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Editorial on the Research Topic

Visualization of molecular dynamics in live cells by fluorescent protein-

based biosensors

Cells continuously respond to a variety of stimulations, such as extracellular ligands,

cell-cell interactions, and mechanical signals. These extracellular signals are received by

membrane receptors, including ion channels, receptor tyrosine kinases (RTKs), G

protein-coupled receptors (GPCRs), integrins, cadherins, and other adhesion

molecules (Pierce et al., 2002; Kholodenko, 2006; Horwitz, 2012). They are translated

and transferred into the cells through signaling pathways, for example, kinases and

phosphatases, second messengers such as cAMP and Ca2+, small GTPases, and

transcription factors. The spatiotemporal interactions of these signaling molecules

control complex cellular processes such as differentiation, cell migration, proliferation,

and survival. Genetically encodable fluorescent protein (FP)-based biosensors have been

developed for the real-time monitoring of molecular dynamics with the high

spatiotemporal resolution, and applied to understand underlying mechanisms of

complex cellular processes (Zacharias et al., 2000; Wang et al., 2008; Kim et al., 2021;

Dong et al., 2022). Recent advances in the development and applications of the FP-based

biosensors are introduced in the current topic entitled Visualization of molecular

dynamics in live cells by fluorescent protein-based biosensors.

First, Zhou et al. revealed signaling dynamics in T cells after the activation of the

chimeric antigen receptor (CAR) specific to the thyroid-stimulating hormone receptor

(TSHR). Utilizing fluorescent resonance energy transfer (FRET)-based biosensors, they

can observe rapid activation of ZAP70 kinase and ERK in TSHR CAR-T cells upon

binding to target cancer cells, thus the efficacy of CAR-T cells can be investigated by FRET
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imaging. Second, the FRET technology was also applied by Fang

et al. to visualize the ERK activation upon cyclic mechanical

stretch in airway smooth muscle cells via mechanosensitive Ca2+

channels. Furthermore, Kim et al. showed that the Piezo1-

induced Ca2+ influx mediates membrane ruffling and cell

survival through PKA, ERK, Rac1, and ROCK activity.

Different fluorescent biosensors were applied to investigate

various signaling dynamics in live cells, and membrane

ruffling was analyzed by spatiotemporal image correlation

spectroscopy (STICS). Finally, Kim et al. reviewed a variety of

fluorescent biosensors with different sensing strategies such as

bioluminescence resonance energy transfer (BRET), FRET,

circular permuted FP (cpFP), and nanobody, for the real-time

monitoring of each stage of GPCR activation. Thus, a broad

range of dynamic signaling events in response to different

extracellular stimuli can be monitored and tracked by live-cell

imaging with advanced fluorescent biosensors.

The dynamic molecular interactions are tightly controlled in

space and time. Thus, it is critical to monitor the real-time

molecular events by fluorescent biosensors in subcellular

regions. Ku et al. monitored the movement of chromatin in

the nucleus by single-particle tracking of CRISPR/dCas9-tagged

FP in live cells and reported the effects of transcription-

dependent physical perturbations on the chromosome

dynamics. In addition, Karasev et al. compared different

nuclear localization signals (NLSs) with different importin

specificities and identified uncommon NLSs optimized for

neurons. They utilized these NLSs to develop an optogenetic

tool for the nuclear export of proteins. Kim et al. reviewed the

optimization processes for the development of FRET-based

biosensors and discussed the available subcellular targeting

sequences for fluorescent biosensors. These localization

sequences include nuclear export signal (NES), NLS,

mitochondrial targeting sequence, the signals for membrane

microdomains and outside plasma membrane, and ER

retention sequence. The correct subcellular localization of

fluorescent biosensors is critical for the sensitive monitoring

of subtle but essential physiological molecular events.

It has been significant efforts for the development of

enhanced FPs and new fluorescent biosensors with diverse

colors. Rad et al. explored the residues of a voltage-sensing

domain to increase voltage sensitivity of the current

genetically encoded voltage indicators (GEVIs) and developed

Plos6-vs with improved dynamic range and faster response

kinetics. Wu et al. reviewed fluorescent indicators for

detecting monatomic ions such as Ca2+, Zn2+, K+, Na+, H+,

Cl−, Cu+, and toxic ions. They introduced various sensing

strategies utilizing different colors of FPs, such as red, far-red,

and near-infrared (NIR). Matlashov et al. developed a genetically

encoded calcium indicator (GECI) based on FRET between

miRFP670nano and miRFP720, iGECInano, which shows

enhanced brightness and photostability and faster response

kinetics. This NIR GECI allows spectral crosstalk-free

combinations with green-colored biosensors. Finally, Ning

et al. introduced Crimson, a bright, nontoxic, and non-

aggregating red FP. The membrane-targeted Crimson-CAAX

allows long-term labeling of thin neurites, dendritic spines,

and filopodia in neurons and can be applied together with

green-colored probes. The multicolor fluorescent biosensors

will allow a deeper understanding of the complex molecular

dynamics of multiple signaling events.

In summary, the current topic, composed of eight research

articles and three review articles, introduces recent progresses in

FP-based biosensors and their applications for the visualization

of spatiotemporal molecular dynamics in live cells. The further

development of advanced biosensor technologies and their

applications in live-cell imaging will pave the way for the

future discovery of the underlying mechanisms of complex

molecular dynamics crucial for cell functions.
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Althoughmost patientswith thyroid cancers have goodprognosis and long-term survival, some
patients are refractory to traditional therapeutic approaches and face a high risk of mortality.
CAR-T therapy provides an attractive strategy to treat these patients. Considering the limited
expression in thyroid tissues, thyroid-stimulating hormone receptor (TSHR) has been
considered as a promising candidate as CAR-T target. However, it is still a challenge to
find the optimal CAR design for the treatment of thyroid cancers. Dynamic signaling cascade is
initiated by CAR molecules during CAR-T cell activation. The development of FRET-based
biosensors enables us to detect the signaling dynamics of key kinases during CAR-T cell
activation with high spatiotemporal resolution. Here using the ZAP70 and ERK biosensors, we
visualized the dynamics of ZAP70 and ERK activities in TSHR-specific CAR-T cells upon
antigen stimulation. We first constructed several TSHR-targeting CARs for the treatment of
advanced thyroid cancers. The TSHRCAR-T cellswithCD28or 4-1BBco-stimulatory signaling
domains exhibited potent cytotoxicity in vitro. By FRET imaging, we observed rapid increase of
ZAP70 and ERK activities in TSHR CAR-T cells upon target cell binding. Even though CD28-
based CAR-T cells had similar ZAP70 activation dynamics as 4-1BB-based CAR-T cells, they
displayed slightly enhanced ERK activation, which may contribute to their faster anti-tumor
kinetics in vivo. These results demonstrated the efficacy of TSHRCAR-T cells to treat advanced
thyroid cancers. Our study indicated the potential of applying FRET biosensors to optimize the
design of CAR for effective CAR-T therapy.

Keywords: FRET, ERK, ZAP70, CAR-T, TSHR, thyroid cancer

INTRODUCTION

Thyroid cancer is the most common endocrine cancer and accounts for 3% of the new cancer cases
worldwide in 2020 (Sung et al., 2021). Majority of thyroid cancers are differentiated thyroid cancers
(DTC, 94%), which mainly include papillary thyroid cancer (PTC, 80% of all cases), and follicular
thyroid cancer (FTC, 15% of all cases). Although most patients with DTCs have excellent prognosis
after radical surgery and radioactive iodine (RAI) treatment, a small fraction of them (about 20%)
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may develop into advanced stage DTCs after tumor recurrence
and metastasis, which may require reoperation. Large amount of
fibrous and scar tissue in the surgical field will bring difficulties to
the reoperation, which increases the incidence of permanent
nerve injury and hypoparathyroidism, especially for patients
who needs central lymph nodes dissection and/or cervical
lymph nodes dissection again. It is reported that the incidence
of permanent hypocalcemia and permanent vocal cord paralysis
after re-dissection of cervical lymph nodes can be as high as 4.9
and 17.8% respectively, which may seriously affect the quality of
patients’ life. For such patients, exploring a new non-invasive
treatment method is of great value. In addition, 5–10% of DTC
cases with recurrence and metastasis are resistant to traditional
therapy and suffer a high risk of mortality. It is reported that
patients with refractory DTCs have less than 50% of 5-years
survival rate (Laha et al., 2020). For these patients, it is urgent to
explore new treatment methods.

Chimeric antigen receptor T (CAR-T) therapy represents a
novel therapeutic approach and has achieved significant progress
in treating hematological malignancies. The canonical CAR
structure includes an scFv domain responsible for antigen
recognition, a hinge and transmembrane domain, and a
combined co-stimulatory and activation domain that initiates
T cell activation. CAR molecules can reprogram T cell to
recognize and eliminate tumor cells expressing specific
antigens (van der Stegen et al., 2015). Although many
challenges remain, experimental and clinical studies have
shown some positive outcomes of CAR-T therapy for solid
tumors (Newick et al., 2017). For advanced thyroid cancers,
recent studies demonstrated that CAR-T therapy has potential
therapeutic efficacy in treating anaplastic thyroid cancer (ATC)
and medullary thyroid cancer (MTC) in preclinical models (Min
et al., 2017; Bhoj et al., 2021).

Successful application of CAR-T therapy requires specific
recognition of tumor cells. However, most solid tumors,
including thyroid cancer, lack tumor-specific antigens that
could be used to precisely distinguish tumor and normal tissue
cells. Some tumor-associated antigens (TAA) have been used
as CAR-T cell targets, while the risk of tumor relapse or severe
on-target/off-tumor toxicity has to be evaluated carefully. As
an alternative, lineage-specific antigens may be considered as
targets of CAR-T cells in solid tumors as long as complete
tissue eradiation is tolerant (Newick et al., 2017; Kosti et al.,
2018). The thyroid-stimulating hormone receptor (TSHR) is a
surface glycoprotein receptor whose expression is highly
restricted to thyroid tissues. Evidence has shown continued
high expression of TSHR in the majority of DTCs, including
90.8% in PTC, 89.2% in FTC, 78.2% in the cervical lymph
node metastases, and 86.7% in the RAI-resistant metastases.
These features suggest the potential of TSHR as CAR-T
therapy targets for the treatment of advanced stage DTCs
(Davies et al., 2002; Rowe et al., 2017).

Currently, the second-generation CARs that incorporate
CD28 or 4-1BB signaling domains are the most prevalent
CAR designs. Both CD28 and 4-1BB-based CAR-T cells can
achieve complete tumor eradiation in clinical studies of refractory
B cell malignancies. However, the different co-stimulatory

domains have endowed CAR-T cells with distinct anti-tumor
kinetics. CD28-based CAR-T cells often show rapid tumor
eradiation with less persistence. In contrast, 4-1BB-based
CAR-T cells often have less cytotoxic effect while persist
longer in vivo (Feucht and Sadelain, 2020). Therefore, in the
context of different solid tumors, the anti-tumor functions of
CD28 and 4-1BB-based CARs may vary.

Nowadays, the development of genetically-encoded, FRET-
based biosensors makes it possible to investigate kinetics of key
signaling molecules in live cells with high spatiotemporal
resolution. Recent studies have demonstrated that FRET-based
biosensors can be used to monitor dynamics of some key
molecules responsible for T cell activation (Xiang et al., 2011;
Li et al., 2016; Wan et al., 2019). Particularly, CAR structures with
modified CD3ζ domains were shown to induce different Zeta-
chain-associated protein kinase 70 (ZAP70) activation kinetics in
CAR-T cells upon antigen stimulation (Liu et al., 2021).

In this study, we designed CAR-T cells targeting TSHR and
evaluated their efficacy for the treatment of metastatic thyroid
cancers both in vitro and in vivo. Using FRET-based biosensors,
we further quantified and compared the dynamics of ZAP70 and
Extracellular signal-regulated kinase (ERK) signals in CD28 and
4-1BB-based CAR-T cells upon antigen stimulation. As a
member of the Syk family of thrysine kinases, ZAP70 plays a
crucial role in regulating T cells activation. After antigen
engagement, ZAP70 is recruited to the phosphorylated CD3ζ
subunits, where it is activated by LCK kinase and facilitates
downstream signal amplification (Wang et al., 2010). Previous
studies have suggested ZAP70 signal as a rate-limiting step in
CAR-T cells activation. Insufficient activation of ZAP70 signal
was thought to impair CAR-T cells functions (Gudipati et al.,
2020). The ERK signal is considered as one of the main hubs to
transduce proximal signals into nucleus during T cell activation.
It is thought to exhibit a switch-like functions and the transient or
persistent ERK dynamics could induce distinct gene expressions.
The dynamics of ERK signal have been finely tuned by
spatiotemporal networks to control cell fate decisions (Purvis
and Lahav, 2013; Rohrs et al., 2020). Inside T cells, the ERK
pathway is initiated by Rac-1 after the activation of Linker for
activation of T cells (LAT), whose phosphorylation by ZAP70
makes it recruit multiple effector molecules for signal
propagation. We found that TSHR binding elicits activation of
ZAP70 and ERK in both CD28 and 4-1BB-based TSHR CAR-T
cells. While two types of CAR-T cells had similar ZAP70 activity,
different co-stimulatory signals resulted in distinctive ERK
activation dynamics. This may be responsible for their
different anti-tumor kinetics in mice.

MATERIALS AND METHODS

Cell Lines
293T cells, Jurkat T cells and K562 cells were obtained from
ATCC. Thyroid cancer cell line 8505c cells was obtained from
DSMZ (German Collection of Microorganisms and Cell
Cultures). 293T cells and 8505c cells were cultured in high
glucose DMEM medium with 10% fetal bovine serum (FBS)
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and 1% penicillin/streptomycin (P/S). Jurkat T cells (clone E6-1)
and K562 cells were cultured in IMDM medium with 10% FBS
and 1% P/S. All cells were maintained in 5% CO2 at 37°C.

Plasmids Construction
All plasmids were constructed using ClonExpress II One Step
Cloning Kit (Vazyme, Nanjing, China) following
manufacturer’s instruction. Retrovirus plasmids encoding
TSHR-specific CARs were constructed by inserting the
CAR constructs into SFG γ-retroviral vector. For detection
of CAR expression, a sequence encoding green fluorescence
protein (GFP) was linked in the C-terminus of CAR by a P2A
peptide. Plasmids used for cell line transduction were
constructed in lentiviral vectors. To prepare the plasmid
co-expressing TSHR and luciferase, the sequences encoding
TSHR and luciferase reporter were linked by a P2A peptide.
The ZAP70 and ERK biosensors were reported by previous
studies. The ZAP70 biosensor used the peptide
(SREYACISGEL) as ZAP70 substrate (Liu et al., 2021). The
ERK biosensor used the peptide
(PDVPRTPVDKAKLSFQFPF) as ERK substrate (Komatsu
et al., 2011). For co-expression of ZAP70 biosensor or ERK
biosensor and CARs in Jurkat T cells, the CAR construct was
introduced in the C-terminus of biosensor sequence using a
P2A peptide.

T Cell Isolation and Transduction
Human blood was obtained from healthy donors with written
approval. PBMC was isolated using human lymphocyte isolation
kit (Dakewe, Shenzhen, China). T cells were further purified using
Pan T cell isolation kit (Miltenyi Biotec, Bergisch Gladbach,
Germany) and cultured with X-VIVO 15 medium (Lonza)
supplemented with 10% FBS, 1% P/S, 5 ng/ml IL-7
(Novoprotein, Shanghai, China) and 5 ng/ml IL-15
(Novoprotein). Immediately after T cell isolation, they were
stimulated with CD3/CD28 T cell Activator Dynabeads
(Invitrogen, Carlsbad, United States) at a ratio of 1:1. T cells
transduction was performed after 48 h. Retrovirus was produced
from 293T cell lines. T cells were transduced with retrovirus
supernatants in retronectin (Takara, Otsu, Japan)-coated plates.
To enhance transduction efficiency, the plates were centrifuged
with 3000 rpm for 90 min.

In vitro Cytotoxic Assay
CAR-T cells were co-cultured with 5×104 target cells at
different effector/target (E/T) ratio in target cell medium in
black-walled 96 well plates. After 18 h, the cells were treated
with D-luciferin (GoldBio, St. Louis, United States). Emitted
light was detected by a luminescence plate reader (Thermo
Varioskan Flash). Lysis percentage was calculated as [1-
(luminescence intensity of each sample)/(luminescence
intensity of target cells alone)] ×100.

Flow Cytometry
For cytokines and exhaustion markers analysis, CAR-T cells were
stimulated with irradiated 8505c-TSHR cells for 24 h. The BD
Cytometric Bead Array (CBA) kit were used to quantify the

secretion level of IL-2, TNFα and IFN-γ of the supernatant of
CAR-T cells following manufacturer’s instruction. For
intracellular cytokines staining, the Golgi plug protein
transport inhibitor Brefeldin A (eBioscience, San Diego,
United States) was added into the cultured medium 4 h before
detection. T cells were then fixed and permeabilized with Fixation
and Permeabilization kit (BD Biosciences, San Jose, United
States) according to manufacturer’s instruction. The following
antibodies were used: FITC mouse anti-human TSHR (Santa
Cruz Biotechnology, Santa Cruz, United States), Human IL-2
Flex Set (BD Biosciences), Human TNF Flex Set (BD
Biosciences), Human IFN-γ Flex Set (BD Biosciences), BV421
rat anti-human IL-2 (BD Biosciences), PE-Cy7 mouse anti-
human TNFα (BD Biosciences), PE-Cy7 anti-human CD279
(PD-1) (eBioscience), eFluor 450 anti-human CD223 (LAG-3)
(eBioscience). Flow cytometry was performed on a CytoFLEX LX
cytometer (Beckman Coulter, Brea, United States). A moflo
Astrios EQ cell sorter (Beckman Coulter) was used for cell
sorting. Data were analyzed with FlowJo software (FlowJo
LLC, Ashland, United States).

Animal Experiments
Six- to 12-week-old NOD/SCID/IL-2Rγnull (NSG) mice were
obtained from Jihui Shanghai and housed in the Animal Core
Facility at Westlake University. All procedures followed the
Institutional Animal Care and Use Committee (IACUC)
guideline. For the in vivo anti-tumor assay, mice were
intravenously injected with 1×106 8505c-TSHR cells
followed by 0.5×106 CAR-T cells the next day. To monitor
tumor burden, mice were treated with 200 μL of 15 mg/ml
D-luciferin by intraperitoneal injection. Bioluminescence
imaging was performed using the Optima small animal
imaging system (Biospace Lab, Paris, France).

Image Acquisition and Analysis
Time-lapse imaging was performed with a Nikon Eclipse Ti
inverted microscope. A Tokai Hit ST Series Stage Top
Incubator was used to maintain a 5% CO2 at 37°C for cells
during imaging. The W-VIEW GEMINI imaging splitting optics
(Hamamatsu Photonics, Hamamatsu, Japan) with a 438/29 nm
excitation filter, a 474/40 nm emission filter, a 535/25 nm
emission filter, an iXon Ultra 897 EMCCD camera (Andor
Technology, Belfast, United Kingdom) was used to acquire the
ECFP and FRET fluorescent signals simultaneously. CAR-Jurkat
T cells co-expressing ZAP70 or ERK biosensor were generated by
lentivirus transduction. To monitor ZAP70 or ERK signal
dynamics upon antigen stimulation, CAR-Jurkat T cells were
dropped on the glass-bottom dishes coated with K562-TSHR
cells. From that time on, images were acquired at an interval of
30 s for 40 min. The imaging data were analyzed by Fluocell
software. The ECFP/FRET ratio of ZAP70 biosensor or the FRET/
ECFP ratio of ERK biosensor for each cell was normalized before
comparison.

Statistics
Statistical analysis was performed using GraphPad Prism 8
software. An unpaired, two-tailed student’s t-test were used to
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determine the statistical differences between two groups. A
Kaplan-Meier curve and the log-rank test were used to
compare the survival differences between the groups in
animal experiments. A p value < 0.05 was considered to be
statically significant.

RESULTS

Design of CAR Constructs Targeting TSHR
Based on a second-generation CAR construct we investigated the
feasibility of CAR-T cells in treating TSHR-positive thyroid cancers.
In our design, the ectodomain of CARs was a single chain variable
fragment (scFv) that recognize TSHR, and the endodomain
contained a CD28 or 4-1BB-derived costimulatory domains and
CD3ζ-derived activation domain. To evaluate the expression level of
CARs, a green fluorescence protein (GFP) was introduced
downstream of CAR through a P2A self-cleavage peptide
(Figure 1A). Although not strictly correlated, the expression of
GFP could be used to estimate CAR expression level. To find the
optimized scFvs, we constructed and compared scFvs from two anti-
TSHR monoclonal antibodies (K1-70 and KSAb) that have been
previously reported. As the arrangement of variable heavy chain
(VH) and variable light chain (VL) fragment may largely affect the

antigen recognition property, scFvs with different VH-VL
arrangements were constructed for each antibody. Thus, four
CD28-based CAR constructs with different scFvs (referred to
K70H-28z, K70L-28z, KSAbH-28z and KSAbL-28z) were
generated (Figure 1A).

Next, we produced CD28ζ CAR-T cells with different scFvs
from primary T cells and compared their cytotoxic effect. Since
most thyroid cell lines have lost their TSHR expression (Li et al.,
2021), we established a TSHR-positive target cell line by
transducing the full-length TSHR gene with a luciferase
reporter into the thyroid cancer cell line 8505c (8505c-TSHR)
(Figure 1B). Using 8505c-TSHR as the target cell, in vitro killing
assay revealed the superior cytotoxic effect of K70H-28z CAR-T
cells than its counterparts (Figure 1C). Therefore, the K1-70
derived VH-VL scFv was selected for subsequent studies.

In vitro Cytotoxicity of TSHR CAR-T Cells
With CD28 or 4-1BBCo-Stimulatory Domain
Nowadays, the most widely used CARs in clinic contain either
CD28 or 4-1BB as co-stimulatory domains. Both of them have
achieved impressive results in clinical studies. However, CAR-T
cells bearing CD28 or 4-1BB intracellular domains could have
different cytotoxic functions and in vivo persistence (Feucht and

FIGURE 1 | Design of TSHR-specific CARs. (A) Construction of CARs with different scFvs and co-stimulatory domains. TM: transmembrane. (B) Generation of
8505c and K562 cell lines expressing TSHR antigen. (C) In vitro killing assay of primary CAR-T cells with different scFvs. Error bars: mean ± SD.
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Sadelain, 2020). To find out the optimal co-stimulatory domain
for thyroid cancer treatment, we compared the in vitro anti-
tumor functions of CD28 and 4-1BB-based TSHR CAR-T cells.

The CAR structures (K70H-28z & K70H-BBz) have the same
scFv but different hinge and transmembrane domains
(Figure 1A). Produced by retrovirus transduction, both CAR-

FIGURE 2 | In vitro characterization of CD28 and 4-1BB-based TSHR CAR-T cells. (A) CAR expression of primary T cells after retrovirus transduction. T cells were
collected at day 5 and 13 after PBMC isolation and evaluated by FACS. CAR expression was indicated byGFP intensity of T cells. (B) In vitro killing assay of different CAR-
T cells against indicated target cells. (C–E) CAR-T cells were co-cultured with irradiated 8505c-TSHR cells for 24 h. The cytokine secretion of the supernatant (C), the
intracellular cytokines expression (D) and the exhaustion genes expression (E) of CAR-T cells were evaluated by FACS. UnT: Untransduced T cells. Error bars:
mean ± SD.
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T cells showed similar transduction efficiency (Figure 2A). Using
either K562-TSHR (Figure 1B) or 8505c-TSHR as target cells,
their cytotoxicity was compared by in vitro killing assay. We
found comparable cytotoxic effect between K70H-28z and K70H-
BBz CAR-T cells (Figure 2B). We then analyzed the cytokines
release of CAR-T cells by FACS. Co-culture with 8505c-TSHR
cells promoted K70H-28z and K70H-BBz CAR-T cells but not the
untransduced T cells to secrete robust IL-2, TNFα and IFNγ
(Figure 2C). The K70H-28z CAR-T cells secreted comparable
levels of IL-2 and IFNγ, but higher levels of TNFα than K70H-

BBz CAR-T cells (Figure 2C). Intracellular cytokines staining
further confirmed that antigen stimulation notably induced GFP+

CAR-T cells to secrete IL-2 and TNFα but not GFP− T cells
(Figure 2D).

After a period of ex vivo culture, which is often required for
CAR-T cell expansion before infusion, we observed an increased
GFP+ ratio of the total populations, representing an enrichment
of the CAR-T cells. To evaluate the exhaustion levels, we detected
PD-1 and LAG-3 expression of CAR-T cells after antigen
stimulation (Figure 2E). Compared to CAR-T cells at day 5,

FIGURE 3 | Signaling dynamics of ZAP70 in CAR-T cells upon antigen stimulation. (A) Design of ZAP70 FRET biosensor. (B) Biosensor (CAR) expression of Jurkat
T cells transducedwith ZAP70 biosensor and TSHRCARs. (C) ZAP70 signal changes of CAR-Jurkat T cells over time after contacting with K562-TSHR cells. The activity
of ZAP70 was visualized by ECFP/FRET ratio. Scale bar: 10 μm. (D) Time courses of ECFP/FRET ratio of ZAP70 biosensor in K70H-28z or K70H-BBz CAR-Jurkat
T cells stimulated by K562-TSHR (n = 30 and 27 respectively) or K562 (Control, n = 10 and 10 respectively). Error bars: mean ± SEM. Accumulated signal intensity
(area under curve) (E) and maximal ECFP/FRET ratio changes (F) of ZAP70 biosensor in CAR-Jurkat T cells. Error bars: mean ± SD.

Frontiers in Cell and Developmental Biology | www.frontiersin.org February 2022 | Volume 10 | Article 8453196

Zhou et al. Signaling Dynamics of TSHR CAR-T

12

https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


CAR-T cells at day 13 showed increased expression of both
exhaustion markers (Figure 2E). Moreover, 60.1% of the
K70H-28z CAR-T cells showed double positive of PD-1 and
LAG-3, much higher than that of the K70H-BBz group
(Figure 2E).

Similar ZAP70 Activation Downstream of
CD28 or 4-1BB-Based TSHR CARs
Revealed by FRET Imaging
Although previous studies have characterized different signal
activities triggered by CD28 or 4-1BB-based CARs (Philipson

et al., 2020), their signaling dynamics in the early stage of T cell
activation are still elusive. To figure out how co-stimulatory
molecules affect CAR-induced signal transductions, we first
focused on the membrane-proximal signaling events that were
activated at the earliest time after antigen stimulation. ZAP70 has
been considered as one of the most important kinases to
transduce CAR signals into downstream signaling cascades
(Wang et al., 2010; Gudipati et al., 2020). We have applied
FRET-based ZAP70 biosensor to monitor the activity changes
of ZAP70 during TSHR CAR-T cells activation. The ZAP70
biosensor was designed to include a FRET pair of ECFP and
YPet fluorescence proteins, a ZAP70 kinase-specific substrate

FIGURE 4 | Signaling dynamics of ERK in CAR-T cells upon antigen stimulation. (A) Design of ERK FRET biosensor. (B) Biosensor (CAR) expression of Jurkat
T cells transduced with ERK biosensor and TSHR CARs. (C) ERK signal changes of CAR-Jurkat T cells over time after contacting with K562-TSHR cells. The activity of
ERK was visualized by FRET/ECFP ratio. Scale bar: 10 μm. (D) Time courses of FRET/ECFP ratio of ERK biosensor in K70H-28z or K70H-BBz CAR-Jurkat T cells
stimulated by K562-TSHR (n = 24 and 18 respectively) or K562 (Control, n = 14 and 14 respectively). Error bars: mean ± SEM. Accumulated signal intensity (area
under curve) (E) and maximal FRET/ECFP ratio changes (F) of ERK biosensor in CAR-Jurkat T cells. Error bars: mean ± SD.
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domain, and a ligand domain. Phosphorylation of the substrate
by ZAP70 would cause conformational changes of the biosensor,
resulting in reduction of FRET efficiency between ECFP and YPet
(Figure 3A) (Liu et al., 2021). Therefore, the relative activity of
ZAP70 could be evaluated by detecting the fluorescence ratio of
ECFP and FRET (YPet). To assess the ZAP70 activity upon
antigen stimulation, the Jurkat T cell line co-expressing ZAP70
biosensor and CARs (CAR-Jurkat T) were generated by lentivirus
transduction. Both K70H-28z and K70H-BBz CAR-Jurkat T cells
showed similar expression of biosensor (CAR) (Figure 3B). By
FRET imaging, we observed remarkable changes of the ZAP70
activity in CAR-Jurkat T cells upon encountering with the K562-
TSHR target cells (Figure 3C). The ZAP70 activity increased
rapidly within 10 min after antigen stimulation. Thereafter, its

signal continued to increase with slower speed (Figure 3D). We
further quantified the accumulated signal intensity (area under
curve) and maximal signal intensity (maximal ECFP/FRET ratio
changes) of K70H-28z and K70H-BBz CARs. Neither the
accumulated signal intensity nor the maximal signal intensity
of ZAP70 between K70H-28z and K70H-BBz CARs showed
significant difference (Figures 3E,F).

Different ERK Activation Dynamics in TSHR
CAR-T Cells Revealed by FRET Imaging
To assess whether signals downstream of ZAP70 were affected by
different co-stimulatory molecules, we investigated the signal
dynamics of ERK during CAR-T cells activation by FRET-

FIGURE 5 | In vivo anti-tumor functions of TSHR CAR-T cells. (A) Schematic timeline of the in vivo experimental design. NSGmice were intravenously injected with
1×106 8505c-TSHR cells. The next day, they were treated with 0.5 × 106 K70H-28z CAR-T cells (n = 5), K70H-BBz CAR-T cells (n = 5) or PBS (n = 4). (B)
Bioluminescence imaging of mice at indicated days after treatment. (C) Quantification of tumor burden of mice. (D) Tumor burden of K70H-28z CAR and K70H-BBz
CAR-T groups at day 7 and 42. Error bars: mean ± SD. (E) Kaplan-Meier analysis of survival of mice from different groups.
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based biosensor. The ERK biosensor used a flexible linker to
connect the substrate, ligand domain and FRET pairs. It also
included a nucleus exporting signal (NES) to increase detection
sensitivity of cytosolic signal. The biosensor would increase its
FRET efficiency when phosphorylated by ERK (Figure 4A)
(Komatsu et al., 2011). The CAR-Jurkat T cells expressing
ERK biosensor and K70H-28z or K70H-BBz CAR were
generated by lentivirus transduction and showed similar
expression of biosensor (CAR) between groups (Figure 4B).
By FRET imaging we found that the ERK activity, as
visualized by FRET/ECFP fluorescence ratio of CAR-Jurkat
T cells increased upon K562-TSHR cells stimulation
(Figure 4C). Statistical quantification suggested that the
activity of ERK reached to a peak level in about 15 min and
then underwent slow decrease (Figure 4D). The accumulated
signal intensity of ERK in K70H-28z CAR was slightly higher
than that of K70H-BBz CAR but without significant difference
(Figure 4E). However, the maximal signal intensity of ERK in
K70H-28z CAR was significantly higher than that of K70H-BBz
CAR (p < 0.05) (Figure 4F). Collectively, compared with K70H-
BBz CAR, K70H-28z CAR triggered similar ZAP70 signaling but
significantly enhanced ERK signaling.

Different Anti-Tumor Kinetics of CD28 and
4-1BB-Based CAR-T Cells in vivo
Finally, we evaluated the anti-tumor functions of K70H-28z and
K70H-BBz CAR-T cells by in vivo studies (Figure 5A). To mimic
the distant metastasis of DTCs, of which lung and bone are the
major sites, we established a xenograft animal model based on
previous studies (Zhang et al., 2014). The 8505c-TSHR cells were
intravenously injected into the immunodeficient NSG mice. We
found the tumors cells accumulated in the lung at early stage.
Bone and other tissue metastasis happened after 14 days and
caused animal death in the control group (Figures 5B,C,E). By
contrast, mice treated with either K70H-28z or K70H-BBz CAR-
T cells successfully controlled tumor growth and survived without
obvious side-effect (Figures 5B,C,E). Nevertheless, K70H-28z
CAR-T cells were found to eradicate nearly all tumor cells within
7 days, while K70H-BBz CAR-T cells lagged behind (Figures
5C,D). This indicated faster anti-tumor kinetics of K70H-28z
CAR-T cells than K70H-BBz CAR-T cells.

DISCUSSION

In this study, we developed a CAR-T therapy for TSHR-positive
advanced thyroid cancers. The CAR constructs were designed to
bear a monoclonal antibody-derived scFv targeting TSHR and a
CD28 or 4-1BB co-stimulatory domain. Primary T cells equipped
with the CD28 or 4-1BB-based CARs were demonstrated with
potent anti-tumor efficacy both in vitro and in vivo. Moreover, we
applied the FRET biosensors for ZAP70 and ERK to monitor the
signaling dynamics of CAR-T cells in response to antigen
stimulation. These results revealed different ERK activation
properties of CD28 and 4-1BB-based CAR-T cells.

To recognize TSHR-positive tumor cells, we constructed scFvs
from two monoclonal antibodies, K1-70 and KSAb. Both
antibodies were derived from patients with Graves’ disease.
They have an estimated affinity of 25 and 22 pM for human
TSHR, respectively (Sanders et al., 2010; Banga et al., 2013). The
slightly higher affinity of K1-70 may contribute to the stronger
cytotoxicity of K70H-28z CAR-T cells than KSAbH-28z CAR-T
cells. Despite the potent anti-tumor effect of K70H-derived CAR-
T cells, previous studies have suggested that the affinity of scFvs
did not positively correlate with CAR-T cells functions
(Ghorashian et al., 2019). The increased affinity of scFvs above
threshold may not improve T cell activation but decrease
selectivity. Fine-tuning of the scFv affinity may be required to
maximize CAR-T cell functions as well as minimize possible on-
target/off-tumor toxicity (Di Roberto et al., 2020).

To transduce the antigen stimulation into intracellular signals
responsible for T cell activation, the cytoplasmic domains of
CARs have been incorporated with a CD3ζ chain and a CD28 or
4-1BB derived co-stimulatory domain. Previous studies have
suggested remarkable variations in functions of CAR-T cells
equipped with various co-stimulatory domains. In CD19 CAR-
T cells studies, 28z CAR-T cells exhibited higher effector
functions with less persistence than BBz CAR-T cells (Shah
and Fry, 2019; Ying et al., 2019). This functional discrepancy
has been associated with different metabolic features. 28z CAR-T
cells have shown enhanced aerobic glycolysis, while BBz CAR-T
cells have exhibited greater mitochondrial oxidative
phosphorylation (Kawalekar et al., 2016). Interestingly,
phosphoproteomic analysis have indicated that 28z CAR and
BBz CAR induce T cells activation through common signaling
intermediates but with different kinetics and intensities (Salter
et al., 2018).

We detected the ZAP70 and ERK signal activities in CAR-
Jurkat T cells after antigen stimulation by FRET biosensors.
Compared with methods like Western blot and mass
spectrum, FRET biosensors could detect kinase activity in
single live cells with high spatiotemporal resolution. This
enables us to evaluate early signaling events of T cell
activation. We observed the interaction with TSHR-positive
tumor cells induced rapid increase of ZAP70 and ERK
activities within minutes, indicating antigen-dependent
activation of the CAR-Jurkat T cells. Different from previous
studies, we did not observe significant difference of ZAP70 signal
activities in K70H-28z and K70H-BBz CAR-T cells after
activation (Salter et al., 2018; Philipson et al., 2020). One main
reason responsible for these results may be the different detection
methods. In previous studies, ZAP70 activity was evaluated by the
phosphorylation level of some key phosphorylated sites like Y319.
However, the phosphorylation state of the specific site did not
precisely reflect the activity of kinase. In contrast, the FRET ratio
change of FRET biosensors was determined by the
phosphorylation of ZAP70-specific substrate, which could
more accurately reflect the activation state of ZAP70. In
addition, the previous comparison was done between CD19-
targeting 28z and BBz CAR-T cells while in this study, TSHR-
targeting CAR-T cells have different scFvs and CAR targets.
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Nevertheless, ZAP70 activation mainly depends on CD3ζ instead
of co-stimulatory molecules, which matched our results.

Consistent with previous studies, we observed an enhanced
signal activity of ERK in 28z CAR-T cells when compared to BBz
CAR-T cells (Salter et al., 2018). CD28 and 4-1BB as co-
stimulatory molecules are thought to amplify ERK signaling
with distinct mechanisms. CD28 may enhance ERK signaling
by promoting the recruitment of Vav-1 to the plasma membrane,
which is required for Rac-1 activation (Michel et al., 2000). 4-1BB
may induce ERK activation via its downstream receptor TRAF2
to regulate Tpl2 activation (Xie et al., 2021). In CAR-T cells it is
still elusive how CARs with different co-stimulatory molecules
mediate the activation of ERK signal. Diverse signaling output
derived from CD28 or 4-1BB may contribute to the amplification
of ERK pathway. As observed in our studies, the different ERK
activities of K70H-28z and K70H-BBz CAR-T cells may induce
large distinction of downstream signals and contribute to
different anti-tumor functions. Notably, we have observed that
the ERK signal reached a peak value at about 15 min after antigen
engagement, at which time ZAP70 signal also showed a short
plateau. Thereafter, the increased ZAP70 activities did not
promote further enhancement of ERK signals. The correlation
of ZAP70 and ERK signals requires further investigation. In
addition, single cell FRET imaging allowed us to observe
heterogeneous activities of ZAP70 and ERK in individual
CAR-T cells after antigen stimulation. This cell-to-cell
heterogeneity obscured by traditional methods may be caused
by distinct expression levels of CARs and related signaling
molecules or different contacting strength with target cells.
More importantly, this heterogeneity may lead to the diverse
T cell differentiation and fates. However, with limited number of
cells collected by FRET imaging, it is challenging to find possible
links and correlations.

Although with comparable cytotoxic effects in vitro, we have
shown that K70H-28z CAR-T cells had higher expression of the
exhaustion genes than K70H-BBz CAR-T cells. This may suggest
the shorter persistence of K70H-28z CAR-T cells. Meanwhile, the
increased PD-1 and LAG-3 expression could be an indicator of
T cell activation and the result of rapid effector functions of
K70H-28z CAR-T cells (Wherry and Kurachi, 2015).
Nevertheless, our in vivo experiments have observed potent
anti-tumor functions of both designed CAR-T cells. Moreover,
compared to K70H-BBz CAR-T cells, K70H-28z CAR-T cells
have shown rapid elimination of tumor cells, which suggested
higher effector functions. It should be noticed that although long-
term persistence of CAR-T cells in vivo is essential to avoid tumor
relapse, it may also enhance the risk of off-tumor toxicity
(Kawalekar et al., 2016). In the context of thyroid cancer
treatment, it requires further studies to balance the effector
functions and long-term persistence of CAR-T cells.

Finally, our studies have shown the efficacy of TSHR CAR-T
cells in the treatment of TSHR-positive thyroid cancers. We also

showed that CD28 and 4-1BB-based CAR-T cells exhibited
comparable anti-tumor functions with different kinetics. Live
cell imaging using FRET biosensors revealed the dynamics of
ZAP70 and ERK activities in both CAR-T cells during activation.
These results promoted our understanding of CAR-T cells
signaling and indicated potential applications of FRET
biosensors in optimizing CAR designs. CAR-T cells therapy
may overcome current obstacles for thyroid cancer treatment
in the near future.
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Fluorescent Indicators For Biological
Imaging of Monatomic Ions
Sheng-Yi Wu1, Yi Shen1, Irene Shkolnikov1,2 and Robert E. Campbell 1,3*

1Department of Chemistry, University of Alberta, Edmonton, AB, Canada, 2Department of Medical Sciences, University of Victoria,
Victoria, BC, Canada, 3Department of Chemistry, The University of Tokyo, Tokyo, Japan

Monatomic ions play critical biological roles including maintaining the cellular osmotic
pressure, transmitting signals, and catalyzing redox reactions as cofactors in enzymes.
The ability to visualize monatomic ion concentration, and dynamic changes in the
concentration, is essential to understanding their many biological functions. A growing
number of genetically encodable and synthetic indicators enable the visualization and
detection of monatomic ions in biological systems. With this review, we aim to provide a
survey of the current landscape of reported indicators. We hope this review will be a useful
guide to researchers who are interested in using indicators for biological applications and
to tool developers seeking opportunities to create new and improved indicators.

Keywords: monatomic ions, small molecule-based indicators, genetically encoded indicators, fluorescence
imaging, protein engineering

1 INTRODUCTION

The interactions between biomolecules and inorganic ions are central to the chemistry of life. The
most abundant monatomic inorganic ions in biology systems include sodium (Na+), potassium (K+),
calcium (Ca2+), iron (Fe2+/Fe3+) and chloride (Cl−). Trace ions include zinc (Zn2+), molybdenum
(Mo+), cobalt (Co+), copper (Cu2+/Cu+), and manganese (Mn2+) (Frieden, 1972). Together, these
ions play important roles in physiology including serving as electrolytes, maintaining osmotic
pressure and pH, and enabling neuronal activities. Likewise, some ions are incorporated into
biologically relevant molecules such as cofactors that facilitate enzyme catalysis (Ainscough and
Brodie, 1976). Important questions about the molecular basis of life rest on our understanding of ion
dynamics in biological systems. Research into these questions relies on a diverse and highly
optimized molecular toolkit for measuring ion concentration, mapping ion localization, and
tracking ion flux with high spatiotemporal resolution.

There are a variety of non-imaging methods for measuring concentrations of metal ions. These
methods include flame or graphite furnace atomic absorption spectroscopy (AAS) and inductively
coupled plasma mass spectrometry (ICP-MS) (Ammann, 2007; Pröfrock and Prange, 2012;
Cerchiaro et al., 2013). AAS analyzes only one element at a time, while the ICP-MS can
quantitatively measure multiple elements simultaneously. While these methods can detect metal
ions with very high sensitivity (parts per billion for AAS and parts per trillion for ICP-MS), they
cannot distinguish between bound and free ions, or detect dynamic changes in ion concentrations
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with spatiotemporal resolution. Free ion concentration is of
significant relevance to biologists because bound ions cannot
be translocated across organelle or plasma membrane through
ion channels or transporters. The adaptation of mass
spectrometry with fixed biological samples has enabled
elemental mapping at a cellular or subcellular level (Qin Z.
et al., 2011). However, these techniques cannot provide
dynamic information because they are destructive and are not
suitable for use with living tissues. Ion-specific electrodes do
provide real-time measurements at a single-cell level, but this
technique is challenging and often impractical for measuring
multiple cells simultaneously or at a subcellular level.

Imaging technology provides the spatiotemporal information
of ion dynamics that eludes the aforementioned technologies.
Dynamic changes of ion concentrations are the foundation of
many important intra- and intercellular processes and reflect
cellular responses to environmental perturbations (Leybaert and
Sanderson, 2012; Yurinskaya et al., 2020). Measuring these ion
concentrations enables inquiry into ion regulation and
transportation, therefore tools for such measurements in tissue
and whole organisms are of particular interest. Ion-sensitive
indicators, coupled with light microscopy, are indispensable
tools for the direct visualization of ion dynamics in multiple
cells simultaneously with subcellular resolution.

Two categories of the fluorescent indicators are commonly
used: small molecule-based synthetic indicators and genetically
encodable protein-based indicators. Several properties are
important for comparing the indicators: 1) brightness, the
product of extinction coefficient (EC, the ability to absorb
photons) and quantum yield (QY, the probability to emit a
photon with every photon absorbed); 2) sensitivity, the
amplitude of an indicator response to the ligand concentration
in the detectable range, which is typically quantified as the
maximum fluorescence change ΔF/F0 or ratio change ΔR/R0;
3) affinity, which is usually quantified by the dissociation
constant (Kd); 4) specificity, the ability of the indicator to
recognize the intended target rather than unintended targets;
5) photostability, the ability of a fluorophore to resist
photobleaching; 6) pH sensitivity, which is characterized by
the apparent pKa (the acid dissociation constant), the pH at
which the fluorescence is half of its maximum value; 7) kinetics,
the rate at which the indicator responds to the ligand
concentration change and is measured by the association rate
constant kon and the dissociation rate constant koff; and finally, 8)
targetability, the potential to be expressed in a specific cell type or
a subcellular compartment.

Small molecule-based indicators and genetically encoded
indicators are both associated with general advantages and
disadvantages. Small molecule-based indicators are typically
brighter and more photostable, but their use can be
complicated by loading procedures and difficulties in
subcellular or cell-specific targeting (Russell, 2011). Genetically
encodable indicators can typically be expressed by the cellular
machinery and trafficked to a specific location of the cell.
However, applications can be limited by their relatively lower
brightness and photostability. In this review, we aim to provide a
detailed overview of the various types of indicators for

monatomic ions, and compare them with respect to the
properties listed above.

2 CA2+ INDICATORS

2.1 The Role of Ca2+ in Cell Physiology
Ca2+ is involved in many central physiological activities
(Clapham, 2007; Brini et al., 2014). As a universal second
messenger, Ca2+ regulates cellular activities including
cytoskeletal motility, phosphorylation and dephosphorylation-
dependent enzymatic activity, and secretion of biomolecules such
as neurotransmitters. During propagation of an action potential,
voltage-sensitive Ca2+ channels on neurons open to allow an
influx of Ca2+ (Brini et al., 2014). At a synapse, this influx of Ca2+

ions leads to neurotransmitter release and signal propagation.
Because Ca2+ undergoes dramatic translocations during signaling
events, being able to measure Ca2+ concentration dynamics is of
particular importance.

The local concentration of Ca2+ varies from nanomolar level to
millimolar level in cells. In the resting state, the intracellular
concentration is typically maintained at approximately 100 nM
in neurons (Khodorov et al., 1993; Bagur and Hajnóczky, 2017).
Extracellular Ca2+ is typically maintained at 1 mM, 10,000-fold
greater than the resting intracellular concentration. Ca2+ indicators
with different affinities are developed to accommodate the wide
span of Ca2+ concentrations in various biological contexts.

2.2 Small molecule-based Ca2+ indicators
Small molecule-based Ca2+ indicators (Figure 1) typically
contain a fluorophore and a Ca2+ chelator and often exhibit
an increase in fluorescence in response to Ca2+. Ca2+ indicators
are typically designed to operate through a photo-induced
electron transfer (PeT) mechanism—a process in which an
electron is transferred from the excited state electron donor,
typically the Ca2+ chelator, to the electron acceptor, typically the
fluorophore (Figure 1A) (Aigner et al., 2011). In absence of Ca2+,
the electron-rich Ca2+ chelator quenches the fluorophore via PeT
as the electrons from the chelator are transferred to the low-
energy molecular orbital of the fluorophore and prevent photo-
excited electrons in the high-energy molecular orbital from
returning to the low-energy molecule orbital. In presence of
Ca2+, this PeT mechanism is interrupted, allowing photo-
excited electrons in the high-energy molecular orbital to
return to the unoccupied low-energy molecular orbital by
emitting fluorescence (Carter et al., 2014). The fluorescence of
PeT-dependent small molecule-based Ca2+ indicators can be
modulated by the presence of electron-rich or electron-
withdrawing groups nearby.

2.2.1 BAPTA and BAPTA-Based Ca2+ Indicators
The development of BAPTA [1, 2-bis (o-aminophenoxy)
ethane-N, N, N′, N′-tetraacetic acid], an EGTA [ethylene
glycol-bis (β-aminoethyl ether)-N, N, N′, N′-tetraacetic acid]
analogue, in 1980, was a milestone in the history of small
molecule-based fluorescent Ca2+ indicator development
(Tsien, 1980). BAPTA coordinates Ca2+ through the four
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carbonyl oxygens, two ether oxygens, and the nitrogen of
tertiary amine groups (Figure 1B). BAPTA binds Ca2+ with
a Kd of 1.1 × 10−7 M, an affinity 105 fold greater than that for
Mg2+. Structurally, BAPTA differs from EGTA by replacing the
methylenes between the nitrogen and the ether oxygen with a
benzene ring, which renders the molecule fluorescent. Upon
Ca2+ binding, the nitrogen atoms are twisted away from the
same plane of the nearby benzene ring due to the structural

constraint. This results in a major shift in the absorbance
spectrum. The absorbance peaks at 254 nm (EC = 1.6 ×
104 M−1cm−1) and 287 nm (EC = 5.6 × 103 M−1cm−1) in
absence of Ca2+ and at 274 nm (EC = 4.2 × 103 M−1cm−1)
and 203 nm (EC = 4.1 × 104 M−1cm−1) with 1 mM Ca2+.

Derivatives of BAPTA were explored with the goal of creating
improved Ca2+ indicators. Quin-2 is a green fluorescent indicator
derived from BAPTA that exhibits a positive response upon Ca2+

FIGURE 1 | Schematic representations and molecular structures of selected small molecule-based Ca2+ indicators and schematic representations of selected
GECIs. (A) Photoinduced electron transfer (PeT) is the typical mechanism used by small molecule-based Ca2+ indicators (Aigner et al., 2011, 2). For indicators with
positive responses, the fluorophore is quenched by the electron-rich Ca2+ chelator via PeT in the unbound state. The binding of Ca2+ reduces PeT-induced quenching,
leading to brighter fluorophore. (B) BAPTA is the Ca2+-binding motif for many small molecule-based Ca2+ indicators (Tsien, 1980). The binding of Ca2+ constrains
the molecular structure of BAPTA, leading to a spectral change. (C) Fura-2 and (D) indo-1 are both derived from BAPTA and exhibit blue to green emission (Grynkiewicz
et al., 1985). (E) Fluo-4 is based on a modified fluorescein fluorophore and exhibits bright green emission (Gee et al., 2000). (F) Rhodamine-based Asante Calcium Red
(ACR) and (G) X-Rhod-1 exhibit red fluorescence (Tsien and Minta, 1991; Hyrc et al., 2013). (H) GCaMPs and G-GECOs are based on CaM/RS20 and cpEGFP (Nakai
et al., 2001; Zhao et al., 2011). (I) Cameleon series is FRET-based GECIs, which show increased YFP fluorescence with Ca2+ binding (Miyawaki et al., 1997).
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binding (Tsien and Pozzan, 1989). Its maximum excitation
wavelength is at 339 nm and its maximum emission
wavelength is at 492 nm. With a Kd of 115 nM for Ca2+, quin-
2 is suitable for cytosolic Ca2+ detection. Its Kd for Mg2+ is in
millimolar range, making quin-2 specific for Ca2+. Quin-2 has a
EC < 5000 M−1cm−1 and QY of 0.03–0.14. Indo-1 (Figure 1D)
and fura-2 (Figure 1C) are two bright and ratiometric Ca2+

indicators (Grynkiewicz et al., 1985). Both indicators have a Kd

around 250 nM, slightly higher than that of quin-2. Indo-1 emits
cyan light at 485 nm in a Ca2+ free environment and violet light at
410 nm in a Ca2+ rich environment, with excitation peaks at 349
and 331 nm, respectively. The ratiometric change in emission
spectra upon Ca2+ binding allows emission ratiometric
measurement. In contrast, fura-2 has a minor shift in emission
peak from 512 to 505 nm with an increasing Ca2+ concentration.
The excitation peak undergoes a larger blue shift from 362 to
335 nm, providing an opportunity for excitation ratiometric
measurement. The QY increases from 0.23 to 0.49. Fura-2
enables applications using fluorescence microscopy with a
single or dual-excitation setup. Fura-2 has a low affinity for
Mg2+ (Kd = 1–2 mM) that allows intracellular Ca2+ imaging in
various animal cells (Malgaroli et al., 1987).

