield (0.9) to
change this situation, we developed a GFP—RFP FRET-based
GECI using Gamillus without circular permutation as a donor
in this study.

B RESULTS AND DISCUSSION

Optimization of the Linker Sequence of the
Gamillus—tdTomato FRET GECI. Following the recently
developed high-dynamic-range GECIs with circularly per-
muted green and normal red FP pairs, Twitch—NR,"" we used
a Ca**-sensing domain derived from TnC. Gamillus and
tdTomato, which showed high FRET efficiency in the tandem
fusion construct with Gamillus (Text S1; Table S1; Figure S1),
were fused to the N- and C-termini of TnC, respectively. In the
design of FRET-based GEClISs, linker sequences influence their
performance. In the case of Twitch—2B, which is the ancestral
cyan—yellow FRET GECI of Twitch—NR, the linker
sequences were optimized by screening, and their helical
motifs were well-integrated into the Ca**-bound TnC in the
crystal structure to be compact, resulting in high FRET
efficiency.”'* To investigate the effect of these linkers (VADA
and PIYP linkers located at the N- and C-termini of TnC,
respectively) on the Gamillus—tdTomato FRET GECI, we
tested constructs with and without them in vitro. In addition to
the full-length FPs, we also used FPs with deletion of the
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flexible end (Gamillus with C-terminal 9 amino acid deletion
(GamillusAC9) and tdTomato with N-terminal 11 amino acid
deletion (tdTomatoAN11)) to reduce the influence of the
flexible terminal regions on the spacing of the FPs. Comparing
the cases with and without linkers, the latter tended to have a
higher dynamic range of intensity ratios between the —Ca®*
and saturated Ca®** conditions (Figure S2). For constructs
without linkers, the dynamic range was higher in the case of
terminally deleted FPs. As a further attempt, we measured the
case with only the C-terminal PIYP linker, which is expected
from the determined structure to contribute to the reduction
of the dynamics in the Ca**-bound state.'* Fortunately, this
construct GamillusAC9—TnC—PIYP—tdTomatoAN11
(Twitch—GmtT) had a higher dynamic range than the others
(Figure S2). It is not easy to find a strict interpretation, but the
intensity ratio in the —Ca®" and saturated Ca®>* conditions
suggests that the lower intensity ratio in the —Ca** condition
contributed to a higher dynamic range (Figure S3).
Substitution of tdTomato with the High Quantum
Yield Variant, RRVT. There is a variant of tdTomato called
RRvT, which has a slightly lower molar extinction coefficient
(tdTomato 138 X 10% RRvT 134 X 10° M™' cm™), but a
higher quantum yield (tdTomato 0.69; RRvT 0.88)."
Although theoretically the FRET efliciency is not affected by
the quantum yield of the acceptor FP, a higher quantum yield
resulting in higher sensitized emission has the potential to
improve the dynamic range for the ratio imaging.'®™'* To test
this possibility, we generated Twitch—GmRR by substituting
the tdTomato moiety in Twitch—GmtT with N-terminally
deleted RRvT (Table S2). This substitution had a beneficial
effect and Twitch—GmRR showed a higher dynamic range
(253%) than the ancestral Gamilus-tdTomato FRET GECIs
(less than 101%) (Figure 1A, B, and D; Figure S2). Twitch—
GmRR showed a much larger decrease in the donor
fluorescence from —Ca** to saturated Ca®>" conditions
(approximately 2-fold) than Twitch—GmtT, suggesting a
large change in FRET efficiency. This implies that the
improvement in Twitch—GmRR is due to a large contribution
from the effect of the configuration change, including the
relative orientation of the chromophores. We also directly
compared the dynamic range with that of Twitch—NR, which
has been reported to show large changes in FRET efficiency
between the Ca*-resting and Ca**-saturated states.'' Com-
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Figure 2. Characteristics of Twitch—GmRR. (A) Ca** titration curve measured in vitro (n = 3, Error bar represents + SD). (B) Dot plot overlaid
on a box plot of the relative fluorescent intensity of Twitch—NR and Twitch—GmRR to the reference miRFP for donor and acceptor channels in
HeLa cells. Black diamonds indicate the mean values (*p < 0.0S, two-sided Wilcoxon rank-sum test; n > 173 cells for each). Results for 190 cells
from 34 dish cultures and 174 cells from 34 dish cultures are shown for Twitch—NR and Twitch—GmRR, respectively.