BAPTA and BAPTA-based indicators were made cell-
permeable by synthetic modification with acetoxymethyl (AM)
ester groups to mask their carboxylate groups. These AM esters
are readily hydrolyzed by cytosolic esterase as was originally
demonstrated with human erythrocytes and rat mast cells (Tsien,
1981, 1983). This method is also used for other indicators with
carboxylate groups including the ones for, Zn2+, K+, Mg2+, Na+,
and H+.

2.2.2 Fluorescein-Based Ca2+ Indicators
Fluorescein was used as the template to make various cell-
compatible green indicators including fluo-1, fluo-2, fluo-3,
fluo-4 (Figure 1E), fluo-8 series, Oregon green BAPTA-1
(OGB1), and Cal-520 (Minta et al., 1989; Gee et al., 2000;
Lock et al., 2015). These green fluorescent indicators generally
have higher sensitivity and faster kinetics than those of the
BAPTA-based indicators mentioned above and bind Ca2+ with
various affinities that allow detection in different cellular
environments (Lock et al., 2015). For example, Cal-520
responds to Ca2+ faster than fluo-8H and provides a robust
signal with a low signal-to-noise ratio (SNR) in subcellular
regions of neurons. The fluo-8 series contains indicators with
affinities ranging from 232 nM to 1.8 μM.

2.2.3 Rhodamine-Based Ca2+ Indicators
Red-shifted Ca2+ indicators provide unique advantages for live-
cell imaging: red light penetrates deeper into tissues and allows
simultaneous imaging with green indicators. The rhodamine-
based rhod2 is maximally excited by light at 553 nm and
maximally emits light at 576 nm (Minta et al., 1989). The QY
ranges from 0.03 (Ca2+ free) to 0.10 (excess of Ca2+) and the Kd

value is 0.52 μM. Red-shifted and more sensitive variants such as
rhod4 (Miranda et al., 2012; Lock et al., 2015)), rhod5N (Soibinet
et al., 2008), Asante Calcium Red (ACR) (Figure 1F) (Hyrc et al.,
2013), and X-Rhod-1 (Figure 1G) (Tsien and Minta, 1991) were

further developed (Lock et al., 2015). Rhod5N has a maximum
150-fold change. ACR is excited at 537 nm and emits photons at
654 nm (Hyrc et al., 2013).

2.3 Genetically Encodable Ca2+ Indicators
Genetically encodable Ca2+ indicators (GECIs) share a general
design that consists of a binding domain and a reporter
domain. The reporter domain is typically a fluorescent
protein (FP). Common choices for binding domains are the
calmodulin (CaM)/CaM-binding peptide pair and troponin-C.
Ca2+-dependent conformational changes of the binding
domain cause changes of the FP chromophore environment,
which in turn alters the fluorescence profile, allowing the
monitoring of the Ca2+ concentration dynamics. A large
collection of GECIs is available with various colours and
affinities.

2.3.1 FRET-Based Ca2+ Indicators
The development of fluorescent indicators has benefited from the
expansion of the palette of FPs that have been discovered in
nature or engineered from natural FPs. The currently available FP
variants span the entire visible spectrum. A pair of FPs with
different colours flanking at the ends of the Ca2+-binding domain
enables the development of Ca2+ indicators based on Förster
resonance energy transfer (FRET) — a phenomenon where the
excited donor chromophore of the FP pair transfers its energy
directly to the acceptor chromophore without photons emitted
(Broussard and Green, 2017). FRET efficiency is inversely
proportional to the 6th power of the distance between two
chromophores (Förster, 1948) and Ca2+ binding induced
conformational change typically reduces the distance, leading
to an increase in FRET efficiency, which is reflected as the
emission ratio of the acceptor to the donor fluorescence.

The FRET-based cameleon series (Figure 1I) were the first
genetically encodable fluorescent Ca2+ indicators developed. The
binding domain, consisted of calmodulin (CaM) and CaM-
binding peptide M13, was inserted between the flanking FPs,
EBFP (enhanced blue FP) with EGFP (enhanced green FP) or
ECFP (enhanced cyan FP) with EYFP (enhanced yellow FP)
(Miyawaki et al., 1997). The cameleon with the ECFP/EYFP pair,
named as YC (yellow cameleon), was further engineered.
Noticeably, the YC series were the first genetically encodable
indicators tested in a living organism. In 2000, Kerr and
coworkers expressed recombinant YC2.1 and YC3.1 in
Caenorhabditis elegans and recorded the FRET signal during
pharynx muscle contractions (Kerr et al., 2000). Many further
engineered YC indicators have been reported, including YC 3.6,
YC 4.6, YC 6.1, and YC-nano series (Truong et al., 2001; Nagai
et al., 2004; Horikawa et al., 2010). YC-nano variants exhibit
remarkably high sensitivity (ΔR/R0 = 1,450%) and high Ca2+

affinities (Kd = 15–140 nM).
Troponin serves as the Ca2+-binding domain in the TN

series and Twitch series of FRET-based GECIs (Heim and
Griesbeck, 2004; Mank et al., 2006; Mank and Griesbeck, 2008)
For these GECIs, troponin C (TnC) is inserted between a pair
of CFP and YFP (Citrine). CaM used in cameleons has many
native binding partners that may cause interference and make
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their in-cell response less substantial than their in vitro
response. TnC, on the other hand, is only native to skeletal
and cardiac muscles, and its Ca2+ binding can be affected by far
fewer cellular binding partners. The TN series exhibit a wide
range of affinities (Kd from 470 nM to 29 μM) and suitable ΔR/
R0 values (e.g., ~160% for TN-L15 in HEK 293 cells) (Heim
and Griesbeck, 2004; Mank et al., 2006; Mank and Griesbeck,
2008). TN-XXL was later engineered with the full-length TnC
replaced by a minimal domain of TnC followed by directed
evolution to obtain Twitch variants with varying maximum
responses and affinities (Thestrup et al., 2014). With Kd values
of ~100–200 nM, Twitch 1, Twitch 2, and Twitch 3 are suitable
for lower Ca2+ concentration environments, such as the
intracellular space. With Kd values of 280–925 μM, Twitch 4
and Twitch 5 are better-suited in higher Ca2+ concentration
environments such as the endoplasmic reticulum.

In general, the vast majority of FRET-based GECIs use a pair
of cyan (e.g., ECFP and mCerulean) and yellow (e.g., EYFP,
cpVenus, and mCitrine) FPs to report FRET signal changes. The
binding domains can be CaM- or TnC-based. They have been
demonstrated as robust and effective tools in mammalian cells
including dissociated neurons (Honarnejad et al., 2013; Thestrup
et al., 2014).

2.3.2 Single FP-Based Ca2+ Indicators
Single FP-based Ca2+ indicators are, arguably, the crown jewels of
the GECI field. Compared to FRET-based GECIs, their narrower
excitation and emission spectra make them ideal for multiplexed
imaging. With extensive engineering for more than 2 decades
(Figure 2), they have achieved remarkably high sensitivity and
colour variety. Selected single FP-based GECI are included in
Supplementary Table S1.

2.3.2.1 Circularly Permuted and Non-Circularly Permuted
FPs For Indicator Design
The two topologies for how an FP can be incorporated into an
indicator are circularly permuted (cp) (Figure 3B) and non-
circularly permuted (ncp) (Figure 3A) (Nasu et al., 2021). The
cpFP topology involves rearrangement of the primary sequences
of FPs by which the original N- and C-termini are connected via a
new linker. New N- and C-termini are created on the β-barrel
close to the phenolate group of the chromophore. An indicator
based on a cpFP typically has the binding domain(s) fused to the
new termini. The ncpFP-based indicators are based on the
insertion of the binding domain into the primary sequence of
the FP such that the binding domain is located close to the
chromophore. The binding event changes the conformation of
the binding domain, which subsequently influences the
chromophore environment, leading to a fluorescence signal
change. Here we summarize the collection of the single FP
GECIs designed with cp and ncpFP topologies during the last
2 decades (Figure 3).

2.3.2.2 Camgaroos
Camgaroo was the first single FP-based GECI to be developed
(Baird et al., 1999). It is based on a ncp design with a CaM
inserted into the YFP sequence: EYFP (1–144)-GGT-CaM-EL-
EYFP (146–238). The ΔF/F0 for this YFP-based GECI can be as
large as 6-fold and the apparent Kd of camgaroo is 7 µM.

2.3.2.3 GCaMP
Green fluorescent GECIs are widely used and intensively
optimized by indicator developers (Figure 1H). In 2001, Nakai
and coworkers reported the first generation of GCaMP, which is a
cpEGFP-based green GECI showing a positive response upon

FIGURE 2 | Historical overview of GECI development. Selected GECIs are plotted with y-axis being the publication year and x-axis being the peak emission
wavelength. The template FPs include ones based on BFP (Zhao et al., 2011), YFP (Baird et al., 1999), GFP (Nakai et al., 2001; Tian et al., 2009; Zhao et al., 2011;
Akerboom et al., 2013; Dana et al., 2019; Zhang et al., 2021), mNeonGreen (Subach et al., 2020; Zarowny et al., 2020), mApple (Zhao et al., 2011; Dana et al., 2016),
mRuby (Akerboom et al., 2013; Dana et al., 2016), FusionRed (Shen et al., 2018), and mIFP (Qian et al., 2019, 2020).
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Ca2+ binding (ΔF/F0 of 3.5), a Hill coefficient of 3.3, and a Kd of
235 nM (Nakai et al., 2001). The contemporaneous and similarly
designed cpEYFP-based flash-pericam has a ΔF/F0 of 7 and a Kd

of 700 nM (Nagai et al., 2001).
Initially, the first generation GECIs were not competitive to

small molecule-based Ca2+ indicators in terms of brightness,
photostability, and well-tuned affinities. This situation changed
when GCaMP3 was introduced to the GECI toolbox. GCaMP3
was developed via structure-guided site-directed mutagenesis and
semi-rational library screening. GCaMP3 is 4-fold brighter than
GCaMP2, has a ΔF/F0 that is 3-fold that of GCaMP2, and a
reduced Hill coefficient (nH = 2.1) (Tallini et al., 2006; Tian et al.,

2009, 3). GCaMP3 was able to provide a substantial response to a
single action potential, enabling its broader utility in
neuroscience. Because GECIs were prevalently applied in
neuroscience, the GECI performance screening was done in
dissociated neurons for the development of GCaMP6 (Chen
et al., 2013), jGCaMP7 (Dana et al., 2019), and jGCaMP8
(Zhang et al., 2021). The letter “j” in the names denotes the
Howard Hughes Medical Institute’s Janelia campus, where they
were developed.

jGCaMP7 variants were optimized for sensitivity, kinetics,
Ca2+ affinity, and brightness (Dana et al., 2019). jGCaMP7s
(sensitive) and jGCaMP7f (fast) have improved sensitivity and
kinetics for single action potential imaging. jGCaMP7s provides
the biggest response to a single action potential with a 65.6%
increase in fluorescence. jGCaMP7f responds rapidly to 10 action
potentials with a half-rise time of 75 ms and half-decay time of
520 ms, which is comparable to GCaMP6f (a half-rise time of
80 ms and half-decay time of 335 ms) (Chen et al., 2013; Dana
et al., 2019). With a 50% increase in resting fluorescence
compared to GCaMP6s, jGCaMP7b (bright) is suitable for use
at lower protein expression levels. jGCaMP7c (contrast) has the
largest fluorescent response (ΔF/F0 = 145) and the lowest
brightness in the absence of Ca2+.

The major improvement for the latest jGCaMP8 series is with
respect to the kinetics (Zhang et al., 2021). Variants with various
CaM-binding peptides were screened for high sensitivity and fast
kinetics and resulted in jGCaMP8 variants that feature a CaM-
binding peptide from endothelial nitric oxide synthase.
Compared to jGCaMP7, all jGCaMP8 variants have shorter
rise and decay times, making them more suitable for tracing
fast-paced neuronal activities. The half-rise time in response to a
single action potential is 7.0 ± 0.7 ms for jGCaMP8f, which is 3-
fold shorter than that for jGCaMP7f.

2.3.2.4 mNeon Green-Based GECI
The brightness of GCaMPs is limited by the inherent brightness
of EGFP. mNeonGreen is one of the brightest monomeric GFPs,
which is 1.8-fold brighter than EGFP (Shaner et al., 2013).
Zarowny et al. and Subach et al. independently developed ncp
mNeonGreen-based GECIs named mNG-GECO1 and NCaMP7,
respectively, (Subach et al., 2020; Zarowny et al., 2020). In the
Ca2+-bound state, brightness of mNG-GECO1 is 59% higher than
that of GCaMP6s. Its ΔF/F0 of 45 is comparable to that of
GCaMP6 (Chen et al., 2013), but the sensitivity of mNG-
GECO1 is about half of that of GCaMP6s in neurons. The
brightness of NCaMP7 is 70% higher than that of GCaMP6s
and ΔF/F0 of NCaMP7 is 89. The sensitivity of NCaMP7 is
comparable to that of GCaMP6s in neurons, but with slower
kinetics. Although neither mNG-GECO nor NCaMP7 surpasses
GCaMP6s as a tool for neuronal activity imaging, mNeon Green-
based GECIs have an enormous potential to become state-of-art
indicators for neuronal imaging with further optimization.

2.3.2.5 Red, Far-Red, and Near-Infrared GECI
Limited depth of imaging is one of the limitations associated with
the green and blue GECIs, as biological samples absorb and
scatter incoming light most strongly in this region of the

FIGURE 3 | Schematic illustrations of representative cp and ncp FP-
based indicators. (A) An ncp FP-based indicator is constructed by inserting a
binding domain into an FP. Examples of ncp FP-based indicators include
camgaroo (Baird et al., 1999), NCaMP7 (Subach et al., 2020), NIR-
GECO1 (Qian et al., 2019), ZnGreen1 (Chen and Ai, 2016), ZIBG1 (Chen et al.,
2019), ZnRed (Chen and Ai, 2016), and GINKO (Shen et al., 2019). (B) A cp
FP-based indicator is constructed by inserting a cp FP into a binding domain
or by fusing two interacting motifs to the termini of the cp FP. The cpFP
indicators include pericam (Nagai et al., 2001), GCaMP (Chen et al., 2013;
Dana et al., 2019), G-GECO (Zhao et al., 2011), R-GECO (Zhao et al., 2011),
O-GECO (Wu et al., 2013), RCaMP (Akerboom et al., 2013), K-GECO (Zhao
et al., 2011), mNG-GECO (Zarowny et al., 2020), ZnGreen2 (Chen and Ai,
2016), and ZIBG2 (Chen et al., 2019).
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spectrum. Absorption and scattering are less severe with photons
of longer wavelengths (Ash et al., 2017). Thus, the red-shifted
GECIs are more suitable for deeper sample imaging. Another
advantage of red-shifted GECIs is their spectral compatibility
with blue light-activated optogenetics tools.

R-GECO was the first reported red-fluorescent GECI and was
developed using cpRFP mApple (Zhao et al., 2011). R-GECO1
exhibits a 16-fold Ca2+ response. The brightness of R-GECO1 is
10.2 mM−1cm−1 at its brighter Ca2+-bound state. Further
engineering of R-GECO1 led to different variants:
R-GECO1.2, O-GECO1, REX-GECO1, and CAR-GECO1 (Wu
et al., 2013, 2014). R-GECO1.2 is twice as sensitive as R-GECO1
but has a larger Kd at 1,200 nM. O-GECO1 is a blue-shifted
variant of R-GECO with excitation wavelengths at 543 nm (Ca2+

bound) and 545 nm (Ca2+ unbound), emission wavelengths at
564 nm (Ca2+ bound) and 570 nm (Ca2+ unbound), and an
in vitro ΔF/F0 of 146. However, its weak affinity for Ca2+

(large Kd = 1,500 nM) made it not suitable for Ca2+ detection
in low Ca2+ environments. Directed evolution on R-GECO1 led
to a red-shifted variant CAR-GECO1 with peak excitation and
emission wavelengths at 560 and 609 nm, respectively. CAR-
GECO1 has a ΔF/F0 of 27 and a Kd of 490 nM in vitro. REX-
GECO1 is a long Stokes shift red fluorescent indicator with a
substantially blue-shifted excitation: the one-photon excitation is
at 480 nm and the two-photon excitation is at 960 nm (Wu et al.,
2014). REX-GECO1 has a ΔR/R0 (582–480 nm) of 100 in vitro
and a Kd of 240 nM. Although effective, these mApple-based
GECIs are all limited by photoactivation by blue light (Wu et al.,
2013), preventing their utility with blue light-activated
optogenetic tools.

In parallel to the development of R-GECO1, Akerboom and
coworkers developed mRuby-based RCaMP series (Akerboom
et al., 2013). RCaMP1f and RCaMP1h are sensitive to Ca2+

in vitro with ΔF/F0 values of 12.3 and 10.5, respectively. Their
ΔF/F0 values in HEK cells are at 1.8 and 2.0, both smaller than
that of R-GECO1 (ΔF/F0 = 2.5). RCaMP1f and 1 h also exhibit
larger Kd values at 1,900 and 1,300 nM, respectively. On the
other hand, RCaMP1f and 1 h are brighter than R-GECO1 with
a one-photon brightness of 28 and 33 mM−1cm−1, respectively,
and two-photon brightness of 9.2 and 8.1 mM−1cm−1,
respectively, (one-photon brightness of R-GECO1 is
10.2 mM−1cm−1; two-photon brightness of R-GECO1 is
3.8 mM−1cm−1). The lack of photoactivation of RCaMP1
enables it to be used simultaneously with the blue light-
activated channelrhodopsin-2 (ChR2).

Dana and coworkers optimized the RCaMP1h and R-GECOs
for neuronal imaging (Dana et al., 2016). One of the resulting
GECIs, jRGECO1a, has a ΔF/F0 of 11.6 and a Kd at 148 nM
in vitro. Its performance in neurons is comparable to that of
GCaMP6f. However, jRGECO1a inherited the photoactivatable
property of R-GECO1, preventing it from being used with blue
light-activated optogenetic tools. This effort also produced
jRCaMP1a and 1b, which have Kd values at 214 and 712 nM
(Akerboom et al., 2013). Although neither is more sensitive than
jRGECO1a, they are both 2-fold brighter than jRGECO1a and
allow simultaneous photo-stimulation of ChR2 and imaging of
jRCaMP1a/b.

In other work, Shen and coworkers developed a FusionRed-
based GECI called K-GECO1, with less blue-light photoactivation
than that of R-GECOs and a higher Ca2+ affinity than those of
RCaMPs (Shen et al., 2018). K-GECO1 was engineered with
cpFusionRed as the fluorescent reporter domain and ckkap in
place of RS20 in the Ca2+-binding domain as previously described
in RCaMP2 (Inoue et al., 2015). K-GECO1 has a Kd for Ca

2+ at
165 nM and a brightness of 27 mM−1cm−1 (Shen et al., 2018). In
neurons, K-GECO1 responds with action potentials with a better
ΔF/F than most red GECIs except jRGECO1a. K-GECO1 has
negligible blue-light photoactivation, enabling simultaneous
imaging of K-GECO1 and photo-stimulation of optogenetic
tools such as ChR2.

Despite the variety of β-barrel FPs, there are none that
fluoresce well into the near-infrared region of the colour
spectrum. Another class of FPs, biliverdin (BV)-binding FPs
(BV-FPs), enable the development of more red-shifted GECIs
by providing far-red to near-infrared fluorescence. NIR-GECO1,
developed from the BV-FP mIFP, was the first reported NIR
GECI. NIR-GECO1 is based on a ncp mIFP into which CaM and
RS20 are inserted (Qian et al., 2019). NIR-GECO1 has an 8-fold
inverse change and a Kd of 885 nM in vitro. The brightness of
NIR-GECO1 is 3.9 mM−1cm−1 in the Ca2+-unbound state and
0.4 mM−1cm−1 in the Ca2+-bound state. The low brightness is due
to the low QY inherited from its parent protein, mIFP (QY =
0.08) (Yu et al., 2015). The brightness of this BV-FP-based GECI
is further limited by the amount of available BV in the tissue.
When tested in the sensorimotor cortex of mice under paw
stimuli, NIR-GECO1 revealed a response of only 0.3%,
whereas the same stimuli could lead to a 10-fold greater
fluorescence change with GCaMP6s.

Further development of NIR-GECO1 led to NIR-GECO2 and
NIR-GECO2G (Qian et al., 2020). The most pronounced
improvement is the higher affinities for Ca2+ with Kd values of
331 nM (NIR-GECO2) and 480 nM (NIR-GECO2G), in
comparison to a Kd of 885 nM for NIR-GECO1. While
sensitivity and brightness of the new variants remain similar
to those of NIR-GECO1, the higher affinities alone are sufficient
to substantially increase -ΔF/F to a single action potential (16, 17,
and 4.5% for NIR-GECO2, NIR-GECO2G, and NIR-GECO1).
The Ca2+ response levels of NIR-GECO2 and NIR-GECO2G are
comparable to those of GCaMP6f (19%) and jRCaMP1a (15%).
However, NIR-GECO2 and 2G have relatively slow kinetics (koff
values are 3.0 s−1 for NIR-GECO2 and 3.7 s−1 for NIR-GECO2G)
and low brightness (4.0 mM−1cm−1 for NIR-GECO2 and
4.5 mM−1cm−1 for NIR-GECO2G). Development of a further
improved variant may require further engineering of NIR-GECO
or using a brighter BV-FP.

3 ZN2+ ION INDICATORS

3.1 The Roles of Zn2+ in Cell Physiology
Zinc (Zn2+) is an essential trace metal element in biology. Zn2+ is
incorporated in over 300 enzymes that have a broad range of
biological functions including: regulation of smell, taste, and
appetite; synthesis of DNA and RNA; hormonal regulation;
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immune functions; and antioxidation (Frassinetti et al., 2006).
Zn2+ is transported mainly by albumin in the blood and is
maintained at a concentration of 1–10 µM in human serum or
plasma (Frassinetti et al., 2006). Total cytosolic Zn2+

concentration is a few hundreds of micromolar, but most Zn2+

is tightly bound, leaving free Zn2+ at a picomolar level. Free Zn2+

is heterogeneously distributed in cell: 1 pM in the endoplasmic
reticulum and the Golgi apparatus, 0.1 pM in the mitochondrial
matrix, 180 pM in the cytosol, and 200 pM in the nucleus (Carter
et al., 2014). Some important cellular activities are accompanied
by Zn2+ dynamics. For example, Zn2+ secretion is associated with
insulin secretion of human pancreatic β-cells (Chen et al., 2019).
Zn2+ is also suggested to play important roles in the brain for its
Ca2+-dependent release from synaptic vesicles (Assaf and Chung,
1984).

3.2 Small Molecule-Based Zn2+ Indicators
Analogous to small molecule-based Ca2+ indicators, small
molecule-based Zn2+ indicators also consist of a Zn2+ chelator
and a fluorophore (Figures 4A–E), function using the principle of

PeT, and are suitable for live-cell imaging. Common fluorophores
include quinoline, fluorescein, 4-aminoapthalimide, and
BODIPY (Carter et al., 2014). The small molecule-based Zn2+

indicators have been comprehensively reviewed previously by
Carter and coworkers (Carter et al., 2014).

3.2.1 BAPTA-Based Zn2+ Indicators
As Zn2+ and Ca2+ are both divalent cations, existing Ca2+

indicators provided templates for the development of Zn2+

indicators. By removing one or more chelating moieties on the
BAPTA-based Ca2+ indicators, Gee and coworkers created
indicators that have a weaker affinity for Ca2+ and a much
higher affinity for Zn2+ (Gee et al., 2002). These indicators
include FluoZins, IndoZin, FuraZin, RhodZin, X-RhodZin, and
NewPort Green PDX. Among these indicators, FuraZin
(Figure 4A) and IndoZin (Figure 4B) are ratiometric
indicators structurally similar to their templates fura-2 and
indo-1, respectively. FuraZin exhibits ratiometric excitation at
378 and 330 nm; IndoZin exhibits ratiometric emission at 480
and 390 nm. FluoZin-1 and FluoZin-3 (Figure 4C) are extremely

FIGURE 4 |Molecular structures of selected small molecule-based Zn2+ indicators and schematic representations of selected GEZIs. Many small molecule-based
Zn2+ indicators are structurally similar to small molecule-based Ca2+ indicators. (A) FuraZin, (B) IndoZin, and (C) FluoZin-3 have fluorophore moieties that are identical to
those of fura-2 and indo-1, and fluo-4, respectively, (Gee et al., 2002). (D) ZP1 is composed of a di-2-picolylamine (DPA) Zn2+ chelator and a green-fluorescent
fluorescein moiety (Walkup et al., 2000). (E) RhodZin-3 is a rhodamine-based red fluorescent Zn2+ indicator (Gee et al., 2002). (F)CALWY (Vinkenborg et al., 2009)
is a FRET-based GEZI with the Zn2+ binding moiety of ATOX1/WD4. (G) ZIBG1 (Chen et al., 2019) is based on the Zn2+ binding ZAP1 protein and ncpEGFP. (H) ZIBG2
(Chen et al., 2019) is based on Zinc hook and cpEGFP.
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sensitive to Zn2+ with a ΔF/F0 of 200. RhodZin (Figure 4E) and
X-RhodZin also have large ΔF/F0 values of 150 and 100,
respectively. FluoZin-3 and NewPort Green PDX are specific
to Zn2+ with no response to Ca2+. The affinities of these BAPTA-
based Zn2+ indicators for Zn2+ are typically in the nanomolar
(e.g., Kd = 15 nM for FluoZin-3) to micromolar (e.g., Kd = 40 µM
for NewPort Green PDX) range, which are not ideal for
physiological Zn2+ concentrations that are typically at the
picomolar level.

3.2.2 Fluorescein-Based Zn2+ Indicator
Fluorescein-based Zn2+ indicators with other Zn2+-binding
moiety include Zinpyr (ZP), ZnAF, Zinspy (ZS), and QZ
families. ZP indicators contain a di-2-picolylamine (DPA)
Zn2+ chelator. ZP1 (Figure 4D) is cell-permeable and has no
substantial response to Ca2+ or Mg2+ (Walkup et al., 2000). It
binds Zn2+with a ΔF/F0 of 3.1 and a Kd of 700 pM. The further
improvement led to ZP3 with a brightness of 78 mM−1cm−1 in the
Zn2+-bound state, a ΔF/F0 of 6, and a Kd of 700 pM (Chang et al.,
2004a). Instead of a symmetrical fluorescein platform with two
DPA groups in ZP1—3, ZP4 employs an asymmetrical
fluorescein platform with a Zn2+ chelator consisted of one
DPA and an additional aniline group (Burdette et al., 2003).
ZP4 is cell permeable and exhibits a ΔF/F0 of 5 and a Kd of 650
pM. More ZP variants were created with modification on the
electron-withdrawing groups on either the fluorophore or the
chelator. ZP8, for example, has a ΔF/F0 of 11 and a Kd of 600 pM
(Chang et al., 2004b). ZP9 and ZP10 contain a pyrrole group and
an N-methypyrrole group, respectively, in the asymmetrical Zn2+

chelator, weakening their affinities substantially (the Kd of ZP9 is
690 nM and that of ZP10 is 1.9 µM) (Zhang et al., 2008).

ZnAF probes were developed by attaching a DPA moiety to
different positions on the benzoic acid moiety of fluorescein.
ZnAF probes have lower background fluorescence than ZP
probes. Among this family, ZnAF-2, ZnAF-1F, and ZnAF-2F
are highly sensitive to Zn2+ with ΔF/F0 values of 51, 69, and 60,
respectively, (Hirano et al., 2000, 2002).

By using one or two pyridyl amine thioether moieties as the
Zn2+ chelator, ZS indicators help to address the lack of specificity
of ZP indicators. While ZP indicators can also bind to Fe2+, ZS2
and ZS4 show better specificity for Zn2+ over other divalent ions
such as Fe2+, Ca2+, Mn2+, and Mg2+ (Nolan and Lippard, 2004).
ZS1, ZS2, and ZS3 exhibit ΔF/F0 values in the range of 1.5–4.5.
Further improvement on ZS indicators lowered the background
fluorescence and improved ΔF/F0 by replacing the thioether with
a thiophene (Nolan et al., 2006). ZSF7 has a ΔF/F0 of 42 and a Kd

of 33 μM.
The QZ family employs an 8-aminoquinoline to bind Zn2+.

These indicators show remarkably large ΔF/F0 values (ΔF/F0 = 150
for QZ1 and ΔF/F0 = 120 for QZ2). With an affinity in the
micromolar range, they were only suitable for the detection of
Zn2+ dynamics at relatively high concentrations of Zn2+.

3.2.3 Other Fluorophore-Based Zn2+ Indicators
Fluorophores such as boron dipyrromethene (BODIPY) and
rhodamine can provide some advantages when used for the
construction of Zn2+ indicators. BDA (Wu et al., 2005), a

BODIPY-based indicator, has a low pKa of 2.1 and is less pH
sensitive than fluorescein-based indicators. BDA is a sensitive
green Zn2+ indicator with a ΔF/F0 of 10.5 and a Kd of 1 nM. These
properties make BDA suitable for applications in which pH is not
constant. Rhodamine is a photostable red fluorescent fluorophore
that has been incorporated into Zn2+ indicators including ZRL1
(Du and Lippard, 2010), SiR-Zn (Koide et al., 2011), and ZIGIR
(Ghazvini Zadeh et al., 2020). The peak excitation and emission
wavelengths of ZRL1 are at 569 and 595 nm, respectively, (Du
and Lippard, 2010). SiR-Zn incorporates a silicon atom in the
chromophore and is more red-shifted than other rhodamine-
based indicators with the peak excitation and emission
wavelengths at 650 and 665 nm, respectively, (Koide et al.,
2011). The indicator is useful for intracellular Zn2+ detection
with a nanomolar affinity and a ΔF/F0 of 15. ZIGIR is a red Zn2+

indicator that is sensitive (ΔF/F0 > 100), cell-permeable, and
granule-specific (Ghazvini Zadeh et al., 2020).

3.3 Genetically Encodable Zn2+ Indicators
The abundance of Zn2+-binding proteins in nature provides a
number of suitable candidates for engineering GEZIs. They
include the CXXC-motif-containing metal-binding domains
Atox1/WD4 used in the CALWY family, yeast transcription
factor Zap1 in the Zap family, and yeast transcription factor
Zif268 in the Zif family.

Most GEZIs are FRET-based. ECFP and mCitrine-based
ZifCY2 exhibits a ΔR/R0 of 4.0 but is limited by its millimolar
affinity (Dittmer et al., 2009). Benefiting from the higher Zn2+

affinities of the Atox1/WD4 Zn2+-binding pair (Figure 2B),
Cerulean and Citrine-based eCALWYs (Figure 4F) exhibit
affinities ranging from picomolar to nanomolar (Vinkenborg
et al., 2009). Zap indicators also exhibit high Zn2+ affinities:
ECFP and mCitrine-based ZapCY1 exhibits a ΔR/R0 of 2.15 and a
Kd of 2.5 pM; ZapCY2 exhibits a smaller ΔR/R0 of 1.5 and a larger
Kd of 810 pM (Qin Y. et al., 2011).

The ZinCh and eZinCh indicators employ Zn2+-binding
pockets engineered into FPs. Cerulean and Citrine-based
ZinCh-1 was engineered with double mutations of Y39H and
S208C on both FPs, leading to two binding sites that each consist
of a pair of H39 and C208 (Evers et al., 2007). Further
optimization on the binding sites led to eZinCh-2 with a ΔR/
R0 of 4 and a Kd of 1 nM (Hessels et al., 2015). Although it also
binds Pb2+ and Cd2+, eZinCh-2 is an effective intracellular GEZI
for monitoring Zn2+ in the cytosol, the ER, the mitochondria, and
vesicles.

Chen and coworkers developed single FP-based GEZIs with
either Zap1 or a zinc hook as the binding domain (Chen and Ai,
2016; Chen et al., 2019). Zap1 contains two Zn2+ finger domains
and undergoes a dramatic conformational change upon Zn2+

binding. The Pyrococcus furiosus Rad50 zinc hook peptide
undergoes homodimerization upon Zn2+ binding. ZnGreen1,
based on ncpmTFP1 and Zap1, shows superior performance
relative to previous FRET-based GEZIs with a ΔF/F0 as large
as 26.3 and aKd of 633 pM (Chen and Ai, 2016). ZnGreen2, based
on cpmTFP1 and zinc hooks, displays a ΔF/F0 of 8.7 and a Kd of
20 µM (Chen and Ai, 2016). One limitation of ZnGreen1 and
ZnGreen2 is that they are inverse response indicators with poor
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photostability. To address this issue, Chen and coworkers
replaced mTFP1 with EGFP to create ZIBG1 (Figure 4G) and
ZIBG2 (Figure 4H) (Chen et al., 2019). ZIBG1 and ZIBG2 both
respond positively to Zn2+ binding. ZIBG1 has a ΔF/F0 of 2.5 and
aKd of 2.81 µM; ZIBG2 has a ΔF/F0 of 7 and aKd of 282 pM. A red
fluorescent GEZI based on mApple and Zap1 was also created
with a ΔF/F0 of 3.8 and two Kd values of 166 pM and 20 µM
according to the biphasic titration curve.

GZnPs are a series of GEZIs also based on Zap1 and cpGFP
(Qin et al., 2016; Fudge et al., 2018; Minckley et al., 2019). GZnP1
has a ΔF/F0 of 1.2 and a Kd of 34 pM. Engineering efforts on
GZnP1 led to GZnP3 with a larger ΔF/F0 of 10 and a weaker
affinity (Kd = 1.3 nM). The weakened affinity is more appropriate
for Zn2+ released from granules.

4 K+ INDICATORS

4.1 The Roles of K+ in Cell Physiology
Potassium (K+) is one of the most abundant ions in biology.
Besides its role as an electrolyte for body fluid balance, K+ also
plays a pivotal role in excitable cells such as those in the heart and
the nervous system (Humphries and Dart, 2015). In the resting

state, K+ is sequestered into cells by the Na+/K+ pump and other
transporters to maintain a large concentration gradient with the
intracellular K+ concentration at around 150 mM and the
extracellular K+ concentration at around 5 mM. When cells
are excited, K+ effluxes through a variety of voltage-gated K+

channels to repolarize cells after depolarization. The dynamics of
K+

fluxes reflect neuronal and cardiac signal propagation and
therefore is an intriguing target for live-cell imaging applications.

4.2 Small Molecule-Based K+ Indicator
Potassium binding benzofuran isophthalate (PBFI) is the
earliest small molecule-based K+ indicators (Figure 5A)
(Minta and Tsien, 1989). It is excited by UV light at
350 nm in the K+-unbound state and 344 nm in the K+-
bound state. Although the indicator is more specific for K+

(Kd = 8 mM) than Na+ (Kd = 21 mM), better specificity is
required for cellular imaging to avoid signal interference by
Na+, which is typically at an intracellular concentration of
10–40 mM (Minta and Tsien, 1989). PBFI exhibits low
brightness primarily due to its low QY of 0.024 in the K+-
unbound state and 0.072 in the K+-bound state. Asante
Potassium Green-1 (APG-1) is more red-shifted than PBFI
with the peak excitation wavelength at 515 nm and the peak

FIGURE 5 |Molecular structures of selected small molecule-based K+ indicators (PBFI and Potassium Green 2) and schematic representations of selected GEKIs.
Small molecule-based K+ indicators (A) PBFI and (B) Asante Potassium Green 2 (APG-2) are based on 1, 10-diaza-4, 7, 13, 16-tetraoxacyclopentadecane (Minta and
Tsien, 1989; Rimmele and Chatton, 2014). (C) FRET-based KIRIN and GEPII are based on Kbp that consists of a BON and a LysM domain (Ashraf et al., 2016; Shen
et al., 2019). (D) GINKO1 and GINKO2 are based on Kbp and ncpEGFP (Shen et al., 2019; Wu et al., 2021).
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emission wavelength at 540 nm (Rimmele and Chatton, 2014).
APG-1 responds to K+ with a maximum 4-fold change.
Improved APG-2 (Figure 5B) and APG-4 were applied in
permeabilized Jurkat and U937 cells to visualize changes in
intracellular K+ concentration (Rana et al., 2019). Recently,
Ratiometric Potassium Sensor-1 (RPS-1) was developed with
dual fluorophores: a K+-responsive fluorophore Potassium
Sensor 525 (PS525) and a non-responsive Coumarin 343 for
internal calibration in living tissues (Wang et al., 2021). The
dye displays a ΔF/F0 of 6 and an apparent Kd of 137 mM.

4.3 Genetically Encodable K+ Indicators
The identification of K+ binding protein (Kbp) enabled the
development of GEKIs (Ashraf et al., 2016). Bischof et al. and
Shen et al. developed FRET-based GEKIs named GEPII and
KIRIN, respectively, (Figure 5C) (Ashraf et al., 2016; Shen et al.,
2019; Bischof et al., 2019). The two indicators show comparable
ΔR/R0 and affinity values: the mCerulean3 and cpVenus-based
KIRIN has a ΔR/R0 of 1.5 and a Kd of 1.66 mM, and the mseCFP
and cpVenus-based GEPII has a ΔR/R0 of 2.2 and a Kd of
0.42 mM. Both FRET indicators exhibit outstanding specificity
for K+, showing no response to Na+ at physiologically relevant
concentrations. In addition to the FRET-based GEKIs, Shen et al.
also described ncpGFP-based GINKO1 (Figure 5D). GINKO1
exhibits a ΔF/F0 of 1.5 and higher specificity for K+ (Kd =
0.42 mM) than Na+ (Kd = 153 mM). Further engineering with
site-directed mutagenesis and directed evolution led to GINKO2
with better sensitivity (ΔF/F0 = 14) and specificity (no response to
Na+ up to 150 mM) (Wu et al., 2021).

5 MG2+ INDICATORS

5.1 The Roles of Mg2+ in Cell Physiology
Mg2+ plays many pivotal roles in cellular processes and functions.
Mg2+ serves as an important cofactor for almost every enzyme
that needs ATP for catalysis; stabilizes nucleic acids through
electrostatic interactions for DNA and RNA synthesis and repair;
and regulates mitochondrial Ca2+ transport, voltage-gated Ca2+

channels, and voltage-gated K+ channels as a Ca2+ antagonist
(Pilchova et al., 2017). Most intracellular Mg2+ is bound to
biomacromolecules, such that total intracellular concentration
of total Mg2+ is 17–20 mM but only 0.25–1.5 mM is free Mg2+

(Grubbs, 2002; Romani, 2013). Cells maintain a steady-stateMg2+

concentration through transporters such as Mrs2p, which
transports Mg2+ into mitochondria for Mg2+ sequestration
(Kolisek et al., 2003).

5.2 Small Molecule-Based Mg2+ Indicators
Many small molecule-based Ca2+ indicators that exhibit an
affinity for Mg2+ were modified into Mg2+ indicators with
o-aminophenol-N, N, O-triacetic acid (APTRA) as the binding
group. Some examples include Mag-fura-2 (Figure 6A), Mag-
indo-1 (Figure 6B), and Magnesium Green (Supplementary
Table S2) (Raju et al., 1989; Morelle et al., 1994; Zhao et al.,
1996). Mag-fura-2 is excited at 369 nm andMag-indo-1 is excited
at 349 nm (Raju et al., 1989). Due to the phototoxicity associated

with UV excitation, Mg2+ indicators with excitation at longer
wavelengths were developed. The green indicators Magnesium
Green and Mag-fluo-4 (Figure 6C) are excited at 506 and
490 nm, respectively, (Zhao et al., 1996; Shmigol et al., 2001).
The above indicators are all subject to interference from Ca2+ in
live-cell imaging due to their millimolar affinities for Mg2+ and
micromolar affinities for Ca2+.

Other binding motifs were sought to address the lack of Mg2+

specificity over Ca2+ observed with APTRA. One suchmotif is the
charged β-diketone, which is used in KMG-103 (Kd = 1.8 mM for
Mg2+, Kd = 6.3 mM for Ca2+) and KMG-104 (Kd = 2.1 for Mg2+,
Kd = 7.5 mM for Ca2+) that bind Mg2+ preferentially (Komatsu
et al., 2004). With an addition of a biarsenical structure to KMG-
104, the FlAsH-based KMG-104-AsH (Figure 6D) exhibits an
outstanding specificity with Kd values of 1.7 mM for Mg2+ and
100 mM for Ca2+ (Fujii et al., 2014). The FlAsH-based indicator
remain quenched until it covalently links to a tetracysteine tagged
protein through its biarsenical motif. This mechanism allows
subcellular targeting and decreases background fluorescence.
KMG-104-AsH is pH stable in the range of pH 5–6.5 and
relatively photostable. The affinity, specificity and stability of
KMG-104-AsH make it more suitable for live-cell Mg2+ imaging
than APTRA-based indicators.

5.3 Genetically Encodable Mg2+ Indicators
As most Mg2+-binding proteins also bind Ca2+ with a higher
affinity, one of the main challenges for developing GEMIs was to
first identify a Mg2+-specific binding protein. The first reported
GEMIs, the MagFRET series, were based on the Mg2+-binding
protein human centrin HsCen3 and FPs Cerulean and Citrine
(Figure 6E) (Lindenburg et al., 2013). HsCen3 contains two
binding sites that bind both Mg2+ and Ca2+. MagFRET1 has a
ΔR/R0 of 0.49 for Mg2+ and a ΔR/R0 of 0.19 for Ca2+; MagFRET2
has a ΔR/R0 of 0.33 for Mg2+ and a ΔR/R0 of 0.031 for Ca2+.
MagFRET1, 2, 7, and 8 have suitable affinities for detecting Mg2+

(Kd = 0.15–0.89 mM) in the physiological concentration range of
Mg2+, but they all have high affinities for Ca2+ (Kd = 10–57 µM).

MagIC is a ratiometric GEMI based on mCherry and Mg2+/
Ca2+ sensitive cpVenus (Koldenkova et al., 2015). Kd values of
MagIC are 5.1 mM for Mg2+ and 4.8 mM for Ca2+. Its affinity for
Mg2+ is too low for detection of intracellular Mg2+. The indicator
has an in vitro ΔR/R0 of 0.5 for Mg2+, which is similar to that for
Ca2+. Just like MagFRETs, the sensitivity of MagIC to Ca2+

prevent it from being more widely applied. MARIO1 is
another FRET-based GEMI based on a modified cytosolic
Mg2+-sensing domain of the E. coli Mg2+ transporter CorA
(CorA-CD) (Maeshima et al., 2018). MARIO1 show improved
sensitivity (ΔR/R0 = 1.53 for Mg2+) but still lacks specificity (Kd =
6.2 mM for Ca2+ and Kd = 7.2 mM for Mg2+).

6 NA+ INDICATORS

6.1 The Role of Na+ in Cell Physiology
As another one of the most abundant ions in biology, Na+ has
many important roles and functions. It regulates osmotic
pressure and fluid balance (Reynolds et al., 2006). Na+ also
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plays roles in the immune system by enhancing immune
responses for pathogen clearance and affecting the
differentiation and functions of immune cells (Wilck et al.,
2019). In the nervous system, Na+ influxes during the
depolarization phase of action potentials for signal
propagation (Chahine and O’Leary, 2014). Na+

concentration is around 10 mM intracellularly and over
100 mM extracellularly (Strazzullo and Leclercq, 2014). The
large gradient across the membrane is maintained by the Na+/

K+ pump, which provides energy for the translocation of Ca2+

and other neurotransmitters. There are several small molecule-
based Na+ indicators, but no genetically encodable indicators
have been reported to date due to the lack of an appropriate
Na+-binding protein.

6.2 Small Molecule-Based Na+ Indicators
Sodium binding benzofuran isophthalate (SBFI) (Figure 7A) was
developed at the same time as PBFI (Figure 6). SBFI has a Kd of

FIGURE 6 |Molecular structures of selected small molecule-based Mg2+ indicators and schematic representation of a selected GEMI. (A)Mag-fura-2 (Raju et al.,
1989), (B)Mag-indo-1 (Morelle et al., 1994), and (C)Mag-fluo-4 (Shmigol et al., 2001) are based on fluorophore moieties that are identical to those of the BAPTA-based
Ca2+ indicators fura-2, indo-1, and fluo-4, respectively. As a Mg2+-binding moiety, they employ o-aminophenol-N, N, O-triacetic acid (APTRA) for Mg2+-binding. (D)
KMG-104-AsH is a FlAsH-type indicator based on a β-diketone Mg2+-binding moiety (Fujii et al., 2014). KMG-104-AsH can be genetically targeted via covalent
linking to tetracysteine-tagged proteins through its biarsenical groups. (E) MagFRET is a FRET-based genetically encodable Mg2+ indicator with the Mg2+ binding
domain from human centrin HsCen3.

FIGURE 7 | Molecular structures of selected small molecule-based Na+ indicators. Small molecule-based Na+ indicators differ from K+ indicators with respect to
their crown ether moieties. Na+ indicators are typically based on 1, 7-diaza-4, 10, 13-trioxacyclopentadecane as represented for (A) SBFI and (B) ANG-2 (Minta and
Tsien, 1989; Roder and Hille, 2014).
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7.4 mM for Na+ and a Kd of 166 mM for K+ (Minta and Tsien,
1989). The indicator provides a ΔF/F0 of 2. A drawback of SBFI is
its low brightness attributed to its low QY of 0.045 in the Na+-
unbound state and 0.083 in the Na+-bound state. Sodium Green
has visible light excitation and brighter fluorescence that enable
its usage in flow cytometry (Amorino and Fox, 1995). CoroNa
Green has a peak excitation wavelength at 492 nm and a peak
emission wavelength at 516 nm (Meier et al., 2006; Iamshanova
et al., 2016). NaTRIUM Green 2 (ANG-2) (Figure 7B) is slightly
red-shifted with peak excitation and emission wavelengths at 517
and 542 nm, respectively, (Roder and Hille, 2014; Iamshanova
et al., 2016). The ΔF/F0 value of CoroNa Green is 4 and that of
ANG-2 is 20 (Iamshanova et al., 2016). The Kd value of CoroNa
Green for Na+ is ~80 mM and that of ANG-2 is 34 mM in
presence of K+ and 20 mM in absence of K+. SBFI, CoroNa
Green and ANG-2 have been used to detect changes in
intracellular Na+ concentrations in prostate cancer cell lines
(Iamshanova et al., 2016).

7 PH (H+) INDICATORS

7.1 Importance of pH in Cell Physiology
Proton (H+) concentration is measured as pH (−log[H+]). The
pH values vary in different cellular compartments: 7.0–7.4 in the
cytoplasm, 7.2 for ER, 6.4 in the Golgi apparatus, 5.0 in
lysosomes, 5.4 in secretory granules, 6.2 in early endosomes,
and 5.3 in late endosomes (Futai et al., 2000). The pH values of
organelles are maintained mainly by vacuolar H+-ATPase
(V-ATPase), which actively pumps H+ against its
concentration gradient with the energy from ATP hydrolysis
(Nelson et al., 2000). The pH environment is important for the
functions of the organelles. For example, the lysosomal low pH is
important for the optimal functions of lysosomal enzymes such as
lysozyme. In other cases, proton gradients across organelle
membrane or plasma membrane are used to provide energy
for translocation of other molecules, such as neurotransmitters
accumulated into synaptic vesicles (Farsi et al., 2017). In
mitochondria, proton gradients provide energy for ATP
synthesis (Reid et al., 1966). The capability provided by pH
indicators (Supplementary Table S3), to measure pH in
subcellular compartments of live cells, enables investigations of
pH-related processes such as endocytosis and vesicle secretion.

7.2 Small Molecule-Based pH Indicators
Tsien and coworkers developed 2’, 7’-bis (carboxyethyl)-5,6-
carboxyfluorescein (BCECF), one of the first fluorescent small
molecule-based pH indicators (Rink et al., 1982). BCECF has a
pKa at 6.98, ideal for intracellular pH measurement. The dye
shows two peaks in the excitation spectrum at ~505 and ~470 nm.
The emission intensity exhibits a 3-fold increase from pH 6.4 to
pH 7.5. The isosbestic excitation wavelength of BCECF is at
440 nm, where the excitation would lead to a pH-independent
emission. The seminaphtharhodafluor (SNARF) family is an
alternative pH indicator series with dual excitation and dual
emission. SNARF-1, for example, has two peak excitation
wavelengths in an acidic environment at 515 and 544 nm, and

a peak excitation wavelength of 573 nm in a basic environment
(Whitaker et al., 1991). The peak emission wavelength shifts from
573 to 631 nm as pH increases. With yellow to orange
fluorescence, SNARF series can be co-imaged in live cells with
blue fluorescent dyes such as fura-2 (Martinez-Zaguilan et al.,
1991). SNARF-1 and SNARF-2 both have pKa values above 7 (7.6
for SNARF-1, 7.5 for SNARF-2). SNARF-4 has a lower pKa of 6.4
to enable pH detection in slightly acidic environments (Marcotte
and Brouwer, 2005). The pH indicators pHrodo green and red
(Thermo-Fisher) are ideal indicators to image endocytosis
because of their low fluorescence signal at neutral pH and
increased fluorescence at acidic pH (Godfrey et al., 2008;
Lindner et al., 2020).

7.3 Genetically Encodable pH Indicators
The development of many of the genetically encodable pH
indicators was inspired and enabled by the intrinsic pH
sensitivity of FPs themselves. The environmental pH can
influence the protonated state of the chromophore, leading to
fluorescence changes. EGFP shows dual excitation at
approximately 390 and 480 nm and the ratio of the two peaks
in the excitation spectra change in response to changes in pH
(Kneen et al., 1998). When excited at 480 nm, EGFP shows an
emission increases with increasing pH. EYFP (pKa = 7.1) is more
suitable for intracellular pH sensing than EGFP (pKa = 6.15) due
to its neutral pKa (Llopis et al., 1998).