pared to Twitch—NR with 168% dynamic range, Twitch—
GmRR had 1.5-times higher dynamic range of 253% (Figure
1C and D), indicating the desirable effects of the trans
chromophore of Gamillus. Variants of Twitch—GmRR in
which the Gamillus moiety was replaced by other GFPs,
mNeonGreen, or EGFP had less than half the dynamic range
of Twitch—GmRR (Figure S4). This supports the idea that the
improvement is due to the effect of the trans chromophore
GFP rather than the contribution of the generally better
property of the FRET acceptor RRvT in any GFP.
Characterization of Twitch—GmRR. To assess the
applicability of Twitch—GmRR for live-cell imaging, we
characterized its properties. We analyzed its affinity for Ca®"
in solution via Ca®' titration, and the determined K, value
(1.41 uM) was larger than that of Twitch—2B (128 nM in this
work and 200 nM in the reference paper, respectively) and
Twitch—NR (610 nM in the reference paper) (Figure 2A;
Table 1). This Ky value was comparable to the Ky values of

Table 1. Ca>* Affinities of Different Twitch Variants

Ky (nM) ref
Twitch—2B 128 this work
200 11
Twitch—NR 610 11
Twitch—GmRR 1410 this work

Twitch-based GFP—RFP FRET GECIs, which emerged during
the development of Twitch—NR but were not further
improved because their high K; values made them unsuitable
for neuronal imaging.'' The larger K values of Twitch—NR
and Twitch—GmRR can be explained by their larger kg than
Twitch 2B (Figure SS). Twitch—NR and Twitch—GmRR at 20
UM showed elution volumes corresponding to the molecular
weight estimated from the amino acid sequences by size
exclusion chromatography, supporting the monomeric state, at
least up to this concentration range (Figure S6).

To evaluate the fluorescence intensities in mammalian cells
for FRET ratio imaging, we compared the intensities of
Twitch—GmRR and Twitch—NR, whose Kj is an intermediate
between that of Twitch—2B for cytosolic imaging and our
Twitch—GmRR, in HeLa cells. Cells were coexpressed Twitch
and reference miRFP using P2A peptide linker, and the
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intensities of the Twitch variants normalized to those of
miRFP were compared for both the donor and acceptor
detection channels under donor excitation. For both the donor
and acceptor channels, Twitch—GmRR showed a significantly
higher intensity than that of Twitch—NR (Figure 2B). The
averaged intensities of Twitch—GmRR for the donor and
acceptor channels were 2.2- and 4.2-times greater than those of
Twitch—NR, respectively, and the greater difference in the red
channel is thought to be due to the higher FRET efficiency of
Twitch—GmRR. In addition to the intensity, we evaluated the
photostability of the Twitch variants. The photobleaching time
constants of Twitch—GmRR (donor: 9149 s; acceptor: 1672 s)
under donor excitation were longer than those of Twitch—NR
(donor: 1560 s; acceptor: 1012 s) for both donor and acceptor
channels (Figure S7). The large difference in donor photo-
stability (approximately S5.9-times) reflects the higher photo-
stability of Gamillus than that of circularly permuted
mNeonGreen. Considering the less photostability of Gamillus
than normal mNeonGreen reported by direct comparison,'”
this would be due to the effect of introducing circular
permutation into mNeonGreen, suggesting the advantage of
using noncircularly permuted FPs. Notably, the large difference
between the donor and acceptor photostabilities in Twitch—
GmRR can cause a time-dependent decrease in the intensity
ratio owing to the faster photobleaching of the RRvT for
imaging in a photobleaching-dominant environment.
Time-Lapse Ca®* Imaging of Live Cells with Twitch—
GmRR. To evaluate the in-cell response of Twitch—GmRR, we
performed imaging of histamine-induced Ca** concentration
changes in living HeLa cells, which is conventionally used as a
proof-of-concept experiment to evaluate GECIs in the
cytosol.”’ After stimulation using the histamine solution, the
fluorescence intensity ratio in HeLa cells expressing Twitch—
GmRR was immediately increased, and a subsequent
oscillation of a smaller ratio was observed, similar to that of
GECIs for the cytosol (Figure 3A and B; Figure S8). Although
the Ky (1.41 uM) is slightly higher than the estimated
concentration range of histamine-induced Ca®>" changes in
HeLa cells (100 nM to 1 uM),”" Twitch—GmRR showed an
increase in the ratio. The ratio difference of the first peak from
the baseline (R,,,, — R,) averaged approximately 80% of that of
the baseline (R,). Subsequent Ca®" oscillations were also
detected as independent peaks, indicating that Twitch—GmRR
has a temporal resolution comparable to that of previously
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Figure 3. Ca** imaging of the histamine response in HeLa cells expressing Twitch—GmRR and Twitch—NR. Representative time-lapse imaging
results of HeLa cells expressing Twitch—GmRR (A, B) or Twitch—NR (C, D). (A, C) Time course of the fluorescence ratio (green/red) in the
area enclosed by the yellow ellipsoids on the cell in images B or D. Timing of histamine solution addition is indicated by red arrows. (B, D)
Fluorescence ratio images immediately before (left) and after (right) the addition of histamine solution. Images were displayed by IMD (Intensity
Modulated Display mode) in 8 ratios with 32 intensities. Scale bar: 20 ym. (E, F) Dot plot overlaid a box plot of the ratio difference of the first

Rinax = Ro

Ry

peak from baseline (R, — Ry) (E), and the dynamic range

(F) of Twitch—NR and Twitch—GmRR. Black diamonds indicate the mean

values (*p < 0.05, two-sided Wilcoxon rank-sum test; n = 87 cells for each). Results for 87 cells from 12 dish cultures are shown for both Twitch—

NR and Twitch—GmRR.

developed GECIs for cytosolic Ca*" imaging. Compared to
Twitch—NR, which could also detect the histamine response
(Figure 3C and Dj; Figure S8), the average R, — R, value of
Twitch—GmRR was 2.5-times higher (Figure 3E). In principle,
when Ky was largely shifted away from the range of Ca’*
changes in the target phenomena, the ratio change became
smaller. Therefore, the larger R ,,, — Ry of Twitch—GmRR,
despite its larger Ky shift than that of Twitch—NR, must be
attributed to the larger dynamic range of Twitch—GmRR.

Boax=Ro for the first peak of

Meanwhile, the dynamic range

0

Twitch—GmRR was 0.94-times that of Twitch—NR (Figure
3F), which was caused by the higher baseline ratio of Twitch—
GmRR (Figure 3A and C). Further experiments are needed to
more accurately assess the dynamic range in the cells. Here, we
intentionally selected an inappropriate Ca** range for Twitch—
GmRR to evaluate its versatility for cytosolic imaging.
However, when imaging for the appropriate Ca®" range, such
as mitochondrial Ca** dynamics, which was imaged by GEClIs
with uM K,,** a much higher ratio change can be expected.
Further modifications, mainly in the sensing domain, are
required to generate affinity variants of Twitch—GmRR for
efficient Ca’" sensing in different Ca* ranges.

B CONCLUSION

In this study, we developed a GECI with a new green—red
FRET pair using GFP Gamillus with a unique trans-
configuration chromophore as the FRET donor. We expected
an improvement in the dynamic range greater than that of
Twitch—NR, the current best performing green—red FRET.
We combined Gamillus-based Twitch with RRvT. The
Twitch—GmRR indicator had 1.5-times the dynamic range of
Twitch—NR. Compared to the effort to develop Twitch—NR,
which includes the selection of circularly permuted fluorescent
proteins and linkers using an excellent screening system, the
development of Twitch—GmRR was easier and it surpassed the
dynamic range of other GFP—RFP FRET GECIs with fewer
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candidate noncircularly permuted FPs and linker combinations
without iteratively looping the screening. Looking back at the
exploration of GFP—RFP pairs with high FRET efficiency,
RFPs with trans-configured chromophores (mRuby2 and
mRuby3) have contributed to the generation of higher
FRET pairs with GFP with a cis-configured chromophore.”~ "’
Similarly, the trans chromophore in Gamillus may improve the
dynamic range by modulating the FRET efficiency by changing
the relative orientation of the chromophores due to changes in
the cis—trans configuration. Therefore, the choice of the cis—
trans isomer of the chromophore is important for the
improvement of FRET indicators consisting of FPs, as is the
selection of circular permutants and linker length. Although
circular permutants of Gamillus with imaging quality are not
currently available, once they are developed, the search space
for improvement will expand, with a possibility to overcome
this obstacle, which cannot be overcome by GFPs with cis-
configuration chromophores.

Here, Twitch—GmRR showed superiority in sensing the
dynamic range in vitro; however, its FP components have some
drawbacks. Gamillus has a reversible photoswitching property
that causes fluorescence to switch off under strong excitation
light irradiation. Therefore, suppression of excitation light
intensity or simultaneous irradiation of light within the
wavelength range for switching on is required to prevent
fluorescence attenuation.'” RRvT is a tandem dimer
fluorescent protein.'®> As the larger molecular size of the red
FP moiety may cause problems such as fusion with other
proteins or signal peptide sequences, the molecular design
should be well considered. In addition, tdTomato, an ancestral
FP of RRvT, exhibits slow maturation, resulting in cell diversity
of maturation stages in transient expression, thereby affecting
the FRET efficiency.””> RRvT also requires a sufficient
maturation time before the quantitative imaging of transiently
expressed cells. Therefore, further improvement of Gamillus
and RRvT can facilitate stable and user-friendly imaging by
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improving Twitch—GmRR or the newly developed Gamilus-
RRvT FRET-based indicators in the future.
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