Fusing a pH-sensitive FP to a FRET donor or acceptor leads to
a FRET-based pH indicator. For example, the FluBpH series is
based on a fusion of EcFbFP, a flavin mononucleotide (FMN)-
binding FP excited at 380 nm, and YFPs with different pKa values,
to generate FRET indicators covering different ranges of pH
(Rupprecht et al., 2017). The YFPs include: Citrine (pKa at 5.7),
EYFP (pKa at 6.1), and EYFP-H148G (pKa at 7.5). The ratio of
570 nm (YFP fluorescence emission) to 495 nm (EcFbFP
fluorescence emission) reflects the pH of the environment.
Alternatively, a CFP and YFP-based pH indicator has a peak
excitation wavelength at 410 nm and peak emission wavelengths
at 476 nm (CFP) and 535 nm (YFP) (Hellwig et al., 2004).
pHusion is a tandem concatenation of mRFP1 and the pH-
sensitive EGFP (Gjetting et al., 2012). pH-Lemon, based on
mTurquoise2 and EYFP, exhibits a highly sensitive ratio
change in the range of pH 4.0–7.0 (Burgstaller et al., 2019).

Engineering of GFP for increased pH sensitivity has resulted in
a variety of green pH indicators. One example is the ratiometric
pH-sensitive variant E2GFP (GFP with F64L/S65T/T203Y/
L231H) with a pKa around 7 (Bizzarri et al., 2006). E2GFP
shows ratiometric excitation and emission: the peak emission
wavelength is at 510 nm at low pH and red shifts to 523 nm at
high pH. In addition, the peak excitation wavelength is at 424 nm
at low pH and becomes two peaks (401 and 515 nm) at high pH.
Other engineering efforts resulted in the deGFPs that have a
variety of pKa values: deGFP1 variant (S65T/H148G/T203C,
pKa~8.0), deGFP2 (S65T/C48S/H148C, pKa~7.2), deGFP3
(S65T/T203C, pKa~6.9), and deGFP4 (S65T/C48S/H148C/
T203C, pKa~7.3) (Hanson et al., 2002).

Miesenböck and coworkers developed ratiometric pHluorin
and ecliptic pHluorin by mutating key residues (Q94, R96, H148,
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I167, T203, S205, and E222) that affect Y66 protonation or
excitation spectrum (Miesenböck et al., 1998). With a fixed
emission wavelength at 508 nm, ratiometric pHluorin exhibits
an excitation ratio (395–475 nm) change greater than 3-fold in
the pH range from 5.5 to 7.5. Ecliptic pHluorin has a ~5-fold
fluorescence emission change in the pH range from 5.5 to 7.5.
Superecliptic pHluorin introduced two mutations (F64L and
S65T) on ecliptic pHluorin that led to better protein folding
and improved sensitivity (~50-fold) required for imaging of
neuronal synaptic vesicle fusion and neurotransmitter release
(Sankaranarayanan et al., 2000).

In addition to EGFP, other FPs have been utilized to generate a
palette of pH indicators with different colours. Introducing
H148G to YFP led to pHVenus with a pKa at 7.3 (Wachter
et al., 1998). pHRed is a red pH indicator based onmKeima with a
pKa of 6.5 and a ratiometric change (585 nm versus 440 nm) over
10-fold (Tantama et al., 2011). pHTomato is another red pH
indicator with peak excitation and emission wavelengths at 550
and 580 nm, respectively, (Li and Tsien, 2012). It has a higher pKa

at 7.8 and a ΔF/F0 over 1 in the range of pH 7.5–9.8. pHuji is an
mApple-based pH indicator with a ΔF/F0 of 21 in the range of pH
5.5–7.5 (Shen et al., 2014). pHmScarlet, the latest addition to red
pH indicators, is 6-fold brighter than pHuji (Liu et al., 2021). As
described by Shen et al., a general limitation of red fluorescent pH
indicators, with respect to their use for imaging of vesicle fusion,
is their lower Hill coefficients (nH) relative to green fluorescent
pH indicators (Shen et al., 2014).

8 CL− INDICATORS

8.1 The Roles of Cl− in Cell Physiology
Chloride (Cl−) is an important anion in biology. It regulates
proteins and genes including kinases (e.g., Cl−-dependent GTP-
utilizing protein kinase, nucleoside diphosphate kinase (NDPK),
and with-no-lysine kinase (WNK)), channels (e.g., Na+-K+-2Cl−

cotransporter), and receptors (e.g., glutamate ionotropic receptor
kainate (GRIK)) (Valdivieso and Santa-Coloma, 2019). Cl− in
mammalian cells is maintained at concentrations ranging from 5
to 100 mM by transporters such as potassium chloride
cotransporter 2 (KCC2). The serum Cl− concentration is
maintained at 100 mM by the kidney. The gradient is used by
chloride channels for cellular processes. For example, GABA type
A receptor (GABAA) conducts Cl

− upon GABA binding to allow
signal propagations (Goetz et al., 2007).

8.2 Small Molecule-Based Cl− Indicators
Small molecule-based Cl− indicators include 6-methoxy-N-(3-
sulfopropyl) quinolinium (SPQ), N-(ethoxycarbonylmethyl)-
6-methoxyquinolinium bromide(MQAE),6-methoxy-
N-ethylquinolinium iodide (MEQ), and lucigenin. These Cl−

indicators are quenched by Cl− through collisional quenching.
The rate of fluorescence quenching is accelerated by higher
concentrations of Cl−. All of them are long Stoke shift dyes that
are excited by UV lights and emit photons at wavelengths
approximately 100 nm longer than their peak excitation
wavelengths (Verkman et al., 1989; Biwersi et al., 1994).

When applied in cells, SPQ and MQAE show severe
photobleaching (Krapf et al., 1988; Verkman et al., 1989).
MEQ is much less prone to photobleaching than MQAE in
Swiss 3T3 fibroblasts (Biwersi and Verkman, 1991). Lucigenin
is incompatible with intracellular imaging because its electron-
deficient acridine ring is prone to nucleophilic attack in
biological samples (Biwersi et al., 1994).

8.2.1 Genetically Encodable Cl− Indicators
YFP is intrinsically sensitive to Cl− (Supplementary Table S4)
(Wachter and James Remington, 1999). Its fluorescence is
decreased by 40% with 150 mM Cl− at pH 7.0. Cl− binds near
the chromophore and the binding destabilizes the deprotonated
form of the chromophore due to charge repulsion. This also leads
to elevated pKa (5.2 without Cl

−, and 7.0 with Cl−). T203Y is a key
mutation for Cl− binding presented in many YFP variants
(Wachter and James Remington, 1999; Arosio et al., 2007).
Further engineering led to better Cl− indicator variants. For
example, the H148Q mutation decreases the Kd from 777 to
100 mM and increases the fluorescence response to a 50%
reduction in fluorescence in presence of Cl− (Jayaraman et al.,
2000). I152L was introduced to reduce the Kd to 85 mM for Cl−

(Galietta et al., 2001). A further engineered variant mCl-YFP,
with eight mutations relative to EYFP, has a higher affinity and a
reduced pH sensitivity (Zhong and Schleifenbaum, 2019). These
Cl− sensitive FPs also respond to other halides.

Kuner and Augustine developed the first ratiometric Cl−

indicator, Clomeleon, based on fusion of CFP to Cl−-sensitive
YFP (Kuner and Augustine, 2000). Clomeleon undergoes a near
80% decrease of F527nm/F485nm ratio in presence of Cl− in vitro
and has a maximum 50% decrease in hippocampal neurons.
Clomeleon has a Kd of 167 mM for Cl−, leading to relatively small
responses in physiologically relevant conditions. To decrease the
Kd, H148Q, I152L, and V163S were introduced to Clomeleon and
that reduced the Kd to ~30 mM (Markova et al., 2008).
SuperClomeleon was engineered by changing in the linker
between two FPs, replacing Cerulean with CFP, and
introducing other beneficial mutations (S30R, Q69T and
V163A) (Grimley et al., 2013). This improved indicator
exhibits a dynamic range (−ΔR/R0) of 90% and a Kd of 8.1 mM.

ClopHensor is a dual indicator for pH and Cl− that addresses
complications arising from the pH sensitivity of YFP (Arosio
et al., 2010). The indicator is a fusion of pH sensing E2GFP and a
DsRed monomer. E2GFP can be excited at 488 nm for pH
dependent Cl− measurement or at 458 nm for pH-independent
Cl− measurement. The wavelength of 458 nm is an isosbestic
point based on the pH titration profile of E2GFP. DsRed is excited
at 543 nm with no overlapping signal from E2GFP. Its signal is
affected by neither pH nor Cl− concentrations. Hence,
measurements with excitation at 458 nm, 488 nm, and 548 nm
allow simultaneous measurement of pH and Cl−.

Other FPs have been explored as alternative Cl− indicators.
The jellyfish Phialidium sp phiYFP was identified as a naturally
occurring Cl−-sensitive ratiometric indicator (Tutol et al., 2019b).
phiYFP has two peak excitation wavelengths at 400 and 480 nm
and a peak emission wavelength at 540 nm. When excited at
480 nm, the fluorescence of phiYFP decreases modestly as Cl−
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concentration increases. When excited at 400 nm, phiYFP is a
turn-on indicator with a ΔF/F0 of 2.5 in response to 400 mM Cl−.
Recently, mNeonGreen was identified as another turn-on Cl−

indicator with a ΔF/F0 of 20-fold, a Kd of 9.8 mM, but also a
strong pH dependency that may limit its applications (Tutol et al.,
2019a).

9 CU+ INDICATORS

9.1 The Roles of Cu+ in Cell Physiology
Copper is an essential nutrient to human health. It has
implications in cardiovascular (Saari, 2000), immune (Percival,
1998), and nervous systems (Opazo et al., 2014). The element
exists predominantly in two forms in biology: the monovalent
Cu+ and the divalent Cu2+. The two different oxidation states of
copper are exploited by enzymes that catalyze redox reactions
(e.g., cytochrome c oxidase and NADH dehydrogenase) (Festa
and Thiele, 2011). Many of these enzymes are located on the
membranes of compartmented organelles in eukaryotic cells.
Mitochondria, in particular, contain many copper-dependent
enzymes for energy production (Baker et al., 2017). Most
copper ions are in the cofactors of enzymes, leaving only
10−18—10−13 M free Cu+ (Tapiero et al., 2003). Excess copper
is toxic because free Cu+ can generate free radicals in cells and
destabilize iron-sulfur clusters. Therefore, regulated trafficking is
required to prevent cell damages (Stohs and Bagchi, 1995;
Macomber and Imlay, 2009; Kaplan and Maryon, 2016).
Fluorescent copper indicators enable monitoring of free Cu+

concentration, thus leading to a better understanding of Cu+

dynamics and localizations under stimuli or stress. To the best of
our knowledge, there are no fluorescent indicators designed to be
specific for Cu2+.

9.2 Small Molecule-Based Cu+ Indicators
CTAP-1 is the first small molecule-based fluorescent indicator for
Cu+ with a ΔF/F0 of 4.6 (Yang et al., 2005). The indicator consists
of a tetrathiaza crown ether Cu+-binding motif and a pyrazoline
fluorophore. The tetrathiaza crown ether allows specific binding
to Cu+ (Kd = 40 nM) over other ions including Cu2+, and
monovalent ions K+ and Na+. The pyrazoline fluorophore has
a peak emission wavelength at 480 nm with UV excitation.
CTAP-1 is membrane permeable and allows monitoring of
Cu+ localization in NIH 3T3 cells grown in a medium
supplemented with Cu+. One drawback of CTAP-1 is that it
aggregates in cells. This issue was largely addressed with CTAP-2,
which also exhibits an improved ΔF/F0 of 65 (Morgan et al.,
2011).

Coppersensor-1 (CS1) is another small molecule-based Cu+

indicator based on BODIPY fluorophore and an azatetrathia
binding domain (Zeng et al., 2006). The indicator displays a
ΔF/F0 of 10 and peak excitation and emission wavelengths at 540
and 566 nm, respectively. CS3 is a more sensitive and brighter
version with a ΔF/F0 of 75 (Dodani et al., 2011a, 20), enabling
visualization of intracellular Cu+ concentration at basal and
depleted levels and identification of Ca2+-dependent Cu+

redistribution.

Some small molecule-based Cu+ indicators were developed
for more specific purposes. Mito-CS1 can be targeted to
mitochondria via a triphenylphosphonium moiety and
therefore enables Cu+ imaging in mitochondria (Dodani
et al., 2011b). RCS1, a ratiometric indicator, has a ΔR/R0 of
20 and peak emission wavelengths at 505 and 570 nm in vitro
and is effective as demonstrated in live C6 rat glioma cells
(Domaille et al., 2010). ACu1 can be excited by two-photon at
750 nm and was used to image Cu+ in hippocampal slices at
depths ranging from 90 to 220 µm (Su Lim et al., 2011). Cao
Cu-3 is based on a tricarbocyanine scaffold and exhibits a ΔF/
F0 of 9.6 with near-infrared fluorescence and was applied in
live MG63 cells (Cao et al., 2012).

9.3 Genetically Encodable Cu+ Indicators
The apparent Cu+ affinities of the small molecule-based Cu+

indicators range from 10−8 to 10−14 M, which is typically too weak
for the basal concentration of Cu+ in the cell. Genetically
encodable Cu+ indicators address this issue with improved
Cu+ affinities.

FRET-based genetically encodable Cu+ indicators have
been developed using several Cu+-binding proteins. Wegner
and coworkers reported Ace1-FRET, Mac1-FRET, and Amt1-
FRET (Wegner et al., 2010, 2011). Amt1-FRET is based on a
Cu+-responsive transcriptional regulator Amt1 and the CFP/
YFP FRET pair (Wegner et al., 2010). The indicator has a high
affinity (Kd = 2.5 × 10–18 M) that enables visualization of the
tightly regulated Cu+. Ace1-FRET and Mac1-FRET are based
on yeast copper regulators Ace1 and Mac1, respectively
(Wegner et al., 2011). The two indicators show opposing
responses to Cu+: Mac1-FRET decreases in FRET efficiency
upon Cu+ binding and Ace1-FRET increases in FRET
efficiency upon Cu+ binding. Ace1-FRET has a Kd of 4.7 ×
10–18 ± 8.8 × 10–19 M and Mac1-FRET has a Kd of 9.7 × 10–20 ±
1.3 × 10–20 M for Cu+. The Zn2+ indicator eCALWY was also
modified for Cu+ binding (Vinkenborg et al., 2009; Koay et al.,
2013). The Zn2+-binding domains used in eCALWY are Cu+

chaperones ATOX1 and WD4, which contains CXXC Zn2+-
binding motifs (Vinkenborg et al., 2009). Mutating several
cysteines to methionines in the CXXC motifs abolished Zn2+

binding while retaining Cu+ binding (Koay et al., 2013). The
resulting eCALWY-C2M/C3M shows specific binding to Cu+

(Kd = 10−15–10−16 M) over Zn2+ (Kd = 1.4 × 10−6 M) and no
binding to Co2+, Cu2+, or Ni2+.

The single FP-based Cu+ indicators include EGFP-
145Amt1, YFP-Ace1 and YAGn series. EGFP-145Amt1is
based on Amt1 and ncpEGFP (Liang et al., 2012). YFP-
Ace1 is based on Ace1 and YFP (Liu et al., 2013). YFP-
Ace1 was optimized by adding GGS linkers of different
lengths before N146 of YFP. The resulting variants were
named YAGn where n denotes the number of GGS repeats
in the linker. YFP-Ace1 and YAG1 are excitation ratiometric at
440 and 496 nm. The longer linkers abolish the ratiometric
change. The fluorescent response is 38, 35, 30, 25, and 25% for
YFP-Ace1, YAG1, YAG2, YAG3, and YAG4, respectively. The
Cu+ affinity is increased with increasing linker lengths [Kd

values for YFP-Ace1, YAG1, YAG2, YAG3, and YAG4 are
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(8.2 ± 1.2) × 10−18 M, (2.0 ± 0.8) × 10−18 M, (1.2 ± 1.0) ×
10−18 M, (4.6 ± 1.2) × 10−19 M, and (3.3 ± 0.9) × 10−19 M].

10 INDICATORS FOR TOXIC IONS (PB2+,
CD2+, AS3+ AND HG2+)

Indicators for toxic ions, Pb2+, Cd2+, As3+ and Hg2+ were
developed for the general purpose of further investigating the
mechanisms of their toxicities in cells. Many of these toxic ions
can hijack the transporters for essential ions and thus disrupt
their normal functions. Pd2+ can be imported through Ca2+

channels and N-methyl-D-aspartate (NMDA) receptor (Kerper
and Hinkle, 1997; Mazzolini et al., 2001). It interferes with iron
incorporation of hemoglobin and acts as a Ca2+ or Zn2+analogue
to disrupt Ca2+-dependent signaling pathway and Zn2+-
dependent activities (Martinez-Finley et al., 2012). Similarly,
Cd2+ mimics Ca2+ and Zn2+, leading to detrimental effects on
multiple organs (Bridges and Zalups, 2005). Mercury and
mercury compounds are extremely toxic due to their reactivity
with the thiol groups of cysteines and thus causes a detrimental
effect on a variety of key enzymes (Clarkson and Magos, 2006).
Arsenic can react with reduced thiol groups to disrupt protein
metabolism in general; arsenic in the forms of arsenite and
arsenate are particularly toxic to the nervous system and
cardiovascular system by disrupting voltage-gated K+ channels
(Medda et al., 2020). Small molecule-based and genetically
encodable fluorescent indicators are thus valuable tools to
investigate the toxicity of these elements. Among these
indicators, small molecule-based fluorescent indicators for
Pb2+, Cd2+, and Hg2+ have been previously reviewed by Kim
and coworkers (Ha et al., 2012).

Genetically encodable arsenic indicators include SenALiBs
and GEARs. SenALiB is based on an E. coli arsenic sensing
domain ArsR flanked by CFP and YFP (Soleja et al., 2019).
Further optimized variant SenALiB-676n has a higher affinity for
As3+ (Kd = 0.676 × 10–6 M) compared to SenALiB (Kd = 2.6 ×
10–5 M). The indicator exhibits a maximum 10% increase in
FRET ratio. GEAR-CV1 is based on a bacterial As3+ responsive
transcriptional factor AfArsR from Acidithiobacillus ferrooxidans
and exhibits a ΔR/R of 15.8 ± 0.2% and a Kd of 84.9 µM (Khan
et al., 2021). After further improvement, GEAR-CV2 exhibits a
larger FRET ratio change of 22 ± 3.5%. The single GFP-based
GEAR-G1 exhibits a ΔF/F0 of 31.6% upon As3+ binding.

Pb2+ indicators include leadfluor-1 (LF1), leadglow, and the
protein-based Met-lead 1.59 (Vijverberg and Westerink, 2012).
LF1 combines a fluorescein-like scaffold and a dicarboxylate
pseudocrown binding moiety (He et al., 2006). The indicator
is sensitive with a ΔF/F0 of 18 and specific to Pb2+ over Li+, Na+,
K+, Mg2+, Ca2+, Mn2+, Fe2+, Co2+, Ni2+, Cu2+, Zn2+, Cd2+, and
Hg2+. Leadglow is another sensitive and specific small molecule-
based Pb2+ indicator (Marbella et al., 2009). The practicality of
these two indicators is limited by their affinities for Pb2+ (LF1: Kd

= 23 ± 4 μM; Leadglow: Kd = 217 nM) that are too low for
detecting typical Pb2+ concentration in the environment [a limit
of 72 nM Pb2+ in drinking water has been set by the United States
Environmental Protection Agency (Santucci and Scully, 2020)].

The genetically encodable Met-lead 1.59 provides an alternative
for detection of low Pb2+ concentrations. It is based on
Cupriavidus metallidurans CH34 Pb2+-binding protein PbrR
flanked by CFP and YFP, and exhibits an emission ratio (YFP/
CFP) in the range of 3.3–5.7 and a biphasic response with Kd

values of 69 nM and 22 μM (Chiu and Yang, 2012).
Cd2+ indicators include biologically compatible small

molecule-based Liu Cd-1, Peng Cd-1, and Cheng Cd-1, as well
as genetically encodable Cd-FRET. Liu Cd-1 consists of
fluorescein and a thiosemicarbazide, and responds to Cd2+

with a ΔF/F0 of 1.5 (Liu et al., 2007). Peng Cd-1 is based on
BODIPY fluorophore and presented ratiometric emission
(655 nm in a Cd2+ free environment and 597 nm in a Cd2+

rich environment) (Peng et al., 2007). Cheng Cd-1 is another
BODIPY-based Pb2+ indicator with superior sensitivity and
affinity (Cheng et al., 2008). The fluorescence intensity of
Cheng Cd-1 is enhanced by a maximum 195-fold with linear
detection of Cd2+ in the nanomolar range. Cd-FRET was created
by modifying Zn2+ indicator ZinCh-9 with a new (Cys)4 metal-
binding motif at the interface of the FPs (Vinkenborg et al., 2011).
Met-cad 1.57 is another genetically encodable FRET-based Cd2+

indicator with a Cd2+-binding protein CadR flanked by CFP and
YFP (Chiu et al., 2013).

Various Hg2+ indicators have been developed to detect Hg2+.
Among these indicators, Zhao Hg-1 and Lin Hg-1 are biologically
compatible and demonstrate remarkable dynamic ranges (ΔF/F0)
of 1,200 and 1,000, respectively, (Lin et al., 2010; Zhao et al.,
2010). Rhodamine spirolactam-based Zhao Hg-1 is
nonfluorescent unless bound to Hg2+, which converts the
spirolactam to a ring-open amide form reversibly (Zhao et al.,
2010). Lin Hg-1 is similarly based on thiolspirolactam to achieve
high sensitivity (Lin et al., 2010). Zhao Hg-1 and Lin Hg-1 bind
Hg2+ with Kd values of 4.6 × 10−7 M and 2.5 × 10−5 M,
respectively. Compared to these indicators, BODIPY-based
8H-BDP and fluorescein-based Mercuryfluor-1 (MF1) bind
Hg2+ with higher affinities (8H-BDP: Kd = 6.3 × 10−19 M;
MF1: Kd = 7.0 × 10−11 M) but decreased fluorogenicity (8H-
BDP: ΔF/F0 = 27; MF1: ΔF/F0 = 170) (Yoon et al., 2005; Lu et al.,
2009). MF1 was used to detect Hg2+ levels in fish samples (Yoon
et al., 2005). A Hg2+-induced fluorescence change was detected in
HeLa cells using 8H-BDP (Lu et al., 2009).

11 DISCUSSION

The decades of work on monatomic ion indicators have yielded
many useful tools with diverse spectral properties, sensitivity,
specificity, affinities, and brightness. In general, the most useful
indicators have the following properties:

1) A large dynamic range that allows signal change to be easily
detected.

2) High brightness to enable signal detection with a low
concentration of the indicator.

3) A suitable affinity that is compatible with the ligand
concentration in the target environment.

4) Fast kinetics to enable the detection of transient changes.
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5) Specific targeting that allows measurement in specific cell
types or subcellular compartments.

6) Colour variety that enables multiplexed and quantitative
measurement.

Steps for making a successful indicator include 1) finding an
appropriate ligand-binding moiety and a fluorescent reporter, 2)
exploring different indicator designs, and finally 3) extensive
optimizations of spectral properties, response, affinity, kinetics,
and other relevant properties. The properties of the ligand-
binding moieties and the reporters can be assessed before
initiating the development of an indicator, with the safe
assumption that the resulting indicator will inherit some or all
of these properties. That is, the binding moieties provide the
ligand-binding properties, such as the affinity and specificity, and
the fluorescent reporters provide the spectral properties.

Improving existing indicators can likewise involve choosing an
alternative ligand binder or reporter. The green fluorescent
mNeonGreen, for example, has been used to replace EGFP in
Ca2+ indicators (Subach et al., 2020; Zarowny et al., 2020) and
also used as a single FP Cl− indicator (Tutol et al., 2019a). The
brighter mNeonGreen allows an accordingly increased maximum
brightness for mNeonGreen-based indicators. The availability of
newly discovered or engineered binding moieties can inspire the
development of novel indicators. For example, the discovery of
Kbp enabled the development of genetically encodable potassium
indicators with a superior specificity for K+ over Na+ (Ashraf
et al., 2016; Bischof et al., 2017; Shen et al., 2019).

The initial development of indicators typically requires multiple
designs. The pH indicators SNARFs, for example, were developed
with multiple derivatives that exhibit different spectral properties
and pKa values (Whitaker et al., 1991). Creating a new single FP-
based indicator typically involves attempts with cp and ncp designs
to increase the probability of obtaining a ligand-sensitive design.
NIR-GECO, for example, only responds to Ca2+ with the ncp mIFP
(Qian et al., 2019). The initial construct of genetically encodable
indicators rarely responds with optimal performance and thus
requires further optimizations. The best example is the
continuing optimization of the GCaMP series over the last
2 decades. The optimizations include site saturations on identified
important sites and directed evolution. The screenings of variants
were performed in E. coli and later hippocampal neurons, ultimately
leading to the state-of-the-art GECIs (Chen et al., 2013; Dana et al.,
2019; Zhang et al., 2021).

An important factor for the future development of
genetically encodable monatomic ion indicators is the
discovery and exploitation of new binding proteins. A new
binding protein can potentially lead to a new monatomic ion
indicator with a more favorable affinity, specificity, or kinetics.
For example, the current Na+ indicators are limited by both the
lack of variety (there is not a genetically encodable Na+

indicator available yet) and the lack of specificity for Na+

over K+. A new Na+-binding motif could potentially fill the
void and provide practical tools for Na+ imaging. Such a
development could be impactful, particularly if the resulting
indicator could be used in combination with indicators for
Ca2+ or K+.

In this review, we discussed small molecule-based and
genetically encodable indicators for monatomic ions of
biological importance. Beyond the scope of this review,
chemigenetic indicators are an emerging group of tools where
the advantages of small molecule-based dyes and genetically
encodable tags complement each other. For example, such
indicators could benefit from both the superior brightness and
photostability of synthetic small molecules as well as the
genetically-targetable expression of proteins (Abdelfattah et al.,
2019; Deo et al., 2021).

The diverse collection of monatomic ion indicators has
enabled discoveries in biology and medicine. With an ever-
expanding toolset, the future of biomedical research will
benefit from a vast library of highly specific and reliable
indicators. At the same time, new technologies and approaches
for designs and optimizations emerge to benefit tool developers
who are creating more robust and practical monatomic ion
indicators at a faster-than-ever pace.
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Förster Resonance Energy
Transfer-Based Single-Cell Imaging
Reveals Piezo1-Induced Ca2+ Flux
Mediates Membrane Ruffling and Cell
Survival
Heon-Su Kim1,2, Jung-Soo Suh1, Yoon-Kwan Jang1, Sang-Hyun Ahn1, Gyu-Ho Choi1,
Jin-Young Yang1, Gah-Hyun Lim1, Youngmi Jung1, Jie Jiang3, Jie Sun3, Myungeun Suk4,
Yingxiao Wang5 and Tae-Jin Kim1,2,6*

1Department of Integrated Biological Science, Pusan National University, Pusan, South Korea, 2Institute of Systems Biology,
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China, 4Department of Mechanical Engineering, Dong-Eui University, Pusan, South Korea, 5Department of Bioengineering,
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A mechanosensitive ion channel, Piezo1 induces non-selective cation flux in response to
various mechanical stresses. However, the biological interpretation and underlying
mechanisms of cells resulting from Piezo1 activation remain elusive. This study
elucidates Piezo1-mediated Ca2+ influx driven by channel activation and cellular
behavior using novel Förster Resonance Energy Transfer (FRET)-based biosensors and
single-cell imaging analysis. Results reveal that extracellular Ca2+ influx via Piezo1 requires
intact caveolin, cholesterol, and cytoskeletal support. Increased cytoplasmic Ca2+ levels
enhance PKA, ERK, Rac1, and ROCK activity, which have the potential to promote cancer
cell survival and migration. Furthermore, we demonstrate that Piezo1-mediated Ca2+ influx
upregulates membrane ruffling, a characteristic feature of cancer cell metastasis, using
spatiotemporal image correlation spectroscopy. Thus, our findings provide new insights
into the function of Piezo1, suggesting that Piezo1 plays a significant role in the behavior of
cancer cells.

Keywords: FRET, biosensors, Piezo1, calcium, membrane ruffling

INTRODUCTION

Piezo1, a mechanosensitive channel, has been continuously investigated since its first cloning in 2010
(Coste et al., 2010). Piezo1 translates mechanical stimulation from the peripheral microenvironment into
an electrical signal, and is a non-selective cation channel that is permeable toNa+, K+,Mg2+, and Ca2+, with
a slight preference for Ca2+(Coste et al., 2010; Coste et al., 2012; Lin et al., 2019). Mechanosensitivity of the
Piezo1 channel is involved in various physiological functions, such as red blood cell volume, epithelial
homeostasis, blood pressure regulation, vascular and lymphatic development, and bone formation (Ranade
et al., 2014; Cahalan et al., 2015; Wang et al., 2016; Gudipaty et al., 2017; Nonomura et al., 2018; Sun et al.,
2019). Impairment of Piezo1 activity resulting from inherited mutations and genetic manipulations has
been associated with hereditary xerocytosis, lymphatic dysplasia, and hemolytic anemia (Zarychanski et al.,
2012; Andolfo et al., 2013; Lukacs et al., 2015; Alper, 2017).
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Two models have been suggested to understand the gating
mechanism by which Piezo1 opens a central pore in response to
mechanical force. The first model is the force-from-lipid model
(Kung et al., 2010; Anishkin et al., 2014), where the tension of the
cell membrane changes and the membrane flattens and contracts
due to external stimuli; the interaction between 24
transmembrane helices consisting of the arm of Piezo1 and
membrane lipids is altered and the arm is transformed into a
flat shape. Eventually, the dome-shaped Piezo1 flattens, fulfilling
the free energy required for channel gating and leading to the
passage of ions (Lewis and Grandl, 2015; Cox et al., 2017; Lin
et al., 2019). In other words, the channel reacts to a very local
stimulus, such as a change in membrane tension, and carries out
mechanotransduction (Cox et al., 2016; Syeda et al., 2016). The
second model is the force-from-filament model, which suggests
that Piezo1 physically binds to ambient non-compliant structures
such as the extracellular matrix and cytoskeleton structures, and
mechanogating occurs in response tomechanical stimuli from the
structures or movement of the membrane-bound channels
relative to the stationary structures (Markin and Hudspeth,
1995; Gillespie and Walker, 2001; Liang et al., 2013; Jin et al.,
2017). In a study by Wang et al. (2020) endogenous Piezo1 was
found to be bound to a mechanotransduction complex composed
of E-cadherin, β-catenin, vinculin, and actin cytoskeleton,
suggesting that this interaction could sense remote mechanical
perturbation across a cell and regulate Piezo1-induced ion gating.
Both the aforementioned models cannot be dismissed as it
continues to be reported that Piezo1 could be regulated by
both mechanisms.

The plasmamembrane and the Piezo1 channel itself have been
stimulated in various ways, such as poking, stretching, shear
stress, and osmotic stress induction, in previous studies (Coste
et al., 2010; Ranade et al., 2014; Syeda et al., 2016; Wang et al.,
2018). Additionally, Piezo1 was found to be activated by Yoda1
and Jedi1, both of which are Piezo1-specific agonists (Syeda et al.,
2015; Wang et al., 2018), although both agonists may not reflect
the physiological role of Piezo1 where mechanical force is the
native stimuli. Yoda1 can enter the hydrophobic-binding pocket
of Piezo1 from the intracellular leaflet of the membrane, which is
near the residues 1961–2063 of Piezo1, and effectively lower the
mechanical threshold of the channel required for the
conformational change of the Piezo1 arm and channel
flattening (Botello-Smith et al., 2019). It has been hypothesized
that Jedi1 binds to the extracellular side of transmembrane helical
units THU1-THU3, and this stimulation passes through two
extracellular loops of the blade and beam structure, which opens
the Piezo1 channel (Wang et al., 2018). Interestingly, it has been
assumed that the Piezo1 activation mechanisms, whether via
physical stimulation or chemical treatment, have independent
mechanotransduction pathways (Wang et al., 2018; Zhao et al.,
2018; Botello-Smith et al., 2019). The Piezo1 R2135A mutant
form, which abrogated mechanical opening mediated by
membrane stretch, could lead to Ca2+ influx in response to
Yoda1, and the A2094W mutant form, which severely reduced
Yoda1-sensitivity, could trigger inward currents upon pressure
(Botello-Smith et al., 2019). Additionally, it was observed in a
study that Jedi1 failed to potentiate poking-induced currents in

ΔL15-16 or ΔL19-20 Piezo1-expressing cells, whereas Yoda1
successfully induced (Wang et al., 2018; Zhao et al., 2018).
Therefore, the Piezo1 channel is opened by a variety of
mechanisms, but these mechanisms are not always interrelated.

Various cancer cells change the expression of proteins that are
related to calcium ions, such as calcium channels, pumps,
exchangers, and binding proteins, to remodel calcium
signaling for tumor progression (Stewart et al., 2015; Monteith
et al., 2017). Moreover, it has been reported that experimental or
pharmacological inhibition of such calcium ion-related proteins
influences cancer cell development (Monteith et al., 2017). The
elevated levels of Ca2+ ions in the cytoplasm can activate cancer
cell proliferation via cell cycle progression and various cellular
signaling pathways. Indeed, calcium plays a significant role in the
expression of immediate-early genes, such as FOS, JUN, and
MYC, as well as in the phosphorylation of retinoblastoma-
associated protein in the G1/S transition, and the activity of
various Ca2+-dependent transcription factors, including the
nuclear factor of activated T-cells, nuclear factor kappa-light-
chain-enhancer of activated B cells, and cAMP response element-
binding protein (CREB) (Sée et al., 2004; Roderick and Cook,
2008; Prevarskaya et al., 2014). Ca2+/calmodulin-dependent
protein kinases (CaMKs) and calcineurin are also activated by
Ca2+, and can facilitate the progression of the cell cycle by
regulating cyclin D1 expression and the activity of cyclin-
dependent kinases (CDKs) and CREB, a transcription factor
that is involved in the G1/S transition, by binding to the
cyclin D1 promoter (Tombes et al., 1995; Morris et al., 1998;
Khanna and Hosenpud, 1999; Schneider et al., 2002; Kahl and
Means, 2004). Calcium and CaMK2 control centrosome
duplication and the separation of the duplicated chromosomes
to the daughter cells (Roderick and Cook, 2008). There are several
cellular pathways that are regulated by calcium which activate cell
proliferation; for example, the extracellular signal-regulated
kinase 1/2 (ERK 1/2) pathway, which is a downstream effector
of Ras, activates activator protein-1 (AP-1) and
E26 transformation-specific factor and drives cyclin D1
expression and CDK4 activation (Roderick and Cook, 2008).
The Ca2+-cAMP-protein kinase A (PKA) pathway also activates
CREB (Zhang et al., 2020).

Calcium also promotes cell migration through interactions with
various compounds. Calpain, a calcium-dependent protease, cleaves
focal adhesion proteins such as integrin, talin, and vinculin, and focal
adhesion turnover is upregulated by the phosphorylation of focal
adhesion kinase (FAK) via CaMK2 and calcineurin (Ridley et al.,
2003; Su et al., 2006; Prevarskaya et al., 2011). Myosin light-chain
kinase (MLCK) activation by Ca2+ phosphorylatesmyosin light chain
(MLC), which results in cell rear-end retraction and allows the cell to
migrate toward the front (Yang andHuang, 2005). A conformational
change occurs when S100A4, a member of the S100 family of EF-
hand calcium-binding proteins, binds to calcium to cause the
exposure of its interaction domain, which allows the protein to
interact with various cytoskeletal proteins such as actin, non-
muscle myosin IIA, non-muscle myosin IIB, myosin heavy chain
IIA, and tropomyosin (Kim and Helfman, 2003; Tarabykina et al.,
2007). Furthermore, RasGRF1 is activated in a calcium-dependent
manner through interaction between its isoleucine-glutamine
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domain and calmodulin and acts as RacGEF, which activates Rac1 by
exchanging Rac1-bound GDP for GTP (Buchsbaum et al., 1996;
Zippel et al., 2000; Umeda et al., 2018). The activated Rac1 leads to
lamellipodium extension and membrane ruffling by inducing
branched actin filament polymerization (Ridley et al., 1992;
Connolly et al., 2005). Consequently, calcium and the related
signals upregulate cancer cell migration by enhancing focal
adhesion turnover, cell rear-end retraction, interaction with
cytoskeletal proteins, and branched actin filament polymerization.

Although the biological pathways and phenomena that are
triggered by Ca2+ influx through various channels have been
widely studied, the effects of Piezo1 on these phenomena remain
unclear. In this study, a variety of biosensors were adopted to visualize
various cellular-physiological activities triggered by Piezo1-induced
Ca2+ flux in the single-cell microenvironment level (Figure 1). We

evaluated calcium signal dynamics in the cytoplasm and the
endoplasmic reticulum (ER) lumen in response to Yoda1, the
plasma membrane microdomain and cytoskeletal structure
required for the normal function of Piezo1, and the cellular
pathways and membrane ruffling induced by extracellular calcium
influx. We found that Piezo1-induced calcium flux upregulated
membrane ruffling and cancer cell survival.

MATERIALS AND METHODS

DNA Plasmids and Gene Construction
The detailed information of all plasmids and primer sequences
used are listed in Supplementary Tables S1, S2, respectively.
Restriction enzyme cloning was performed to construct new

FIGURE 1 | Biosensors and targeting strategies employed in this study. Each of the biosensors visualized the target’s activity in a specific microenvironment and
was expressed solely to avoid crosstalk between optical signals of fluorescence proteins. (A) Cytosol Ca2+ indicator, Cytosolic-D3cpv used in Figures 2, 5. (B)
Endoplasmic reticulum (ER) Ca2+ indicator, ER Ca2+ sensor used in Figure 3. (C) DRM region Ca2+ indicator, Lyn-D3cpv used in Figure 4. (D) non-DRM region Ca2+

indicator, Kras-D3cpv used in Figure 4. (E)Cytosolic Ca2+ indicator, R-GECO1 used in Figure 4. (F) PKA activity indicator, hyBRET-PKA-EV used in Figure 6. (G)
ERK activity indicator, EKAREV_NLS used in Figure 6. (H) Rac1 activity indicator, RaichuEV-Rac1-Rac CAAX used in Figure 7. (I) ROCK activity indicator, Eevee-
ROCK-Lyn used in Figure 7. DRM, detergent-resistant membrane. YFP, yellow fluorescent protein. CFP, cyan fluorescent protein. RFP, red fluorescent protein. (m)
CaM, (mutated) calmodulin. m-smMLCKp, mutated smooth muscle myosin light chain kinase peptide. FHA1, forkhead-associate 1. PAK1, p21 activated kinase 1. PKA,
protein kinase A. ERK, extracellular signal-regulated kinase. Rac1, Rac-GTP complex bound to the P21. ROCK, Rho-associated protein kinase. RLuc8, Renilla
luciferase 8.
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plasmids, and the procedure is described in Supplementary
Table S3. All PCR products were directly sequenced for
genetic confirmation by Macrogen (Republic of Korea).

Cell Culture and Transfection
The MCF-7, SiHa, and BeWo cell lines were purchased from the
Korean Cell Line Bank (KCLB; Seoul, Republic of Korea), and
HEK293A and HeLa cell lines were provided by Dr. Jihye Seong
(Korea Institute of Science and Technology, Seoul, South Korea).
The MCF-7 cells were cultured in RPMI-1640 medium (CM058;
GenDEPOT, Barker, TX, United States) supplemented with 10%
(v/v) fetal bovine serum (FBS; WB0015; HyClone), 100 U/mL
penicillin, 100 μg/ml streptomycin (CA005, GenDEPOT), and
0.01 mg/ml insulin solution from bovine pancreas (I0516, Sigma).
The HEK293A, HeLa, and SiHa cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM; CM002, GenDEPOT)
containing 10% (v/v) FBS, 100 U/ml penicillin, and 100 μg/ml
streptomycin. The BeWo cells were cultured in DMEM/F-12
medium (LM002-08, Welgene) supplemented with 10% (v/v)
FBS, 100 U/ml penicillin, and 100 μg/ml streptomycin. The cells
were cultured in a humidified incubator with 95% air and 5%CO2

at 37°C. The DNA plasmids were transfected into the cells using
Lipofectamine 3000 (L3000, Invitrogen) following the
manufacturer’s protocol.

Solutions and Chemicals
To prepare the Ca2+-free medium, Hank’s balanced salt solution
(HBSS; 14175-095, Gibco) was supplemented with 20mM
hydroxyethylpiperazine ethane sulfonic acid (HEPES; Dojindo),
0.5mM ethylene glycol-bis(2-aminoethylether)-N,N,N’,N’-
tetraacetic acid (EGTA; E3889, Sigma), 1 mM magnesium chloride
(MgCl2; M8266, Sigma), and 1mM magnesium sulfate (MgSO4;
746452, Sigma) (Kim et al., 2015). To prepare the Ca2+ medium,
HBSS was supplemented with 20mM HEPES, 1mM MgSO4, and
1mM calcium chloride (CaCl2; 18230S0301, JUNSEI). The Ca2+

medium did not include EGTA, a calcium chelator, or MgCl2, a
supplemented ion. To represent normal conditions, CO2-
independent culture medium (18045088, Gibco) containing 0.5%
(v/v) FBS, 4 mM L-glutamine (LS002-1, Welgene), 100 U/ml
penicillin, and 100 μg/ml streptomycin was used. Yoda1
(SML1558), methyl-β-cyclodextrin (MβCD; 332615), ML-7
(I2764), gadolinium (Ⅲ) chloride hexahydrate (G7535), and
thapsigargin (T9033) were purchased from Sigma-Aldrich.
Nocodazole (S2775) was purchased from Selleckchem.
Cytochalasin D (ab143484) was obtained from Abcam.

Viability Assay
TheWST-8 assaywas used to determine the cell viability. TheMCF-7
cells were seeded at 8 × 103 cells/well in 96-well plates and incubated
for 24 h at 37°C before being treated with an RPMI-containing
control (0.5% DMSO) or Yoda1 (0.1–25 μM) for 24 h. After
washing, the cells were treated with Cellrix Viability Assay kit
(B1007-500, MediFab) in DMEM without phenol red (31053028,
Gibco) for 2 h at 37°C. The optical density of the solubilized formazan
product was measured using a Glomax Multi + Microplate Multi
Reader (9,301–010, Promega, United States) at a wavelength of
450 nm.

Reverse Transcription-Polymerase Chain
Reaction
Total RNA was extracted from MCF-7 cells with TRIsure (BIO-
38033, Bioline), and 300 ng of total RNA was used for cDNA
synthesis using the Compact cDNA Synthesis kit (SG-
CDNAC100, SmartGene) according to the manufacturer’s
instructions. To evaluate gene expression levels, RT-PCR was
performed with 2× Dye Mixed Hot Start Taq (SG-2XDM-HTaq,
SmartGene) following the manufacturer’s protocol. The bands of
PCR products were measured densitometrically using ImageJ
software version 1.53c (National Institutes of Health; https://
imagej.nih.gov/ij). Glyceraldehyde-3- phosphate dehydrogenase
(GAPDH) expression was used as a loading control.

Western Blotting
After washing with cold phosphate-buffered saline (PBS; LB004-
02, WELGENE), cells were lysed with the CETi lysis buffer with
inhibitors (TLP-121CETi, TransLab) and centrifuged at
13,000 rpm for 15 min at 4°C. Protein concentration was
determined using a Pierce BCA Protein Assay Kit (23227,
Thermo Scientific) following the manufacturer’s protocol. Each
lysate was added to 5× SDS-PAGE Sample Buffer (TLP-102.1,
TransLab) and heated at 100°C for 5 min. Proteins (50 μg/lane)
were loaded onto 8% SDS-polyacrylamide gel, subjected to
electrophoresis, and then transferred to an Immobilon-P
PVDF Membrane (IPNH00010, Merck Millipore). The
membranes were blocked in 5% (w/v) skim milk in Tris-
buffered saline with Tween 20 at pH 7.4 (TBST; TLP-118.1,
TransLab) for 1 h 30 min at 20°C. Membranes were incubated
with the following primary antibodies in 5% (w/v) skim milk in
TBST: anti-PIEZO1 (MBS435119, MyBioSource) diluted 1:500
and anti-GAPDH (HC301, TransGen Biotech) diluted to 1:2000;
at 4°C overnight. The membranes were then washed three times
with TBST and incubated with horseradish peroxidase-
conjugated anti-mouse IgG secondary antibodies (1:2,000; sc-
516102, Santa Cruz) in 1% (w/v) skim milk and TBST at 20°C for
60 min. Immunoreactive protein bands were detected using ECL
Ottimo (TLP-112.1, TransLab) and measured densitometrically
using an iBright FL1500 Imaging System (A44241, Invitrogen)
and ImageJ software. GAPDH was used as the loading control.

Microscopy and Image Acquisition and
Analysis
Cells expressing several exogenous proteins were cultured in a
confocal dish (100350, SPL Life Sciences) and starved in RPMI-
1640 or DMEM containing 0.5% (v/v) FBS for 6 h before imaging.
Shortly before the experiment, the cells were washed, and the
medium was replaced appropriately according to the
experimental conditions. Images were obtained using a Leica
DMi8 THUNDER microscope equipped with a scientific
complementary metal-oxide-semiconductor (sCMOS) camera
(K5, Leica), HC PL APO 40x/1.30 OIL objective lens
(11506329, Leica), HC PL APO 100x/1.40–0.70 OIL objective
lens (11506220, Leica), CYR71010 filter cube (11525416, Leica),
and DFT51010 filter cube (11525418, Leica). Throughout the live
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imaging, the temperature was maintained at 37°C by an HX
Controller (DHC2-0N1C03N, LCI). The detailed filter sets for the
fluorescence channels are listed in Supplementary Table S4. The
LASX software version 3.6.0. (Leica, https://www.leica-
microsystems.com/products/microscope-software/p/leica-las-x-
ls/). was used to acquire images and compute the fluorescence
emission intensity. A specific region was selected as a region of
interest (ROI) to observe the signals and perform quantification.
The fluorescence intensity in the background region was selected
and quantified to remove the signal from the ROI of the
fluorescence channels. The ratio images were displayed in the
intensity-modified display mode, where the color of the pixel was
determined by the FRET/CFP ratio and red fluorescence protein
(RFP) intensity. Quantified values were analyzed using the
GraphPad Prism (version 7.0.0) software for Windows
(GraphPad Software; https://www.graphpad.com/). The control
groups showed that the imaging environments, including
temperature, pH, and drug treatment process, did not disturb
the cell physiology.

Spatiotemporal Image Correlation
Spectroscopy Analysis
Spatiotemporal Image Correlation Spectroscopy (STICS) analysis
was used to determine the direction and velocity of the GFP-
cortactin localized in the lamellipodia of cells using the ImageJ
plugin STICS map jru v2 (Stowers Institute for Medical Research
in Kansas City; https://research.stowers.org/imagejplugins/),
which actualizes a method developed by Hebert et al. After
visualizing the membrane ruffling by live-cell imaging, the
LASX software corrected the background of the fluorescence
images and exported successive images in the AVI format.
The ImageJ software converted the video files to grayscale and
32-bit images and executed the STICS map jru v2. For one
experimental group, we analyzed 12 independent cells and
selected one ROI per cell. The ROI consisted of 9 (3 × 3)
particles. The obtained flow mapping images were overlaid
with gray-scaled GFP-cortactin images, and the velocity values
were analyzed statistically.

Statistical Analysis
All results are expressed as mean ± standard error of the mean
(SEM) with GraphPad Prism 7.0.0. Statistical analyses were
performed using unpaired two-tailed t-test to determine the
statistical significance of the differences between two groups.
We considered the p-values at *<0.05, **<0.01, ***<0.001, and
****<0.0001 to be statistically significant.

RESULTS

Piezo1-Mediated Extracellular Ca2+ Influx
and Endoplasmic Reticulum-Stored Ca2+

Release by Yoda1
Yoda1 was used to activate the Piezo1 channel in order to
visualize Ca2+ influx through the channel and the associated

cell biological activity. We performed a viability assay before the
live-cell imaging to determine the appropriate treatment
concentration and the cytotoxicity of Yoda1 (Figure 2A). All
experimental groups that were administered Yoda1 did not show
cell death and survived to a higher extent compared to the control
group; 0.1–10 μM Yoda1 increased cell viability in a dose-
dependent manner, and the increase in viability was relatively
low but still higher than that of the control at 25 μM (Figure 2A).
Thus, treatment with Yoda1 enhanced cell viability, and a
concentration range of 1–5 μM Yoda1 was applied to the cells
in this study. Next, reverse transcription-polymerase chain
reaction (RT-PCR) and Western blotting were performed to
confirm the function of Piezo1 shRNA used in this study
(Figures 2B–E). Piezo1 shRNA lowered the mRNA level of
Piezo1 to 54% and the protein level to 31%, whereas the cells
transfected with the control shRNA did not show a decrease in
the mRNA and protein levels, revealing that the introduction of
Piezo1 shRNA silenced the channel specifically (Figures 2B–E).

We transfected cytosolic-D3cpv, a FRET-based cytosolic Ca2+

indicator, into MCF-7 cells which express Piezo1 endogenously
(Figures 2F,G) to detect Yoda1-induced extracellular Ca2+ influx.
The biosensor had been designed to report an increased FRET/
CFP ratio when the calcium level in the cytoplasm increases. We
observed an increase in cytosolic Ca2+ levels when Yoda1 was
added to the cells expressing cytosolic-D3cpv that were incubated
in a CO2-independent culture medium (Yoda1 group). Next,
Yoda1 was administered to cells co-transfected with cytosolic
D3cpv and Piezo1 shRNA to verify that calcium influx was
dependent on Piezo1, but not other calcium-permeable
channels, evidenced by a significant decrease in the FRET/CFP
ratio (Yoda1 + Piezo1 KD group). To confirm that the increase in
the FRET/CFP ratio was specifically caused by extracellular Ca2+

influx, we utilized a Ca2+-free medium (Yoda1 + w/o Ca2+ group)
to create a Ca2+-free environment outside the cell. A significant
reduction in the ratio was also observed. We reaffirmed that the
decrease in the FRET/CFP ratio was specifically due to calcium,
and not due to any other ions unintentionally excluded, using
cells incubated in the Ca2+ medium (Yoda1 + w/Ca2+ group), and
observed a higher FRET/CFP ratio in these cells compared to that
the Yoda1 group. Collectively, our results showed that Yoda1
induced extracellular Ca2+ influx by specifically stimulating
Piezo1, and the FRET/CFP ratio obtained by cytosolic-D3cpv
was influenced specifically by calcium and represented the change
in Ca2+ levels in the cytoplasm (Figures 2F,G).

We next visualized the cytoplasmic calcium levels of various
cell lines treated with Yoda1 to study whether the Yoda1-induced
dynamics of extracellular Ca2+ influx are different in different cell
lines. We co-transfected the biosensor and Piezo1-tdTomato into
these cell lines and observed FRET/CFP ratio change after Yoda1
treatment (Figures 2H–J), while both the native HEK293A and
HeLa cell lines transfected with cytosolic D3cpv did not show
FRET/CFP ratio change. Although HEK293 and Hela cells
endogenously express functional Piezo1 (McHugh et al., 2010;
Dubin et al., 2017), the expression levels may not be sufficient to
respond to 1 μM Yoda1. The results obtained confirmed that
Yoda1 specifically activated Piezo1. In contrast to the MCF-7
cells, both the HEK293A and HeLa cell lines transfected with
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Piezo1 revealed a relatively short duration of FRET/CFP ratio
peak and faster recovery of the ratio to the baseline (Figures 2I,J).
We administrated Yoda1 to SiHa and BeWo cell lines, which
express Piezo1 endogenously, and observed that the SiHa cells
showed relatively slow recovery of the calcium level to the
baseline, similar to the observation with the MCF-7 cells.
However, the calcium signal dynamics in the BeWo cells were
similar to those of the HEK293A and HeLa cells transfected with
exogenous Piezo1 (Supplementary Figure S2). Thus, these
results suggested that the calcium influx caused by Yoda1-
treated Piezo1 and its dynamics differed depending on the
cell line.

We determined whether the calcium concentration in the ER
changed when cells were treated with Yoda1 since a slight
increase in cytosolic calcium levels was observed when the
cells were exposed to Yoda1 under Ca2+-free conditions
(Figure 2G). The ER Ca2+ sensor, which has a calreticulin
signal sequence (CRsig) and ER retention sequence (KDEL) at
the N terminus and C terminus of cytosolic-D4cpv, respectively
(Kim et al., 2017), was expressed in the MCF-7 cells, and live
imaging was conducted, which revealed that ER calcium levels

decreased when the cells were exposed to Yoda1 (Figures 3A–C).
Interestingly, the Yoda1 + w/o Ca2+ group, which was in an
extracellular calcium-free environment, released more calcium
than the Yoda1 and Yoda1 + w/Ca2+ groups in extracellular
calcium. Therefore, we assumed that calcium restoration in the
ER does not occur properly if cells were not supplied with calcium
from the extracellular region. Additionally, the results suggest
that Yoda1-induced ER-stored calcium release did not require
extracellular calcium. In addition, we administrated Yoda1 after
gadolinium (Gd3+) pre-treatment, which reduces the extracellular
calcium influx mediated by Piezo1 (Deivasikamani et al., 2019).
We hypothesized that cells exposed to Gd3+ release more ER
stored Ca2+, which is mediated by ER membrane-located Piezo1,
in response to Yoda1 than “Yoda1” experimental group, although
there is calcium in the extracellular region. In groups
administrated with Gd3+, 1 μM Yoda1 led to a higher FRET
ratio decrease than the Yoda1 group (Supplementary Figure S3).
To confirm the Piezo1-indeced ER-stored Ca2+ dynamics, we
treated thapsigargin (TG), which depletes Ca2+ in ER, before
Yoda1 treatment. Interestingly, Yoda1 resulted in immediate
calcium influx into ER in the presence of extracellular calcium

FIGURE 2 | Piezo1-mediated extracellular Ca2+ influx induced by Yoda1 in various cell lines. (A) Viability of MCF-7 cells exposed to control [0.2% (v/v) DMSO] and
Yoda1 (0.1–25 μM) for 24 h, measured using the WST-8 assay. The bar graphs describe mean values of cell viability with error bars indicating the standard error of the
mean (S.E.M) (n = 4, **p < 0.01, student t-test). (B,D) Piezo1 expression in MCF-7 cells with or without control/Piezo1 shRNA as analysed by (B) RT-PCR and (D)
western blotting. GAPDH was used as an internal control. (C,E) The bar graphs describe the cumulative densitometric analysis of (C) RT-PCR and (E)western blot
bands normalized to the GAPDH. Data are presented as the means ± S.E.M (n = 4, **p < 0.01 and ***p < 0.001, student t-test). (F,H) Time-lapse FRET images of the
Cytosolic-D3cpv in (F)MCF-7 cells, (H)HEK293A and HeLa cells introduced with or without exogenous Piezo1. MCF-7 cells were exposed to control [0.2% (v/v) DMSO]
and Yoda1 (1 μM) dissolved in CO2-independent culture medium (Yoda1 group), Ca2+-free medium (Yoda1 + w/o Ca2+ group), and Ca2+ medium (Yoda1 + w/Ca2+

group), respectively. (F) Yoda1 + Piezo1 KD group and (H) HEK293A and HeLa cells were incubated in CO2-independent culture medium. The color scale bars
represent the range of the FRET/CFP emission ratio determined using the biosensor. Hot and cold colors indicate high and low Ca2+ concentration, respectively. (G,I,J)
The time courses represent the average of the normalized FRET/CFP emission ratio changes of cytosolic-D3cpv in (G)MCF-7, (I)HEK293A, and (J)HeLa cells. The lines
are mean values of normalized emission ratios, with diluted colors indicating the S.E.M (n = 7).
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(Supplementary Figure S4). We assume that Piezo1-mediated
extracellular Ca2+ influx increases cytosolic calcium
concentration and the ion flow into ER via routes except for
Piezo1. However, Piezo1-mediated ER calcium influx occurred
slowly in the absence of extracellular calcium (Supplementary
Figure S4). Recently, it was reported that Piezo1 is at various
subcellular organelles, in particular mitochondria, and the
channel activation increases cytosolic Ca2+ concentration (Liao
et al., 2021). Mitochondria have a relatively higher Ca2+

concentration than the cytoplasm (Arnaudeau et al., 2001).

Therefore, these results could suggest that Yoda1 activates
Piezo1 located at mitochondria and leads to mitochondria-
stored Ca2+ efflux, and the ion was slowly introduced into ER
deficient in calcium through other pathways except Piezo1. Next,
we monitored the ER-stored Ca2+ level of the HeLa cell line to
examine whether ER-stored calcium release depended on Piezo1
expression and found that extracellular Ca2+ influx was not
observed in response to Yoda1 (Figures 3D–F). HeLa cells
expressing the ER Ca2+ sensor alone did not trigger a decrease
in the FRET/CFP ratio. However, the cells co-transfected with the

FIGURE 3 | Piezo1-dependent ER-stored Ca2+ release in response to Yoda1. (A,D) Time-lapse FRET images of the ER Ca2+ sensor in (A) MCF-7 and (D) HeLa
cells. The cells were exposed to control [0.2% (v/v) DMSO] and Yoda1 (1 μM) dissolved in CO2-independent culture medium (Yoda1 group), Ca2+-free medium (Yoda1 +
w/o Ca2+ group), and Ca2+medium (Yoda1 +w/Ca2+ group), respectively. The color scale bars represent the range of the FRET/CFP emission ratio determined using the
biosensor. Hot and cold colors indicate high and low Ca2+ concentration, respectively. (D) The red fluorescence protein images confirmed the expression of
Piezo1-tdTomato. (B,E) The time courses represent the average of the normalized FRET/CFP emission ratio changes of the ERCa2+ sensor. The lines aremean values of
the normalized emission ratios, with diluted colors indicating the S.E.M (n = 7). (C,F) The bar graph describes the mean values of the normalized FRET/CFP emission
ratios of the ER Ca2+ sensor at the described time with error bars indicating the S.E.M (n = 7, *p < 0.05 and **p < 0.01, Student’s t-test).
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biosensor and exogenous Piezo1 showed ER-stored calcium
release (Figures 3D–F). Therefore, Yoda1 induced ER calcium
release by activating Piezo1, and the degree of ER calcium release
was affected by extracellular Ca2+ levels.

Intact Caveolin, Cholesterol, and Various
Cytoskeletal Structures Are Required for
the Normal Function of Piezo1
The detergent-resistant membrane (DRM), known as a lipid raft,
is a membrane microdomain that contains an amount of
sphingolipid and cholesterol and acts as a scaffold for many
different signaling pathways because a variety of integral
membrane proteins are embedded in it, such as insulin-like
growth factor-I receptor and phosphoinositide 3-kinases (Huo

et al., 2003; Mollinedo and Gajate, 2015). Caveolae, a subset of
DRM characterized by omega-or cup-shaped membrane
microdomains, contains caveolins that line the membrane and
stabilize the caveolae structure (Pelkmans et al., 2004;
Schlörmann et al., 2010). Lipid rafts and caveolar
microdomains play essential roles in modulating calcium
signals because these structures contain various key proteins,
which are associated with Ca2+, such as STIM1, CaMK2, PKC,
and PLC (Pani and Singh, 2009). In particular, cholesterol and
multiple signaling molecules in the microdomain interact with
diverse ion channels and regulate the function and membrane
localization of channels (Levitan et al., 2010). It has been reported
that methyl-β-cyclodextrin (MβCD), a cholesterol-depletion
agent, completely reduced the β2-adrenergic stimulation of
Cav1.2 channels (Balijepalli et al., 2006; Tsujikawa et al., 2008)

FIGURE 4 | Detergent-resistant membrane (DRM) and caveolin were required for normal Piezo1 function. (A,B) Time-lapse FRET images of the (A) Lyn-D3cpv and
(B) Kras-D3cpv in MCF-7 cells. (E) Time-lapse red fluorescence protein (RFP) emission ratio images of the R-GECO1 in MCF-7 cells transfected with Cav1WT and Cav1
P132L. The cells were exposed to the control [0.2% (v/v) DMSO] and Yoda1 (1 μM) dissolved in CO2-independent culture medium. The color scale bars represent the
range of the (A,B) FRET/CFP or (E) RFP emission ratios determined using the biosensor. Hot and cold colors indicate high and low Ca2+ concentrations,
respectively. The images of green fluorescence channel confirmed the expression of the intended caveolin-1 constructs (C,D,F) The time courses represent the average
of the normalized (C,D) FRET/CFP emission ratio changes of (C) Lyn-D3cpv and (D) Kras-D3cpv, and (F) RFP emission ratio changes of R-GECO1. The lines are mean
values of the normalized emission ratios, with diluted colors indicating the S.E.M [(C,D) n = 7, (F) n = 20 for control and Cav1 P132L + Yoda 1, and n = 14 for Yoda1 and
Cav1 WT + Yoda1].
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and suppressed the activity of mechanosensitive channels in
human leukemia K562 cells (Morachevskaya et al., 2007).
TRPM7 was reported to localize in fractions associated with
caveolae in bradykinin-stimulated cells, suggesting that
TRPM7-caveolae-lipid raft association may facilitate the
localization of TRPM7 to cell membrane receptors (Yogi et al.,
2009). Components of membrane microdomain also play a role
in Piezo1 activation and inactivation; margaric acid inhibits
Piezo1 activation, and polyunsaturated fatty acids modulate
channel inactivation (Romero et al., 2019). In addition,
cholesterol depletion with MβCD caused a shift in the
midpoint activation pressure of Piezo1, increased channel
latency, and slowed channel inactivation (Ridone et al., 2020).

Live-cell imaging was performed to study the location and
functions of Piezo1, and whether this channel requires lipids and
membrane microdomain structures/for its normal function. We
employed two distinct types of FRET-based Ca2+ biosensors
tethered at DRM and non-DRM microdomains (Kim et al.,
2018) (Figures 4A–D) to assess the variation of Piezo1-
induced calcium influx with the type of membrane
microdomains. Lyn-D3cpv is used to visualize the calcium
signal of the DRM region by using the myristoylation and
palmitoylation sequence of Lyn kinase at the N-terminal
sequence of cytosolic D3cpv. Kras-D3cpv, which has a
prenylation substrate sequence of Kras at the C-terminus of
cytosolic D3cpv, was utilized to observe the change in calcium
concentration in the non-DRM region. We observed a change in
the FRET/CFP ratio when the cells transfected with Lyn-D3cpv
were exposed to Yoda1, indicating the occurrence of Ca2+ influx
at the DRM region. However, the FRET/CFP ratio did not change
in the group transfected with Kras-D3cpv (Figures 4A–D). Next,
we investigated whether mutated caveolin-1 influences Yoda1-
induced Piezo1 Ca2+ gating function. MCF-7 cells were co-
transfected with R-GECO1, a red fluorescent genetically
encoded Ca indicator (Zhao et al., 2011), and caveolin-1 wild-
type (Cav1WT) or caveolin 1 P132L (Cav1 P132L), a mutant that
has oligomerization defects and accumulates in the ER or Golgi
apparatus and does not support caveolae formation (Hayer et al.,
2010) (Figures 4E,F). In response to Yoda1, the expression of
wild-type caveolin 1 in the plasmamembrane (Cav1WT + Yoda1
group) induced a relatively higher Piezo1-mediated Ca2+ influx
than the Yoda1 group, which only expresses R-GECO1 (Figures
4E,F). The cells expressing Cav1 P132L showed a relatively lower
calcium influx than that in the Cav1 WT group post-treatment
with Yoda1 (Figures 4E,F).

Live cell imaging was then performed to verify whether the
integrity of cholesterol in the lipid raft is required for the normal
function of Piezo1. We administered Yoda1 after the cholesterol
of cells expressing cytosolic D3cpv was depleted by using
5 mMMβCD for 1 h. No cytosolic calcium influx (Figures
5A,B) was observed. In previous work, which used relatively
low concentrations of MβCD, the cholesterol depletion interfered
with the dynamics of 5 μM Yoda1-induced calcium signaling
(Chong et al., 2021). Our results showed that Piezo1-mediated
Ca2+ influx dynamics by 1 μM Yoda1 could absolutely be
destroyed by 5 mMMβCD pretreatment. These results are
consistent with earlier reports that the compressive stress-

induced calcium influx via Piezo1 is reduced following the
reduction of Cav1 expression and MβCD treatment (Mingzhi
et al., 2019). Collectively, our results show that Piezo1 mainly
induced calcium influx in the DRM region, and the integrity of
the caveolin and the cholesterol constituting the lipid raft is
required for the normal function of Piezo1.

There are three major cytoskeleton structures connected to the
cell plasma membrane: Actin filaments, microtubules, and
actomyosin (Sitarska and Diz-Muñoz, 2020). These structures
support the membrane and play an essential role in
mechanotransduction (Gittes et al., 1993; Ananthakrishnan
and Ehrlicher, 2007; Clark et al., 2007; Salbreux et al., 2012;
Murrell et al., 2015; Morley et al., 2016; Pandya et al., 2017; Yan
et al., 2018). We hypothesized that changes in the cytoskeletal
support affect the function of Piezo1, which detects mechanical
stress from the membrane and extracellular microenvironments.
Cells expressing cytosolic D3cpv were pretreated with
cytochalasin D (CytoD), which disrupts actin microfilaments
(Brenner and Korn, 1980); nocodazole (Noco), which binds to
β-tubulin and interferes with the polymerization of microtubules
(Mejillano et al., 1996); and ML-7, an MLCK inhibitor (Saitoh
et al., 1987) for 30 min, 1 h, and 1 h respectively, and exposed to
Yoda1 (Figures 5C–E) to examine Piezo1-mediated calcium
signals in cells where specific single cytoskeleton structure was
compromised. We observed that CytoD pretreatment had a
negligible effect on calcium influx dynamics. However, cells
with microtubule disruption induced by Noco (Noco group)
and ML-7 group having abnormal actomyosin activity took a
longer time to reach the maximum FRET/CFP ratio value
compared to that in the control and CytoD groups (Figures
5C–E). Collectively, our results suggest that the integrity of the
microtubules and actomyosin is required for the calcium signal
dynamics caused by Yoda1-induced Piezo1 activation to function
properly. Cells implicates the cytoskeleton in the dynamics of the
Ca2+ signaling not the magnitude, thus they are for all intents and
purposes dispensable for the Yoda-1 mediated activation of
Piezo1.

Yoda1 Promoted PKA, ERK, Rac1, and
ROCK Activity in an Extracellular Ca2+-And
Piezo1-Dependent Manner
We investigated the biological pathways that are activated by Piezo1-
mediated extracellular calcium influx, since increased cytosolic
calcium has an effect on various cell signaling pathways. We used
the hyBRET-PKA-EV and EKAREV_NLS biosensors, which are
designed to show increased FRET/CFP ratios by the activation of
PKA and ERK, respectively, to examine whether increased cytosolic
calcium promotes the PKA and ERK signaling pathways that
enhance cell survival and proliferation (Figures 6A–F) (Komatsu
et al., 2011; Komatsu et al., 2018). Yoda1-induced activation of PKA
and ERK was observed in the cells of the Yoda1 group incubated in a
CO2-independent culture medium, but this increase was significantly
reduced in the Piezo1 KD group. We observed a decrease in the
FRET/CFP ratio in the absence of extracellular calcium. We then
reaffirmed whether the decrease in the FRET/CFP ratio resulted only
from calcium by using a medium containing Ca2+ (Yoda1 + w/Ca2+
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group), and observed a higher FRET/CFP ratio compared to that
observed in the Yoda1 group (Figures 6A–F).

Subsequently, the RaichuEV-Rac1-Rac CAAX and Eevee-
ROCK-Lyn biosensors were employed to visualize the activity
of Rac1 and ROCK, which is a downstream effector of RhoA. The
forementioned biosensors detect an increased FRET/CFP ratio in
response to Rac1 and ROCK activation, respectively (Komatsu
et al., 2011; Li et al., 2017) (Figures 7A–F). We observed that
Yoda1 promoted the activity of Rac1 and ROCK, and decreased
the expression of Piezo1 by shRNA reduced the response of these
two effectors to Yoda1. The FRET/CFP ratio reduced in the
Yoda1 + w/o Ca2+ group when extracellular calcium was absent;
however, the cells incubated in the Ca2+ medium showed the
highest Rac1 and ROCK activation (Figures 7A–F). Intriguingly,
we observed that Yoda1 slightly activated the ERK, Rac1, and
ROCK in Yoda1 + Piezo1 KD group (Figures 6D,F and Figures
7C–F). It has been previously reported that Yoda1 slightly
induced the activation of ERK and Akt independent of Piezo1

(Dela Paz and Frangos, 2018), which is consistent with our
results. Nevertheless, Piezo1 and calcium play a significant role
in the activation of ERK, Rac1 and ROCK because the presence of
extracellular calcium and the integrity of Piezo1 expression
caused greater activation of cellular signals in all the Yoda1
treatments. Therefore, extracellular calcium influx through
Piezo1 upregulates PKA, ERK, Rac1, and ROCK activities
which have the potential to promote cancer cell survival,
proliferation, and migration.

Extracellular Ca2+ Influx via Piezo1 and
Downstream Effectors Regulates
Membrane Ruffling
Cells extend protrusions toward desired spaces and form new
focal adhesions for migration (Mayor and Etienne-Manneville,
2016). Specifically, lamellipodia, a sheet-like membrane
protrusion, is mainly found at the leading edge and results

FIGURE 5 | Intactness of cholesterol, microtubules, and actomyosin structures plays an important role in the normal function of Piezo1. (A,C) Time-lapse FRET
images of the cytosolic-D3cpv in untreated MCF-7 cells and cells pretreated with (A) MβCD, (C) cytochalasin D (CytoD), nocodazole (Noco), and ML-7. All cells were
exposed to Yoda1 (1 μM) dissolved in CO2-independent culture medium. The color scale bars represent the range of the FRET/CFP emission ratio detected using the
biosensor. Hot and cold colors indicate high and low Ca2+ concentrations, respectively. (B,D) The time courses represent the average of the normalized FRET/CFP
emission ratio changes of the cytosolic-D3cpv in (B)MβCD, (D) CytoD, Noco, and ML-7 pretreatment groups. The lines are mean values of normalized emission ratios,
with diluted colors indicating the S.E.M (n = 7). (E) The box plots describe the time taken to reach the maximum value of the FRET/CFP ratio in the control, CytoD, Noco,
and ML-7 pretreatment groups with whiskers representing minimum and maximum values, respectively. (n = 7, ***p < 0.001 and ****p < 0.0001, Student t-test).
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from branched actin filament polymerization (Krause and
Gautreau, 2014; Mayor and Etienne-Manneville, 2016).
Migrating cells generate lamellipodia by activating the Rac-
WAVE/SCAR-Arp2/3 signaling axis. The actin-rich dendritic

network appears to look like the cell membrane is forming
hair-like ruffles when viewed from the extracellular regions,
which is called membrane ruffling (Krause and Gautreau,
2014; Isogai et al., 2015). It has been reported that the store-

FIGURE 6 | Effects of Piezo1-induced cytosolic calcium increase on PKA and ERK activity. (A,B) Time-lapse FRET images of the (A) hyBRET-PKA-EV and (B)
EKAREV_NLS in MCF-7 cells. The cells were exposed to the control [0.2% (v/v) DMSO] and Yoda1 (5 μM for hyBRET-PKA-EV and 1 μM for EKAREV_NLS) dissolved in
CO2-independent culture medium (Yoda1 group), Ca2+-free medium (Yoda1 + w/o Ca2+ group) and Ca2+ medium (Yoda1 + w/Ca2+ group), respectively. The Yoda1 +
Piezo1 KD group was incubated in CO2-independent culture medium. The color scale bars represent the range of the FRET/CFP emission ratio determined using
the biosensor. Hot and cold colors indicate high and low (A) PKA and (B) ERK activity, respectively. (C,D) The time courses represent the average of the normalized
FRET/CFP emission ratio changes of (C) hyBRET-PKA-EV and (D) EKAREV_NLS. The lines are mean values of normalized emission ratios, with diluted colors indicating
the S.E.M (n = 7). (E,F) The bar graph describes the mean values of the normalized FRET/CFP emission ratios of (E) hyBRET-PKA-EV and (F) EKAREV_NLS at the
indicated times with error bars indicating the S.E.M (n = 7, *p < 0.05, **p < 0.01 and ****p < 0.0001, Student’s t-test).
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operated Ca2+ entry (SOCE) complex composed of STIM1 and
ORAI1 plays an important role in membrane ruffling (Lopez-
Guerrero et al., 2017). As shown in Figure 7, Piezo1-induced
extracellular calcium influx upregulated the activity of Rac1,

which promotes branched actin filament polymerization, and
ROCK, which plays a role in ROCK-mediated actin cytoskeleton
rearrangement, and rear-end retraction. Since Piezo1 activation-
induced membrane ruffling remains poorly understood, we

FIGURE 7 | Extracellular calcium influx through Piezo1 increases Rac1 and ROCK activity. (A,B) Time-lapse FRET images of the (A) RaichuEV-Rac1-Rac CAAX
and (B) Eevee-ROCK-Lyn in MCF-7 cells. The cells were exposed to control [0.2% (v/v) DMSO] and Yoda1 (1 μM for RaichuEV-Rac1-Rac CAAX and 5 μM for Eevee-
ROCK-Lyn) dissolved in CO2-independent culture medium (Yoda1 group), Ca2+-free medium (Yoda1 + w/o Ca2+ group), and Ca2+ medium (Yoda1 + w/Ca2+ group),
respectively. The Yoda1 + Piezo1 KD group was incubated in a CO2-independent culture medium. The color scale bars represent the range of the FRET/CFP
emission ratio determined using the biosensor. Hot and cold colors indicate high and low (A)Rac1 and (B)ROCK activity, respectively. (C,D) The time courses represent
the average of the normalized FRET/CFP emission ratio changes of (C) RaichuEV-Rac1-Rac CAAX and (D) Eevee-ROCK-Lyn. The lines are mean values of normalized
emission ratios, with diluted colors indicating the S.E.M (n = 7). (E,F) The bar graph describes the mean values of the normalized FRET/CFP emission ratios of (E)
RaichuEV-Rac1-Rac CAAX and (F) Eevee-ROCK-Lyn at the indicated times with the error bars indicating the S.E.M (n = 7, *p < 0.05, ***p < 0.001 and ****p < 0.0001,
Student’s t-test).
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explored this phenomenon using spatiotemporal image
correlation spectroscopy (STICS), which analyses the velocity
of particles in live imaging data (Hebert et al., 2005; Yi et al., 2011;
Hartzell et al., 2016) (Figure 8). We transfected MCF-7 cells with
GFP-tagged cortactin, a membrane ruffling marker, to observe
membrane ruffling activity. Cortactin, a substrate of Src, mediates
cell shaping, membrane protrusion, membrane ruffling, and
lamellipodia by contributing to actin cytoskeleton
rearrangement (Wu and Parsons, 1993; Weed and Parsons,
2001; Ammer and Weed, 2008). We visualized real-time cell
membrane ruffling after Yoda1 treatment, and the velocity values
of the fluorescence particles in the ruffling region were derived
with STICS; these values were named “ruffling activity”
(Figure 8A). We observed active membrane ruffling in the
Yoda1 group (Supplementary Video S2) following Yoda1
administration to the cells incubated in the CO2-independent
culture medium, but the ruffling was significantly reduced in the
Piezo1 KD group (Figures 8B,C) (Supplementary Video S3).
The cells incubated in calcium-free conditions showed decreased
cell membrane ruffling; however, ruffling activity in the Yoda1 +
w/Ca2+ group was the same as that in the Yoda1 group
(Supplementary Videos S4, S5). We then introduced Rac1
N17 and RhoA N19, a dominant-negative construct of Rac1
and RhoA, respectively, into each group to identify the

downstream effectors that regulate the membrane ruffling
induced by Piezo1-mediated extracellular calcium influx. As
expected, the cells introduced with dominant-negative RhoA
exhibited more active membrane ruffling than the Rac1 N17-
introduced cells (Figures 8B,C) (Supplementary Videos S6, S7)
post-Yoda1 treatment. We conjectured that continuous and
active membrane ruffling in the Yoda1 and Yoda1 + w/Ca2+

groups required the presence of extracellular calcium and the
intactness of Piezo1 and the downstream effectors
(Supplementary Videos S1–7). Collectively, these results show
that Piezo1-induced extracellular calcium influx results in
membrane ruffling, a precursor of cell migration, and this
ruffling is regulated to a greater extent by Rac1 compared to
that by RhoA.

4 DISCUSSION

Various aspects of Piezo1 have been studied over the years,
including the structure of the channel, mechanogating
mechanism, activation dynamics, its interaction with
surrounding proteins and agonists, physiological functions,
and associated diseases (Coste et al., 2010; Coste et al., 2012;
Lukacs et al., 2015; Gudipaty et al., 2017; Jin et al., 2017; Wang

FIGURE 8 | Effects of Piezo1-induced extracellular calcium influx on membrane ruffling. (A) A schematic illustration explaining the procedure for analyzing the
membrane ruffling with STICS. Live-cell imaging was used to visualize membrane ruffling, which occurs briefly after Yoda1 treatment, and STICS analyzed the videos, or
a series of images, showing the movement. The illustration was created using BioRender (https://biorenders.com/) (B) The bar graph describes the mean values of the
normalized ruffling activity with error bars indicating the S.E.M (the number of analyzed particles = 108, ***p < 0.001 and ****p < 0.0001, Student’s t-test). The cells
were treated with the control [0.2% (v/v) DMSO] and Yoda1 (1 μM) dissolved in CO2-independent culture medium (Yoda1 group), Ca2+-free medium (Yoda1 + w/o Ca2+

group), and Ca2+ medium (Yoda1 + w/Ca2+ group), respectively. The Yoda1 + Piezo1 KD, Rac1 N17, and RhoA N19 groups were incubated in a CO2-independent
culture medium. (C) The flowmapping images represent the velocity of the GFP-cortactin particles expressed in MCF-7 cells. The color scale bars represent the range of
the ruffling activity calculated by STICS. Hot and cold colors indicate high and low ruffling activity, respectively.
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et al., 2018; Botello-Smith et al., 2019; Wang et al., 2020). In this
study, we investigated Yoda1-treated MCF-7 cells, which express
Piezo1 endogenously, and explored Piezo1-induced Ca2+ flux,
cellular signaling, and cellular requirements for the normal
function of the channel. Additionally, membrane ruffling
mediated by Ca2+ influx and Piezo1 was also examined.

Yoda1 administration triggered the decrease in the ER calcium
sensor FRET/CFP ratio, indicating the release of ER-stored calcium
(Figure 3). Since Yoda1-induced ER-stored calcium release remains
poorly understood, we suggest two potential theories to explain this
phenomenon. First, Piezo1 located in the ER is activated by Yoda1,
resulting in calcium efflux. During the synthesis of most membrane
proteins in the ER that are located in the plasma membrane, some
parts of the proteins are inside the ER or vesicles and then the proteins
turn towards the extracellular region in the plasma membrane. In
other word, the parts always face the exoplasmic space (i.e., the lumen
of the ER, vesicles and cell exterior) (Harvey et al., 2008). It has been
demonstrated that a variety of calcium-permeable ion channels, which
are mainly in the plasma membrane and induce extracellular calcium
influx, are also located in the ER membrane and mediate ER-stored
calcium release (Takeshima et al., 2015). Previous studies showed that
Piezo1 is also present in the ER (Satoh et al., 2006; McHugh et al.,
2010). Recently, it has been reported that Piezo1 located in ER
membrane triggers ER-stored Ca2+ release (Liao et al., 2021). In
addition, the patch of negatively charged residues 2393-DEEED-2397
of Piezo1, placed above the extracellular fenestration sites, has an
important role in the selection of cations over anions, suggesting that
cations might enter the ion-conducting pathway through the
“extracellular” fenestration sites (Zhao et al., 2018). Therefore, we
could also conclude that cations go into the central pore through the
“exoplasmic space,” the lumen of the ER. Accordingly, we suggest a
model that Piezo1 is located in the ER-lipid bilayer, and the top part of
the channel which usually faces the extracellular region in the plasma
membrane might face the inside of ER, and Piezo1 could trigger ER-
stored Ca2+ release. Since Yoda1 binds to the Piezo1-hydrophobic
binding pocket near the membrane’s intracellular leaflet (Botello-
Smith et al., 2019), the agonist can effectively approach the binding
site, which is exposed to the cytosol and is found in both the plasma
membrane and ER. Therefore, we hypothesized that Yoda1 treatment
activated Piezo1 and induced calcium release in the ER. In this work,
we mainly examined and validated this hypothesis. Second, the Ca2+

influx mediated by Piezo1 activates ER-located calcium efflux
channels and receptors. As illustrated in Figure 6, PKA was
upregulated in a Piezo1-induced calcium-dependent manner. Ca2+-
calmodulin signaling promotes cAMP levels by upregulating adenylyl
cyclase, and PKA, its downstream effector, activates ryanodine
receptors (RYRs) and inositol 1,4,5-trisphosphate receptors (IP3Rs),
which mediate ER-stored calcium release (Reiken et al., 2003; Taylor,
2017). Hence, Piezo1-induced calcium influx in itself creates an
environment that can cause ER-stored calcium release.

As shown in Figures 5C–E, the cells pretreated with Noco and
ML-7 showed different dynamics of Yoda1-induced calcium
signaling than those observed in the control group.
Intriguingly, the maximum values of the FRET/CFP ratio were
similar among all groups; Noco and ML-7 delayed the time to
reach the maximum ratio value (Figures 5D,E). The plasma
membrane, where various transmembrane and membrane-

bound proteins are embedded in the lipid bilayer, is supported
by the cytoskeleton complex (Sitarska and Diz-Muñoz, 2020).
Components of the cytoskeleton, including microtubules and
actomyosin, are key intracellular structures that support
membrane mechanics and play an essential role in
mechanotransduction (Gittes et al., 1993; Ananthakrishnan
and Ehrlicher, 2007; Murrell et al., 2015; Morley et al., 2016;
Yan et al., 2018). The microtubules, whose polymerization was
interrupted by nocodazole, are rigid structures in cells and play a
significant role in maintaining cell shape and polarized
pseudopodial activity (Rodionov et al., 1993). Upon the
acetylation of α-tubulin, which is a component of the
microtubule, the stiffness of the plasma membrane is
increased, and cells require more force to trigger
mechanosensitive channels (Morley et al., 2016; Yan et al.,
2018). In addition, TRPV1, a non-selective cation channel,
binds to a network of subcortical microtubules via cytoplasmic
tubulin-binding motifs in mammalian osmo-sensory neurons
(Prager-Khoutorsky et al., 2014). Therefore, microtubules play
an important role in maintaining cellular elasticity and
mechanotransduction. It was reported that the microtubule
stabilizer paclitaxel increased Piezo2-mediated mechanically
activated currents, but these currents were reduced by
vincristine, a microtubule destabilizer, suggesting that
microtubules are involved in Piezo2 mechanotransduction
(Chang and Gu, 2020). Thus, the results of the previous study
showed similar trends to our results, showing that microtubule
disruption by nocodazole results in altered Piezo1 function. The
cell cortex contains membrane-bound actomyosin, which is
composed of myosin II and its substrate, F-actin (Sitarska and
Diz-Muñoz, 2020). The interaction between myosin II and actin
filaments generates a contractile force that controls the cell shape
and plays a role in mechanotransduction (Clark et al., 2007;
Murrell et al., 2015; Pandya et al., 2017). ML-7 is a selective
inhibitor of MLCK, which phosphorylates MLC and potentiates
contractility in actomyosin (Saitoh et al., 1987). Therefore, we
assume that pre-treatment with ML-7 reduces the contractile
force of actomyosin, alters intracellular tension and plasma
membrane elasticity, and changes the activity of Piezo1, which
senses mechanical stimulus from the local membrane or ambient
cellular microenvironment.

5 CONCLUSION

In conclusion, we found that Yoda1-induced Piezo1 activation
increased cytosolic calcium levels via extracellular calcium influx
and release of ER-stored calcium. The intactness of the caveolin,
cholesterol and cytoskeletal structures are required for Piezo1 to
function normally. Furthermore, Yoda1 treatment induced the
activation of PKA, ERK, Rac1, and ROCK, and membrane
ruffling in a Ca2+-and Piezo1-dependent manner. Taken together,
our results indicate that Piezo1 induces calcium flux-upregulated cell
survival and membrane ruffling (Figure 9). These data provide a
novel insight that cancer cells expressing Piezo1 might use the
channel to promote cell survival and migration; therefore, Piezo1
could be an important target for treating such cancer cells.

Frontiers in Cell and Developmental Biology | www.frontiersin.org May 2022 | Volume 10 | Article 86505614

Kim et al. Piezo1-Induced Membrane Ruffling and Survival

53

https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


DATA AVAILABILITY STATEMENT

The raw data supporting the conclusion of this article will be
made available by the authors, without undue reservation.

AUTHOR CONTRIBUTIONS

H-SK and T-JK contributed to conception and design of the
study. H-SK, J-SS, Y-KJ, and S-HA conducted the data curation.
H-SK, S-HA, G-HC, and MS performed the statistical analysis.
MS, JJ, JS, and YW validated the data. HK wrote the first draft of
the manuscript. J-YY, G-HL, YJ, YW, and T-JK reviewed and
edited the manuscript. T-JK supervised this project.

FUNDING

This work was supported by a National Research Foundation of
Korea (NRF) grant funded by the Korean government (MSIT)
(No. 2020R1C1C1010107).

SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fcell.2022.865056/
full#supplementary-material
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FRET Visualization of Cyclic
Stretch-Activated ERK via Calcium
Channels Mechanosensation While
Not Integrin β1 in Airway Smooth
Muscle Cells
Xin Fang, Kai Ni, Jia Guo, Yaqin Li, Ying Zhou, Hui Sheng, Bing Bu, Mingzhi Luo,
Mingxing Ouyang* and Linhong Deng*

Institute of Biomedical Engineering and Health Sciences, School of Pharmacy & School of Medicine, Changzhou University,
Changzhou, China

Mechanical stretch is one type of common physiological activities such as during heart
beating, lung breathing, blood flow through the vessels, and physical exercise. The
mechanical stimulations regulate cellular functions and maintain body homeostasis. It
still remains to further characterize the mechanical-biomechanical coupling mechanism.
Here we applied fluorescence resonance energy transfer (FRET) technology to visualize
ERK activity in airway smooth muscle (ASM) cells under cyclic stretch stimulation in airway
smooth muscle (ASM) cells, and studied the mechanosensing pathway. FRET
measurements showed apparent ERK activation by mechanical stretch, which was
abolished by ERK inhibitor PD98059 pretreatment. Inhibition of extracellular Ca2+ influx
reduced ERK activation, and selective inhibition of inositol 1,4,5-trisphosphate receptor
(IP3R) Ca

2+ channel or SERCA Ca2+ pump on endoplasmic reticulum (ER) blocked the
activation. Chemical inhibition of the L-type or store-operated Ca2+ channels on plasma
membrane, or inhibition of integrin β1 with siRNA had little effect on ERK activation.
Disruption of actin cytoskeleton but not microtubule one inhibited the stretch-induced ERK
activation. Furthermore, the ER IP3R-dependent ERK activation was not dependent on
phospholipase C-IP3 signal, indicating possibly more mechanical mechanism for IP3R
activation. It is concluded from our study that the mechanical stretch activated intracellular
ERK signal in ASM cells through membrane Ca2+ channels mechanosensation but not
integrin β1, which was mediated by actin cytoskeleton.

Keywords: cyclic stretch, mechanosensation, ERK, calcium channel, fluorescence resonance energy transfer

INTRODUCTION

Mechanical forces associated with cyclic stretch play important roles in the control of vascular
functions and pulmonary circulation homeostasis, and stretch exercise in ordinary life shows benefits
in improving physical and mental health (Geneen et al., 2017; Fang et al., 2019). In medical
emergency, however, mechanical ventilation with repetitive cyclic stretch can result in inflammation
and lung tissue injury (Slutsky and Ranieri, 2014; Horie et al., 2016). In the past decades, mechanical
stretch in regulating physiological functions and cellular signaling has attracted wide research
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interests (Sadoshima and Izumo, 1993; Loperena et al., 2018; Chu
et al., 2019; Ren et al., 2021). The mechanotransduction
mechanism of mechanical stimulation to cellular biochemical
signals has been a topic that is yet to be fully understood.

Physiologically, mechanical stimulations show fundamental
roles in cell behaviors, tissue and organ developments, and
disease-associated processes (Ingber, 2003; Mammoto et al.,
2013; Qi et al., 2016). Several mechanisms have been
discovered for the mechanical stimulations to biochemical
signal transformations including cellular mechanosensitive
components and extracellular matrix (Swaminathan and
Gloerich, 2021). For instance, Polycystin-1, a large-size
molecule with eleven transmembrane domains, has been
shown to act as the mechanosensing component to modulate
mechanical stretch-induced bone-cell differentiation
(Dalagiorgou et al., 2013; Dalagiorgou et al., 2017).
Membrane-localized ion channels TRPV4 and Piezo2 played
central roles in calcium oscillation induced by physiological
(8%) and injurious (18% of strain) levels of mechanical strains
in chondrocytes, respectively (Du et al., 2020). Kim et al.
investigated the mechanism of cellular Ca2+ signaling induced
by pulling force using optical laser tweezers, and found that the
endoplasmic reticulum (ER) Ca2+ release is mediated by both
actin cytoskeleton and mechanosensitive Ca2+ channels on the
plasma membrane (Kim et al., 2015).

Cellular biochemical activities are regulated by mechanical
stretch at multiple levels. It has been observed for long that cells
reorient themselves nearly perpendicular to the direction of cyclic
stretch, and so does the actin cytoskeleton (Hayakawa et al., 2001;
Wang et al., 2001; Jungbauer et al., 2008; Liu et al., 2008). Except
for morphological changes, ATP release is visualized by induction
of mechanical stretch in human airway smooth muscle (ASM)
cells (Takahara et al., 2014), and the ATP release is regulated by
Ca2+ signaling via caveolae-mechanosensitive pathway in alveolar
epithelium (Diem et al., 2020). The level of total reactive oxygen
species by mitochondrial and NADPH oxidases is increased
under mechanical stretch in retinal pigment epithelial cells
(Liang et al., 2019). Cyclic mechanical stretch also increases
β1D-integrin protein level and activates the downstream
signaling proteins focal adhesion kinase (FAK) and RhoA
(Zhang et al., 2007). The abundance of CD40 in endothelial
cells is upregulated through transforming growth factor β1
signaling when co-cultured with smooth muscle cells under
cyclic stretch stimulation (Korff et al., 2007). A recent study
identified mechanical stretch-mediated transcriptome profile
changes during skin regeneration including nine robust hub
genes and six transcriptional factors–mRNA regulatory
network (Liu W. et al., 2021). Cyclic stretch also regulates
extracellular secretions of vascular smooth muscle cells
including microvesicles and growth factors, leading to
functional modulations of surrounding cells and tissues (Wang
et al., 2017; Liu J.-T. et al., 2021).

Mechanical stretch has been shown to stimulate the MAPK
family ERK1/2 and c-Jun NH2-terminal kinase (JNK), depending
on the stress fiber strain but not FAK in endothelial cells (Correa-
Meyer et al., 2002; Hsu et al., 2010; Schmidt et al., 2016).
Alexander et al. reported stretch-induced ERK1/2 activation

mediated by phospholipase A2 (PLA2)-dependent release of
arachidonic acid in renal epithelial cells (Alexander et al.,
2004). Myosin II-regulated tension on the stress fibers shows
positive correlation with ERK activation in fibroblasts (Hirata
et al., 2015). Kim et al. reported that in mechanical stretch-
induced loss of myelin proteins, the release of Ca2+ from
endoplasmic reticulum (ER) resulted in ERK activation in
oligodendrocytes (Kim et al., 2020). Although ERK activation
by mechanical stretch has been well documented, it still remains
to further characterize the mechanosensitive pathway for the
mechanical-biomechanical coupling to activate ERK kinase.

Airway smooth muscle (ASM) cells, one major component of
bronchial tissue underneath the epithelia, provide mechanical
support and contraction force in the bronchial during breathing,
and excessive ASM mass is related to airway hyper-responsiveness
under asthmatic condition, which has been a treatment target
(Zuyderduyn et al., 2008; Balestrini et al., 2021). As a chronical
disease impacting a large population in the world, asthma can be
characterized with airway inflammation, increased ASM mass and
prolonged contraction in the bronchial (Zuyderduyn et al., 2008;
Doeing and Solway, 2013). ERK also shows crucial roles in regulating
ASM cell proliferation and interleukin expression in lymphocytes in
asthma-related conditions (Burgess et al., 2008; Li et al., 2010). Here
we applied fluorescence resonance energy transfer (FRET) biosensor
to directly visualize cellular ERK activity induced by cyclic stretch in
ASM cells which are under physiological stretch during breathing.
The FRET biosensor allows to visualize the dynamic ERK activity in
live cells along with subcellular resolution (Komatsu et al., 2011;
Ponsioen et al., 2021), which provided the fine measurement of ERK
activation during the cyclic stretch stimulation. Our work
demonstrated in ASM cells that Ca2+ channels via actin
cytoskeleton, particularly those channels on ER membrane, acted
as the mechanosensing pathway to the downstream activation of
ERK. Interestingly, the ER IP3R-dependent ERK activation by cyclic
stretch was independent of upstream PLC-IP3 signal, indicating
possibly more mechanical mechanism for the IP3R activation.

MATERIALS AND METHODS

Chemical Reagents
2-Amino-ethoxydiphenyl borate (2-APB, 100 μM), Nifedipine
(10 μM), LaCl3 (100 μM), Cytochalasin D (1 μM), Blebbistatin
(20 μM), Nocodazole (1 μM), ML-7 (20 μM), the ROCK inhibitor
Y27632 (20 μM), and phalloidin-TRITC were purchased from
Sigma-Aldrich. Thapsigargin (TG, 10 μM) was purchased from
Abcam, U73122 (10 μM) from MedChemExpress, and
fibronectin from Corning. ITGB1 (Beta1) siRNA (Integrin
siRNA, 30 nM) was purchased from Thermo Fisher Scientific.

Cell Culture
Primary ASM cells were isolated from the tracheas of 6-8-week-old
Sprague Dawley rats as described previously (approved by the
Ethics Committee of Changzhou University on Studies Ethics,
Grant No. NSFC 11532003) (Wang et al., 2016). The cells were
maintained in low-glucose Dulbecco’s modified Eagle’s medium
(DMEM, Sigma-Aldrich) supplemented with 10% fetal bovine
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serum (FBS, Thermo), 100 μg/ml penicillin, and 100 unit/ml
streptomycin at 37°C with 5% CO2 in a humidified incubator.

Construction of Nuclear Localized ERK
FRET Biosensor (Nuc-ERK FRET)
To make nuclear localized ERK biosensor, the nuclear-exporting
signal (NES) peptide in the construct was replaced with double
nuclear-localized signal (NLS) peptide (2x Pro-Lys-Lys-Lys-Arg-
Lys-Val). Briefly, ECFP DNA fragment with 2xNLS sequence at
the C-terminal was amplified by PCR. Both the original construct
and amplified ECFP fragment were digested by NotI and SalI
restriction enzymes, followed by ligation of the two digested
products together to generate Nuc-ERK FRET construct.

Plasmid and siRNA Transfections
DNA plasmid and siRNA were transfected into ASM cells by
using Lipofectamine3000 according to the manual protocol
(Invitrogen). Briefly, cells were passaged in medium without
antibiotics into 6-well plates the day before transfection. By
following the protocol, 2.5 μg biosensor DNA, 4 μl P3000, and
4 μl Lipofectamine3000 were mixed to assemble Lipid-DNA
particles for each well before adding it into the cell culture.
The medium was changed in 8 h and cell imaging experiments
were performed 40–64 h later.

For siRNA co-transfection, when cells reached 60%–80%
confluency, siRNA (30 nM) was transfected into the cells with
4 μl Lipofectamine3000 reagent. The medium was changed in 8 h,
and after siRNA transfection for 24 h, the ERK FRET biosensor
DNA was further transfected into the cells.

Verification of ITGB1 siRNA Transfection
Efficiency by qPCR
The efficiency of ITGB1 siRNA transfection was assessed with
mRNA expression using Real-Time Quantitative PCR (qPCR)

assay. Total RNA from cultured ASM cells was extracted using
the TRI Reagent RNA Isolation Reagent (#T9424, Sigma). Total
RNA weighing 500 ng was applied to generate 1st strand cDNA
by using the Revert Aid First Strand cDNA Synthesis Kit
(#K1622, Thermo, MA). The sequences of associated qPCR
primers for rat ITGB1 were derived from the previous report
including GAATGGAGTGAATGGGACAGGAG (ITGB1
forward), CAGATGAACTGAAGGACCACCTC (ITGB1
reverse), and the control GAPDH primers AGGTCGGTGTGA
ACGGATTTG (forward) and GGGGTCGTTGATGGCAACA
(reverse) (Luo et al., 2018). The primers were synthesized
from General Biosystems (Anhui, China), and PowerUp SYBR
Green Master Mix (#A25742, Applied Biosystems, CA) was used
for PCR amplification. The reaction was run in the qRT-PCR
system (StepOnePlus, Applied Biosystems) with 1 μL of the
cDNA in a 10 μL reaction according to the manufacturer’s
instructions. Calibration and normalization were done using
the 2−ΔΔCT method, where ΔΔCT = CT (target gene) -CT
(reference gene), and CT referred to the PCR cycle number by
reaching the defined fluorescence intensity. Fold changes in
mRNA expression were calculated based on the resulting CT
values from three independent experiments.

Mechanical Stretch
After DNA transfection for 24 h, cells were detached using
Accutase solution (Sigma), and transferred to collagen I and
fibronectin (40 μg/ml) double-coated 6-well BioFlex plates
(Flexcell International Corporation, Hillsborough, NC,
United States). After which the cells were cultured in the
medium containing 1% FBS for 12–16 h and reached 60–80%
confluence before the mechanical stretch. Cyclic stretch was
applied with a 0.5-Hz sinusoidal curve at 12% elongation by
using a Flexcell® FX-5000TM Tension System (Flexcell®
International Corporation). The computer program-controlled
bioreactor used vacuum and positive air pressure to apply cyclic
strain to cells cultured on flexible-bottomed BioFlex plates. After

FIGURE 1 | The setup to load the BioFlex plate on the microscope stage for FRET imaging, and the sample of 0.5-Hz sinusoidal curve from cyclic stretch by using
the Flexcell

®
System.
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the durations of cyclic stretch, the BioFlex plates with cells were
moved from the Flexcell incubator to Zeiss microscopy for FRET
imaging. The images of a group of cells were acquired within
10 min for each well.

FRET Microscopy Imaging
The processes of FRET imaging and quantification were similar to
our recent descriptions (Ouyang et al., 2019; Yao et al., 2020). Briefly,
the Zeiss microscopy system (Zeiss Cell Observer) was equipped
with the functions of multi-positions, fine auto-focusing, and
automatic-switchable dichroic rotator. The scope stage was
supplemented with an incubator box (Zeiss) to maintain
temperature at 37°C and 5% CO2 for live cell samples. During
FRET image acquisitions through ECFP and FRET (YPet) channels,
the parameters for excitation filter and dichroicmirror were 436 ± 10
and 455 nm, respectively, and the emission filters of ECFP and FRET
(YPet) channels were 480 ± 20 nm and 535 ± 15 nm, respectively.

To take the FRET images before and after the cyclic stretch, we
made an accessory holder with acrylic plate to load the BioFlex
plate on themicroscopy stage, as shown in Figure 1. Before starting
the stretch, 15–20 positions of fluorescent cells were selected per
well, and FRET images were acquired as the pre-stretch condition.
After the duration (0.5–1 h) of cyclic stretch, the same positions of
cells were reloaded with minor adjustments, and the FRET images
were taken within 10min for each well before the next cycle.

FRET Quantification and Statistical Analysis
FRET quantifications were processed using the Wang Lab (UCSD)-
developed software package FluoCell in MATLAB (available on
http://github.com/lu6007/fluocell) (Qin et al., 2019). Fluorescence
signals from ECFP and FRET (YPet) images were measured after
background subtractions, and the ratio of the two channels was
calibrated in the pixel-to-pixel manner. Data procession and
statistical analysis were done by the software of Graphpad Prism
6, and Excel. The quantified FRET data from a group of cells was
expressed in curves (Mean ± S.E.M.), and scattering dots (Mean ± S.
D.). *, **, *** and **** indicate p < 0.05, 0.01, 0.001, and 0.0001 from
Student’s t-test, which was applied for significant difference analysis.
Multiple times of t-test analysis done between the control and one
experimental group were carried for variable experimental
conditions using Graphpad Prism 6. All described FRET
experiments have been repeated independently on different days
with similar conclusions, and statistical quantifications were
performed based on the data acquired from different time.

RESULTS

Cyclic Mechanical Stretch-Induced ERK
Activation Measured by FRET Biosensor
To understand how mechanical stimulation from cyclic stretch
activates biochemical signals in live cells, we applied FRET

FIGURE 2 | Cyclic stretch-induced ERK activation by FRET
measurements. FRET/ECFP emission ratiometric images show the activation
of ERK by cyclic stretch in ASM cells pre-incubated in 1% FBS culture
medium. Scale bar = 50 µm. (A) Illustrated experimental procedures of
cyclic stretch stimulation (with a 0.5-Hz sinusoidal curve at 12% elongation
deformation) followed by FRET imaging in multiple cycles. (B,C) ERK FRET
ratio (YPet/ECFP) images (B), and quantifications of the FRET changes in
curves (Mean ± S.E.M.) and scattering dots (Mean ± S.D. n = 46) (C) after cells
were stimulated with cyclic stretch for the indicated time. (D,E) FRET images
with Nuc-ERK FRET biosensor in cells (D), and their statistical quantifications
(n = 50) (E) after cyclic stretch at the indicated time points. (F,G) ERK FRET
images (E) and FRET statistical quantifications (n = 67) (G) in cells pre-treated
with 10 µM PD98059 inhibitor for 1 h. Student’s t-test was performed
between the control and one experimental group, andmultiple rounds of t-test

(Continued )

FIGURE 2 |were done for the variable experimental conditions. p, pp, ppp, and
pppp indicate p < 0.05, 0.01, 0.001, and 0.0001 from Student’s t-test analysis
while ‘ns’ for no significant difference, and so on through the paper.
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biosensor to measure ERK kinase activity in ASM cells. According to
the previous study (Takahara et al., 2014), 12% strain deformation
with a 0.5-Hz sinusoidal curve was within the physiological scale and
was applied on the cells seeding on the elastic membrane by the
Flexcell® Tension System, which could induce alignment of cells
perpendicularly to the stretch direction in 7.5 h (Supplementary
Figure S1). In regarding the inapplicability of visualizing the FRET
signals on the microscope simultaneously during the cyclic stretch,
the procedures were carried out in the following process: the FRET
images were taken after 0.5 h-stretch followed by another 0.5 h-
stretch and imaging, and then continued with one more 1 h-stretch
and imaging (depicted in Figure 2A). The imaging was usually done
within 10–30min between the three times of stretch, and images of
similar cell positions were acquired each time.

Intracellular ERK in the cytoplasm was activated by the
mechanical stretch, as seen by the FRET changes
(Figure 2B). FRET quantification from a group of cells
showed apparent activity increase with statistical significance
(Figure 2C). As control, no apparent FRET change was
observed in the similar imaging procedure without stretch
stimulation (Supplementary Figure S2). The platelet-derived
growth factor (PDGF) regulates ERK activity in ASM cell
proliferation and also inflammation in asthmatic condition
(Lee et al., 2001; Kardas et al., 2020). The magnitude of ERK
FRET change (~15–20%) from the mechanical stretch was
comparable to PDGF-stimulated FRET change in ASM cells
(Supplementary Figure S3). In consideration of ERK shuttling
between the cell cytoplasm and nucleus, we modified the ERK
biosensor to generate nuclear localized version Nuc-ERK FRET.
As shown in Figures 2D,E, nuclear ERK was also activated by
the mechanical stretch, which indicates the cytoplasmic increase
is not due to nuclear ERK transportation. Hence, we used
cytoplasmic FRET measurement to represent the whole cells
in the following study. The ERK activation reported by FRET
signals was verified by increased phosphorylation level of ERK
with phospho-ERK antibody immunoblotting under the cyclic
stretch (Supplementary Figure S4). The 12% strain
deformation of ASM cells is within the physiological range of
stretch magnitude (Takahara et al., 2014), which is also seen by
the maintained cell shape (Figure 2B) and actin stress fibers
(Supplementary Figure S5) after stretch. We further pretreated
the cells with ERK inhibitor PD98059, which abolished stretch-
induced FRET signals (Figures 2F,G), hence the FRET changes
truly reported ERK activity.

Ca2+ Channel-Dependent ERK Activation by
Cyclic Stretch
We then investigated the mechanosensitive components in
transducing the mechanical stimulation into biochemical
signals in cells. Ca2+ channels located on plasma
membrane or endoplasmic reticulum (ER) are sensitive to

FIGURE 3 | Ca2+ channel-dependent ERK activation by cyclic stretch.
ASM cells were pretreated with inhibitors of variable Ca2+ channels followed by
cyclic stretch and imaging. FRET ratiometric images along with FRET change
quantifications are shown for each condition before and after cyclic stretch.
(A–F) FRET changes of ERK biosensor in cells under control (0.1% (v/v) DMSO)
condition (N = 42) (A); in Ca2+-free culture medium (n = 53) (B); pre-treated with
100 μM 2-APB, an IP3R blocker (n = 26) (C); 10 μM Thapsigargin, a SERCA
pump blocker (n = 32) (D); 10 μMNifedipine, a L-type Ca2+ channel blocker (n =
52) (E); 100 μM LaCl3, store-operated Ca2+ channel (SOC) blocker (n = 39) (F).
(G) Statistical quantifications for the percentage changes of FRET ratio (YPet/
ECFP) in ASM cells before and after 0.5 h cyclic (left graph) and total 1 h stretch
(right graph). The conditions from (A–F) were pre-treated with DMSO (control),
Nifedipine, LaCl3, 2-APB, Thapsigargin or in calcium-free medium, respectively.

(Continued )

FIGURE 3 | n = 108, 87, 39, 84, 90/32, 83 in the indicated order. Student’s
t-test was performed between the control and one experimental group, and
multiple rounds of t-test were done for the variable experimental conditions.
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FIGURE 4 | Independence of PLC-IP3 signal for cyclic stretch-induced ERK activation. ASM cells were pretreated with PLC inhibitor U73122 (10 µM) for 1.5 h
followed by cyclic stretch. (A–D) FRET ratiometric images and quantification of FRET changes before and after cyclic stretch under the conditions of control (DMSO)
(A,B) and U73122 treatment (C,D). (E) Statistical comparison of FRET changes between the control (n = 96) and U73122 (n = 65) treatment after 0.5 h cyclic stretch,
which is based on FRET data from three independent experiments. Student’s t-test was performed between the control and one experimental group.
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FIGURE 5 | Role of cell cytoskeleton on cyclic stretch-induced ERK activation. ASM cells were pretreated with cytoskeleton or Ras inhibitors, followed by cyclic
stretch and imaging. FRET ratiometric images along with change quantifications are shown for each condition before and after cyclic stretch. (A–D) ERK FRET
ratiometric images and statistical quantifications of FRET changes in ASM cells pretreated with DMSO (n = 47) (A), 1 μM Cyto D (N = 51) (B), 1 μM Nocodazole (n = 45)
(C), and 75 µM Ras inhibitor Salirasib (n = 43) (D). (E) Statistical comparisons of FRET percentage changes in ASM cells pre-treated with DMSO, Cyto D,
Nocodazole, and Salirasib (n = 73, 99, 82, 77) (A–D) before and after 0.5 h cyclic stretch, based on image data from two independent experiments. Student’s t-test was
performed between the control and one experimental group.
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FIGURE 6 | Integrin β1 (ITGB1) signal in cyclic stretch-induced ERK activation. ASM cells were transfected with ITGB1 inhibitory siRNA, followed by cyclic stretch
and imaging. (A–C) FRET ratiometric images along with FRET change quantifications are shown before and after cyclic stretch in ASM cells without transfection (A), or
transfected with control scramble siRNA (B) and ITGB1 siRNA (C) (n = 58, 60, 58), respectively. (D) qPCR quantification from three experimental data confirmed the
reduced level of ITGB1 mRNA expression after siRNA transfection. (E) Statistical comparisons of FRET percentage changes in cells without transfection, or
transfected with control or ITGB1 siRNA (n = 103, 116, 121) (E) before and after 0.5 h stretch. Student’s t-test was performed between the control and one
experimental group.
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mechanical stimulations (Kim et al., 2015). By switching
the culture medium to Ca2+-free one before cyclic stretch,
ERK activation was inhibited with a delayed response
(Figures 3A,B). This suggests that Ca2+ channels on the
plasma membrane had significant contributive role while
not essential to the mechanical activation of ERK.
However, by selective chemical inhibition of IP3R Ca2+

channel with 2-APB, or SERCA pump with Thapsigargin
on ER membrane (Wang et al., 2021), the mechanical
activation of ERK was almost blocked (Figures 3C,D),
indicating that Ca2+ release from the ER store had an
essential role. In contrast, there was little effect on the
ERK activation by inhibition of L-type Ca2+ channel with
nifedipine, or store-operated Ca2+ channel (SOC) with LaCl3
on plasma membrane (Parekh and Putney, 2005; Wang et al.,
2021) (Figures 3E,F). From statistical comparison of the
FRET changes (in percentage) after 0.5 h stretch and total
1 h stretch (Figure 3G), inhibition of IP3R or SERCA pump
on ER membrane had the most significant impact on the
mechanical activation of ERK, followed by inhibiting
extracellular Ca2+ uptakes with reduced delayed response,
while L-type Ca2+ channel and SOC on the plasma membrane
were not actively involved into the ERK activation.

Cyclic Stretch-Induced ERK Activation Not
Dependent on PLC-IP3 Signal
Since Ca2+ release through IP3R channel on ER membrane
was essential in the stretch activation of ERK (Figure 3), we

further looked at whether inositol 1,4,5-triphosphate
(IP3) production was necessary in turning on the IP3R
channel. As a classic pathway, phospholipase C (PLC)
is an enzyme that hydrolyzes PIP2 on the plasma
membrane to generate IP3, which results in opening the
IP3R Ca2+ channel (Bartlett et al., 2020). In our
experiments, inhibition of PLC activity with specific
inhibitor U73122 had little effect on the cyclic stretch-
induced ERK activation in comparison to the control
group (Figures 4A–E). This indicates that the PLC-IP3

signaling pathway was not essential in mechanical
stimulation of IP3R Ca2+ channel for ERK activation.

The Regulatory Role of Actin Cytoskeleton
on the Mechanical Activation of ERK
Actin cytoskeleton often serves for mechanical transmission
within cells (Wei et al., 2020). We hence checked the role of
cytoskeleton in the mechanical activation of ERK by FRET
measurements. After loss of actin cytoskeleton integrity with
Cytochalasin D (Cyto D) treatment which inhibited actin
filament polymerization (Supplementary Figure S5), cyclic
stretch-induced ERK activation was almost completely
inhibited (Figures 5A,B). Contrarily, inhibition of
microtubule cytoskeleton with Nocodazole treatment did not
show much effect (Figure 5C). The small GTPase Ras acts
upstream of ERK through Ras-Raf-MEK-ERK signaling
(Rudzka et al., 2021). The stretch-induced ERK activation
was suppressed by pretreatment with Ras inhibitor Salirasib

FIGURE 7 | A schematic illustration for the mechanical activation of ERK in ASM cells. The cyclic stretch applied on the cells activates Ca2+ channels on the plasma
and ER membranes including IP3R and SERCA pump, likely mediated by force transmission through actin cytoskeleton, and Ca2+ signals further trigger downstream
pathway to activate ERK.
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(Figure 5D), supporting that mechanically induced Ca2+ signal
activated ERK through Ras pathway.

Cyclic Stretch-Induced ERK Activation
Independent of Integrin β1
Integrins are mechanosensitive molecules on plasma membrane (Sun
et al., 2016; Potla et al., 2020). Integrin β1 (ITGB1) is a predominant
subunit in forming functional heterodimers with integrin α1, α2. . .α11,
and αv subunits (Cai et al., 2021), so we tried to regulate the
representative β1 to check its role in the cyclic stretch-induced
activation of ERK. After knockdown of ITGB1 expression with
siRNA in cells, there was no obvious impact on the cyclic stretch-
induced ERK activation in comparison to the control groups (Figures
6A–C). The reduced mRNA expression of ITGB1 was confirmed by
qPCRmeasurements (Figure 6D). Statistical quantifications confirmed
no significant change in the mechanical stretch-activated ERK by
ITGB1 knockdown (Figure 6E). These data indicate that integrin
α(x)β1 was not the primary mechanosensor in the mechanical
activation of ERK.

DISCUSSION

The physical stretches seem critical for body health and organ
homeostasis, whereas extreme stretch can be hurting as seen in
sports and clinical applications (Crawford et al., 2021; Kaczka,
2021). By applying the Flexcell® tension system, we
investigated cyclic stretch-induced ERK activation in ASM
cells, particularly paying attention to the mechanosensitive
pathway for the mechanical stimulation to biochemical signal
transduction.

FRET measurements showed that ERK was efficiently
activated by the mechanical stretch (Figures 2A–F).
Previous studies have shown that Ca2+ signals in stem cells
are sensitive to mechanical stimulations (Horie et al., 2016),
so we checked whether Ca2+ channels are among the
mechanosensing components for the ERK activation.
Inhibition of extracellular Ca2+ uptakes partially reduced
the mechanical activation of ERK while blocked Ca2+

release from the ER store had complete inhibition (Figures
3A–D). L-type Ca2+ channel or SOC channel on the plasma
membrane was not actively engaged into the induced ERK
activation (Figures 3E,F). Therefore, the mechanical stretch-
induced activation of Ca2+ channels was essential for
downstream ERK activation, which is within the
mechanosensing pathway.

The Ca2+ channels on the ER membrane are essential for the
mechanical activation of ERK (Figures 3C,D), and this
observation is consistent with the previous report that Ca2+

signal from the ER store is induced by pulling force on the cell
surface by optical laser tweezers (Kim et al., 2015). In
considering that inhibition of IP3R channel on ER blocked
the ERK activation (Figure 3C), and IP3 is the ligand to turn on
IP3R channel, however, inhibition of PLC-IP3 pathway had
little effect (Figures 4A–E). Therefore, PLC-dependent IP3
production was not essential in the ERK activation, indicating

possibly more mechanical mechanism for ER IP3R channel
activation from cyclic stretch stimulation.

Actin cytoskeleton can pass the stretch force within the cells.
Loss of actin cytoskeleton resulted in abolishing the mechanical
activation of ERK, but not by loss of microtubule cytoskeleton
(Figure 5), indicating that actin cytoskeleton has the crucial role
on ERK activation. Possibly actin cytoskeleton passed the force to
trigger the ER Ca2+ signals (Kim et al., 2015), which is also
suggested from our data (Figures 5A–E). Ca2+ signals can further
activate PKC to induce Ras-Raf-MEK-ERK pathway (Liao et al.,
2020; Yan et al., 2020), and our data showed that inhibition of Ras
truly blocked the mechanical activation of ERK (Figures 5D,E).
These data indicate that actin cytoskeleton belongs to the
mechanosensing component for ERK activation.

Integrins are mechanosensitive molecules and regulate focal
adhesions to transmit the force inside cells (Michael et al., 2009).
Integrin subunit β1 forms functional heterodimers with variable
integrin subunits α(x), so we regulated β1 to check its role in the
stretch-induced ERK activation. Interestingly, by reduction of β1
expression with siRNA, there was no apparent change in the ERK
activation level (Figure 6). Since cells were attached well under the
siRNA transfection, the stretch force may be still transmitted
efficiently to activate ERK. Previous studies reported that
mechanical stretch up-regulates integrin β1D expression to result
in FAK and RhoA activations (Zhang et al., 2007), while ERK
activation by mechanical stretch is independent of FAK (Hsu et al.,
2010). Hence, our observation seems consistent with that. Therefore,
integrin α(x)β1 did not act essentially as the primarymechanosensing
component in this stretch activation of ERK in ASM cells.

CONCLUSION

In summary, we visualized cyclic stretch-induced ERK activation by
FRET biosensor in ASM cells, and provided molecular insights for
the mechanosensitive pathway from mechanical stimulation to ERK
biochemical activity. Data shows that Ca2+ channels and actin
cytoskeleton are essential mechanosensing components, while
integrin β1 is not essential in the mechanotransduction. Together
with previous work, our experimental results support the following
hypothesis for the mechanical activation of ERK in ASM cells
(Figure 7): the cyclic stretch applied on the cells activates Ca2+

channels mechanically on the plasma and ER membranes, likely
mediated by force transmission through actin cytoskeleton, and Ca2+

signals further trigger downstream signaling pathways including
ERK activity in the cells.

The contributions of this work to the cyclic stretch study may be
described as follows: 1) methodologically, directly visualized ERK
activation by cyclic stretch in live cells at different time points with
FRET biosensor, whereas previous studies were mostly done in cell
lysis by using antibody detections; 2) identified that calcium channels,
particularly IP3R channel and SERCA pump on ER membrane, but
not integrin α(x)β1 signals, are the primary mechanosensitive
components for ERK activation, which is likely mediated via force
transmission through actin cytoskeleton; 3) the ER IP3R channel-
dependent ERK activation does not rely on the classic upstream
phospholipase C-IP3 signal, indicating possibly a more mechanical
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mechanism for IP3R activation by cyclic stretch. Therefore, this work
provides progress in understanding this mechanical-biomechanical
coupling process.
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Conserved Amino Acids Residing
Outside the Voltage Field Can Shift the
Voltage Sensitivity and Increase the
Signal Speed and Size of Ciona Based
GEVIs
Masoud Sepehri Rad1,2, Lawrence B. Cohen1,3* and Bradley J. Baker1,4*

1Brain Science Institute, Korea Institute of Science and Technology (KIST), Seoul, South Korea, 2Department of Neuroscience,
University of Wisconsin, Madison, WI, United States, 3Cellular and Molecular Physiology, Yale University School of Medicine, New
Haven, CT, United States, 4Division of Bio-Medical Science and Technology, KIST School, Korea University of Science and
Technology (UST), Seoul, South Korea

To identify potential regions of the voltage-sensing domain that could shift the voltage
sensitivity of Ciona intestinalis based Genetically Encoded Voltage Indicators (GEVIs), we
aligned the amino acid sequences of voltage-gated sodium channels from different
organisms. Conserved polar residues were identified at multiple transmembrane/loop
junctions in the voltage sensing domain. Similar conservation of polar amino acids was
found in the voltage-sensing domain of the voltage-sensing phosphatase gene family.
These conserved residues were mutated to nonpolar or oppositely charged amino acids in
a GEVI that utilizes the voltage sensing domain of the voltage sensing phosphatase from
Ciona fused to the fluorescent protein, super ecliptic pHluorin (A227D). Different mutations
shifted the voltage sensitivity to more positive or more negative membrane potentials.
Double mutants were then created by selecting constructs that shifted the optical signal to
a more physiologically relevant voltage range. Introduction of these mutations into
previously developed GEVIs resulted in Plos6-v2 which improved the dynamic range to
40% ΔF/F/100 mV, a 25% increase over the parent, ArcLight. The onset time constant of
Plos6-v2 is also 50% faster than ArcLight. Thus, Plos6-v2 appears to be the GEVI of
choice.

Keywords: voltage, voltage imaging, GEVI, fluorescence, voltage sensing domain

INTRODUCTION

Genetically encoded voltage indicators (GEVIs) are potentially powerful tools for monitoring
electrical activity in the brain. Kinetics, brightness and the signal size are some of the important
properties of a GEVI (Bando et al., 2019; Rhee et al., 2020). Optimizing the properties of the GEVIs is
important for improving the utility of GEVIs for imaging fast electrical activities in neural tissue and
in vivo (Storace et al., 2015; Inagaki et al., 2017). GEVIs with fast kinetics and large dynamic signals
are needed to follow the voltage transients of neurons. In recent years, several attempts have been
reported to improve GEVI’s properties (Gong et al., 2015; Piao et al., 2015; Lou et al., 2016; Storace
et al., 2016; Jung et al., 2017; Lee et al., 2017; Sepehri Rad et al., 2017; Piatkevich et al., 2018; Adam
et al., 2019; Lee et al., 2019).
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The first GEVI to consistently yield voltage-dependent
optical signals in mammalian cells was VSFP2 which
consisted of two FPs fused in tandem to the carboxy
terminus of the voltage sensing domain (VSD) from the
Ciona voltage sensing phosphatase (Dimitrov et al., 2007).
The two FPs were the Fluorescence Resonance Energy Transfer
(FRET) donor/acceptor pair of Cerulean and Citruline
enabling voltage induced conformational changes of the
protein to alter the FRET efficiency thereby producing an
optical signal. Given that FRET efficiency is dependent
upon the distance and orientation of the FRET pair
chromophores, the tandem fusion of the FPs limited the
dynamic range of the GEVI’s response. Several approaches
were employed to improve VSFP2. One approach was to
separate the FRET pair with the VSD resulting in Nabi
(Sung et al., 2015) and VSFP Butterfly (Akemann et al.,
2012) having one FP near the N-terminus while the other
was at the C-terminus. VSFP Butterfly has had some success in
reporting neuronal activity in vivo (Akemann et al., 2012;
Carandini et al., 2015; Empson et al., 2015).

Another approach was to systematically replace the FRET pair
at the C-terminus with single FPs including the pH-sensitive
Super Ecliptic pHluorin (Miesenbock et al., 1998; Ng et al., 2002)
and screen for voltage sensitivity. In an effort to reduce the
variable expression of these GEVIs during screening, stable cell
lines were created which was to have a profound effect of GEVI
development (Jin et al., 2012). All of the stable cell lines
expressing the GEVI with Super Ecliptic pHluorin yielded a
very small signal of around 1% ΔF/F/100 mV except for one.
That one exception gave a 15% ΔF/F/100 mV due to a
spontaneous mutation converting the alanine at position 227
in Super Ecliptic pHluorin to aspartic acid. Optimization of the
linker length between the VSD and the FP domain resulted in the
GEVI, ArcLight, which remains one of the best GEVIs available to
date (Bando et al., 2019).

ArcLight yields a large change in fluorescence in response to
changes in membrane potentials (Jin et al., 2012). ArcLight can
give up to a 40% ΔF/F for a 100 mV depolarization of the plasma
membrane in HEK 293 cells (Han et al., 2013). However, its fast
time constant is ~10 ms comprising 65% of the optical signal.
Since action potentials are 1–2 ms, ArcLight will only reach ~10%
of its maximal signal by the time the spike has subsided. To
improve ArcLight, mutagenesis on the Ciona phosphataseVSD
was performed. Using the architecture of ArcLight with the
wildtype Ciona VSD fused to Super Ecliptic pHluorin yielded
the GEVI, CC1 (Piao et al., 2015). CC1 required strong
depolarization of the plasma membrane (~150 mV
depolarization step) to observe a fluorescence change
providing an excellent control for monitoring shifts in the
voltage response to more negative potentials. Introducing
mutations to conserved polar resides in the transmembrane
segments of the VSD altered the voltage range, the speed of
optical response, and the signal size of the GEVI (Piao et al.,
2015). The resulting probe, Bongwoori, exhibited faster kinetics
enabling the resolution of action potentials in a hippocampal
neuron firing at 60 Hz. Altering the composition of the amino
acid linker between the VSD and the FP domain of Bongwoori

further improved the dynamic response resulting in two novel
GEVIs, Bongwoori-Pos6 and Bongwoori-R3 that differ in their
voltage sensitivities (Lee et al., 2017). The plasma membrane
potential at which 50% of the total fluorescence change occurs
(V1/2) was near -30 mV for Bongwoori-Pos6 while Bongwoori-R3
is near 0 mV. Bongwoori-Pos6 is potentially more suited for
measuring subthreshold potentials while Bongwoori-R3 is more
suited for action potentials.

In this report, we investigate the effect on the voltage-
dependent optical signal that amino acids in the cytosolic and
extracellular loops in the voltage sensing domain (VSD) have for
GEVIs based on the voltage sensing phosphatase gene from Ciona
(Murata et al., 2005). Previously, we have shown that introducing
mutations near the external transmembrane/loop junction of the
first transmembrane segment (S1) of the VSD in ArcLight
(Figure 1) altered the cellular expression pattern enabling the
optical reporting of voltage changes in internal membranes
(Sepehri Rad et al., 2018). However, this only occurred in
about 20% of the cells expressing this mutated GEVI, Aahn.
The other 80% expressing Aahn yielded optical signals dominated
by the plasma membrane signals.

Here we expand the mutagenesis to other loop regions in the
VSD and report the effect on the size and voltage range of the
voltage dependent optical signal. Aligning the VSD from the
Ciona VSP to different subtypes of voltage-gated sodium
channels from several different organisms identified conserved
polar amino acids near the transmembrane/loop junctions in the
VSD. Mutagenesis of these conserved polar amino acids in intra/
extracellular loops in the VSD affected the voltage range of the
Ciona based GEVIs even though they reside outside of the voltage
field. Making double mutant constructs, we have successfully
shifted the voltage sensitivity of CC1 to more negative potentials
and improved its signal size for physiologically relevant voltage
ranges.

FIGURE 1 | Location of mutations in loop regions of the VSD of Ciona
Voltage Sensing Phosphatase. The crystal structure of the down state is in
cyan and up state is in beige (Li et al., 2014). Red and Blue regions depict
amino acid positions that were mutated in this study.
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MATERIALS AND METHODS

Plasmid DNA Designs and Construction
The CC1(WT) construct was described in Piao et al., 2015.
Double mutant probes [CC1(WT)-D204K-Y172A and
CC1(WT)-D204K-Y172S] were made by a two-step PCR
process using CC1(WT)-Y172A and CC1(WT)-Y172S as
template DNA respectively. Primers used for amplification of
the S1, S2, and S3 transmembrane domains with a single
mutation (D204K) in first step PCR reaction were: LC226: 5-
ATA CGA CTC ACT ATA GGG-3 and LC230: 5- accGTATTC
CTTTAACACAGT -3. Primers used for amplification of S4
transmembrane domain and florescence protein in first step
PCR reaction were: LC229: 5- ACT GTG TTA AAG GAA
TAC ggt -3 and LC193: 5- GCGATATCTTCTTTTGTTaaaa
-3. In the second step PCR, we used primers LC226 and
LC193 and combined the first step PCR products. The second
step PCR product then was digested with restriction enzymes
Nhe1 and Kpn1 and inserted into the corresponding sites of the
CC1(WT) construct. Similarly, we used CC1(WT)-Y172A and
CC1(WT)-Y172S as template DNA respectively to generate the
double mutant probes [CC1(WT)-D204A-Y172A and
CC1(WT)-D204A-Y172S]. For amplification of the S1, S2, and
S3 transmembrane domains with a single mutation (D204A) in
first step PCR reaction these primers were used: LC226: 5-ATA
CGA CTC ACT ATA GGG-3 and LC232: 5- accGTATTCGGC
TAACACAGT -3. Primers used for amplification of S4
transmembrane domain and florescence protein in first step
PCR reaction were: LC231: 5- ACT GTG TTA GCC GAA
TAC ggt -3 and LC193: 5- GCGATATCTTCTTTTGTTaaaa
-3. We then used primers LC226 and LC193 to combine the
first step PCR products. Using enzymes Nhe1 and Kpn1, the
second step PCR product then was digested and inserted into the
corresponding sites of the CC1(WT) construct. All DNA
constructs were confirmed by DNA sequencing
(Cosmogenetech, Republic of Korea).

Cell Culture
HEK293 cells were maintained in DMEM (High Glucose DMEM;
Gibco) supplemented with 10% (v/v) fetal bovine serum (FBS;
Invitrogen). HEK293 cells were seeded on to #0 coverslips coated
with poly-L-lysine (Ted Pella, Inc.) in a 24-well culture dish and
kept in an incubator at 37°C under air with 5% CO2. Transfection
was performed by using Lipofectamine 2000 (Invitrogen)
following the manufacturer’s instructions. Cells were roughly
20% confluent when transfected and were imaged 24 to hours
after transfection.

Patch Clamp
Electrophysiology recordings were performed at 33°C and the
chamber was perfused with a bath solution containing 150 mM
NaCl, 4 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 5 mM D-Glucose,
and 5 mMHEPES (pH 7.4). Glass patch pipettes (capillary tubing
with 1.5/0.84 mm;World Precision Instruments) were pulled by a
P-97 micropipette puller (Sutter Instruments, United States) to
make patch pipettes with 3–5 MΩ resistance when filled with
internal solution containing (in mM) 120 K-aspartate, four NaCl,

four MgCl2, one CaCl2, 10 EGTA, three Na2ATP, and five
HEPES, pH 7.2. Using a Patch Clamp EPC10 amplifier
(HEKA) with a holding potential of −70 mV, whole-cell
voltage clamp was done in transfected HEK293 cells. The
osmolality of the bath solution was 318 mOsm/kg and that of
the pipette solution was 291 mOsm/kg H2O.

Wide-Field Imaging
We used an inverted microscope (IX71; Olympus, Japan)
equipped with a 60X oil-immersion lens with 1.35-numerical
aperture (NA) for imaging the whole-cell patch clamped cells.
Illumination light was provided by a 75WXenon arc lamp (Cairn
Research). The excitation filter for all constructs was 472/30 nm,
the emission filter was 496/LP and the dichroic was 495 nm
(Semrock, NY). The fluorescence image was demagnified by an
Optem zoom system, A45699 (Qioptiq LINOS) and the sample
imaged onto a NeuroCCD-SM camera with 80 × 80 pixels
controlled by NeuroPlex software (RedShirtImaging, GA). The
images were recorded at a frame rate of 500 fps.

Optical Signal Analysis
Acquired images from patch clamp fluorometry were analyzed
using NeuroPlex software (RedShirtImaging, United States),
Excel (Microsoft, United States), and Origin8.6 (Origin Labs,
United States). The resulting traces from whole cell voltage clamp
experiments of HEK 293 cells were averaged for 16 trials. To
calculate the % ΔF/F, we first subtracted the dark image from all
frames, then the average of a region of interest in each frame
during a voltage step (F) was subtracted from the average of the
region taken from ten frames prior to the event of interest (F0),
and finally this value was divided by F0 by the following formula:
%ΔF⁄F=[(F-F_0)/F_0]100. ΔF/F values for all of the tested
constructs were plotted in OriginPro 2019 (OriginLab,
United States) and fitted to a Boltzmann function (signal size
was normalized from zero, minimum, to one, maximum) to
acquire voltage sensitivities as previously described (Piao et al.,
2015). Frame subtraction images were achieved by subtracting the
average of light intensities of 20 frames during the 200 mV
depolarization step from average of 20 frames at the beginning
of the recording.

RESULTS

The GEVI, CC1, contains the wild type VSD sequences of the
Ciona intestinalis voltage sensing phosphatase gene with the
FP, Super Ecliptic pHlorin A227D, fused to the carboxy-
terminus of the protein. Introduction of mutations in the α-
helix/loop junctions in the VSD of CC1 yielded probes with
shifted voltage sensitivity in a more positive or a more negative
direction. To identify other regions of the VSD which
contribute to determining the voltage sensitivity,
148 voltage-gated sodium channels (Nav) from different
organisms were aligned with the VSD from Ciona VSP. Nav
channels were chosen since they have four VSDs in each
protein. The four VSDs from each sodium channel were
separated into distinct sequences. The resulting alignment
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consisted of 593 VSDs (Supplementary Figure S1). Conserved
polar residues were detected at multiple transmembrane/loop
junctions (Figure 1), two sites in the S1-S2 loop (I140 and
K142), two sites in the S2-S3 loop (Y172 and N180), and
another two sites in the S3-S4 loop of the VSD (D204 and
D213). These conserved residues were mutated to nonpolar or
oppositely charged amino acids.

S1-S2 Loop Mutants
Two potential sites of interest were identified in the S1-S2 loop,
I140 and K142. Figure 2 compares the traces of the S1-S2 loop
mutations at those locations with that of the original CC1
construct. Except for I140S, none of the S1-S2 loop mutations
shifted the voltage sensitivity significantly. While the I140A,
I140E, K142A, and K142S mutations decreased the signal size
for a 100 mV depolarization, I140S increased the signal size from
2.5 to 3.5% (Figure 2A). The I140S mutation shifted the V1/2

voltage at half-maximum signal from +70 mV to +48 mV
(Figure 2B).

S2-S3 Loop Mutants
Figure 3 illustrates the optical signal traces of the intracellular S2-
S3 loop mutants in comparison to the CC1 starting construct.
While Y172D did not change the signal size for a 100 mV
depolarization, Y172A, Y172S, Y172K, and Y172R did increase
the signal size compared to the CC1. Y172R and Y172K increased
the signal size from 2.5 to 4.8% and 5% respectively. In contrast,
the N180Dmutation had a deleterious effect decreasing the signal
size from 2.5 to 0.8% for a 100 mV step (Figure 3A). The Y172
mutations tested slightly shifted the voltage response to more
negative potentials, with Y172A having the largest effect. This
single mutation shifted the voltage at half maximum from
+70 mV to +45 mV. The mutations in the S2-S3 loop junction
(N180) did not change the voltage sensitivity significantly
(Figure 3B).

S3-S4 Loop Mutants
Figure 4 represents the optical signal traces from the extracellular
S3-S4 loop mutants. D204S, D204K, D204E, D204R, D204T, and

FIGURE 2 | S1-S2 loop mutations in the CC1 starting construct. (A). The traces are representative fluorescent signals from voltage-clamped HEK293 cells
(average of 16 trials for each cell) expressing CC1(WT) or CC1 with an S1-S2 loopmutant. Each trace is the average of three cells. The holding potential was −70mV. The
pulse protocol is given in the black trace and was identical for all constructs. No temporal filtering was used for the traces. Images were recorded at a frame rate of 500
fps. (B). Boltzmann fit of the normalized fluorescence change in response to membrane potential (n = 3 for all constructs).
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D204Y have a larger signal size for 100 mV depolarizations
compared to the parent CC1 signal; D204K has the largest
effect increasing the signal size from 2.5 to 8.1% for a 100 mV
depolarization to +30 mV. D213A, D213S, D213K, D213T,
D213Y, and D204A have a smaller signal size for 100 mV
depolarizations (Figure 4A). While the D204A mutation did
not shift the voltage versus fluorescence trace, all of the other
mutations tested at this location shifted the voltage response of
the CC1 probe to more negative potentials. D204K had the most
pronounced effect shifting the V1/2 from +70 mV to +17 mV.
Mutations at the D213 position were mostly deleterious with
none of the new constructs yielding a signal larger than the
original CC1 version (Figure 4B).

Double Mutants
The CC1 starting construct has a voltage response shifted to
more positive potentials compared to the physiological voltage
range (-100 mV to +30 mV). We tried to further increase the

signal size for a 100 mv depolarization by shifting the voltage
sensitivity to even more negative potentials using double
mutations. Comparing optical traces of the loop mutants
with that of the starting CC1 construct we selected
constructs that showed relatively large voltage shifts to
more negative potentials and made four new probes. The
voltage response of these double mutant constructs are
shifted to even more negative potentials and as a result they
give a larger signal compared to CC1 for a 100 mv
depolarization (Figure 5A). Y172A/D204K had the largest
effect (Figure 5B). This construct increased the signal size
for 100 mv depolarizations compared to the CC1 optical signal
from 2.5 to 13.8% for a 100 mv depolarization.

A Triple Mutant
Bongwoori-Pos6 is an ArcLight derived-GEVI with a modified
linker region connecting the VSD to the FP domains of the
GEVI (Lee et al., 2017). The V1/2 for Bongwoori-Pos6 is

FIGURE 3 | S2-S3 loop mutations in the CC1 starting construct. (A). Representative fluorescent traces of HEK cells expressing the CC1(WT) or CC1(WT) with an
S2-S3 loopmutant in the whole cell patch clamp configuration. The cells were subjected to the voltage command pulses in black. Each trace is from average of three cells
and the results from each cell is the average of 16 trials. The traces are fluorescent optical signals from plasma membrane without temporal filtering. Images were
recorded at a frame rate of 500 fps. (B). Boltzmann fit of the normalized fluorescence change for the CC1 construct and its derivative probes with single mutation in
the S2-S3 loop (n = 3 for all constructs).
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-28 mV and exhibits an 18% ΔF/F/100 mV depolarization step
of the plasma membrane. Bongwoori-Pos6 also exhibits faster
kinetics with a t on of 6 ± 1 msec and a τ off of 8 ± 1 msec.
Introducing the combination of the loop mutations that
shifted the voltage response of CC1 (Y172A and D204K)
with another mutation in the transmembrane segment S2 of
the VSD (D164N) that has also been shown to affect the
voltage range (Piao et al., 2015) with the Bongwoori-Pos6
linker resulted in a much improved signal size (Figure 6A).
This new GEVI is designated Plos6-v2 and has a ~40% for
100 mV depolarization step compared to the 18% signal for a
100 mV depolarization for Bongwoori-Pos6 (Lee et al., 2017).
Plos6-v2 is also larger than the CC1 loop mutants in Figure 5.
D204K-Y172A is 34.1%; D204K-Y172K is 33.2%; D204K-
Y172R is 29.0%; and D204K-Y172S is 35.8%.

The onset of the voltage-dependent signal for Plos6-v2 was
best fitted by a double exponential decay yielding a fast time
constant (τ on) of 5.8 ± 0.3 msec (N = 3) for the 50 mV
depolarization step. However, the fast component only
accounted for 25 ± 0.8% of the amplitude. The slow
component was 24.8 ± 1.4 msec. The speed of the onset signal
for the 100 mV depolarization step again exhibited a fast
component near 6 msec (5.5 ± 0.1 msec), but the fast
component improved to 63 ± 2.5% of the amplitude. The slow
component for the 100 mV onset of the signal was 22.2 ±
0.1 msec. At 200 mV, the fast component of the onset signal
was 4 ± 0.8 msec and constituted 69 ± 1.6% of the signal. The slow
component for the 200 mV onset signal was 20.6 ± 1.6 msec. The
speed of the off signal was best fitted by a single exponential decay
function yielding a τ off of 15.4 ± 0.5 msec for the 50 mV

FIGURE 4 | S3-S4 loop mutations in the CC1 starting construct. (A). HEK 293 cells expressing the CC1(WT) or CC1(WT) with an S3-S4 loop mutant were voltage-
clamped. The traces are fluorescent optical signals (average of three cells) from plasma membrane without temporal filtering. Each cell is the average of 16 trials. Images
were recorded at a frame rate of 500 fps. (B). The voltage-fluorescence curve of the normalized optical signal for the CC1 construct and its derivative probes with single
mutation at S3-S4 loop (n = 3 for all constructs).
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FIGURE 5 | Double mutant in the CC1 starting construct. (A). Fluorescence response of HEK293 cells expressing CC1(WT) or CC1(WT) with double mutations in
the loops to depolarizing and hyperpolarizing voltage steps. The traces are the average of three cells (each cell is the average of 16 trials) without temporal filtering. Images
were recorded at a frame rate of 500 fps. (B). The optical signal was normalized and fitted to a Boltzmann equation. All double mutant combinations shifted the voltage
response to more negative potentials (n = 3 for all constructs).

FIGURE 6 | The large fluorescence response of Plos6-v2. (A). Plos6-v2 was expressed in HEK-293 cells and subjected to whole cell voltage clamp. The dark line
represents the average of three cells. The shaded region is the standard error of themean. (B). Plos6-v2 Blotzmann fit of the fluorescence change as a function of voltage.
(C). Resting light images (RLI) and corresponding frame subtraction images of three cells expressing Plos6-v2. The fluorescence average for each pixel from 20 frames
during the 200 mV depolarization step were subtracted from the fluorescence average of 20 frames at the beginning of the recording when the cells were held at a
holding potential of −70 mV. The scale bar represents 20 μm.
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depolarization step, 14.7 ± 0.6 msec for the 100 mV
depolarization step, and 13.9 ± 0.5 msec for the 200 mV step.

As can be seen from the Boltzmann fit in Figure 6B, the
voltage response of Plos6-v2 was more attuned to the
physiological range of neuronal activities. Plos6-v2 exhibited
good membrane expression with some discernable internal
fluorescence. Plotting the frame subtraction difference of the
light levels during the 200 mV depolarization step from the
initial fluorescence observed at the holding nicely reveals the
population of probe at the plasma membrane (Figure 6C).
Regions of interest were then determined by the frame
subtraction image.

DISCUSSION

The challenges of in vivo voltage imaging can be reduced by increasing
the fluorescence change in response to voltage transients of a GEVI.
Classical approaches to achieve a larger optical signal involve
improving the trafficking of the protein and the speed of the
optical response. The improved trafficking of a GEVI increases the
population of probe that can respond to voltage transients as well as
reduces the non-responding internal fluorescence thereby improving
the signal-to-noise ratio (Rhee et al., 2020). Improving the speed of the
GEVI can also improve the signal-to-noise ratio. For example,
ArcLight exhibits a maximal 40% ΔF/F/100mV depolarization step
of the plasma membrane. The kinetics of that fluorescence change is
best fit by a double exponential decay with a fast component (τ on
~10msec) accounting for 65% of the amplitude (Jin et al., 2012). As a
result, a neuron expressingArcLight would exhibit a nearly 5% change
in fluorescence during the firing of a 2msec action potential.
Increasing the fast component of the voltage-induced optical signal
to a τ on ~ 2msec would improve the change in fluorescence to 16%
(Yi et al., 2018).

Another approach is to optimize the voltage-dependent
optical signal of a GEVI by manipulating the voltage range of
the GEVI (Jung et al., 2017). CC1-Pos6 gave a voltage-
dependent optical signal of over 50% ΔF/F for a 200 mV
depolarization of the plasma membrane (Lee et al., 2017).
However, the signal size was below 10% ΔF/F/100 mV
limiting the usefulness for imaging neurological activities.
Mutagenesis of conserved polar amino acids in the
transmembrane segments of the VSD affected the voltage
sensitivity of Ciona based GEVIs (Piao et al., 2015)
prompting several approaches to shift the voltage response
of CC1-Pos6 while trying to maintain the large signal size
Partial success was achieved with Bongwoori-Pos6 which had
nearly a 20% ΔF/F/100 mV signal, improved kinetics, and a
V1/2 near -30 mV.

Guided by the sequences of voltage-gated sodium
channels, we demonstrate in this report that polar residues
in the transmembrane loop junctions of the VSD can also
affect the characteristics of the voltage-dependent optical
signal. We identified several mutations in the helix/loop
junctions in the VSD that shift the voltage sensitivity of
the GEVI. In the S1-S2 loop region I140A, E and K142A, S
mutations shifted the voltage sensitivity to more positive

voltages while the I140S, K and D resulted in little change
in the voltage range of the optical response. In the
intracellular S2-S3 loop, Y172A, S, K and R mutations
shifted the voltage response to more negative potentials
and N180S, R, T shifted the voltage response to more
positive potentials. Mutagenesis of D204S, K, E, R, T, and
Y in S3-S4 loop shifted the voltage response to more negative
potentials, while D204A and D213A, S, K, T, and Y mutations
shifted the voltage response of the optical signal to more
positive potentials.

Selecting mutations that showed the largest voltage shift to
more negative potentials, we made four double mutant
probes. The voltage response of these new GEVIs are
shifted to even more negative potentials and as a result
they gave a larger signal compared to CC1 for a 100 mv
depolarization step (Figure 5A). Y172A/D204K showed the
biggest effect, it increased the signal size from 2.5 to 13.8%.
Combining the D164N/Y172A/D204K mutations with
Bongwoori-Pos6 increased its optical signal size even
further. The resulting construct, Plos6-v2, gives a 40% ΔF/
F optical signal for a 100 mV depolarization (Figure 6A)
which is a 10-fold improvement over the original CC1 GEVI
(Piao et al., 2015) and a ~2-fold improvement over
Bongwoori-Pos6 (Lee et al., 2017). The speed of Plos6-v2
is comparable to the improved speed of Bongwoori-Pos6, an
important result given the slow kinetics of previous GEVIs
utilizing the D164N mutation in the S2 domain of the VSD
(Piao et al., 2015). The V1/2 of Plos6-v2 is -22 mV (Figure 6B)
which is well positioned for detecting action potentials as well
as subthreshold synaptic activity.

ArcLight-derived GEVIs convert a voltage-induced
conformational change of the protein into an optical signal
allowing the visualization of neuronal circuit activity (Borden
et al., 2017; Platisa et al., 2022). This mechanism involves the
movement of the VSD (Siegel and Isacoff, 1997; Dimitrov
et al., 2007; Villalba-Galea et al., 2009), the photophysical
properties of the FP domain (Kang and Baker, 2016; Kang
et al., 2021), the linker region connecting the VSD to the FP
(Jung et al., 2015; Lee et al., 2017) as well as potential
interactions between neighboring GEVIs via the
dimerization of the VSD (Rayaprolu et al., 2018; Leong
et al., 2021). By exploring the ability to alter the voltage
range of a protein by mutating amino acids in the loop
regions of the VSD, we have developed a novel GEVI with
~40% ΔF/F/100 mV. While ArcLight has been reported to
yield a 40% ΔF/F/100 mV, in our hands we consistently
observe a 30% signal (Piao et al., 2015). The 40% signal of
Plos6-v2 is a substantial improvement in the dynamic range
and exbits faster kinetics than ArcLight. Plos6-v2 should
therefore be a useful tool for optically monitoring neuronal
activity.
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Resource for FRET-Based Biosensor
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After the development of Cameleon, the first fluorescence resonance energy transfer
(FRET)-based calcium indicator, a variety of FRET-based genetically encoded biosensors
(GEBs) have visualized numerous target players to monitor their cell physiological
dynamics spatiotemporally. Many attempts have been made to optimize GEBs, which
require labor-intensive effort, novel approaches, and precedents to develop more sensitive
and versatile biosensors. However, researchers face considerable trial and error in
upgrading biosensors because examples and methods of improving FRET-based
GEBs are not well documented. In this review, we organize various optimization
strategies after assembling the existing cases in which the non-fluorescent
components of biosensors are upgraded. In addition, promising areas to which
optimized biosensors can be applied are briefly discussed. Therefore, this review could
serve as a resource for researchers attempting FRET-based GEB optimization.

Keywords: genetically encoded biosensor, optimization, FRET, sensor domain, ligand domain, linker, localization
signal

1 INTRODUCTION

After successful cloning of green fluorescent protein (GFP) originating from Aequorea victoria
and having it exogenously expressed in cells (Morin and Hastings, 1971; Prasher et al., 1992),
researchers have developed genetically encoded biosensors (GEBs) using fluorescent proteins
(FPs). These GEBs allow visualization of various cellular biochemical parameters, such as ion
concentration, cellular properties, and enzymatic activity (Miyawaki et al., 1997; Zhang et al.,
2001; Wang et al., 2005). GEB is a chimeric protein expressed by transduction of an expression
vector into cells and consists of organic fluorescent materials such as FPs or bioluminescent
proteins and various components that induce the function of the biosensor (Sanford and Palmer,
2017; Greenwald et al., 2018; Terai et al., 2019). The advantage of GEB is that it directly interacts
with endogenous players in cells and spatiotemporally visualizes intra- and extra-cellular
properties. In addition, because it contains fluorescent proteins, chemical dyes inducing
cytotoxicity are not required, and GEBs are observed and analyzed using microscopic
imaging modalities or microplate readers. To date, researchers have developed biosensors in
various categories based on circularly permuted FP, dimerization-dependent FP, reconstitution
of split FP, bioluminescence resonance energy transfer (BRET), and fluorescence resonance
energy transfer (FRET) (Sanford and Palmer, 2017; Kim et al., 2021). In this review, we mainly
deal with FRET-based GEBs in particular.

FRET is a physical phenomenon of non-radiative energy transfer between two close
chromophores with spectral overlap; an emission spectrum of donor fluorophore overlaps an
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excitation spectrum of acceptor fluorophore (Förster, 1948; Jares-
Erijman and Jovin, 2003). When a donor fluorophore absorbs
excitation light, the donor transfers its energy to a neighboring
acceptor fluorophore no farther than 10 nm, which results in the
emission of the acceptor fluorophore and FRET ON state
(Figure 1G). As FRET is a precise phenomenon that occurs
between close molecules, it has now been widely used in biology
as a tool to detect the interaction and proximity of two proteins.
Since the development of the first genetically encoded calcium
indicator (GECI) based on the FRET phenomenon (Miyawaki
et al., 1997), many researchers have developed FRET-based GEB
to monitor various target molecules and optimized biosensors to
measure the activities of the targets of interest more accurately
and sensitively.

Researchers have mainly optimized their biosensors using the
following strategies. The first tactic is to adapt the improved FPs
to their GEBs. The early FPs constituting the FRET pair, mainly
cyan fluorescent protein (CFP) and yellow fluorescent protein
(YFP), have many disadvantages. The acceptor YFP has poor
resistance to low pH and photostability (Griesbeck et al., 2001;
Nagai et al., 2002). In the case of CFP, the quantum yield, which is
the degree to efficiently emit photons in response to excitation,

had to be improved for better FRET efficiency (Rizzo et al., 2004;
Goedhart et al., 2010; Goedhart et al., 2012). Many researchers
have reported refined FPs, and FRET-exclusive FPs that allow the
FRET pair to form dimers have been developed to stabilize the
basal FRET signal (Nguyen and Daugherty, 2005). Applying these
upgraded FPs to GEBs improved the FRET efficiency radiated by
the biosensors (Allen and Zhang, 2006; Komatsu et al., 2011).
Because there are several excellent review papers on FP
development (Tsien, 1998; Zimmer, 2002; Chudakov et al.,
2010), we do not focus on this topic in this article. The
second upgrade strategy involves rearranging the order of the
components constituting the GEBs. Two FPs of Mermaid 1, a
voltage sensor, were located at the C-terminal of the amino acid
sequence in a row (Tsutsui et al., 2008). However, Mermaid 2,
developed by Tsutsui et al., showed an enhanced FRET ratio
change by placing each FP in the N- and C-termini of the sensor
domain, respectively (Tsutsui et al., 2013). The last strategy is to
structurally analyze that, except for fluorescent proteins, the
remaining components constituting the biosensor interact with
the target molecules or other components; thereafter, each
component is manipulated based on previous studies (Palmer
et al., 2006). This process requires knowledge of other researchers’

FIGURE 1 | Composition and mechanism of FRET-based GEB. Genetically encoded biosensor (GEB) consists of the following components. (A,E) Fluorescent
proteins for acting as acceptor and donor, respectively; (B) ligand domain for recognizing the conformational change of the sensor domain; (C) linker for connecting the
components of the GEB, which can affect the structure and performance of GEB; (D) sensor domain for detecting researcher’s target of interest such as enzyme activity
(yellow Pacman shape) or target molecule (small polygons); and (F) localization signal for placing GEBs in specific microdomains in a cell. (G)Mechanism of FRET-
based GEB on FRET OFF state and FRET ON state. In the FRET OFF state, because ligand and sensor domain are not interacting with each other, donor and acceptor
fluorescent protein generally keep a distance longer than 10 nm. Therefore, donor emission (green winding arrow and blue-green emanating glow) can be mainly
detected by donor excitation (blue thunder shape). But In the FRETON state, sinceGEB is activated by a specific target signal, The interaction between ligand and sensor
domain makes two fluorescent proteins close. Due to this FRET phenomenon (green dashed-fading arrow), acceptor emission (yellow winding arrow and yellow
emanating glow) can be mainly detected by donor excitation.
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ideas, peptide domains that have been previously used and
improved, and numerous examples of biosensor optimizations.

However, discussions on strategies and cases in which researchers
have optimized the components of GEBs are still lacking.

Here, we introduce several optimization strategies based on
how the non-fluorescent components of FRET-based GEBs
were refined by many researchers. At the end of this review,
there is a brief introduction to fields where biosensors were
newly applied as GEBs have been improved. Before starting this
review, we define the components that compose a biosensor and
have been optimized as follows (Figures 1A–F). The sensor
domain plays a role in translating the property of the observer’s
interest into the appropriate conformational change of the
biosensor (Figure 1D). The ligand domain recognizes
conformational changes in the sensor domain (Figure 1B).
The linker is the connection between components that affect
the structure and performance of the GEBs (Figure 1C).
Localization signals are peptides that can place the GEBs in
specific subcellular locations (Figure 1F).

2 SENSOR DOMAIN

The sensor domain, which directly interacts with cellular players
to induce the conformational change of GEBs, plays a key role in
the biosensor’s target sensing ability (Terai et al., 2019). To
optimize biosensors, researchers have analyzed the interaction
between the sensor domain and target player or ligand domain

FIGURE 2 | Existing cases of sensor domain optimization strategies (A)
Mutagenesis. (B) Additional sensor domain. (C) Reconstituting sensor
domain, which is divided into chimeric sensor domain and inserting FP into
sensor domain.

TABLE 1 | Summary of sensor domain optimization strategies.

Sensor Domain

Method Aim Sensor Name Target Original Form Optimized Form

Mutagenesis Increasing affinity to target player Epac-S H187 cAMP Klarenbeek et al. (2011) Klarenbeek et al.
(2015)

ZAP70 kinase saFRET
biosensor

ZAP70 Li et al. (2016) Liu et al. (2021)

Decreasing affinity to target player Cameleon 3 Ca2+ - Miyawaki et al. (1997)

FLIPmal-Y Series Maltose - Fehr et al. (2002)

ZapCY2 Zn2+ Qiao et al. (2006) Qin et al. (2011)

Decreasing affinity to non-target
player

TN-XL Ca2+ Heim and Griesbeck,
(2004)

Mank et al. (2006)

Increasing affinity to ligand domain EKAREV ERK Harvey et al. (2008) Komatsu et al. (2011)

AKAR3EV PKA Allen and Zhang, (2006) Komatsu et al. (2011)

Imaging at 25°C ATeam1.03NL ATP Imamura et al. (2009) Tsuyama et al. (2013)

Additional sensor domain Increasing affinity to target player TN-XXL Ca2+ Mank et al. (2006) Mank et al. (2008)

Monitoring two targets
simultaneously

ICUPID PKA,
cAMP

Dipilato and Zhang, (2009) Ni et al. (2011)

KCAP-1 PKC, PKA Schleifenbaum et al. (2004) Brumbaugh et al.
(2006)

Reconstituting sensor
domain

Creating chimeric sensor domain Chimera Cx V+ Lundby et al. (2010) Mishina et al. (2012)

Inserting FP into sensor domain FLIIXPglu-Y Series Glucose Fehr et al. (2003) Deuschle et al. (2005)
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and devised various strategies around this (Figure 2; Table 1).
The first strategy involved mutagenesis (Figure 2A). By mutating
one or several residues that play an important role in binding
between the sensor domain and its counterpart, the affinity of the
sensor domain to target players was regulated. Researchers
mainly mutate several residues, but in some cases, the
mutation of only one residue had a significant effect on the
function of the GEB (Klarenbeek et al., 2015). Moreover, the
addition of the same or different sensor domains improves the
ability of the biosensor to measure the activities of multiple
players simultaneously (Figure 2B). The last method we
introduce creates a new sensor domain by combining parts
originating from different proteins or inserting another
component of the biosensor in the middle of the sensor
domain (Figure 2C). Thus, the sensor domain can be
reconstructed.

2.1 Mutagenesis
2.1.1 Increasing Affinity to Target Player
Biosensors can be optimized by increasing the affinity of the
sensor domain to the target molecule. To produce an optimized
FRET GEB detecting cyclic adenosine monophosphate (cAMP)
with exchange protein directly activated by cAMP1 (EPAC1),
Klarenbeek et al. examined several fluorescent protein pairs and
residues in the sensor domain (Klarenbeek et al., 2015). In
particular, EPAC-S H107 using EPAC1 with Q270E mutation,
which causes the sensor domain to have a high affinity for cAMP,
showed a 1.6-fold larger FRET ratio change than that of the
forerunner having the same FP pair and wild type (WT) EPAC1.

Biosensors that measure kinase activity mainly use truncated
peptide sequences, including phosphorylatable residues as the
sensor domain. Recently, a case using a platform that combines
FRET-seq, a method coupling FRET signals to next-generation
sequencing (NGS), and mammalian cell libraries to increase the
affinity of a consensus peptide to target kinase was reported (Liu
et al., 2021). The first step of this platform was to create a self-
activating FRET (saFRET) biosensor by inserting an active kinase
domain into the C-terminus of the template biosensor. This
process enabled the biosensor to emit an enhanced FRET ratio
change in response to external stimuli and reduce the noise signal
caused by endogenous cellular kinases. Next, libraries of substrate
peptides using the saFRET biosensor were generated. Using
degenerate primers, a mix of oligonucleotide sequences
covering all possible nucleotide combinations, researchers
created two peptide libraries by randomizing neighboring
residues of the phosphorylated tyrosine residue: Library 1 (−1,
−2, −3, and Y) and Library 2 (Y, +1, +2, and +3). Additionally, the
possibility of false-positive selection was reduced by using control
libraries of the kinase-dead version of the saFRET biosensor; the
control libraries enabled researchers to select substrate peptides
that only respond to the target kinase. The saFRET biosensor
libraries were then transduced into mammalian cells using viral
libraries, and the FRET ratios of individual cells expressing
biosensor variants were analyzed and sorted using
fluorescence-activated cell sorting (FACS). As a result, with
NGS using RNA of the cell emitting a high-FRET ratio, the
authors successfully optimized the biosensors that monitor the

activity of Fyn and zeta-chain-associated protein kinase 70
(ZAP70) by identifying refined substrate sequences that
responded highly to the active kinase domain and lowly to the
dead kinase substrates. In this process, substrate peptides with a
high affinity to the Src homology 2 (SH2) domain, a ligand
domain of the biosensors, were naturally selected. Because this
platform screened for improved biosensors using mammalian
cells, not bacterial or yeast cells, there was no need to consider
differences in translation and post-translational modification
depending on the host, and no additional selection steps were
required.

2.1.2 Decreasing Affinity to Target Player
Increasing the affinity to the target is not the only way to upgrade
the performance of GEBs; researchers have also optimized the
sensor domain by reducing the affinity to target molecules.
Cameleon3, a genetically encoded calcium indicator (GECI),
contains a calmodulin (CaM) in which one component
reacting to Ca2+ with high affinity was removed via the E104Q
mutation (Miyawaki et al., 1997). As a result, the biosensor
showed a consistent and simplified sigmoidal curve according
to the Ca2+ concentration.

The FLIPmal biosensor family detects cellular maltose using
maltose-binding protein (MBP) as the sensor domain (Fehr et al.,
2002). The primary FLIPmal involving WT MBP had a
dissociation constant (Kd) of 2 μM for maltose. To expand the
range of the biosensor for maltose measurements, tryptophan
residues of MBP were mutagenized to alanine to decrease
substrate affinity (Fehr et al., 2002). FLIPmal-25μ, which has
W230A-mutated MBP, showed a Kd of 25 μM, and FLIPmal-
225μ using W62A MBP had a Kd of 226 μM. With these
biosensors, researchers have successfully measured various
maltose concentration ranges.

The Zap1-based Zn2+ probe family uses two Zap1 zinc fingers as
the sensor domain. One WT zinc finger detects Zn2+ using two
cysteines and two histidines (Qiao et al., 2006). The Kd of ZapCY1
using twoWT zinc fingers for the ion is 2.5 pM (Qin et al., 2011). To
measure Zn2+ at a higher concentration range, researchers
sequentially mutated the cysteines to histidines, and two types of
mutation forms were adapted to the biosensor; Cys2His2 mutation
was C581H and C618H, andHis4 had C581H, C586H, C618H, and
C623H mutations. ZapCY2, a Cys2His2 form biosensor, had Kd of
811 pM in cell and the Kds of ZapCV2 with Cys2His2mutation and
ZapCV5 with His4 mutation for Zn2+ were 2.3 nM and 0.3 μM,
respectively (Qin et al., 2011). The conversion of more residues to
histidine decreased the affinity of the biosensor to Zn2+, allowing
researchers to measure Zn2+ at a high concentration range.

2.1.3 Decreasing Affinity to Non-Target Player
The sensor domain is able to interact with other molecules with
properties similar to those of the target players. Therefore, to
increase the specificity of the biosensor target, researchers carried
out mutations that lower the affinity of the sensor domain to
target player analogs. TN-L15, which uses the EF-hand III and IV
of chicken skeletal muscle troponin C (csTnC) to detect Ca2+,
displayed conformational changes and FRET ratio changes in
response to Mg2+ (Heim and Griesbeck, 2004). Mank et al.
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improved the specificity of the sensor domain by mutating the
D111 and D147 residues of csTnC capable of binding with
magnesium into asparagine, leading to increased FRET ratio
change and increased sensitive visualization of intracellular
Ca2+ dynamics (Mank et al., 2006).

2.1.4 Increasing Affinity to Ligand Domain and Altering
Reaction Conditions
Depending on which ligand domain is included in the biosensor
that measures kinase activity, amino acids around the
phosphorylatable residue can be substituted to increase the
affinity between the sensor and ligand domains. EKAREV, an
extracellular signal-regulated kinase (ERK) activity biosensor, uses
the WW domain as a ligand domain to detect phosphothreonine
(pThr) (Komatsu et al., 2011). To increase the affinity between the
WW domain and substrate peptide, the researcher mutated the
pThr +1 position into proline. AKAR3EV, a protein kinase A
(PKA) activity biosensor, involves the forkhead-associated 1
(FHA1) domain as a ligand domain for detecting pThr.
Consequently, the pThr +3 position was changed to aspartic
acid to enhance its affinity to FHA1 (Komatsu et al., 2011).

There is a case of sensor modification using mutagenesis to
increase the affinity between the sensor domain and target
molecule in a unique experimental environment. AT1.03,
which measures intracellular adenosine triphosphate (ATP)
status, uses ε subunit of Bacillus subtilis FoF1-ATP synthase as
sensor domain (Imamura et al., 2009). However, AT1.03
expressed in Drosophila S2 cells had poor sensitivity to ATP
because of the unique imaging environment with a temperature
of 25°C (Tsuyama et al., 2013). In 2013, Tsuyama et al. developed
AT1.03NL biosensor by conducting a mutation of M60 in
N-terminal domain (NTD) to N and K132 in C-terminal
domain (CTD) to L and observed that the biosensor
successfully monitored intracellular ATP status in Drosophila
melanogaster and Caenorhabditis elegans at a temperature range
is of 20–25°C (Tsuyama et al., 2013).

2.2 Additional Sensor Domain
It was reported that a biosensor had two identical sensor domains
to increase the affinity to the target molecule and FRET ratio
change. In the case of TN-XL, which uses EF-hand III and IV of
csTnC as the sensor domain to detect Ca2+, the efficiency of the
biosensor was improved by adding one more sensor domain, and
the advanced biosensor was called TN-XXL (Mank et al., 2008).

There are several cases in which the activity of two targets can be
measured simultaneously by including two different sensor domains
in one biosensor sequence. ICUPID, a biosensor detecting PKA, and
cAMP dynamics, contains three FPs: CFP, red fluorescent protein
(RFP), and YFP. (Ni et al., 2011). Between the CFP-RFP pair, there is
a PKA substrate peptide and FHA1 domain pair, which can sense
PKA activity, and the EPAC1 detecting cAMP was concatenated
between the RFP-YFP pair. Therefore, by analyzing the RFP/CFP
and YFP/RFP values emitted simultaneously by one biosensor in
response to a specific stimulus, the status of intracellular PKA
activity and cAMP can be visualized simultaneously. KCAP-1,
which was generated by inserting a seven-amino acid PKA
consensus sequence (Kemptide) into KCP-1, which measures the

activity of protein kinase C (PKC), was designed to monitor the
activity of PKC and PKA at the same time (Brumbaugh et al., 2006).
In the intermediate FRET ratio state, the ratio increased when PKC
was activated, and the FRET efficiency decreased if PKA activity was
upregulated. The introduction of additional negative charges by PKA
phosphorylation at Kemptide resulted in a disturbance of ionic
interaction, inducing reduced FRET efficiency.

2.3 Reconstituting the Sensor Domain
In addition to changing specific residues of the sensor domain, there
are cases in which a new chimeric sensor domain is created by
combining several parts derived from different proteins to enhance
the performance of the biosensor. VSFP2.3 is a genetically encodable
voltage-sensing fluorescent probe that uses monomeric voltage-
sensitive phosphatase (Ci-VSP) originating from Ciona intestinalis
as the sensor domain (Lundby et al., 2010). In 2012, Mishina et al.
transplanted homologous amino acidmotifs of mKv3.1, a tetrameric
voltage-activated potassium channel, into VSFP2.3 to create a novel
chimeric biosensor, the chimeric Cx family (Mishina et al., 2012).
Researchers developed Chimera C5 by replacing the Ci-VSP
227–236 amino acid with a counterpart of mKv3.1. Strikingly,
Chimera C5 responded faster to activation and deactivation and
displayed a higher total response than VSFP2.3.

The performance of the GEB can be improved by inserting an FP
in themiddle of the sensor domain sequence. The FLIPglu biosensor
family, which monitors intracellular glucose, uses the mature
glucose/galactose-binding protein MglB from Escherichia coli as
its sensor domain (Fehr et al., 2003). To optimize the biosensor,
Deuschle et al. searched for a site to insert the FP in the MglB
sequence (Deuschle et al., 2005). The desired insertion site was
required to satisfy the following conditions: it is solvent-exposed,
located between regions of well-formed secondary structure, and
capable of sterically accommodating the FP. Among the candidates,
FLII12Pglu-600μ, in which ECFP was inserted after the 12th amino
acid of MglB, showed the most improved FRET ratio change.

3 LIGAND DOMAIN

The primary form of GEB consists of only the FRET pair and
sensor domain, and the emitted FRET ratio changes only due to
conformational changes in the sensor domain (Terai et al., 2019).
However, for a more dynamic conformational change of the
biosensor, researchers have begun to incorporate a ligand
domain, which detects the change in the sensor domain, into
the biosensor structure. Therefore, the introduction of the ligand
domain itself is an optimization of the GEBs (Terai et al., 2019).
There are various types of ligand domains depending on the
target players, but this review focuses on cases in which the ligand
domain has been upgraded (Figure 3; Table 2).

3.1 Detecting Phosphorylated Residue
AKAR, which measures the activity of PKA, uses 14-3-3 protein as
a ligand domain to capture pThr (Zhang et al., 2001). However, the
binding affinity of 14-3-3 to pThr was too strong, preventing
dephosphorylation of phosphorylated residues, which made it
difficult for AKAR to monitor the effect of intracellular
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phosphatase on PKA substrate peptide. Four years later, AKAR2,
the successor to AKAR, used FHA1 as its ligand domain (Zhang
et al., 2005). FHA1, a modular phosphothreonine binding domain
with relatively low binding affinity, did not interfere with the
dephosphorylation of pThr and made AKAR2 a reversible reporter
detecting the bi-directional state of PKA substrate (Figure 3A).

There is a case in which the ligand domain was replaced with
another protein for a transfected host to express the biosensor
well. For GEB optimization using high-throughput bacterial
colony screening, Belal et al. attempted to express the cyclin
B1-Cdk1 activity sensor in Escherichia coli (Belal et al., 2014).

However, the biosensor was not translated well in E. coli because
of the polo box domain of Plk1, a ligand domain of the biosensor.
Therefore, the ligand domain was replaced with FHA2, and the
improved biosensor was well expressed in bacteria and could be
applied to the screening platform (Figure 3B).

The FHA family is not the only family used to detect
phosphothreonine. In the case of the EKAR family measuring
the activity of ERK, the WW domain has been used as a ligand
domain since 2008, which continues to be utilized, and
EKAREN4/5, which has high specificity for ERK but low for
CDK1, was developed in 2021 (Harvey et al., 2008; Ponsioen et al.,

FIGURE 3 | Schematic precedents of ligand domain optimization (A)Constructing a GEB that can reversibly respond to external stimuli by using ligand domain with
adequate affinity to sensor domain. (B) By replacing the ligand domain that Escherichia coli could not express, the GEB could be applied to a high-throughput bacterial
colony screen (C) Developing target specific GEB by comparing the performance of ligand domains derived from various proteins. (D) Creating new ligand domain
having low affinity to endogenous player via computational analysis.

TABLE 2 | Summary of ligand domain optimization strategies.

Ligand Domain

Method Aim Sensor Name Target Original Form Optimized Form

Changing to ligand domain having
appropriate affinity

Making biosensor reversible for detecting
bi-directional PKA related signal

AKAR2 PKA Zhang et al.
(2001)

Zhang et al. (2005)

Changing to the ligand domain that
Escherichia coli can translate

To apply the GEB to high-throughput
bacterial colony screen

CyclinB1-Cdk1
activity sensor V2

Cdk1 Gavet and Pines,
(2010)

Belal et al. (2014)

Comparing ligand domain homologies Finding PDGFR activity-specific ligand
domain

PDGFR biosensor PDGFR - Seong et al. (2017)

Mutagenesis based on computational
analysis

Decreasing affinity with endogenous
players

Design X Ca2+ Griesbeck et al.
(2001)

Palmer et al. (2004),
Palmer et al. (2006)
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2021). Therefore, an appropriate ligand domain should be
examined according to the substrate peptide of the target player.

The SH2 domain, which detects phosphotyrosine (pTyr), can be
derived from various proteins (Nair et al., 1995; Songyang and
Cantley, 1995). Each SH2 domain has a different preferred
environment and affinity for pTyr, which may affect the
performance of the GEB. To develop a FRET-based platelet-
derived growth factor receptor (PDGFR) biosensor measuring
PDGFR phosphorylation, Seong et al. examined the SH2
domains derived from Src, Nck2, and Shp2 (Seong et al., 2017).
The biosensor using the SH2 domain of Src showed conformational
change and FRET ratio change not only by activated PDGFRs but
also by other kinases, meaning that the SH2 domain originating
from Src did not have specificity for PDGFR activity. However, the
biosensor containing the SH2 domain of Nck2 and Shp2 displayed a
PDGFR activity-specific FRET ratio change, and the SH2 domain
derived from Nck2 efficiently improved the performance of the
PDGFR biosensor located in the plasma membrane. Therefore,
when developing or optimizing a biosensor to monitor the
activity of protein tyrosine kinases, it is important to examine
various types of SH2 ligands (Figure 3C).

3.2 Reducing Affinity With an Endogenous
Player: For Precise Ca2+ Monitoring
Biosensors can be optimized by preventing the sensor and ligand
domains from interacting with their endogenous cellular partners
(Figure 3D). Because the WT ligand domain, a skeletal muscle
myosin light chain kinase (skMLCK), of primary cameleons, a
GECI using CaM as the sensor domain, could interact with
endogenous CaM, cameleons failed to accurately respond to the
Ca2+ concentration in the CaM-rich regions such as the plasma
membrane of neurons (Griesbeck et al., 2001; Heim and Griesbeck,
2004). To create an improved Cameleon that does not bind to
endogenous CaM, Palmer et al. structurally analyzed and mutated
the sensor and ligand domains in the GEB and called the optimized
CaM-skMLCK pairs ‘Design X’. In 2004, the salt-bridge interaction
between WT CaM and WT skMLCK peptides was investigated to
develop Design 1 (D1) (Palmer et al., 2004). To break the salt-bridge
between skMLCK of cameleon andWTCaM, the basic target residues
of skMLCK peptide and acidic residues of CaM were reversed, thus
preventing the biosensor components from binding with their WT
counterparts. As a result, the researchers successfully developed D1,
which has a relatively low affinity for Ca2+ (Kd = 60 μM) and was not
significantly affected by large concentrations of excess CaM. In 2006,
Designs 2, 3, and 4were released (Palmer et al., 2006). To destabilize the
binding between WT CaM and skMLCK peptide in the Cameleon in
other ways, the researchers analyzed steric bumps inWT skMLCK and
complementary holes in WT CaM. Based on this study, a small but
important residue that plays a key role in WT CaM-WT skMLCK
interaction was replaced with bulkier or charged residues, resulting in
the development of mutated versions of skMLCK (mskMLCK), which
sterically clashed with WT CaM. Thereafter, by mutating the CaM
residues that interacted with WT skMLCK, the researchers created
mutated versions of CaM (mCaM) that bound well to mskMLCK
peptide but not to WT skMLCK. In this way, three combinations of
mCaM-mskMLCK, which bound weakly to WT CaM but interacted

much more strongly than the WT CaM-WT skMLCK pair, were
created and namedD2, D3, andD4. The newDesigns could sensitively
measure various ranges of Ca2+ concentrations that had not been
monitored before and successfully visualize calcium in cellular
microenvironments with unique Ca2+ concentrations, such as in the
lipid rafts and mitochondria.

4 LINKER

GEBs are chimeric proteins inwhich peptide sequences derived from
various proteins are collected in one amino acid chain. Therefore, a
connection inevitably exists between each component, which is
called a linker. Because these linkers have a significant influence
on the physical structure of GEBs, there have been various attempts
at their optimization thereof (Figure 4; Table 3).

Initially, the linker optimization process improved the FRET
ratio by changing the direction of the fluorescent protein through
various amino acid changes between FPs and the Ca2+-sensing
domains, while Miyawaki et al. developed the Cameleon1
biosensor (Miyawaki et al., 1997). Because of these studies,
various attempts have been made on linker optimization.

There are various types of linkers depending on the purpose of
the linker, but they can be broadly divided into flexible and rigid
linkers (Gräwe and Stein, 2021).

The flexible linker has the feature of free movement between
proteins linked by a linker that does not have a specific structure.
A typical example is glycine-rich linkers. Because glycine has a
small side chain, it was considered optimal for folding, structure,
and function of the GEB linker (Chen et al., 2013). If the linker is
flexible, the relative orientation between the donor and acceptor
proteins changes. Therefore, the orientation factor, k2, which is
related to the FRET ratio, was set to ⅔. Therefore, the FRET
efficiency can be calculated using the distance between the donor
and acceptor without considering the variation in the orientation
factor between fluorescent proteins (Terai et al., 2019).

The rigid linker is a linker with a specific structure and usually
has an α-helical structure, which can be adjusted to prevent free
interactions between the two connected proteins (Swanson and
Sivaramakrishnan, 2014). A typical example is the
(EAAAK)N-motif. The α-helical structure has been applied in
FRET protein sensors to monitor glycine (Zhang et al., 2018),
redox potential (Kolossov et al., 2011), and ionic strength (Liu
et al., 2017). If the linker is rigid, because of the fixed distance,
during folding or shape changes in the linker due to sensor
activation or environmental conditions such as ionic interactions
(Liu et al., 2017) or the oxidation status of disulfide bridges
(Kolossov et al., 2011), a high FRET ratio change can be obtained.

The linker affects the three-dimensional physical structure of
the biosensor, and it is possible to manage the binding between
the sensor and ligand domains. Here we introduce cases that
affect the efficiency of the FRET sensor by optimizing the linker.

4.1 Optimize Linker Length
There was a case in which various combinations of linkers were
optimized through a vector library (Figure 4A). Twitch, a calcium
indicator, has a sensor domain, and TnC is concatenated between

Frontiers in Cell and Developmental Biology | www.frontiersin.org June 2022 | Volume 10 | Article 8853947

Kim et al. FRET-Based Biosensor Optimization

87

https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


FIGURE 4 | Schematic diagram of linker optimization strategy (A) Optimize linker length via vector library. (B) Minimize basal FRET signal by extend linker (C)
Comparing unimolecular and bimolecular biosensors. (D) Reducing unintentional linker-like peptides such as protein terminal parts or short peptide originated from
restriction enzyme DNA sequence. (E) Changing sensor detection range via linker optimization.

TABLE 3 | Summary of linker optimization strategies.

Linker

Method Aim Sensor Name Target Original Form Optimized Form

Testing 49 combinations of proline linkers
via vector library

Optimize linker length Twitch Ca2+ Mank et al. (2008) Thestrup et al.
(2014)

Add rigid linker Linker optimization for reducing
basal FRET signal

CY-RL7 redox status Kolossov et al. (2008) Kolossov et al.
(2011)

Insert EV linker AKAR3EV PKA Allen and Zhang, (2006) Komatsu et al.
(2011)

AMPKAREV AMPK Tsou et al. (2011) Konagaya et al.
(2017)

Add GSGGPPGSGGSG Linker, 58a.a
linker and 10a.a Linker

NIR Rac1 Rac1 Miskolci et al. (2016);
Moshfegh et al. (2014)

Shcherbakova et al.
(2018)

Extend EV linker from 116a.a to 244a.a Booster-PKA PKA Komatsu et al. (2011) Watabe et al. (2020)

Insert flexible linker Unimolecular biosensor VS.
bimolecular biosensor

FLAME/PTB-EYFP,
EGFR-ECFP

EGFR - Offterdinger et al.
(2004)

Add (GGSGGS) repeat sequence CA-L2-WY Zn2+ Van Dongen et al. (2006) Van Dongen et al.
(2007)

Add or remove EV linker KARs/bimKARs ERK - Depry et al. (2015)

Delete a.a sequence of FPs N/C terminus
and sensor domain C terminus

Optimization for reducing
unintentional linker-like peptides

FLIPglu-600u Δ13 Glucose Fehr et al. (2003) Deuschle et al.
(2005)

Delete a.a sequence of restriction enzyme
site

FLII12Pglu-δ6 Deuschle et al. (2005) Takanaga et al.
(2008)

Add glycine or serine Changing sensor detection
range

YC-Nano Ca2+ Nagai et al. (2004) Horikawa et al.
(2010)

Adjust repeats from (GPGGA)8 to
(GPGGA)5

TSMod F25 Mechanical
strain

Grashoff et al. (2010) Brenner et al. (2016)

Replace (GPGGA)8 linker with HP35 linker HP35-TS Grashoff et al. (2010) Austen et al. (2015)

SDM at N68A, K70M of HP35-TS HP35st-TS - Austen et al. (2015)
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the donor and acceptor. Thestrup et al. used a vector library to
determine the optimal number of proline residues that connect the
sensor domain N/C terminal and each fluorescent protein. They
revealed the linker combination with the highest FRET efficiency by
comparing a total of 49 linker combinations, from 1 to 7 prolines,
and the front and back of the sensor domain (Thestrup et al., 2014).

4.2 Linker Optimization for Reducing Basal
FRET Signal
Inmost cases of FRET-based biosensors, they aremainly used as ratio
metrics through fractional calculations of donor and FRET signals.
Therefore, if the difference between the basal FRET ratio before the
reaction and the FRET ratio after the reaction is significant, it can be
said that the FRET biosensor has high sensitivity. To increase this
difference, the linker can be optimized to increase the FRET signal
after reaction; on the contrary, the linker can be optimized to have a
low basal FRET signal when the reaction does not occur to increase
the difference between the basal FRET signal and the activated FRET
signal (Figure 4B).

The use of a rigid linker to reduce the basal FRET signal is the
CY-RL7 redox sensor (Kolossov et al., 2011). In the CY-RL5
biosensor structure (Kolossov et al., 2008), the RL5 linker,
which is sensitive to redox status, is located between the CFP-
YFP pair; when the linker is reduced (OFF state), the α-helix
structure of the linker is changed, and the distance between the
CFP-YFPs is increased, which leads to a decrease in the FRET
signal. Conversely, when the linker is oxidized (ON state), the
distance between the two fluorescent proteins decreases, resulting
in an increase in the FRET signal. To improve the FRET ratio
change, Kolossov et al. added the EAAAK rigid linker at the RL5
linker to reduce the distance between the donor and acceptor. They
observed a six-fold change in FRET efficiency (Kolossov et al.,
2008) and named this newly optimized sensor CY-RL7.

The cases of using a flexible linker to reduce basal level FRET
signal are the AKAR3EV (Komatsu et al., 2011) and AMPKAREV
(Konagaya et al., 2017) biosensors that use EV linker. The EV
linker is a flexible linker consisting of repetitive SAGG peptides
developed by Matsuda Lab. AKAR3 (Allen and Zhang, 2006) and
AMPKAR (Tsou et al., 2011) biosensors have donor and acceptor
at both ends, and ligand domains and sensor domains are attached
between them. In Matsuda Lab, EV linkers were added between
domains to increase the distance between the donor and acceptor.
As a result, the basal FRET signal was reduced, thereby improving
the FRET efficiency of the biosensor. They named the newly
optimized sensors AKAR3EV and AMPKAREV, respectively.

Because the linker optimization process is closely related to the
three-dimensional structure of the biosensor, if each part of the sensor
is shuffled or replaced with another protein in the existing sensor, the
basal FRET ratio will change owing to the change in the physical
structure. Therefore, it is necessary to optimize the linker accordingly.

In the case of the NIR-Rac1 (Shcherbakova et al., 2018)
biosensor using the miRFP670-miRFP720 FRET pair, the
Forster radius (R0) value of the fluorescent protein pair was
8.3 nm, 1.5–1.7 times longer than that of the normal CFP-YFP
pair. Therefore, a relatively longer linker was used to separate
fluorescent proteins.

In the case of the Booster-PKA (Watabe et al., 2020) biosensor,
Watabe et al. arranged the PKA substrate at the C-terminus while
designing the biosensor, so that the distance between the donor and
the acceptor is closest when the sensor responds. However, this
structure allowed the distance between the donor and acceptor to
be close in the basal state. Therefore, to increase the sensitivity of
the sensor, the length of the previously constructed EV linker was
extended from 116 a. a to 244 a. a and the distance between
fluorescent proteins was increased to lower the basal FRET signal.

4.3 Unimolecular Biosensor VS. Bimolecular
Biosensor
In the case of a linker-connected type, unimolecular biosensor
(UnimB), because the ligand and sensor domains move together
at a relatively constant distance, the sensor response is more
constant than that in the separated type, bimolecular biosensor
(BimB), in which the distance between domains is not constant
and the possibility of interaction with endogenous proteins
induces the noise in the FRET signal. In addition, because the
unimolecular Biosensor is expressed from single vector, accurate
measurement of FRET is possible because all compartments show
the same expression level and are located in the same region (Kim
et al., 2021) (Figure 4C).

There are cases where the optimization was performed as
UnimB using a linker because BimB did not react. An increase in
the emission intensity of the acceptor by EGF treatment was
observed when the PTB-EYFP/EGFR-ECFP bimolecular
(Offterdinger et al., 2004) biosensors were used to measure
EGFR autophosphorylation; however, there was no change in
the FRET ratio observed. However, FLAME (Offterdinger et al.,
2004), in which the two constructs were combined through a
linker, successfully changed the FRET ratio via EGF stimulation.

To optimize the BimB Zn2+ indicator, CFP-Atox1 and WD4-
YFP, Van Dongen et al. compared the FRET ratio in each case by
inserting two to nine GGSGGS repeat sequences between Atox1 and
WD4, the metal-binding domains. Each biosensor had a unique Kd

value and FRET ratio change range. In particular, CA-L2-WY
containing (GGSGGS)2 showed the most remarkable FRET ratio
change upon Zn2+ stimulation (Van Dongen et al., 2007).

However, UnimBs were not advantageous in all cases.
Depending on the characteristics of the ligand domain and the
sensor domain or the location of the sensor, BimB showed a better
FRET ratio in some cases than in others.

The efficiencies of UnimB and BimB types of kinase activity
reporters that measure various kinase activities were compared, and
the change in efficiency was found to be different for each biosensor.
There were even cases where it did not change (Depry et al., 2015).
These differences depended on the target location and the location of
the sensor. In particular, the biosensor placed on the plasmamembrane
showed improved FRET ratio values in BimB (Depry et al., 2015).

4.4 Linker Optimization for Reducing
Unintentional Linker-like Peptides
When constructing a sensor for the first time, WT proteins are
usually used. WT proteins have the advantage of reliability in the
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operation of the sensor by showing a physiologically similar
reaction to that of the proteins present in the living body.
However, most WT proteins have several peptide sequences,
each possessing a terminal region. These peptide sequences
unintentionally affect the operation of the biosensor, or even
though these sequences have no function, they act as linkers.
Therefore, these peptide sequences could also be optimized
(Figure 4D).

It may be necessary to consider the sequence between the sensor
components for sensor optimization. To optimize the FLIPglu-600u
(Fehr et al., 2003) biosensor, which is one of the FLIPglu biosensor
family that measures the intracellular glucose concentration, the
amino acid sequence of the N/C-terminus part of the fluorescent
protein (Li et al., 1997), and the C-terminus part of the sensor
domain was removed. The authors named the cloned sensor
FLIPglu-600u Δ13 (Deuschle et al., 2005). This sensor showed a
FRET ratio change of approximately threefold. In addition, the
authors cloned the FLII12Pglu (Deuschle et al., 2005) biosensor in
which a fluorescent protein was inserted between the sensor
domains to optimize FLIPglu-600u Δ13. In the optimization
process of this sensor, a restriction enzyme sequence occurred
during the cloning process, and the FLII12Pglu-δ6 (Takanaga
et al., 2008), which removed this sequence, showed the highest
efficiency. However, the FRET ratio was more influenced by the
composition of the removed amino acid than by the length of the
linker removed (Takanaga et al., 2008).

4.5 Linker Optimization for Changing Sensor
Detection Range
Linker optimization sometimes improved the detection range of
the biosensor rather than improving the FRET ratio (Figure 4E).

There is a case where the detection range was changed by
changing the sequence of several amino acids in the linker. The
genetically encoded calcium indicator (GECI), YC2.60, and
YC3.60 (Nagai et al., 2004), had a structure in which the CaM
and M13 domains were connected through two glycines.
Horikawa et al. added glycine or serine to the linker to
diversify the saturation concentration of calcium by changing
the sensitivity of the sensor to calcium. This helped develop the
YC-Nano family, a collection of sensors that can measure various
calcium concentration ranges (Horikawa et al., 2010).

Tension-sensing FRET biosensors are biosensors developed to
measure various tensions within cells. Tomeasure the physical force,
these types of sensors use elastic linkers. Therefore, the linker itself
acts as a force-sensing sensor domain. By modifying these linkers,
researchers have diversified the range of force measurements.

In the case of TSMod F40 (Grashoff et al., 2010),mechanical strain
in the range of 1‒6 pN in the cell could be measured using the
flagelliform linker sequence (GPGGA)8, which is an elastic linker
derived from spider silk protein. To adjust the force measurement
range, Brenner et al. developedTSModF25 andTSModF50 (Brenner
et al., 2016), in which the repeat number of theGPGGA sequencewas
adjusted to 5 and 10, respectively, and the measurable range was
compared with that of TSMod F40. As a result, the TSMod F25
containing a (GPGGA)5 linker could have an improved force
measurement range of 2‒11 pN compared to that of the TSMod F40.

To adjust the force measurement range, the linker was
substituted with other protein types. Austen et al. produced
HP35-TS (Austen et al., 2015) by replacing the linker of the
TSMod F40 biosensor with villin headpiece peptide (HP35), an
ultrafast folding peptide. The HP35-TS was able to measure the
force range of 6‒8 pN, which is stronger than the TSMod F40
with a measuring range of 1‒6 pN. In addition, HP35st-TS
(Austen et al., 2015) containing a more stable folding peptide
was produced through N68A and K70M mutations in HP35-TS,
which can measure a stronger force range of 9–11pN.

5 LOCALIZATION SIGNAL

Most target players in cells exist naturally in specific subcellular
locations, depending on their role. For example, during the cell
adhesion process of human mesenchymal stem cells, Ca2+ and
focal adhesion kinase (FAK) activities depend on the plasma
membrane microdomain (Kim et al., 2019). Additionally, the
same player exists at different concentrations depending on
where they are. The concentration of local endogenous CaM
near the mouth of the channels was higher than that of
cytoplasmic CaM (Mori et al., 2004). In addition, calcium is
present at 100 nM‒2 µM concentrations in the cytosol,
100–800 µM in the endoplasmic reticulum, and 100 nM‒
500 µM in the mitochondria (Arnaudeau et al., 2001;
Samtleben et al., 2013). Therefore, to accurately monitor the
physiology of a target molecule in a specific region, researchers
need to anchor their GEB to the site where the biosensor can
adequately interact with the cellular player by using a localization
signal (LS). With this strategy, researchers were able to
successfully visualize the activity of a target player, which was
difficult to detect using a biosensor located at an inappropriate
site (Kim et al., 2019). We will introduce examples of successful
monitoring of site-specific target player activity or increased
FRET ratio change using various LSs. Representative LSs for
locating biosensors in subcellular regions are summarized in
Figure 5 and Table 4.

Some LSs can place biosensors on specific histone proteins
(Figure 5C). By positioning the H3K9me3 biosensor precisely at
the H3 position of histone with histone H3 sequence in the
C-terminus of the GEB, the biosensor successfully monitored the
interaction between H3 and players regarding K9H3 methylation
and showed an improved FRET ratio change compared to the K9
reporter, a previous version without Histone H3 LS (Lin et al.,
2004; Peng et al., 2018).

Several LSs are located in biosensors at specific mitochondrial
regions. Park et al. developed mito-ZifCY1.173, which can
monitor the Zn2+ concentration in the mitochondrial matrix
by inserting a mitochondrial targeting sequence (MTS) into the
N-terminal of ZifCY1 (Park et al., 2012) (Figure 5D). In addition,
Sato et al. successfully analyzed diacylglycerol (DAG) dynamics
in the outer mitochondrial membrane by attaching the
C-terminal sequence of Bcl-xl to Daglas, a GBE sensing DAG
(Sato et al., 2006) (Figure 5E).

A variety of LSs can position GEBs in specific plasma
membrane microdomains. To visualize Src kinase activity
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according to the plasma membrane compartment, a FRET-based
Src biosensor was located in the lipid raft or non-raft region by
using Lyn acylation substrate sequences and K-Ras prenylation
sequences, respectively (Seong et al., 2009) (Figures 5G,H).

Interestingly, researchers observed that Src in the lipid raft
region responded much more slowly and weakly to growth
factors or pervanadate than non-raft domains. With
visualization of drugs breaking the cytoskeletal structure, it

FIGURE 5 | Representative localization signal to guide GEBs at specific cellular microdomain. The biosensors can be placed at (A) cytosol by attaching nuclear
export signal (NES), (B) nucleus by including nuclear localization signal (NLS), (C) a nucleosome subunit by using Histone H3, (D) mitochondrial matrix by attaching
mitochondrial targeting sequence (MTS), (E) mitochondrial outer membrane by containing C-terminal sequence of Bcl-xl, (F) mitochondrial intermembrane region by
including leader sequence from the second mitochondria derived activator of caspases (SMAC), (G) lipid raft by using Lyn acylation substrate sequences, (H)
nonraft by attaching K-Ras prenylation sequences, (I) IRS-1 working site by using PH and PTB domain of IRS-1, (J) Extracellular region by including Igκ-chain leader
sequence and PDGFR transmembrane domain, (K) Golgi apparatus by attaching eNOS targeting domain, and (L) endoplasmic reticulum (ER) by containing calreticulin
signal sequence (CRsig) and ER retention sequence (KDEL).

TABLE 4 | Summary of representative localization signals.

Localization Signal

Localization Signal Location Sensor Name References

Nuclear export signal (NES) Cytosol EKAREV Komatsu et al. (2011)

Nuclear localization signal (NLS) Nuclear JNKAR1EV-NLS Kim et al. (2020)

Histone H3 Histone H3 H3K9me3 Biosensor Peng et al. (2018)

Mitochondrial targeting sequence (MTS) Mitochondrial matrix mito-ZifCY1.173 Park et al. (2012)

C-terminal sequence of Bcl-xl Mitochondrial outer membrane Daglas-mit1 Sato et al. (2006)

Leader sequence from the second mitochondria derived activator of caspases
(SMAC)

Mitochondrial intermembrane
region

SMAC-mCherry-
GZnP2

Fudge et al. (2018)

Lyn acylation substrate sequences Lipid raft Lyn-Src biosensor Seong et al. (2009)

K-Ras prenylation sequences Nonraft Kras-Src biosensor Seong et al. (2009)

PH and PTB domain of IRS-1 IRS-1 Phocus-2ppnes Sato et al. (2002)

Igκ-chain leader sequence and PDGFR transmembrane domain Extracellular region MT1-MMP biosensor Ouyang et al. (2008)

eNOS targeting domain Golgi apparatus eNOS-Aktus Sasaki et al. (2003)

Calreticulin signal sequence (CRsig) and ER retention sequence (KDEL) Endoplasmic reticulum (ER) ER Ca2+ sensor Kim et al. (2017)
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was revealed that Src in the non-raft region is at rest and is
activated immediately, but another Src population in the lipid
raft domain responds relatively slowly to external stimuli
because it is in an endosome-like structure near the
nucleus. In addition, GEBs can radiate increased FRET ratio
changes by using a player’s endogenous LS. Phocus, a
biosensor that can measure insulin receptor activity in
response to insulin treatment, could be situated near the
insulin receptor by including a pleckstrin-homology (PH)
domain and a phosphotyrosine-binding (PTB) domain, both
of which are derived from insulin receptor substrate-1 (IRS-1)
in the N-terminal and nuclear export signal (NES) in the
C-terminal (Sato et al., 2002) (Figure 5I). Consequently, the
Phocus behaved similar to an IRS-1 and was located next to the
insulin receptor, inducing more phosphorylation
opportunities in the biosensor. As a result, the GEB showed
a larger FRET ratio change than the same biosensor in the
cytoplasm.

To visualize the activity of the target molecule in the extracellular
region, researchers have inserted the Igκ-chain leader sequence in
the N-terminus and PDGFR transmembrane domain in the
C-terminus of biosensors (Figure 5J). Ouyang et al. successfully
analyzed the extracellular activity of membrane type 1 matrix
metalloproteinase (MT1-MMP), which remodels the extracellular
matrix (Ouyang et al., 2008), and Hires et al. detected glutamate on
the surface of cultured dissociated hippocampal neurons (Hires et al.,
2008).

Unintentionally embedded LS in GEB components can
negatively affect the performance of biosensors. The ICUE
biosensor contained the full sequence of EPAC1 to detect
cAMP, inducing the biosensor to be situated in the
mitochondria or membrane because of the N-terminal region
and DEP domain of EPAC1 (DiPilato et al., 2004). Therefore,
ICUE is perturbed by endogenous cellular functions and cannot
detect the target signal well. ICUE2, a successor to ICUE, used
truncated EPAC1 as its sensor domain to exclude the endogenous
LSs and to improve the shortcomings, and the biosensor could be
evenly distributed in the cytoplasm (Violin et al., 2008).
Therefore, when designing a biosensor, it is necessary to check
whether the unintentionally included LS lies within the GEB
amino acid sequence.

There are more types of LS than we have introduced in this
review. To measure the activity of a target player in a cellular
region that has not been investigated before, the LS of a protein in
the area can be applied to the biosensor.

6 DISCUSSION

The biosensors improved by these optimization tactics can not
only visualize the dynamics of target players more precisely
and sensitively but also be applied to several prospective fields.
For example, an optimized FRET-based biosensor can be
applied to high-throughput drug screening (HTDS) (Liu
et al., 2021). Drug screening using biosensors makes it easy
for researchers to obtain high-dimensional experimental
results and real-time measurements of the drug’s effect on

target molecules in living cells. The previously introduced
ZAP70 kinase saFRET biosensor showed increased FRET
ratio change in response to drug stimulation by including
an active kinase domain and met the conditions to be applied
to HTDS, and the dynamic range of the FRET-based GEB must
exceed at least 20% (Inglese et al., 2007). Using the optimized
FRET-based biosensor, the 96-member kinase inhibitor library
was screened, and three potential ZAP70 inhibitors were
identified.

By adding the function of the “activator” to the FRET-based
GEB, it is possible to visualize the activity of the target player
and manipulate the physiology of cells simultaneously. Sun
et al. created the Shp2-integrated sensing and activating
protein (Shp2-iSNAP), which not only detects the
phosphorylation of SIRPα, a receptor of CD47 transmitting
“don’t eat me” signal but also inhibits the SIRPα downstream
signal with protein tyrosine phosphatase included in biosensor
sequence (Sun et al., 2017). When bone marrow-derived
macrophages (BMDMs) expressing the biosensor were
stimulated by tumor cells that highly express CD47,
researchers observed the phosphorylation of SIRPα.
However, the macrophage cells engineered by protein
tyrosine phosphatase in the biosensor engulfed the cancer
cells despite the interaction between BMDMs and CD47. In
this way, the biosensor combined with an activator can be used
for therapeutic purposes by reprogramming the cells.

In this review, we introduced examples where researchers
have optimized biosensor components independently of FPs,
and these are summarized in Tables 1–4. To upgrade GEBs,
researchers adopted various optimization strategies depending
on the target players and experimentally confirmed the tactics.
As reported in this paper, researchers not only increased the
affinity between the sensor and ligand domains, but
paradoxically decreased the affinity to enhance the function
and activity of GEB. Meanwhile, it should be taken into
account that optimization strategies belonging to one
category can upgrade other GEB compartments. For
example, a method meliorating sensor domain could be
utilized to improve the ligand domain. In addition, to
optimize GEBs, the physical structure of GEB’s
compartments and experimental temperature were even
considered. In this paper, we have presented methods to
optimize GEB through various examples, but variables still
exist, so it may be necessary to try optimization through
various approaches depending on the situation of each
researcher. Nevertheless, we hope that the various GEB
optimization factors presented in this paper will inspire
researchers who want to develop new types of optimized
GEBs or improve the performance of existing biosensors.
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GLOSSARY

GEB genetically encoded biosensor

FP fluorescent protein

WT wild type

saFRET self-activating FRET

ZAP70 zeta-chain-associatedproteinkinase70

SH2 Src homology 2

GECI genetically encoded calcium indicator

MBP maltose binding protein

csTnC chicken skeletal muscle troponinC

pThr Phosphothreonine

FHA1 forkhead-associated

NTD N-terminal domain

CTD C-terminal domain

Ci-VSP monomeric voltage-sensitive phosphatase

pTyr phosphotyrosine

skMLCK skeletal muscle myosin light chain kinase

mskMLCK mutated versions of skMLCK

mCaM mutated versions of CaM

BimB bimolecular biosensor

UnimB unimolecular biosensor

a.a amino acid

bimKARs bimolecular kinase activity reporters

KARs kinase activity reporters

SDM site-directed mutagenesis

MTS mitochondrial targeting sequence

LS localization signal

NES nuclear export signal

HTDS high throughput drug screening

Shp2-iSNAP Shp2-integrated sensing and activating protein

BMDMs bone marrow-derived macrophages

PTB phosphotyrosine-binding

PH pleckstrin-homology
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Near-infrared (NIR) genetically encoded calcium indicators (GECIs) are becoming powerful
tools for neuroscience. Because of their spectral characteristics, the use of NIR GECIs
helps to avoid signal loss from the absorption by body pigments, light-scattering, and
autofluorescence in mammalian tissues. In addition, NIR GECIs do not suffer from cross-
excitation artifacts when used with common fluorescent indicators and optogenetics
actuators. Although several NIR GECIs have been developed, there is no NIR GECI
currently available that would combine the high brightness in cells and photostability with
small size and fast response kinetics. Here, we report a small FRET-based NIR fluorescent
calcium indicator iGECInano. We characterize iGECInano in vitro, in non-neuronal
mammalian cells, and primary mouse neurons. iGECInano demonstrates the
improvement in the signal-to-noise ratio and response kinetics compared to other NIR
GECIs.

Keywords: GECI, iRFP, FRET, calcium imaging, far-red, biosensor

INTRODUCTION

Genetically encoded fluorescent calcium indicators (GECIs) engineered from fluorescent
proteins (FPs) have long been used in neuroscience for imaging neuronal activities. GECIs
allow the optical monitoring of neuronal firing in multiple individual cells and can be
genetically targeted to specific subsets of neurons. GECIs based on green fluorescent
protein (GFP), including indicators of the GCaMP (Chen et al., 2013; Dana et al., 2019) or
Twitch (Thestrup et al., 2014) families are now widely used for studies of brain circuits
(Broussard et al., 2014; Lin and Schnitzer, 2016; Luo et al., 2018). However, GFP-based GECIs
have several drawbacks that limit their use. They require illumination with blue–green light
(480–520 nm), which is strongly absorbed by body pigments and highly scattered in brain
tissues. Therefore, neural imaging in deep layers requires invasive surgical procedures, such as
implanting optical fibers or prisms (Jennings et al., 2015; Gaffield et al., 2016). In addition, the
excitation spectrum of such indicators overlaps with the activation spectrum of the most widely
used genetically encoded channelrhodopsin actuators, such as channelrhodopsin ChR2
(Boyden et al., 2005). To overcome these drawbacks, several red-shifted GECIs have been
developed using red FPs, such as RGECO (Zhao et al., 2011) or RCaMP (Akerboom et al., 2013;
Inoue et al., 2015). However, these indicators have not completely solved the problem of high
light absorption by brain tissues and require the careful adjustment of light intensities to be
combined with channelrhodopsins.
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The development of near-infrared (NIR) FPs of the IFP (Shu
et al., 2009; Yu et al., 2015) and iRFP (Shcherbakova et al., 2016;
Matlashov et al., 2020) families allowed to shift fluorescence
excitation and emission to a near-infrared tissue transparency
optical window (650–900 nm). Although these FPs require the
binding of biliverdin IXa (BV) linear tetrapyrrole as a
chromophore, they are suitable for imaging in mammalian
tissues where BV is produced as a result of heme catabolism.
So far, only a very few NIR GECIs have been developed
(Shcherbakova, 2021), with current state-of-the-art indicators
being iGECI (Shemetov et al., 2021) and NIR-GECO2G (Qian
et al., 2020). iGECI is a Förster resonance energy transfer (FRET)-
based NIR indicator. It has relatively high effective brightness and
photostability in mammalian cells and allows imaging in deep
layers of the mouse cortex. However, iGECI suffers from slow
signal decay (toff) and has a large molecular weight of 86 kDa,
which may affect protein targeting and packaging efficiency in
adeno-associated virus (AAV). NIR-GECO2G is an
intensiometric indicator composed of a single modified mIFP
protein. It is characterized by fast on and off kinetics and a high
magnitude of response per single action potential (up to 17%) in
cultured neurons (Qian et al., 2020). This indicator, however,
suffers from relatively low brightness in mammalian cells and fast
photobleaching.

Both iGECI and NIR-GECO2G can be used in a spectral
crosstalk-free combination with popular GFP-based indicators
and channelrhodopsin actuators, allowing the simultaneous
monitoring of several cellular parameters or optical
modulation and monitoring of neuronal activities. While both
indicators have their advantages, they are still far from an ideal
NIR GECI, which would combine the high brightness in cells and
photostability with fast kinetics and low molecular weight.

Here, we develop a small NIR GECI of 58 kDa based on a
FRET pair consisting of miRFP670nano (Oliinyk et al., 2019) and
miRFP720 (Shcherbakova et al., 2018), NIR FPs, and a minimal
troponin C (TnC)-based Ca-sensitive domain. We describe the
molecular evolution and high throughput screening of calcium
indicators in bacterial and mammalian cells. We characterize the
obtained NIR GECI in vitro, in human HeLa cells and mouse
primary neurons and compare its performance with iGECI and
NIR-GECO2G. We demonstrate that the resultant NIR GECI
combines the advantages of all current NIR GECI indicators.

RESULTS

Engineering and Molecular Evolution of
Small Near-Infrared Genetically Encoded
Calcium Indicator Variants
To design iGECInano, we used a Ca2+-sensing domain from
Twitch-2B (Thestrup et al., 2014) developed from a minimal
Ca2+-binding domain of troponin C (TnCm). Unlike Ca2+-
sensing domains in iGECI and NIR-GECO2G that are based
on calmodulin, TnCm does not require a binding partner peptide
and only has two Ca2+-binding motifs, called EF-hands.
Therefore, indicators with TnCm should have simpler and

likely faster conformational changes associated with Ca2+-
binding and lower calcium buffering in cells. To build a FRET
pair, we chose miRFP720 FP as the FRET-acceptor and
miRFP670nano FP (Oliinyk et al., 2019) as the FRET-donor.
miRFP670nano is a single domain NIR FP characterized by fast
maturation time and a twice smaller size compared to all other
currently available NIR FPs. To generate an initial library of NIR
GECI variants, we fused miRFP670nano and miRFP720 to TnCm

directly or via randomized linkers of 1–4 amino acid residues in
length.

An initial screening of NIR GECI variants was performed
similarly to the process previously described (Shemetov et al.,
2021) (Figure 1A). In short, we transformed the library of NIR
iGECI variants into BL21 (DE3) bacterial strain expressing heme
oxygenase, collected the brightest cells using a fluorescence-
activated cell sorter (FACS), plated them on Petri dishes, and
then transferred the mature colonies onto a nitrocellulose
membrane. The colonies were further screened for functional
response by measuring the baseline FRET in the presence of
1 mM EGTA and 50 μg/ml ionomycin, then, they were sprayed
with a solution containing 100 mM CaCl2 to measure the FRET
change in response to Ca2+. The NIR GECI variants that had
miRFP670nano at the N-terminus and miRFP720 at the
C-terminus demonstrated a higher Ca2+-response compared to
those with the reversed orientation of the NIR FPs. We selected
the NIR GECI clones demonstrating the highest Ca2+-response
for further characterization in bacterial lysates using multiwell
plates.

In bacterial lysates, we recorded the fluorescence spectra in the
presence of 1 mM Ca2+ or 1 mM EGTA. We identified several
NIR GECI variants demonstrating an approximately 60% drop of
the donor/FRET ratio in response to 1 mM Ca2+ (or an
approximately 2.5-fold higher donor/FRET ratio in the Ca2+-
free state compared to Ca2+-loaded states). Bacterial lysates of
these variants had about 4–6 times brighter fluorescence in the
donor channel compared to the lysates expressing iGECI control
(Figure 1B), likely due to a higher protein expression level due to
smaller size.

NIR GECI variants exhibiting the highest brightness and
largest Ca2+ response were further tested in lysates of
mammalian cells. We transfected HeLa with plasmid-encoding
NIR GECI variants under the CMV promoter. 24 h after
transfection, 5 μM BV was added, and 48 h after transfection,
cells were lysed and their fluorescence spectra were recorded in
the presence of 1 mMCa2+ or 1 mM EGTA. The brightest variant
with the largest Ca2+ response had a linker between
miRFP670nano and TnCm consisting of two Pro amino acid
residues (L1) and a linker between TnCm and miRFP720
consisting of a single Pro residue (L2) (Figures 1C,D). We
named this variant iGECInano. We concluded that, short rigid
linkers between NIR FPs and the Ca2+-sensing domain were
essential for advanced iGECInano properties.

In Vitro Characterization of iGECInano
The absorption spectrum of iGECInano had two major
absorption maxima at 640 and 700 nm corresponding to the
absorption of miRFP670nano donor and miRFP720 acceptor
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(Figure 2A; Table 1). iGECInano also had a smaller absorption
peak at 390 nm corresponding to the Soret band of BV in NIR
FPs, attributed to the absorbance of individual pyrrole rings, and
a peak at 280 nm attributed to a sum of absorbances of BV and
aromatic residues of the apoprotein. The indicator had very low
absorption at 450–500 nm, allowing it to combine with GFP-
based indicators and opsin-based optogenetic actuators.

Next, we measured the fluorescence emission of iGECInano in
the presence of 1 mM CaCl2 (Ca

2+-loaded state) or 1 mM EGTA
(Ca2+-free state) in the lysates of HeLa cells. iGECInano
fluorescence spectrum had two peaks at 670 and 718 nm,
corresponding to miRFP670nano and miRFP720, respectively
(Figure 2B). iGECInano exhibited an approximately 400%
change in the FRET-acceptor to FRET-donor fluorescence
ratio between the Ca2+-free and Ca2+-loaded states, mainly
attributed to the decrease in miRFP670nano3 fluorescence. A
small increase of FRET acceptor fluorescence in response to Ca2+

likely resulted from the compensation of the decrease of the
donor and increase of the acceptor fluorescence signals.

We then measured the Ca2+ affinity of iGECInano
(Figure 2C). The obtained Kd was 530 ± 20 nM, with a Hill
coefficient of 1.53 ± 0.08. As expected, since TnCm has only two
EF-hands, it demonstrated the relatively simple dependency of

the signal on Ca2+ concentration compared to iGECI (Shemetov
et al., 2021). Interestingly, the Ca2+ affinity of iGECInano was
somewhat lower than reported for Twitch-2B (200 nM), which
contained the same TnCm domain.

We also studied the pH stability of iGECInano in the presence
of 1 mM CaCl2 or 1 mM EGTA (Figure 2D). We observed
minimal fluorescence changes between pH 6.0–10.0 and a
decrease of fluorescence in the acidic range with pKa 4.6 ± 0.1
for Ca2+-loaded and 4.8 ± 0.2 for Ca2+-free states. This pH
dependence was similar to iGECI (Shemetov et al., 2021) and
substantially broader than observed for the NIR–GECO series of
indicators (Qian et al., 2019).

Performance of iGECInano in Non-Neuronal
Mammalian Cells
Next, we compared the effective (cellular) brightness of
iGECInano, iGECI, and NIR-GECO2G expressed in
transiently transfected HeLa cells under the same CMV
promoter. In the absence of an externally added BV,
iGECInano was approximately 3-folds dimmer compared to
iGECI (Figure 3A). However, in the presence of 5 μM external
BV, iGECInano demonstrated about 40% higher brightness

FIGURE 1 | The indicator design and screening strategy. (A) The library of the NIR GECI variants with randomized linkers was pre-sorted for positive fluorescence of
miRFP670nano and miRFP720. Collected cells were plated on Petri dishes, mature colonies transferred to nitrocellulose membranes and screened for the calcium
response by spraying with ionomycin/EGTA solution, then with the Ca2+ solution and comparing with the miRFP670nano/FRET ratio. The colonies demonstrating the
highest response were further used for screening in bacterial lysates, then in mammalian lysates. The final indicator variant was tested in cultured neurons. (B)
Evolution of iGECInano variants in bacteria. The amplitude of the FRET/donor ratio change in response to 1 mM Ca2+ (black) and relative brightness (gray) of the tested
indicator variants. The brightness of the iGECInano variants was normalized on the brightness of iGECI. Variants with a response above the 250% threshold were
sequenced and tested in HeLa cells. (C) Schematic of the iGECInano structural design. A minimal TnC-based Ca2+-sensing domain TnCm derived from Twitch-2B
indicator is sandwiched between a FRET pair of miRFP670nano (FRET donor) and miRFP720 (FRET acceptor). (D) The frequency of amino acid residues in randomized
linkers of iGECInano variants, having a Ca2+ response above 250% threshold.
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compared to iGECI (although not statistically significant, p >
0.05) and about 100% higher brightness compared to NIR-
GECO2G (Figure 3B). iGECInano had lower than iGECI
effective brightness in the absence of exogenous BV, even
though neither miRFP670nano nor miRFP720 required BV
supply to brightly fluoresce in mammalian cells.

miRFP670nano (Oliinyk et al., 2019) was reported to be more
photostable compared to miRFP670 used in iGECI. However,
iGECInano appeared to be somewhat less photostable
(photobleaching t0.5 = 780 ± 60 s) compared to iGECI (t0.5 =
1750 ± 150 s). Still, it was significantly more photostable than
NIR-GECO2G (t0.5 = 75 ± 15 s) (Figure 3C).

Finally, iGECInano allowed reliable recording of histamine-
induced Ca2+-oscillations in HeLa cells (Figure 3D). Overall,
although iGECInano had a relatively low cellular brightness
without exogenous BV, its higher photostability and pH
dependence allows it to be competitive with NIR-GECO2G. In
experiments on cultured cells or tissues, external BV can be easily
supplied to increase the iGECInano signal.

Characterization of iGECInano in Primary
Mouse Neurons
Next, we compared the performance of NES-iGECInano and
NES-iGECI (versions of the indicators fused with a nuclear export
signal, therefore localized primarily in the cytoplasm and not in
the nucleus), as well as NIR-GECO2G, in mouse primary neurons
isolated from the cortex. On seventh DIV, the cultured neurons

were transduced with AAVs encoding iGECInano, iGECI, or
NIR-GECO2G under the CAG promoter and incubated for
7–9 days in the presence of 5 μM BV. All three indicators
demonstrated a uniformly distributed fluorescence in the
cytoplasm of neurons (Figure 4A). We then stimulated
neuronal activity using 1-ms single pulse electric field
stimulation while imaging the fluorescence of cell bodies
(Figure 4B). The changes in fluorescence induced after electric
stimulation showed a peak between −21.7% and −44.9% among
cells expressing different sensors, without a significant difference
between groups [mean −ΔF/F of 21.7% (11.8%–33.5%), 17.8%
(14.3%–21.1%), and 44.9% (27.1%–67.5%) for iGECInano,
iGECI, and NIR-GECO2G; p > 0.05 for all paired comparison]
(Figure 4C). Values are the mean and (25%–75%) quartiles. To
assess the kinetics of the evoked signals in cortical neurons, we
first measured the onset of the fluorescence responses. Cells
expressing iGECInano and iGECI showed similar time-to-peak
values [0.7 s (0.4–0.85 s) vs. 0.6 s (0.35–0.65 s) for iGECInano and
iGECI, respectively; p = 0.327], while cells expressing NIR-
GECO2G presented a response onset of 1.8 s ([1.4–2.2 s),
showing a slower kinetics compared to both, iGECInano (p =
0.029) and iGECI (p = 0.018) (Figure 4D). We then measured the
decay of the evoked changes in fluorescence, finding that cells
expressing iGECInano showed the fastest kinetics, being
~2.3 times faster than cells expressing iGECI [2.4 s (1.3–3.1 s)
vs. 5.7 s (5.4–7.4 s) for iGECInano and iGECI, respectively; p =
0.002], and ~2 times faster than cells expressing NIR-GECO2G
[2.4 s (1.3–3.1 s) vs. 4.9 s (4.0–6.1 s) for iGECInano and NIR-

FIGURE 2 | In vitro characterization of iGECInano. (A) Absorbance spectrum of purified iGECInano. (B) Fluorescence spectra of iGECInano in HeLa cells lysate in
the presence of 1 mMCa2+ (black line) or 1 mMEGTA (gray line). (C)Dependence of purified iGECInano fluorescence on Ca2+ concentration. (D)Dependence of purified
iGECI fluorescence on the pH value in the presence of 1 mM EGTA (gray), or 1 mM Ca2+ (black). Error bars are SEM, n = 4 experiments.
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TABLE 1 | Comparison of iGECInano with other NIR GECIs and widely used GCaMP6s.

GECI
name

Ex/Em
(nm)

Molecular
brightness vs.
EGFP, %a

pKa

apo,

pKa

sat,

Photostability
t0.5, s

b
Effective

brightness, %c
Dynamic
range
(ΔF/F),
fold

Hill
coefficients

n1
and n2

Kd1

and
Kd2,
nM

Rise
time,
sd

Decay
time,
sd

ΔF/F, % per 1 AP References

w/o Ca2+ with
Ca2+

HeLa
cells

Mouse
neurons

w/o BV with BV In neurons In
vivo

iGECInano donor 645/670
acceptor 702/720

n.a. n.a. 4.6,
4.8

780 n.a. 16 140 4× 1.53 530 0.7 2.4 −21.7 n.a. This work

iGECI donor 640/670
acceptor 702/720

37 6.0 4.5,
4.5

1795 1735 46 100 6× 2.5 and 0.90 15
and
890

0.7 14 −5.7 (−12.9
with BV)

~−5
to 20

Shemetov et al.
(2021)

0.6 5.7 −17.8 n.a. This work
NIR-
GECO1

678/704 12 1.0 5.1,
4.9

100b 134b 2.4f 20f 8× 0.99 215
and
885

1.5f 4.0f ~−4.5 (~−10
with BVf)

n.a. Qian et al.
(2019)

NIR-
GECO2G

678/704 13 1.3 5.3,
4.8

n.a. ~130e ~5e n.a. n.a. 0.78 480 ~1.2 ~3 ~−16 n.a. Qian et al.
(2020)

22 (this

work)
75 (this

work)
1.8 4.9 −44.9 n.a. This work

NIR-
GECO2

678/704 12 0.75 5.3,
4.8

n.a. ~130e ~2e n.a. n.a. 0.94 331 ~1.3 ~3.5 ~−17 n.a. Qian et al.
(2020)

GCaMP6s 497/515 ~5 123 9.8,
6.0

n.a. n.a. n.a. n.a. 60× 2.9 144 0.48 1.8 28 23 Chen et al.
(2013)

aMolecular brightness is determined by extinction coefficient multiplied by quantum yield.
bDetermined in (Shemetov et al., 2021), using 605/30 nm excitation and 647 nm long-pass emission filters at 14 mW/cm2 light power density at the back aperture of the lens, and normalized to absorption efficiency of the biosensors at
605 nm.
cDetermined in transiently transfected live HeLa cells. Effective (a.k.a. cellular) brightness of iGECI with 25 μM of exogenous BV was assumed to be 100%.
dDetermined for 1–10 electrical pulses in cultured neurons, without adding exogenous BV.
eEstimated based on data in (Shemetov et al., 2021) and (Qian et al., 2020).
fMeasured in (Shemetov et al., 2021). Other NIR-GECO1 data are from (Qian et al., 2019). n.a., not available.
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GECO2G, respectively; p = 0.035] (Figure 4E). Taken together,
these data show that iGECInano displays faster kinetics when
compared to iGECI and NIR-GECO2G.

The observed faster kinetics probably resulted from a smaller
and simpler Ca2+-sensing domain of iGECInano, which did not
require interdomain interactions like the binding of M13 or RS20
peptides in calmodulin-based indicators. Therefore, iGECInano
combines fast response kinetics with favorable photochemical
characteristics (Table 1).

DISCUSSION

Using a rational design followed by random mutagenesis and
screening in both bacteria and mammalian cells, we have
developed the smallest NIR FRET-based indicator for Ca2+

ions, iGECInano. The iGECInano indicator is based on a pair

of monomeric NIR FPs engineered from the bacterial
phytochromes such as miRFP670nano and miRFP720 and is
characterized by high cellular brightness in the presence of BV
and fast Ca2+-response kinetics (Figures 3, 4). In addition,
iGECInano is approximately 1.5 times smaller compared to
iGECI (1,563 bp for iGECInano versus 2,394 bp for iGECI)
making it suitable for packaging into AAV vectors, which
have a strict 4.5–4.9 kbp limit for inserts, including a promoter
and other regulatory elements (Dong et al., 1996).

In the presence of exogenous BV, iGECInano was substantially
brighter in cells compared to iGECI and NIR-GECO2G. Also,
compared to NIR-GECO2G, both iGECI and iGECInano
exhibited a broader pH stability and photostability.
Surprisingly, iGECInano seems to have a lower affinity to BV
as compared to iGECI. Since the miRFP670nano and miRFP720
proteins themselves show bright fluorescence in the absence of
external BV when individually expressed in mammalian cells, we

FIGURE 3 | Characterization of iGECInano in live human HeLa cells. (A,B) Comparison of iGECInano, iGECI, and NIR-GECO2G brightness in live HeLa cells in the
absence of BV (A) and in the presence of 5 μMBV (B)measured using flow cytometry and normalized on iGECI fluorescence. The 640 nm laser was used for excitation,
and a 647 nm long-pass edge filter to detect fluorescence. Fluorescence intensities were normalized to the absorption efficiencies of the indicators at 640 nm. In (A,B),
n = 3 individual experiments. (C) Photobleaching curves of iGECInano, iGECI, and NIR-GECO2G in live HeLa cells excited using a 605/30 nm bandpass and
imaged using a 647 nm long-pass filter. Photobleaching data were normalized to the absorption efficiencies of indicators at 605 nm. 5 μM exogenous BV was supplied
24 h before the experiment. n = 5 cells. (D) Typical Ca2+ transients reported by iGECInano in live HeLa cells. Ratio changes of the FRET acceptor (ex. 605 nm, em. 725/
40 nm) to the donor (ex. 605 nm, em. 680/20 nm) fluorescence intensities upon treatment with 100 μM of histamine, followed by changing the media to one containing
10 μM ionomycin and 1 mM Ca2+ and then 2 mM EGTA.
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think that the current configuration of the indicator may
somehow affect BV binding by the NIR FP pair. An additional
cycle of evolution of iGECInano in mammalian cells may resolve
the problem in the future. For in vitro experiments, the
fluorescent signal of iGECInano can be enhanced with
exogenous BV. At the same time, iGECInano may become a
template for further evolution and generation of the first NIR
GECI transgenic mouse enabling an efficient incorporation of
endogenous BV during protein maturation.

Both iGECI and iGECInano possessed two emission peaks at
670 and 718 nm (Figure 2); however, Ca2+-response was mostly
characterized by a drop of fluorescence in the donor channel,
while the fluorescence in the FRET channel stayed at the same
level. It can be partly explained by the overlaying fluorescence
spectra for donor and acceptor, therefore the rise of acceptor
fluorescence was partly compensated by the drop of donor
fluorescence. This also means that for some applications, the
indicator can be used as intensiometric, with only the donor
channel used for Ca2+ imaging.

Although we have not directly compared a signal-to-noise
ratio of iGECInano and indicators of GCaMPs series, we assume
that in cell cultures, iGECInano or any of the currently available
NIR GECIs would have a lower signal-to-noise ratio compared to
GCaMP6, as the latter has a higher molecular brightness (123 for
GCaMP6 vs. 12–37 for NIR GECIs) and a much higher dynamic
range (60x for GCaMP6 vs. 4-8x for NIR GECIs) (Table 1).

However, deep-tissue imaging GFP-based indicators, such as
GCaMP6, will suffer from signal loss from absorbance by
body pigments and light-scattering and higher background
from autofluorescence. Emerging NIR GECIs can help
overcome this problem and, as they evolve, have the potential
to compete with golden standard GFP-based indicators in the
future.

CONCLUSION

iGECInano, developed in this article, has sufficient brightness and
photostability in cells, fast response kinetics, and low molecular
size, therefore, combining the advantages of the current state-of-
the-art ratiometric iGECI and intensiometric NIR-GECO2G.

Further improvement of iGECI could consist of additional
reduction of its size by using a smaller FRET-acceptor, such as
red-shifted NIR FP designed from cyanobacteriochrome, which is
not currently available yet. Also, a small, single-domain
miRFP670nano is amenable to circular permutations as its N-
and C-termini are located closely. The circularly permuted
miRFP670nano as a FRET-donor could further improve the
FRET changes between calcium-free and calcium-loaded states.

iGECInano could be further used in spectral crosstalk-free
combinations with popular GFP-based biosensors, allowing the
monitoring of several cellular parameters, and with optogenetic

FIGURE 4 | Performance of iGECInano in cultured primarymouse neurons. (A) Images of neurons expressing NES-iGECInano, NES-iGECI, and NIR-GECO2G. (B)
Normalized fluorescence change recorded from cells expressing iGECInano, iGECI, and NIR-GECO2G evokedwith a single pulse of electric stimulation (traces represent
the mean value). (C–E) Box plots showing peak fluorescent (C), time to peak (ton) (D), and decay time (toff) of the evoked responses (B). Box plots show median, 25 and
75 quartiles, and max and min values. Statistical significance (p < 0.05, Kruskal–Wallis and Dunn’s multiple comparison test) is shown with an asterisk (*). Cells per
condition: iGECInano (n = 8), iGECI (n = 5), NIR-GECO2G (n = 4).
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actuators for simultaneous optical modulation and monitoring of
calcium dynamics in all-optical setups. Moreover, appending a
soma-targeting sequence to iGECInano and creating a transgenic
mouse stably expressing iGECInano for efficient incorporation of
available endogenous biliverdin, as well as the combination of this
genotype with biliverdin reductase-A knock-out, should increase
the signal-to-noise ratio, allowing advanced in vivo applications.

MATERIALS AND METHODS

Design of Bacterial and Mammalian
Plasmids
miRFP670nano and a truncated version of miRFP720 (deletion of
17 N-terminal amino acids, miRFP720Δ17N) were PCR-
amplified from pmiRFP670nano and pmiRFP720-N1 plasmids.
A minimal TnC (TnCm) sensing module was PCR-amplified
from Twitch-2B-pcDNA3 (Addgene #49531). A NIR-GECO2G
gene was PCR-amplified from pAAV-CAG-NIR-GECO2G
(Addgene #159605). A plasmid pUCmini-iCAP-PHP.eB
encoding-modified AAV2/9 capsid was kindly provided by
Prof. V. Gradinaru (California Institute of Technology,
Addgene #103005). A pHelper plasmid was from the AAV-
Helper Free System kit (Agilent #240071). Plasmids encoding
iGECI were previously constructed in our lab. For the cytoplasm-
restricted localization, nuclear export (NES) signal peptide
NELALKLAGLDINK was appended to the N-terminus of
iGECInano via a short GGGS linker using a primer-
extension PCR.

For the bacterial expression of GECI variants, pBAD/HisD
vector (Life Technologies/Invitrogen) was used. Mammalian
expression plasmids were based on a pEGFP-N1 vector
(Clontech) with a standard CMV promoter. For the expression
in dissociated neurons, iGECInano or NIR-GECO2G genes were
cloned into pAAV-CAG-mRuby (Addgene #99123) in place of
mRuby.

Molecular Evolution of iGECInano
DNA fragments encoding miRFP670nano, TnCm, and
miRFP720Δ17N were PCR amplified and ligated into the
pEGFP-N1 vector. A set of constructs was created with
miRFP670nano3 at the N-terminus and miRFP720 at the
C-terminus and vice versa connected directly or with 1–4 a.a.
randomized linkers. All variants were cloned into the pBAD/His-
D vector and transformed into BL21 AI E. coli host
(ThermoFisher Scientific) containing a pWA23h plasmid
encoding heme oxygenase (HO) for BV synthesis. Cells were
grown overnight in an LB medium containing 0.02% rhamnose
and 0.05% arabinose for induction of HO and iGECI syntheses,
respectively.

The library of clones was sorted with FACS, using double-
positive gating for eliminating non-fluorescent clones resulting
from stop-codons and frameshifts. The pre-sorted library was
plated on Petri dishes containing 0.02% rhamnose and 0.05%
arabinose so that approximately 100 colonies were growing on
each dish. Dishes were incubated overnight at 37°C, then for 24 h
at 18°C. Colonies were transferred to nitrocellulose membranes

and permeabilized by spraying with Ca2+-free solution (30 mM
MOPS, pH 7.5, 100 mM KCl, 50 μg/ml poly-L-lysine, 50 μg/ml
ionomycin). Membranes were incubated for 5 min, and basal
fluorescence in the donor (ex. 605 nm, em. 680 nm) and FRET
(ex. 605 nm, em. 720 nm) channels were acquired using an IVIS
instrument (Perkin Elmer/Caliper Life Sciences). Then,
membranes were treated by spraying with high Ca2+ solution
(30 mM MOPS, pH 7.5, 100 mM KCl, 50 μg/ml poly-L-lysine,
50 μg/ml ionomycin, 100 mM CaCl2), incubated for 5 min, and
the Ca2+-loaded state of fluorescence was recorded using the same
filter sets. Data were analyzed using ImageJ software. 12–16
dishes or approximately 1,200–1,600 colonies were screened
on membranes for each library per a round of screening.

Clones with the best Ca2+-loaded/basal fluorescence ratio
(typically 50–100 colonies per a round of screening) were
transferred to 5 ml LB liquid culture in 24 deep-well plates
containing 0.02% rhamnose and incubated for 2 h at 37°C on
a rotating shaker. Then, arabinose was added to 0.05%, the
culture was incubated for 3 h at 37°C, then for 24 h at 25°C.
The bacterial pellets were lysed with B-PER (ThermoFisher
Scientific). The cleared lysates were transferred to 96-well
plates and divided. One part was loaded with 1 mM CaCl2 and
another one with 2 mM EGTA. Fluorescences of the donor (ex.
605 nm, em. 670 nm) and FRET (ex. 605 nm, em. 720 nm) were
acquired using the SpectraMax M2 plate reader (Molecular
Devices).

The best performing constructs were subcloned into a
mammalian expression vector and evaluated in HeLa cell
lysates. HeLa cells were transiently transfected using FuGENE
HD (Promega); 24 h after transfection, 5 µM BV was added. 48 h
after transfection, the cells were harvested and lysed with M-PER
(ThermoFisher Scientific). Lysates were cleared by centrifugation
and divided in two samples; one part was loaded with 1 mM
CaCl2 and another one with 2 mM EGTA. Fluorescence spectra
were recorded with the FluoroMax-3 spectrofluorometer
(Horiba). The best performing clones were subjected to a new
round of L1 and L2 evolutions in E. coli and HeLa cells. Three
rounds of evolution and screening were performed to identify the
final indicator variants.

Protein Purification and In Vitro
Characterization
The iGECI constructs with polyhistidine tags at the N-terminus
were expressed in the BL21-AI host (Life Technologies/
Invitrogen) containing a pWA23h plasmid. Bacteria were
grown in an LB medium supplemented with ampicillin,
kanamycin, and 0.02% rhamnose for 2 h at 37°C, followed by
the induction of protein expression with 0.05% arabinose for 3 h
at 37°C, then 24 h at 25°C on a rotating shaker. The proteins were
purified using Ni-NTA agarose (Qiagen).

For absorbance measurements, a Hitachi U-2000
spectrophotometer was used. Fluorescence spectra in the range
of 650–740 nm were recorded with the FluoroMax-3
spectrofluorometer.

Ca2+ titrations were carried out using EGTA-buffered Ca2+

solutions (CalciumCalibration Buffer Kit, Life Technologies). We
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prepared buffers by mixing a Ca2+-EGTA buffer and an EGTA
buffer to give free Ca2+ concentrations ranging from 0 to 39 μMat
25°C. Fluorescence intensities were plotted against Ca2+

concentrations and fitted by a sigmoidal binding function to
determine Kd.

Using a series of Hydrion buffers (Micro Essential
Laboratory), pH stability was studied in the presence of either
2 mM EGTA or 1 mM CaCl2. Fluorescence was excited at
620 nm, and the emission was recorded at 640–760 nm. The
area under the spectra at different pH values was quantified.

A comparison of the brightness of iGECInano, iGECI, and
NIR-GECO2G was performed in HeLa cells transiently
transfected with FuGENE HD. For a BV-saturated condition,
5 µM BV was added 24 h after transfection. 48 h after
transfection, cells were analyzed with a BD LSRII flow
cytometer using a 640 nm excitation laser and a 647 nm long-
pass edge emission filter. The NIR fluorescence intensity was
normalized to the efficiency of absorption at 640 nm for each
indicator. Flow cytometry gating was performed using intact,
single cells.

Photobleaching measurements of the indicators in live HeLa
cells and dissociated mouse neurons were performed with the
×100, 1.4 NA oil-immersion objective lens (UPlanSApo,
Olympus) and a 605/30-nm excitation and a 647 nm long-pass
emission filters at a light power density of 14 mW cm−2 measured
at the back aperture of the objective lens (~8.3 W cm−2 at the
specimen plane) and normalized to the efficiency of absorption at
605 nm for each indicator.

Histamine Oscillations
To measure Ca2+ transitions evoked by histamine, HeLa cells
were transiently transfected with iGECI using FuGENE HD
(Promega) and cultured for 48 h. Then, the medium was
changed to Live Cell Imaging Solution (Life Technologies,
Invitrogen), supplemented with 1 mM CaCl2, 100 mM KCl
and 1 mM D-glucose, and basal fluorescence in the donor
(excitation, 605 nm; emission, 667/30 nm) and FRET
(excitation, 605 nm; emission, 725/40 nm) channels was
recorded. Time-lapse imaging was performed with an
Olympus IX81 inverted epifluorescence microscope, equipped
with a 200W xenon lamp (Sutter Instruments) and a ×60, 1.35
NA oil-immersion objective lens (UPlanSApo, Olympus). The
microscope was operated with SlideBook v. 6.0.8 software
(Intelligent Imaging Innovations). A histamine solution was
added to the cells to a final concentration of 100 μM, and the
fluorescence was recorded for 10 min. After that, the imaging
solution with Ca2+ and histamine was replaced by a Ca2+-free
imaging solution, and the cells were incubated for 5 min to
equilibrate Ca2+. Then, an imaging solution containing 2 mM
EGTA was added to the cells, and fluorescence was recorded for
another 5 min. The images were analyzed using ImageJ software.

Preparation of High-Titer AAVs
AAV particles were obtained as described (Challis et al., 2019).
Briefly, plasmid DNA for AAV production was purified with the
NucleoBond Xtra Maxi EF kit (Macherey-Nagel), and AAV-293T
cells (Agilent) were co-transfected with pAAV-CAG-NIR-

GECO2G or pAAV-CAG-iGECInano plasmid, AAV capsid
plasmid pUCmini-iCAP-PHP.eB, and pHelper using
polyethyleneimine (PEI; Santa Cruz). Cell medium was
collected 72 h after transfection. The cells and the medium
were collected 120 h after transfection and combined with the
medium collected at 72 h. The cells were harvested by
centrifugation and then lysed with a salt-active nuclease (HL-
SAN, ArcticZymes). Polyethylene glycol (PEG, 8%) was added to
the medium, and the mixture was incubated for 2 h on ice and
then pelleted. The PEG pellet was treated with HL-SAN and
combined with the lysed cells. The cell suspension was clarified by
centrifugation. The supernatant was applied on an iodixanol
gradient and subjected to ultracentrifugation for 2 h and
25 min at 350,000 g. The virus fraction was collected, washed,
and enriched at an Amicon Ultra-15 100,000 MWCO centrifuge
device. The virus titer was determined by qPCR. An aliquot of the
virus was treated with DNase I and proteinase K and then used as
a template for qPCR. A pAAV-CaMKII–iGECInano plasmid of
known concentration that was digested with EcoRI was used as a
reference.

Imaging of Primary Dissociated Neurons
Neurons were isolated from the hippocampi of P0–P1 Swiss
Webster mice using a published protocol (Beaudoin et al.,
2012) and cultured in a Neurobasal Plus medium with B-27
Plus Supplement (Gibco), additional GlutaMAX (1 mM;
Gibco), 100 Uml−1 penicillin, and 100 μg ml−1 streptomycin,
on poly (D-lysine) (EMD Millipore)-coated glass coverslips
(thickness, 0.13–0.17 mm; diameter, 12 mm; ThermoFisher
Scientific) at a density of ~70,000 cells per coverslip. Half of
the medium was exchanged twice per week. For experiments
with AAVs, neurons were transduced at DIV7 with 109 viral
genomes (vg) per well (in 24-well plates) and recorded at
DIV16–DIV18 at 37°C. The Grass S48 stimulator (Grass
Instruments) and custom platinum electrodes (0.5-mm
diameter) were used for field stimulation (1 ms single
pulses, 50 V). The following synaptic transmission
inhibitors were applied: 10 μM CNQX (R&D Systems),
10 μM gabazine (Santa Cruz Biotechnology), 10 μM (R)-
CPP (Enzo Life Sciences), and 1 μM (S)-MCPG (Cayman
Chemicals). A field stimulation using 1 ms single pulses,
50 V, in the presence of synaptic transmission inhibitors
was previously described to generate single APs in cultured
neurons (Wardill et al., 2013). A 617 nm light-emitting diode
(LED) (Mightex Systems) was used for fluorescence excitation.
The excitation filter was 620/15 nm, with a 640LP dichroic
mirror, and the emission filter was 667/30 nm for iGECI and
iGECInano and 720/40 nm for NIR-GECO2G. The frame rate
was 10 Hz for NIR-GECO2G and 5 Hz for iGECI and
iGECInano. Fluorescence was recorded using an Orca-
Flash4.0 LT camera (Hamamatsu), an Olympus IX81
microscope, and a LUCPlanFLN ×20, 0.45 NA air objective
lens (Olympus). Light power density at the specimen plane was
1.4 W cm−2 (six-folds lower than in the photobleaching
experiments), and the total duration of imaging was less
than 0.5 h. The bath solution contained (in mM) 125 NaCl,
2.5 KCl, 1 MgCl2, 10 HEPES, 3 CaCl2, and 30 D-glucose at pH
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7.3, 305–307mOsm. The stimulator, camera, and LEDs were
controlled by Master-8 (AMPI) and MatLab R2018b
(MathWorks). Each neuronal recording was performed
from an individual coverslip. Stimulation evoked changes in
the fluorescence were quantified relative to the 10 s baseline
before stimulation. Time to the peak was measured as the time
between stimulus onset and the peak of the evoked response.
Decay time was quantified as the time constant of a fitted single
exponential curve. Data analysis was performed using Igor Pro
9 software. A statistical analysis was performed using the
Kruskal–Wallis test correcting for the False Discovery Rate.
We inform p values (q) corrected for multiple comparisons.
We used GraphPad Prism v. 9.3.1 software.
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A Bright, Nontoxic, and
Non-aggregating red Fluorescent
Protein for Long-Term Labeling of Fine
Structures in Neurons
Lin Ning1†, Yang Geng1,2†, Matthew Lovett-Barron3‡, Xiaoman Niu2, Mengying Deng4,
LiangWang4, Niloufar Ataie5, Alex Sens5, Ho-Leung Ng5, Shoudeng Chen6, Karl Deisseroth3,
Michael Z. Lin1,3* and Jun Chu4*

1Department of Neurobiology, Stanford University, Stanford, CA, United States, 2Interdisciplinary Research Center on Biology
and Chemistry, Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences, China University of Chinese Academy of
Sciences, Beijing, China, 3Department of Bioengineering, Stanford University, Stanford, CA, United States, 4Guangdong
Provincial Key Laboratory of Biomedical Optical Imaging Technology and Center for Biomedical Optics and Molecular Imaging,
and CAS Key Laboratory of Health Informatics, Shenzhen Institute of Advanced Technology, Chinese Academy of Sciences,
Shenzhen, China, 5Department of Biochemistry and Molecular Biophysics, Kansas State University, Manhattan, KS, United States,
6Guangdong Provincial Key Laboratory of Biomedical Imaging, The Fifth Affiliated Hospital, Sun Yat-sen University, Zhuhai, China

Red fluorescent proteins are useful as morphological markers in neurons, often
complementing green fluorescent protein-based probes of neuronal activity. However,
commonly used red fluorescent proteins show aggregation and toxicity in neurons or are
dim. We report the engineering of a bright red fluorescent protein, Crimson, that enables
long-term morphological labeling of neurons without aggregation or toxicity. Crimson is
similar to mCherry and mKate2 in fluorescence spectra but is 100 and 28% greater in
molecular brightness, respectively. We used a membrane-localized Crimson-CAAX to
label thin neurites, dendritic spines and filopodia, enhancing detection of these small
structures compared to cytosolic markers.

Keywords: red fluorescent protein, RFP, crimson, non-aggregating, long-term, label, neuron

INTRODUCTION

Fluorescent proteins (FPs) are valuable tools for visualizing cellular processes in living cells. After the
cloning of Aequoria victoria green fluorescent protein (GFP), a variety of FPs with different
wavelengths have been discovered in marine organisms (Day and Davidson, 2009). Red
fluorescent proteins (RFPs) (emission peak in the 585–620 nm range) (Cranfill et al., 2016),
including commonly used mCherry (Shaner et al., 2004), are particularly useful for 2-color
imaging in conjunction with GFP or GFP-based indicators. Even for single-wavelength
experiments, RFPs have advantages over GFPs in that their longer excitation wavelengths
generate less phototoxicity and autofluorescence, and their longer emission wavelengths are
scattered less severely in vivo. A variety of RFPs have been developed to improve brightness,
maturation, and monomericity, while covering emission wavelengths from the red to the far-red
(Shen et al., 2015; Ng and Lin, 2016). Some of these RFPs are even brighter than GFP and perform
well when expressed alone or fused to subcellular tags in standard proliferating cell types (Cranfill
et al., 2016).

One surprisingly uncommon use of RFPs, however, is in membrane labeling of mammalian
neurons. In neurons, synapses are located on dendritic spines, mushroom-shaped membrane
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protrusions less than 1 μm3 in volume on which synapses form.
Spines evolve from filopodia during neuronal differentiation,
undergo morphological changes in response to
neurotransmitter activation and during learning (Holtmaat
et al., 2009; Xu et al., 2009), and exhibit abnormalities in
number or morphology in several neurological diseases, such
as the retention of filopodia-like morphology in Fragile X
syndrome (Govek et al., 2004; Woolfrey et al., 2009; Sala and
Segal, 2014). Thus, accurate visualization of filopodia spine
number and morphology in living neurons over long
experimental time-courses would be highly beneficial to the
study of synaptic differentiation or pathogenesis. Membrane-
targeting of GFP has been shown to improve detection of small
neuronal structures (Craske et al., 2005; Han et al., 2011; Zhou
et al., 2012; De Rubeis et al., 2013; Michaelsen-Preusse et al.,
2016). However, due to the lower phototoxicity and
autofluorescence at their excitation wavelengths, membrane-
targeted RFPs would be useful as well. We and others have
used mCherry-CAAX to label the neuronal membrane in
transient transfection experiments (St-Pierre et al., 2014; Feng
et al., 2019), but whether alternative RFPs may be brighter or
exhibit less toxicity has not been explored.

In this study, we develop a bright, non-toxic RFP named
Crimson with excitation and emission spectra similar to mCherry
(Shaner et al., 2004). Crimson shows comparable maturation
speed and higher molecular brightness compared to mCherry.
Comparing the brightness and toxicity of Crimson to two RFPs
[FusionRed (Shemiakina et al., 2012) and mCherry] and one far-
red FP [mKate2 (Pletnev et al., 2008)] with excitation peak
ranging from 580 to 590 nm, we found Crimson was both
brightest and least toxic in both cytosolic and membrane-
targeted forms. Moreover, Crimson did not exhibit lysosomal
accumulations, as was observed in mCherry (Laviv et al., 2016)
and mCherry-derived mScarlet (Fenno et al., 2020). Finally, we
found that Crimson-CAAX enhanced detection of filopodia and
spines compared to cytosolic fluorescent proteins.

MATERIALS AND METHODS

Mutagenesis and screening of libraries. Crimson is engineered
from mNeptune2 by rational mutagenesis. Mutations at specific
residues were introduced by overlap-extension PCR. All PCR
products were cut and ligated into a constitutive bacterial
expression vector pNCS (Allele Biotech). To easily screen
bright Crimson variants, Clover-Crimson tandem fusions with
high intramolecular FRET efficiency were constructed.
Chemically competent Escherichia coli strain XL-10 Gold
(Invitrogen) were transformed and grown overnight on LB/
agar at 34°C and maintained thereafter at room temperature
for ~6 h. For each round of mutagenesis, a number of colonies
approximately tenfold higher than the expected library diversity
were screened to ensure full coverage. Agar plates were screened
for transmitted color by eye and for fluorescence in a BlueView
Transilluminator (Vernier) with 400- to 500-nm excitation light
and a yellow acrylic long-pass filter. Bacterial colonies of interest
were patched on LB/agar plates and incubated overnight at 34°C.

Bacteria were resuspended in PBS or lysates were extracted with
B-PER II (Pierce), and FRET spectra were obtained on a Safire II
plate reader (Tecan). DNA sequences of all constructs are
available upon request.

Characterization of Crimson in vitro. Fluorescent proteins
with polyhistidine tags were expressed from pNCS vectors in XL-
10 gold bacterial cells, purified with cobalt-chelating affinity
chromatography (Pierce) and desalted into phosphate-buffered
saline (PBS) pH 7.2 using gel filtration columns (Bio-Rad).
Excitation spectra and emission spectra were measured with
an Infinite M1000 fluorometer (Tecan). Extinction coefficients
were calculated using the base-denaturation method (Shaner
et al., 2004). Quantum yields were determined using mKate2
as a standard (QY = 0.40). pH titrations were performed using a
series of pH buffers ranging from 2 to 10.5 (Citrate-Tris-Glycine
buffer, 50 mM each. The desired pH was achieved by adding 2 M
sodium hydroxide or 2 M hydrochloric acid). In vitro
photobleaching measurements were performed in PBS droplets
under mineral oil on an IX83 inverted microscope with a 40 ×
/1.25-numerical aperture (NA) oil-immersion objective, a 100-W
metal halide lamp (Olympus) at 100% neutral density, a 580/15-
nm excitation filter (Omega), and an optiMOS Scientific CMOS
camera (Qimaging) controlled by Micro-Manager software.
Images were acquired every 1 s under continuous illumination.
Times were scaled to produce photon output rates of 1,000 per
molecule per s as previously described (Shaner et al., 2004).
Maturation experiments were performed by measuring change
in fluorescence following exposure of Crimson-expressing E. coli
grown in deoxygenated media to normal atmosphere. Size
exclusion chromatography (SEC) was performed on a LC-20A
(SHIMADZU) high-pressure liquid chromatography (HPLC)
system with a Superdex 200 10/300 GL column (GE
Bioscience). 200 μL of each fluorescent protein at
concentration 10 μM or 333 μM (~10 mg/mL) were loaded.
The column was operated at the flow rate of 0.5 mL/min with
50 mM PBS (pH 7) as the mobile phase. In vitro photobleaching
measurements were performed in aqueous droplets of purified
proteins in mineral oil using an Olympus IX83 inverted
microscope with a 40 × /1.25-numerical aperture (NA)
silicone oil-immersion objective (Olympus), an X-cite 120-W
metal halide lamp (Lumen Dynamics) and a 568/20 nm
excitation filter (Omega). The illumination power at the
objective was 20 mW. Images were taken every 1 s under
continuous illumination. Times were adjusted to produce
photon output rates of 1,000 per molecule per second as
described previously.

Characterization of RhoA FRET sensors with green/red FRET
pairs. To construct RhoA-GR, three PCR fragments encoding
truncated dClover2 (aa 1–217, Clover-N149Y/G160S), RhoA
sensing domains from Raichu-RhoA FRET sensors and full-
length RFP (mRuby3 or Crimson) were ligated into modified
pcDNA3.1 vector using In-Fusion kit. HeLa cells were
maintained in high glucose Dulbecco’s Modified Eagle
Medium (DMEMClone) supplemented with 10% FBS
(Invitrogen) and 1% penicillin-streptomycin (HyClone) at
37°C in air with 5% CO2. Cells were transfected at 80–90%
confluency with Lipofectamine 2000 (Invitrogen) in 35 mm
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dishes. Transfections were carried out according to
manufacturer’s instructions.

To determine the green/red emission ratio change of RhoA-
GR with dClover2-mRuby3 or dClover2-Crismon, transfected
cells expressing RhoA-GR were trypsinized and transferred to 96-
well glass-bottom microplate (Cellvis) after 48 h transfection.
Cells were allowed to settle down to the bottom of a
microplate for 10 min at room temperature. Fluorescence
spectra on transfected cells were obtained on an Infinite
M1000 PRO (TECAN) fluorometer using 450-nm excitation
light with 10-nm bandwidth. Emission was collected from 470
to 750 nm in 2-nm steps with 10-nm bandwidth. The red/green
emission ratio was calculated from integrated red emission
(mRuby3: 560–750 nm, Crimson: 580–750 nm) divided by
integrated green emission (500–550 nm).

Constructs for neuron imaging. For pcDNA3.1-RFP cyto
plasmids, each RFP expression cassette was amplified by PCR
from parent template, and then cloned into pcDNA3.1 empty
vector by infusion cloning method. For pcDNA3.1-RFP-CAAX
plasmids, CAAX sequence was synthesized as part of In-Fusion
cloning primer and subsequent cloning steps were performed as
described in In-Fusion kit (Takara Bio, # 639650). In order to
have the expression of two-color FPs in neurons at 1:1 ratio, we
utilized a bi-directional plasmid, which was created in the lab
earlier. In this special expression construct, A CMV enhancer
region is flanked bi-directionally by a miniCMV promoter and a
CAGGs promoter; either direction can drive the expression of
one target protein independently. Crimson-CAAX and
mTurquoise2 were then cloned into this plasmid by In-Fusion
cloning method with mTurquoise2 driven by the β-actin
promoter and RFP-CAAX driven by the mini-β-actin
promoter. For zebrafish expression, we fused mTurquoise2
with Crimson-CAAX with a P2A peptide in between, and
then subcloned the fused sequence into a Tol2 plasmid.

Neuron cell culture. All cell culture reagents were obtained
from Life Technologies unless otherwise specified. 24-well glass-
bottom cell culture plates were pre-coated with poly-D-lysine
(0.2 mg/ml, Sigma) for 2 h at 37°C and washed with PBS.
Hippocampal neurons were dissected from embryonic day 18
(E18) rats, dissociated with papain and DNaseI, and then plated
at a density of 30,000 per cm2 in Neurobasal medium
supplemented with B27, 2 mM GlutaMAX, 1% FBS. Cultures
were maintained at 37°C in 5% carbon dioxide (CO2) and 100%
humidity. Entire medium was replaced on 1DIV and refreshed
50% once on 8DIV. Neurons were transfected on 9DIV using
Lipofectamine 2000 transfection kit (Clontech) following the
manufacture’s instruction. 0.5 μg DNA was used for each well
of neurons in a 24-well plate. All animal procedures were
approved by the Institutional Animal Care and Use
Committee at Stanford University and Chinese Academy of
Sciences, Shanghai.

Characterization of Crimson in neurons. Live cell
photobleaching was performed on neurons using an inverted
wide-field microscope (Zeiss, Axiovert 200). Prior to the
experiment, culture medium was replaced with imaging
solution (HBSS + Hepes + L-glutamate). Cells were placed in
a temperature chamber heated up to 37 C with 5% CO2, and

continuously excited using Xenon Arc lamp filtered at 568/20 nm
with a 20 ×0.75 NA objective lens, and images were detected with
an emission filter at 620/60 nm. Time-series images were
acquired every 10 s for each variant until the initial intensity
was decreased by at least 40%.

Hippocampal neurons were transfected on 9 DIV and imaged
on 12 DIV for brightness and aggregation measurements, and 18
DIV (cytosolic RFP-transfected neurons) or 15 DIV (membrane-
bound RFP-transfected neurons) for viability measurements.

For brightness measurements, RFPs were imaged with a
confocal scanning microscope (Leica, SP8), with a 585-nm
laser whose power was set to a fixed level that captured all
signals without saturation. At multiple positions, stacks of 40
sections with 0.5-μm spacing were acquired and then z-projected
to create maximal intensity images. For cytosolic RFPs, 6 to 10
fields were imaged as technical replicates and a single mean
intensity per cell area was calculated, and the experiment was
repeated 3 times. For RFP-CAAX fusions, 5 to 8 fields were
imaged as technical replicates and a single mean intensity per cell
area was calculated, and the experiment was repeated 3 times. For
viability measurements, a 10 × 10 grid of images was captured
with a 10× lens to cover the inscribed square area of one well on a
24-well glass-bottom cell culture plate, and the experiment was
repeated 3 times.

Image analysis. For brightness analysis, background was
subtracted from each image. To quantify the brightness of
RFPs in the whole cell, ImageJ was used to create a mask
representing the contour of neurons with a threshold showing
the majority of neurites, and the region of interest (ROI) was
generated from the mask. The same criteria were applied to all
images. The mean grey value within the ROI was then measured
and divided by the ROI area to calculate brightness per cell area.
For viability counting, neurons were assessed in a blinded
manner.

Toxicity counting. The percentage of healthy neurons versus
the total amount of transfected neurons was quantified to
evaluate toxicity. Healthy neurons were defined as those with
normal neuronal morphology lacking broken neurites or
blebbing. Unhealthy neurons were defined as those with round
cell bodies but broken neurites or blebbing. Dead neurons were
defined as those with irregular or fragmented cell bodies and
extensively fragmented neurites (Keskitalo et al., 2014; Zhang
et al., 2014). Only transfected neurons were quantified to
minimize the bias of transfection efficiency between different
constructs.

Statistical analysis. Each biological replicate produced one data
point per condition. The normality of data was confirmed using
the Wilk-Shapiro test, then a single-factor ANOVA test was
performed, with pairwise differences between Crimson and
each other RFP assessed using the Dunnett post-hoc test.

Comparison of Crimson-CAAX and cytosolic mTurquoise2.
For 1-photon imaging, cultured rat hippocampal neurons were
transfected with a bi-directional vector co-expressing Crimson-
CAAX andmTurquoise2 at 9DIV and imaged at 14–15DIV using
either an epifluorescence microscope (Zeiss, Axiovert 200) with
excitation at 440/10 nm and 568/20 nm and emission at 472/
30 nm and 620/60 nm or using a confocal microscope (Leica,
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SP8) with excitation at 440 and 585 nm and emission at
450–510 nm and 595–675 nm. For 2-photon imaging, a Tol2
vector co-expressing mTurquoise2 and Crimson-CAAX was
injected into the zebrafish embryos at 1-cell stage. Larval
zebrafish with identifiable fluorescence at 7 days post-
fertilization were paralyzed in 1 μm/μL α-bungarotoxin
(Tocris) and mounted on their side in 2% low-melting-point
agarose (Sigma). Two-photon fluorescence images (1024 × 1024
pixels) were obtained with an Olympus FVMPE multiphoton
laser scanning microscope (Olympus), and a 25× objective (1.05
NA; Olympus) at 3×-18× optical zoom, 8–12.5 μs/pixel dwell
times, and 3-5 frame averages. Fluorophores were excited at
1030 nm and emission was detected simultaneously with red
and green channels.

Crystallization and structure solution of Crimson0.9. Prior to
crystallization, hexahistidine-Crimson0.9 was purified using size-
exclusion chromatography to remove aggregation. Thereafter,
Crimson0.9 was buffer-exchanged with 50 mM Tris
(hydroxymethyl) aminomethane, 25 mM NaCl, 4.0 mM TCEP
at pH 7.4, and concentrated to 10 mg/ml for crystallization.
Crimson0.9 was crystallized at 12°C in a dark chamber by
sitting-drop vapor diffusion using 1 μL of 10 mg/ml
Crimson0.9 in 50 mM Tris Base, 25 mM NaCl, 4.0 mM TCEP
pH 7.4 mixed with 1 μL of 0.2 M MgCl2, 0.1 M Bis-Tris HCl pH
6.5, and 25% PEG 3350 and 1 μL of 1 M glycerol. Crimson0.9

crystals were cryoprotected in paratone oil and flash-frozen in
liquid nitrogen. X-ray diffraction data were collected at the
Stanford Synchrotron Radiation Laboratory on Beamline 12–2.
The crystal structure was solved by molecular replacement using
Phaser as part of the CCP4 suite55. Models of Crimson0.9 and the
fluorophore were built with the Coot program. Refinement to
2.04 Å was performed in the REFMAC5 program with model
rebuilding in Coot. Water molecules were manually added by
inspection throughout the refinement process. The final model is
composed of xx water molecules and all residues except residues
1–4 and 233–244 of chain A, 1–6 and 233–244 of chain B, 1–6 and
232–244 of chain C, 1–7 and 232–244 of chain D, as these did not
show interpretable electron density. The quality of the model was
then analyzed using the programs MolProbity and PROCHECK.
The coordinates and reflections are deposited in the PDB with
accession code 6MKP.

RESULTS

Development of a Bright red Fluorescent
Protein
To obtain a bright RFP with similar excitation and emission
spectra with mCherry, we performed structure-directed
mutagenesis of mNeptune2, a bright and fast-maturing far-red

FIGURE 1 | Characterization of Crimson in vitro and neurons. (A) Fluorescence spectra of Crimson. Inset, purified Crimson in visible light. (B) Absorption (left) and
emission (right) of RFPs with excitation maxima at 580–590 nm. Absorbance spectra are scaled to peak extinction coefficient. Emission spectra are scaled so that areas
under the curves are proportional to peak brightness (product of peak extinction coefficient and quantum yield). (C) Photobleaching kinetics of purified RFPs under arc
lamp illumination with a 568/20-nm excitation filter. Time is scaled so that emission is normalized to 1000 photons per s. Imaging interval = 1 s. Each curve is the
mean of two independent experiments with the error bars denoting SD (standard deviation, n ≥ 6). (D) Photobleaching of RFPs in transfected neurons under 585-nm
laser illumination. Fluorescent intensity of each time frame is subtracted against the background and normalized to time point 0. Imaging interval = 10 s. Each curve is the
mean with the error bars denoting SD (n = 3).
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fluorescent protein (Chu et al., 2014). We first performed
mutagenesis on positions 11, 13, 28, and 41 to optimize the
hydrogen bond interaction with the chromophore acylimine
oxygen. After screening, a blue-shifted variant was obtained
with best performance which carried three-point mutations at
position 11, 28, and 41 (mNeptune2-M11S/S28H/G41N), while
position 13 remained the same as the parent. We then introduced
mutations into the outer barrel, the inner barrel and the loop
respectively, in order to further blue-shift fluorescence spectra
and optimize folding, maturation, photostability and brightness
(Supplementary Figure S1 and Supplementary Table S1). After
several rounds of screening, we obtained a bright RFP with peak
excitation/emission at 588/617 nm (Figure 1A). This protein,
named Crimson, differs from mNeptune2 by 33 mutations (13
inside the barrel) and 3 deletions (Supplementary Figure S1). Of
these, 9 mutations mainly account for the spectral characteristics
of Crimson (Supplementary Figure S2).

Crimson’s extinction coefficient (EC) of 77 mM−1cm−1 and
quantum yield (QY) of 0.42 makes it ~100% brighter than
mCherry and FusionRed and 28% brighter than mKate2 per
mature molecule (Table 1). Crimson’s absorption spectrum is
similar to that of mCherry and mKate2, while its emission peak
lies between those of mCherry and mKate2 (Figure 1B). Both
absorption and emission spectra are redder for Crimson than for
FusionRed (Figure 1B). Crimson exhibits reduced formation of a
green fluorescent side-product common to eqFP578-derived
RFPs (Supplementary Figure S3A), and is more pH-resistant
than mKate2 (Supplementary Figure S3B, Table 1). Crimson
exhibited bi-exponential fluorescence decay under one-photon
widefield microscopy in vitro, with a faster initial drop to 50%
brightness but slower subsequent photobleaching compared to
mCherry, mKate2, and FusionRed (Figure 1C). Under laser
illumination of cells expressing each RFP, Crimson again
exhibited a fast initial drop, followed by photobleaching at a

rate similar to mCherry and slower than mKate2 and FusionRed
(Figure 1D). Similar to mKate2, Crimson is dimeric at 10 μM
(Supplementary Figure S3C), consistent with minimal change to
the dimeric interface during the evolution of these proteins from
TagRFP. Crimson exhibited maturation speed and efficiency at
37°C comparable to mCherry and mKate2 and superior to
FusionRed (Table 1).

Crimson’s high EC, high QY, and large emission separation
from GFPs may make it a good Förster resonance energy transfer
(FRET) acceptor for GFPs, especially when detecting FRET using
sensitized emission (Bajar et al., 2016b). We thus assessed the
performance of Crimson as a FRET acceptor compared to other
RFPs including mRuby3 (Bajar et al., 2016a) and mScarlet-I
(Bindels et al., 2017), two bright and blue-shifted monomeric
RFPs. Indeed when fused to the bright GFP dClover2 (Bajar et al.,
2016a), Crimson produced more efficient FRET than all tested
RFPs and a higher RFP/GFP peak emission ratio than
mCherry, mKate2, or FusionRed (Supplementary Figure S4).
Incidentally, dClover2-mRuby3, dClover2-mScarlet-I, and
dClover2-FusionRed would be predicted to exhibit more
efficient FRET based on their longer Förster radii (r0)
calculated from spectral characteristics of mature proteins, so
the higher FRET efficiency of dClover2-Crimson also suggests
superior maturation of Crimson. In mammalian cells, a Raichu
RhoA reporter using dClover2-Crimson as the FRET pair
demonstrated a larger emission ratio change upon activation
than the one using dClover2-mRuby3 (Supplementary Figure
S4). These results indicate that Crimson functions well as a
FRET acceptor for GFPs. However, since Crimson is dimeric, it
is not suitable for FRET applications involving fusion of Crimson
to a cellular protein, such as protein-protein interaction and
protein conformational changes, because this forced dimer may
interfere with function or location of protein of interest.

Structural Basis of Spectral Tuning in
Crimson
To understand the mechanism of spectral tuning in Crimson,
we determined the atomic structure of a spectrally identical
evolutionary predecessor, Crimson0.9, at a resolution of
2.0 Å at pH 6.7–6.8 (Supplementary Table S2). The
crystallographic unit of Crimson0.9 contains four
monomers with two parallel and two cross-dimerization
interfaces. The positions of the chromophore and nearby
amino acid side chains were similar in the four monomers
(Supplementary Figure S5). As expected, each monomer has a
typical eleven-stranded β-barrel structure with a central α-
helix containing the covalently attached chromophore in the
cis conformation (Figure 2, Supplementary Figure S5).

The Crimson0.9 structure reveals both similarities to and
differences from the parental protein Neptune. Crimson0.9
retains the more planar chromophore conformation of
Neptune relative to mKate, which may contribute to its
higher extinction coefficient and quantum yield relative to
mKate (Figure 2A). The primary structural change from the
parental Neptune to Crimson0.9 is the loss of a hydrogen bond
to the chromophore acylimine oxygen. In Neptune, this

TABLE 1 | Key characteristics of red fluorescent proteins with excitation peak at
580–590 nm.

Crimson mCherry mKate2 FusionRed

Ex peak (nm) 588 587 588 580
Em peak (nm) 617 610 633 608
EC (mM−1cm−1) 77 72 63 95
QY 0.42 0.22 0.4 0.19
Brightnessa 32 16 25 18
Photostability (s)b 49 68 58 131
Maturation half-time (min)c 14 15 < 20 130
Maturation efficiencyd 50% 44% 49% 24%
pKa 4.2 < 4.5 5.4 4.6
Oligomerization dimer monomer dimer monomer

aCalculated as the product of QY at peak excitation and EC in units of mM−1 cm−1.
bPredicted time for fluorescence to photobleach by 50% under arc-lamp illumination with
excitation intensity adjusted to produce 1,000 emission photons per molecule per
second.
cTime for fluorescence to obtain half-maximal value after exposure to oxygen.
dFunctional chromophore concentration divided by total protein concentration.
Functional chromophore is determined using the base-denaturation method as EC
measurement. This excludes unfolded and broken-chromophore (backbone cleavage
before the first residue of chromophore) components. Total protein is determined by
absorbance at 280 nm.
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hydrogen bond is responsible for the excitation and emission
red-shift relative to its predecessor mKate (Lin et al., 2009).
Gly-41 of Neptune, whose lack of a side chain allows room for
the water molecule, is mutated in Crimson0.9 to Asn-41. In
mCardinal (Chu et al., 2014), a redder Neptune variant, Gln-41
serves as a hydrogen bond donor for the acylimine oxygen, but
the side chain of Asn-41 of Crimson0.9 is too short to perform
a similar function (Figure 2B). In addition, Ser-28, which
assists in holding the water molecule in place in Neptune, is
replaced with the larger His-28 in Crimson0.9, occluding water
from the chromophore acylimine vicinity (Figure 2B). The
electron density of His-28 in the Crimson0.9 crystal is
consistent with two rotamers with different and mutually
exclusive hydrogen-bonding patterns: in one, the Nε atom
donates a hydrogen bond to the chromophore and the Nδ atom
lacks hydrogen bond partners, while in the other, the Nε is
hydrogen-bonded to Ser-11 and Nδ lacks hydrogen bond
partners (Figure 2B). However, the electron density of Ser-
11 indicates that its hydroxyl group is oriented toward His-28
despite not being hindered from adopting alternative
conformations; this suggests that His-28 indeed is engaged
in a hydrogen bond with only Ser-11.

Finally, His-28 is unlikely to exert any electrostatic
influence on chromophore electronic distributions, as it is

predicted to be uncharged at physiological pH by the
PROPKA3.0 program. Thus, the acylimine group of
Crimson both lacks hydrogen bonding and exists within a
neutral environment. These features are shared between
Crimson and mKate (Figure 2), and would be consistent
with the similarity of their spectra (Figure 1). Thus, the
M11S, S28H, and G41N mutations acquired in the
evolution of Crimson from Neptune essentially undo the
red-shifting effect of the M41G mutation acquired in the
evolution of Neptune from mKate, while allowing for higher
molecular brightness.

Comparison of Cytosolic Red Fluorescent
Proteins for Brightness, Aggregation, and
Toxicity in Neurons
As improved RFPs are especially needed in neuronal
applications, we compared the performance of Crimson
and other RFPs in cultured primary hippocampal neurons.
While measurements of extinction coefficient and quantum
yield on purified proteins in vitro allow an objective
measurement of per-molecule brightness of mature
fluorescent protein, apparent brightness of fluorescent
protein constructs in cells is also influenced by the

FIGURE 2 | Structural basis of blue-shifting for Asn41, His28, and Ser11 in Crimson. (A) Alignment of Crimson (magenta), Neptune (PDB entry 3IP2, light blue) and
mKate (PDB entry 3BXC, pink) chromophores. The chromophore rings are more coplanar in Crimson or Neptune than in mKate. The chromophore acylimine oxygen is
indicated by the dashed box. (B) Hydrogen-bond interactions between the chromophore acylimine oxygen and its surrounding residues in Crimson, mKate and
Neptune. In mKate, the acylimine oxygen does not engage in any hydrogen bond interactions. In Neptune, a water molecule donates a hydrogen bond to the
acylimine oxygen and accepts a hydrogen bond from Ser-28. In Crimson, a hydrogen bond between Ser-11 and His-28 precludes one between His-28 and the
acylimine oxygen. In addition, the side chain of Asn-41 is too short to hydrogen bond to the acylimine oxygen.
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efficiency of protein maturation and folding, the half-life of
the protein and even cell types may cause variations; thus such
characteristics should be empirically tested. We thus
expressed Crimson, FusionRed, mCherry, and mKate2 in
9 days in vitro (DIV) cultured rat hippocampal neurons.
After 3 days of expression (12 DIV), Crimson was
significantly brighter than the other RFPs when imaged
under the same conditions (Figure 3A), with a whole-cell-

brightness 4.3-, 1.6-, and 2-fold of that of FusionRed,
mCherry, and mKate2, respectively (Figure 3B).

We noticed large aggregates in the cell bodies of mCherry-
transfected neurons (Figure 3A, Figure 3C). As protein
aggregates could lead to neuronal death after long-term
expression, we next measured the ability of neurons to
survive over time when expressing various fluorescent
proteins. In addition to the above RFPs, we also tested the

FIGURE 3 |Cytosolic Crimson is brighter and less cytotoxic than other RFPs in neurons. (A)Comparison of RFPs in rat hippocampal neurons imaged with confocal
microscopy 3 days post-transfection at 12 DIV. Top, representative images of transfected neurons acquired and displayed with identical settings are shown. Scale bar =
20 µm. Bottom, representative images with brightness adjusted to similar levels for display. Cell bodies are enlarged in the insets within the upper panels. Dendritic
segments indicated by the dashed rectangle are enlarged in the lower panels. Scale bar = 5 µm. (B)Quantification of RFP brightness 3 days post-transfection at 12
DIV. Error bars = SEM (Standard Error of the Mean). Overall p < 0.0001 by one-factor ANOVA. (C) Quantification of the percentage of neurons with aggregates among
total transfected neurons 3 days post-transfection at 12 DIV. (D) Quantification of the percentage of healthy neurons among total transfected neurons 9 days post-
transfection at 18 DIV. Error bars = SEM. Overall p < 0.0001 by one-factor ANOVA.

Frontiers in Cell and Developmental Biology | www.frontiersin.org June 2022 | Volume 10 | Article 8934687

Ning et al. Novel RFP for Neuronal Labeling

114

https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


effects of chronic expression of mRuby3, dTomato, and the
YFP Venus. We added mRuby3 to test a monomeric RFP with
higher brightness than mCherry, dTomato to determine if
expression of a strongly dimeric RFP might actually be the least
toxic by reducing the concentration of free monomers with an
unbound dimerization interface, and Venus as a widely used
derivative of Aequoria victoria GFP. After 9 days of expression
(at 18 DIV), Crimson-expressing neurons demonstrated
significantly higher survival rates than neurons expressing

the other RFPs, and similar survival rates as neurons
expressing low-toxicity Venus (Figure 3D). Interestingly,
dTomato was as toxic as mKate2 and more toxic than
Crimson, suggesting that strong dimer affinity is not the
main mechanism for the reduced toxicity of Crimson. On
the other hand, the strong monomers mCherry and FusionRed
also were more toxic than Crimson, suggesting that
monomerization alone is also not correlated with survival.
Regardless, Crimson performs better than the spectrally

FIGURE 4 |Crimson-CAAX labels the cytoplasmic membrane well in neurons. (A)Brightness comparison of RFP-CAAX fusions in rat hippocampal neurons 3 days
post-transfection at 12 DIV. Representative confocal images of transfected neurons acquired and displayed with identical settings are shown. Scale bar = 20 µm. (B)
RFP-CAAX fusions visualized with confocal microscopy 3 days post-transfection at 12 DIV, with image brightness adjusted to similar levels for display. Cell bodies are
enlarged in the insets within the upper panels. Dendritic segments indicated by the dashed rectangle are enlarged in the lower panels. Scale bar = 20 µm (upper
panels) or 5 µm (lower panels). (C)Quantification of brightness of RFP-CAAX constructs 3 days post-transfection at 12 DIV. Error bars = SEM. Overall p < 0.001 by one-
factor ANOVA. (D) Quantification of the percentage of healthy neurons among total transfected neurons 6 days post-transfection at 15 DIV. Crimson-CAAX-expressing
neurons demonstrated the highest viability. Error bars = SEM. Overall p < 0.0001 by one-factor ANOVA.
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similar mCherry, mKate2, and FusionRed fully visualizing the
dendritic processes of neurons with improved brightness and
reduced toxicity.

Comparison of Membrane-Tethered Red
Fluorescent Proteins in Neurons
To determine the utility of RFPs for labeling the neuronal
plasma membrane, we transfected neurons with a series of RFP
fusions to the CAAX farnesylation motif and quantified the

brightness of each RFP-CAAX reporter. We observed that
Crimson-CAAX was significantly brighter than mKate2-
CAAX, mCherry-CAAX, or FusionRed-CAAX (Figures
4A,C). We then adjusted excitation power to equalize
brightness across RFPs to visualize fluorescence
distributions within neurons. While mKate2-CAAX,
FusionRed-CAAX and Crimson-CAAX distributed along the
plasma membrane and evenly labelled neurites and dendritic
spines, mCherry-CAAX accumulated in aggregates within
dendritic shafts (Figure 4B).

FIGURE 5 |Membrane-bound Crimson improves the detection of small processes. (A,B) Visualization of cultured rat hippocampal neurons with an epifluorescent
microscope (A) and a confocal microscope (B). Neurons were co-transfected with cytosolic mTurquoise2 and Crimson-CAAX at 9 DIV and imaged at 14 DIV. Lower
panels show dendrites from the same culture at higher magnification. Arrows indicate thin spines and filopodia visible with Crimson-CAAX but not with cytosolic
mTurquoise2. Scale bars = 10 µm (upper panels) and 5 µm (lower panels). (C) Visualization of zebrafish trigeminal ganglion by two-photon microscopy in vivo.
Zebrafish was injected with DNA at one-cell stage and imaged at 7-day post-fertilization. Scale bar = 20 µm.
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We then assessed the viability of neurons expressing the same
set of RFPs previously tested for toxicity, but now fused to the
CAAX motif. Crimson-CAAX exhibited significantly higher
survival rates than neurons expressing the other RFP-CAAX
fusions, and similar survival rates as neurons expressing a
Venus-CAAX fusion (Figure 4D). Neurons expressing
dTomato-CAAX and mCherry-CAAX showed the least
viability. Strikingly, dTomato-CAAX created dramatic rod-like
structures in neurons (Supplementary Figure S6). This suggests
that dTomato may contain an interface capable of polymerization
once dTomato is concentrated and oriented at the membrane by
farnesylation.

Crimson-CAAX in Imaging Dendritic Spines
Ex Vivo and in vivo
We hypothesized that Crimson-CAAX would allow more
sensitive detection of small membrane structures such as
filopodia and spines than a cytosolic fluorescent protein,
due to the low amount of cytosol in these small structures.
To compare Crimson-CAAX with a cytosolic fill FP, we co-
expressed Crimson-CAAX with cytosolic mTurquoise2 in
primary hippocampal neurons. In standard wide-field
epifluorescence microscopy, Crimson-CAAX distributed
evenly in soma and the neuronal processes, and clearly
labeled thin dendritic processes (Figure 5A). In contrast,
cytosolic mTurquoise2 was mostly detected in the soma and
the proximal portions of the dendrites and did not label the
thinner dendritic processes as clearly (Figure 5A, upper
panels). At high magnification, Crimson-CAAX could be
seen along the membrane of spines and filopodia, with
similar brightness per membrane length compared to
nearby dendritic membranes. In contrast, cytosolic
mTurqouise2 produced signals that were orders of
magnitude dimmer in spines than in adjacent dendritic
shafts, causing scatter from dendritic shafts to reduce the
signal-to-background ratio for detection of spines and
filopodia (Figure 5A, lower panels).

Crimson-CAAX also performed better than mTurquoise2 in
labeling thin structures in optical-sectioning microscopy. In
confocal microscopy, filopodia and spines became visible in
the cytosolic mTurquoise2 channel only when the brightness
was boosted and part of the dendrite shafts became overexposed,
whereas filopodia, spines, and dendritic shafts could be visualized
with similar intensities in the Crimson-CAAX channel
(Figure 5B). We also tested Crimson-CAAX versus cytosolic
mTurquoise2 in the neurons of living zebrafish under two-
photon illumination. Zebrafish dendrites are small in diameter,
measuring <3 μm at their widest point, compared to 5–10 μm of
mammalian neurons. In the trigeminal ganglion and developing
spinal cord, cytosolic mTurquoise2 was only visible in a small
fraction of Crimson-positive neurites, even when using laser and
detector settings that produced more mTurquoise2 than
Crimson-CAAX signal intensity in cell bodies (Figure 5C).
Thus, in one-photon widefield, one-photon confocal, and two-
photon microscopy, Crimson-CAAX improved the detection of
filopodia and spines.

DISCUSSION

In this study, we developed a new bright RFP, Crimson, with
similar excitation and emission spectra as the widely used
mCherry and mKate2. In neurons, Crimson is brighter and less
toxic than mKate2, mCherry, or FusionRed, either when
expressed in the cytosol or targeted to the membrane. A
membrane-targeted form of Crimson improves the
visualization of spines and filopodia, which contain
minuscule amounts of cytoplasm, compared to a cytosolic
fluorescent protein. In one-photon microscopy, Crimson-
CAAX reliably visualizes filopodia and thin spine necks,
which are only clearly visible with cytosolic FPs when the
dendritic shafts are overexposed. In two-photon microscopy,
Crimson-CAAX outperforms the cytosolic FP in labeling thin
neurites. Thus, Crimson-CAAX may be useful for studying
synaptic morphology in development (Yoshihara et al., 2009)
or for sparse labeling and circuit tracing in vivo (Xu and
Sudhof, 2013). It may be especially useful for testing
interventions in models of neurodevelopmental disorders
characterized by abnormal filopodia or spines (De Rubeis
et al., 2013; Michaelsen-Preusse et al., 2016).

The fact that the weakly dimeric Crimson is less toxic to
neurons than the more monomeric mCherry or FusionRed in
both cytosolic and membrane-bound forms is surprising. This
observation suggests that the presence of a dimeric interface is not
necessarily deleterious to the cell. Crimson is also less toxic than
the similarly dimeric mKate2 and the more dimeric dTomato,
which suggests that dimerization is not necessarily protective
either. Indeed, dTomato when targeted to the membrane creates
dramatic rod-like structures in neurons and is highly toxic. Thus
factors other than homodimerization affinity alone influence
toxicity. One explanation could be that mutation of Crimson
at 23 exterior-facing locations (Supplementary Figure S1) alters
its interactions with endogenous neuronal proteins in a manner
that reduces toxicity.

Certain tetrameric RFPs have previously been shown to be
suitable for whole cell labeling (Strack et al., 2008; Strack et al.,
2009). For example, DsRed-Express2 is reportedly bright, nontoxic
and reasonably photostable (Strack et al., 2008).While it is possible
for DsRed-Express2 to work with a CAAX signal to the extent that
it can be targeted to the membrane, it may form aggregates at the
cell membrane, as was observed inDsRed.T3-CAAX, the precursor
of DsRed-Express2 (Schwirz et al., 2020). We have also observed
that tdTomato-CAAX forms large rod-like structures
(Supplementary Figure S6), presumably due to interaction
between tdTomato-CAAX chains at the parallel dimerization
interface (the two Tomato domains in tdTomato form a cross-
dimer, leaving the parallel dimerization interface unoccupied).
Therefore, tetrameric RFP-CAAX fusions would not be a
preferred choice for membrane labelling.

In summary, Crimson is a bright RFPs that is uniquely
useful for long-term imaging in neurons, either as a cytosolic
protein or as a membrane-targeted fusion. It is brighter than
mCherry, mKate2, and FusionRed, commonly used RFPs or
far-red FPs in its spectral class, and it is also uniquely non-
toxic to neurons after long-term expression. With these
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favorable characteristics, Crimson may be a favorable starting
point for further engineering to create a fully monomeric
version that is compatible with fusion to a variety of
neuronal proteins.
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Effects of Transcription-Dependent
Physical Perturbations on the
Chromosome Dynamics in Living Cells
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Hwanyong Shim3, Jeong Hee Kim2,5*, Won-Ki Cho3,6* and Cherlhyun Jeong1,2*

1Chemical and Biological Integrative Research Center, Korea Institute of Science and Technology (KIST), Seoul, South Korea,
2KHU-KIST Department of Converging Science and Technology, Kyung Hee University, Seoul, South Korea, 3Department of
Biological Sciences, Korea Advanced Institute of Science and Technology (KAIST), Daejeon, South Korea, 4Division of Life
Sciences, Korea University, Seoul, South Korea, 5Department of Oral Biochemistry and Molecular Biology, Kyung Hee University,
Seoul, South Korea, 6KI for Health Science and Technology (KIHST), Korea Advanced Institute of Science and Technology
(KAIST), Daejeon, South Korea

Recent studies with single-particle tracking in live cells have revealed that chromatin
dynamics are directly affected by transcription. However, how transcription alters the
chromatin movements followed by changes in the physical properties of chromatin has
not been elucidated. Here, we measured diffusion characteristics of chromatin by targeting
telomeric DNA repeats with CRISPR-labeling. We found that transcription inhibitors that
directly block transcription factors globally increased the movements of chromatin, while the
other inhibitor that blocks transcription by DNA intercalating showed an opposite effect. We
hypothesized that the increased mobility of chromatin by transcription inhibition and the
decreased chromatin movement by a DNA intercalating inhibitor is due to alterations in
chromatin rigidity. We also tested how volume confinement of nuclear space affects
chromatin movements. We observed decreased chromatin movements under osmotic
pressure and with overexpressed chromatin architectural proteins that compact chromatin.

Keywords: chromatin dynamics, CRISPR labeling, telomere, single-particle tracking, transcription, gene expression
regulation, epigenetic modulation, fluorescence microscopy

INTRODUCTION

The molecular genetic material, DNA, exists in a form of chromatin in eukaryotes throughout most
of the cell cycle. Chromatin is a higher-order fiber structure of DNA formed by nucleosomes
composed of histones. It is located inside a nucleus separated from cytoplasm by a physical barrier,
known as a nuclear membrane. Transcription and many other gene regulatory processes occur
within the chromatin context in the compartmentalized nuclear space.

Recently established chromatin conformation capture (3C)-based sequencing and advanced live-
cell imaging techniques have suggested that cell-type specific intrinsic structures and dynamics of
chromatin are responsible for regulating gene expression (Rowley and Corces, 2018; Oudelaar and
Higgs, 2021). A series of studies using 3C-based sequencing have shown that chromatin sub-
organization reflects different gene expression patterns across cell types (Dekker and Mirny, 2016).
Moreover, chromatin is folded into unique loop structures, so-called topologically associated
domains (TADs), by chromatin architectural proteins including CTCF and Cohesin complex.
These TADs provide spatial constraints that promote physical contacts among gene regulatory
elements within a single TAD (Dixon et al., 2012; Nora et al., 2012; Rao et al., 2014; Chang et al.,
2020).
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Accumulated evidence with real-time tracking of chromatin loci
in live cells indicates that dynamics of chromatin are related to gene
expression regulation, rather thanmere thermal motions in the cell
nucleus (Babokhov et al., 2020). Given the fact that molecular
components for transcription, such as RNA polymerases,
transcription factors, and the chromatin architectural proteins
along with chromatin fibers, are physical entities with masses
and volumes, the mobility of chromatin should be altered by
their interactions for transcriptional controls.

Here, we investigated how alterations in physical properties of
chromatin, rigidity, and volume confinement, influence
chromosome dynamics in human cells. We found chromosome
movements are directly affected by changes in physical properties
of chromatin by calculating diffusion constants with single locus
tracking in live-cell nuclei. Because themovement of chromosomes
is heterogenous in the living cell nucleus, we statistically measured
the motions of each chromosome by labeling telomere loci with a
CRISPR/dCas9-based labeling system (Hilbert et al., 2021).

RESULTS

Fluorescently Labeling Chromosome via
Telomeres for Single Locus Tracking
To label specific chromatin loci within a single cell nucleus, we
adopted CRISPR/dCas9-based labeling system which allows us to

stably label specific DNA sequences by using nuclease-
deactivated Cas9 (dCas9) with a small guide (sg) RNA (Chen
et al., 2013; Gu et al., 2018). To visualize DNA regions, dCas9
fused with fluorescent protein is guided to the specific sites by
sgRNAs which often target multiple nearby sequences to achieve
a signal-to-noise ratio above a background fluorescence intensity.
However, there is a limitation that a robust way to express
multiple sgRNAs in the cell has not been established.
Although a method to insert multiple sgRNAs in a single
expression vector has recently been introduced, it requires a
thorough optimization process to validate functional sgRNAs
in the vector (Gu et al., 2018). Hence, one convenient way to label
chromatin is by targeting telomere sequences which consist of
repeated sequences conserved across different chromosomes
(Moyzis et al., 1988). By targeting telomeres, we could label
multiple genomic sites with a single sgRNA in the cell nucleus
(Figure 1A).

We expressed the sgRNA targeting human telomere regions
along with a fluorescent protein, mCherry, fused dCas9 in HeLa
cells (Figure 1B). Fluorescence imaging with highly inclined
and laminated optical (HILO) sheet illumination could capture
telomere loci in the nucleus. We continuously imaged the
telomere loci for 2 minutes and analyzed each trajectory of
the locus to calculate diffusion constants (Figure 1C). We
found most of the chromatin movements show confined
diffusions.

FIGURE 1 | Single chromatin locus tracking and diffusion analysis. (A) A schematic representation of CRISPR/dCas9-labeling on telomere sequences. (B) A
representative image of fluorescently labeled chromatin loci in a living cell nucleus. The scale bar represents 5 μm. (C) Examples of single locus tracking for diffusion
analysis. (D) AveragedMSD-t plots for each time interval in live cells under normal culture media (N = 34 cells, n = 520 trajectories), DMSO treatment (N = 32 cells, n = 653
trajectories), and fixed cells (N = 32 cells, n = 575 trajectories). (E,F) Distributions of diffusion constants for individual trajectories in (E) fixed cells and (F) normally
cultured cells.
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Diffusion Analysis of Chromosome
Movement
We plotted averaged mean square displacement (MSD) over time
from trajectories for diffusion analysis -is normally cultured Hela
cells (Figure 1D). We note that we collected more than 200
trajectories from at least 20 cells for each experimental condition
throughout this study to secure statistical significance.

Since chromatin is a relatively long polymer within a confined
space, we fitted the MSD-t plot with the anomalous diffusion
equation, 4Dtα, for two-dimensional motions. We found an
apparent diffusion constant from all over the trajectories, Dapp

was 3.33 (±0.001, s. e.) x 10–3 μm2/s with an anomalous coefficient
α = 0.292 (±0.004, s. e.) (Supplementary Figure S1, Table S1).
We could not observe any significant changes under dimethyl
sulfoxide (DMSO), a solvent for reagents in the following
experiments. We next analyzed fluctuations of the chromatin
loci in fixed cells to check the thermal diffusion constant, which is
measured as 0.101 (N.S.) × 10−3 μm2/s. We performed fixed cell
imaging under the same condition used for live cell imaging.

A distribution of Dapp from individual trajectories under the
normal condition, however, showed a multimodal distribution
compared to a distribution from fixed cells (Figures 1E,F; Table
S2). We fitted the distribution with triple Gaussian peaks,
assuming that the multimodal distribution of Dapp is due to
mixed trajectories from 1) a global long-range movement of
chromatin (Dfast), 2) a local movement of chromatin loci
(Dslow), and 3) an immobilized portion with thermal

fluctuation under the imaging condition (Dfixed). (Chen et al.,
2013; Gu et al., 2018). For fitting with triple Gaussian peaks, we
fixed the diffusion constant of thermal fluctuation as Dfix = 0.73
(±0.06, s. e.) × 10−3 μm2/s obtained from fixed cells, since we
performed all imaging under the same condition (Figure 1F).

Effects of Transcriptional Perturbations on
Chromosome Movement
We next sought to test the effects of transcription activity on
chromatin dynamics with known transcription inhibitors;
triptolide, 5,6-Dichloro-1-β-d-ribofuranosyl-benzimidazole
(DRB), flavopiridol, alpha-amanitin, and actinomycin D,
which act at different steps during transcription. Triptolide is
an inhibitor for blocking transcription initiation, which
covalently binds to X-box binding protein 1 (XBP1), one of
the two helicase subunits of an initiation transcription factor
Transcription factor II Human (TFIIH) (Titov et al., 2011).
Flavopiridol and DRB inhibit transcription at the elongation
step by inhibition of positive-transcription elongation factor b
(P-TEFb) (Chao and Price, 2001; Peterlin and Price, 2006).
Alpha-amanitin and actinomycin D are global transcription
inhibitors by specifically binding to a catalytic active site of
RNA polymerase II and intercalating into DNA at GpC sites,
respectively (Kirk, 1960; Jacob et al., 1970).

Under treatment of each transcription inhibitor, we measured
the apparent diffusion constant (Figure 2A). Interestingly, we

FIGURE 2 | Effects of transcription inhibitors. (A) Averaged MSD-t plots for each time interval is normally cultured cells and transcription inhibitor treated cells.
(triptolide, N = 27 cells, n = 633 trajectories; DRB, N = 22 cells, n = 370 trajectories; flavopiridol, N = 30 cells, n = 501 trajectories; a-amanitin, N = 33 cells, n = 671
trajectories; actinomycin D, N = 33 cells, n = 633 trajectories) (B) Percentages of diffusion constant components from multimodal Gaussian fittings for each condition.
(C–G) Distributions of diffusion constants for individual trajectories in cells treated with triptolide, DRB, flavopiridol, a-amanitin, and actinomycin D, respectively.
Green lines represent fitting with triple Gaussian peaks for the entire distribution. Pink, blue, and black lines represent single Gaussian portions for fast, slow, and fixed
diffusions, respectively.
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observed a consistent increase in chromatin mobility for most
transcription inhibitors we used, except for actinomycin D. We
confirmed that the effect of a transcription inhibitor is general in
another cell line, HEK293 (Supplementary Figure S2). The
MSD-t plot for actinomycin D treatment showed a drastic
decrease in the chromatin movements. These results imply
that transcription restrains the mobility of chromatin.
However, the inconsistent results from actinomycin D
treatment may be due to the difference mechanisms for
transcription inhibition because actinomycin D intercalates
into DNA all over the chromatin, unlike other transcription
inhibitors which merely target specific transcription factors.

We further checked multimodal distributions of diffusion
constants for each inhibitor and represented the results of
multiple Gaussian fitting as bar graphs for comparison
(Figure 2B). We fitted the distributions with a triple Gaussian.
However, if triple Gaussian fitting is failed, we fitted with double
Gaussian without a peak failed for triple Gaussian peaks (Figures
2D–G). For example, a fitting with triple Gaussian peaks for DRB
treatment failed for Dfixed, then we fitted the distribution with
double Gaussian peaks without the Dfixed peak (Supplementary
Figure S3).

We found a consistent increase in a portion of Dfast and a
decrease in a portion of Dslow for inhibitors that target
transcription factors (Figures 2B–G). These results indicate
that the inhibition of transcription promotes global
movements of chromatin by removing domestic constraints,

such as the disassociation of transcription factors from
chromatin so that it gives more flexibility to chromatin. Under
these conditions, the Dfixed portion disappeared.

On the other hand, the treatment of actinomycin D showed a
completely different distribution (Figures 2B,G). Under
actinomycin D treatment, the Dfast portion disappeared, while
Dfixed was dominantly increased. We speculate this result may be
due to an increase in chromatin rigidity induced by the effect of
DNA intercalation.

Effects of DNA Intercalators on
Chromosome Movement
Based on the result of actinomycin D treatment, we tested other
DNA intercalators; Hoechst and DRAQ5, which are fluorescent
DNA staining dyes usable for live cell imaging. Consistent with the
result of actinomycin D treatment, MSD-t plots for Hoechst and
DRAQ5 showed a decrease in chromatin motions (Figure 3A).

FIGURE 3 | Effects of DNA intercalators. (A) Averaged MSD-t plots for
each time interval is normally cultured cells and DNA intercalator treated cells.
(Hoechst, N = 20 cells, n = 293 trajectories; DRAQ5, N = 20 cells, n = 262
trajectories) (B) Percentages of diffusion constant components from
multimodal Gaussian fittings for each condition. (C,D)Distributions of diffusion
constants for individual trajectories in cells treated with Hoechst and DRAQ5,
respectively. Green lines represent fitting with triple Gaussian peaks for the
entire distribution. Blue and black lines represent single Gaussian portions for
slow and fixed diffusions, respectively.

FIGURE 4 | Effects of osmotic pressure. (A) Averaged MSD-t plots for
each time interval under the normal condition and osmotic pressures (1% 1,6-
hexanediol, N = 31 cells, n = 314 trajectories; 10% PEG200, N = 20 cells, n =
231 trajectories; 30% PEG200, N = 20 cells, n = 302 trajectories). (B)
Percentages of diffusion constant components from multimodal Gaussian
fittings for each condition. (C–E) Distributions of diffusion constants for
individual trajectories in cells treated with 1% 1,6-hexanediol, 10% PEG200,
and 30% PEG200, respectively. Green lines represent fitting with triple
Gaussian peaks for the entire distribution. Blue and black lines represent
single Gaussian portions for slow and fixed diffusions, respectively.
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Results of multiple Gaussian fitting for the distributions of
diffusion constants for the intercalators were also in agreement
with the result of actinomycin D treatment (Figures 2B,G;
Figures 3B–D). Dfast disappeared, while Dfixed was drastically
increased. Taken together, these results imply that DNA
intercalators may increase the rigidity of chromatin so which
causes a reduction in the global mobility of chromosomes. Slight
differences in portions of Dfixed and Dslow for each intercalator
may be due to differences in intercalating mechanisms for
different intercalators (Almaqwashi et al., 2016a; Almaqwashi
et al., 2016b).

Effects of Cellular Osmotic Pressures on
Chromatin Motions
Recent microscopy techniques that interrogate liquid properties
of biomolecular condensates have captured subnuclear
membraneless organelles that undergo liquid-liquid phase-
separation (LLPS) for their formations (Hyman et al., 2014;
Banani et al., 2017; Sabari et al., 2020). RNA Polymerase II
and essential transcription factors also have been verified to
form a cluster with liquid properties, which is so-called a
transcriptional condensate (Cho et al., 2018; Sabari et al., 2018).

Especially, the transcriptional condensates and nuclear
speckles, which are comparably abundant subnuclear
organelles, are known to be functional for gene expression

regulation on active genes in the processes of transcription
and splicing, respectively. Given that chromatin is where genes
are located, those organelles also could be physical constrains for
chromatin mobility. The condensates are thought to be formed by
cooperative interactions of nucleic acids and proteins that contain
intrinsically disordered regions (IDRs). Hydrophobic interaction
is considered one of the key driving forces for condensation
(Hyman et al., 2014).

To perturb the condensates, we tested 1,6-hexanediol which is
known to disrupt hydrophobic interactions among biomolecules
(Cho et al., 2018; Sabari et al., 2018). Although we hypothesized
that the disruption of condensates may increase chromatin
movements by removing physical constraints, 1,6-hexanediol
treatment decreased the chromatin motion (Figure 4A).

With this result, we speculated that osmotic pressure on the
cells caused by 1,6-hexanediol treatment may affect chromatin
movements. To test this effect, we exposed the cells to hypertonic
buffers composed of polyethylene glycol (PEG) molecules. We
observed a drastic decrease in chromatin motions proportional to
the concentration of PEG (Figure 4A, Supplementary Figure
S2). Checking multimodal distributions of diffusion constants, as
osmotic pressure increases the portion of Dfixed becomes
dominant (Figures 4B–E). Reduced mobility of chromatin is
thought to be due to nuclear volume reduction under osmotic
pressure.

Effects of Chromatin Architectural Proteins
on Chromatin Motions
Regarding our previous observation, we hypothesized that
increasing nuclear volume may promote chromatin motion by
allowing more space for movements. Rather than changing the
volume of the nucleus itself, we decided to induce chromatin
packing with chromatin architectural proteins, CCCTC-binding
factor (CTCF), and Cohesin, which can indirectly increase the
nuclear space for the chromatin mobility.

With advanced 3C-based genome-wide sequencing techniques
combined with chromatin immunoprecipitation (ChIP), it has
been found that CTCF and Cohesin are enriched at the most
(not all) of TAD boundaries, indicating that the chromatin loops
are formed by those mechanical units (Dekker and Mirny, 2016;
Symmons et al., 2016; Nora et al., 2017; Rowley and Corces, 2018).
Recent studies with in vitro real-time single-molecule assays have
shown that CTCF and Cohesin indeed create chromatin loop
structures, through the loop-extrusion mechanism. In detail, the
ring-shaped Cohesin entraps and extrudes chromatin until it
encounters a convergently oriented chromatin-bound CTCF
pair (Sanborn et al., 2015; Fudenberg et al., 2016; Ganji et al.,
2018). Based on this mechanism, Cohesin extrudes chromatin
fibers as a molecular motor, and CTCF determines the boundaries
of the loops.

To test the effects of chromatin architectural proteins on
chromatin movements, we overexpressed CTCF and RAD21, a
subunit of the Cohesin complex, independently in the cells. As we
expected, CTCF did not show a significant change in the mobility
of chromatin, meaning that the boundary element CTCF itself
does not influence the chromatin packing (Figure 5A). On the

FIGURE 5 | Effects of chromatin architectural protein overexpression.
(A) Averaged MSD-t plots for each time interval under the normal condition
and with overexpression of CTCF and RAD21. (CTCF, N = 32 cells, n = 449
trajectories; RAD21, N = 45 cells, n = 566 trajectories) (B)Percentages of
diffusion constant components from multimodal Gaussian fittings for each
condition. (C,D)Distributions of diffusion constants for individual trajectories in
cells treated with CTCF and RAD21 overexpression, respectively. Green lines
represent fitting with triple Gaussian peaks for the entire distribution. Pink and
blue lines represent single Gaussian portions for fast and slow diffusions,
respectively.
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contrary, the overexpression of RAD21 increased chromatin
mobility, suggesting that Cohesin mainly causes chromatin
loop formations that lead to chromatin packing. As a result,
the effective volume for the chromatin movement is increased as
if the nuclear space is widened.

The multimodal distributions of diffusion constants also
showed the aspect (Figures 5A–C). The portion of Dfast has
increased for the overexpression of RAD21, indicating that the
long-range movement of chromatin becomes more frequent.

We further performed knockdown experiments on CTCF and
Rad21. As expected, knockdown of CTCF did not significantly
alter chromatin mobility. However, the knockdown of Rad21 still
increased chromatin mobility. We speculate this result might be
due to that knockdown of Rad21 seems to have a greater effect on
reducing rigidity and making chromatin more flexible than the
effect of reducing effective volume, similar to the results of
transcription inhibitors (Supplementary Figure S4).

DISCUSSION

The genetic material, DNA which is wrapped into chromatin
fibers, is a physical entity in a finite space, the nucleus. The
physical properties of chromatin, therefore, are linked to gene
expression regulation (Figure 6). We investigated how physical
perturbations alter chromatin dynamics in this study.

We tested various chemicals that can inhibit transcription or
that can intercalate into the DNA double helical structure
inducing increased chromatin stiffness. We observed that
transcription inhibitors increased chromatin mobility while
DNA intercalators drastically reduced chromatin motions.
These opposite responses of the chromatin mobility to
different chemicals may indicate the same physical
consequence; transcription machinery affected by the
transcription inhibitors apply physical constraints by forming
chromatin loops and repressing the movements of chromatin.
Thus, inhibiting transcription should induce increased flexibility
in chromatin structures. On the other hand, DNA intercalators
stuck between bases in DNA make the chromatin more rigid.

Upon the treatment of osmotic agents to the cells, we found the
declined motions of chromatin. Osmotic pressure with a
hypertonic solution to the cell causes an outward flow of water
molecules across the nuclear membrane, with shrinking volume to
adjust concentrations in and out of the nucleus (Finan and Guilak,
2010). The reduced chromatin mobility could be a result of the
volumetric effect or increased viscosity in the nucleus. We further
tested whether inducing chromatin packing shows the same result.
With the overexpression of chromatin architectural proteins,
CTCF and RAD21, we observed increased chromatin mobility
with RAD21 overexpression, but not with CTCF. These results are
inconsistent with the molecular functions of each protein. During
chromatin loop formation, the cohesion complex creates loops

FIGURE 6 | Schematic summary of effects of physical perturbations on chromosomes. The movement of a chromosome is affected by the physical properties of
chromatin fibers, rigidity, and volume confinement. Transcription factors associated with chromatin and DNA intercalators make chromatin more rigid. Osmotic pressure
and chromatin compaction by chromatin architectural proteins reduce effective nuclear space for chromosome movements.
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through the loop extrusion mechanism, and CTCF acts as anchors
of the loops. Thus, CTCF cannot directly influence the chromatin
loop formation while cohesion can promote more chromatin loop
formation which results in the compaction of chromatin volume,
which gives more spaces for chromatin motions in the nucleus.

Taken together, our experiments perturb the physical
properties of chromosomes and showed alterations in the
physical environment directly influence the chromosome
motions, which is also related to transcriptional activities.
Since we measured the motions of chromosomes with
telomere regions, which may not fully represent chromosome
movements, additional measurements from the movements of
whole chromosomes should be required to confirm our
conclusions in a further study.

METHODS

Cell Culture
The human cervical cancer cell line HeLa (Korean Cell Line Bank
# 10002) was cultured in Dulbecco’s modified Eagle medium
(DMEM) with high glucose, devoid of phenol red (Gibco,
#31053028), supplemented with 10% fetal bovine serum (FBS)
(Gibco, #12483020), 1% antibiotic-antimycotic (Gibco,
#15240062), 1% GlutaMAX™ supplement (Gibco, #35050061),
and 1% sodium pyruvate (Gibco, #11360070). Cells were cultured
at 37°C and 5% CO2 in a humidified incubator. Cell lines were
periodically tested for Mycoplasma contamination using the
e-MycoTM Mycoplasma PCR Detection kit (iNtRON).

Fluorescence Imaging With Telomere
Labeling
For live cell imaging, cells were imaged in DMEM with high
glucose, devoid of phenol red, supplemented with 10% FBS and
1% antibiotic-antimycotic. Before imaging, cells were cultured in
35-mm glass-bottom dishes (SPL-confocal dish, #100350) until
80% confluency was reached. For telomere labeling, cells were
transfected with 300 ng of SpydCas9-3XmCherry-SgRNA/
Telomere-All-in-one vector (Addgene, #85717) and 1,500 ng of
SpySgRNA/DTS13-Telomere (Addgene, #85715) using
FuGENE® HD Transfection Reagent (Promega, #E2311) in a
ratio of 1:5 (Pawluk et al., 2016). Cells were imaged at 37°C and
5% CO2 in a microscope stage-top incubator.

For fixed cell imaging, the culture medium was exchanged
with 4% paraformaldehyde (PFA) (Biosensang,#PC2031-100-00)
after washing with Dulbecco’s phosphate buffered saline (DPBS)
(WELGENE, #LB001-02). After 10 min incubation at room
temperature, PFA was exchanged with 1x PBS. To completely
remove PFA, cells were incubated in DPBS for 5 min, and this
process was repeated three times.

Transcription Inhibitor Treatment
Cells were cultured in 35-mm glass-bottom dishes before treatment
with transcription inhibitors. For each transcription inhibitor, cells
were incubated for 2 h under actinomycin D (Sigma-Aldrich,
#A1410), 100 μM 5,6-Dichloro-1-β-D-ribofuranosylbenzimidazole

(DRB) (Sigma-Aldrich, #D1916), 5 μM α-amanitin (Sigma-Aldrich,
#23109-05-9), 10 μM flavopiridol (Sigma-Aldrich, #F3055), and
125 nM triptolide (Sigma-Aldrich, #T3652) diluted in dimethyl
sulfoxide (Sigma-Aldrich, #D8418), respectively, before imaging.

DNA Intercalator Treatment
Cells were cultured in 35-mm glass-bottom dishes before treatment
of DNA intercalators. For each DNA intercalator, cells were
incubated for 2 h under 2 μM actinomycin D (Sigma-Aldrich,
#A1410), for 10 min under 5 μM DRAQ5 (Abcam, #ab108410)
and 9 μM Hoechst (Thermo Fisher Scientific, #62249).

Osmotic Agent Treatment
Cells were cultured in 35-mm glass-bottom dishes before treatment
with osmotic agents. Cells were treated with 1% (wt/vol) 1,6-
hexanediol (Sigma-Aldrich, #240117) for 5 min, with 10%, 30%
(wt/vol) Polyethylene glycol (PEG200) (Sigma-Aldrich, #P3015)
for 5 min, before imaging on the microscope stage.

Overexpression of Chromatin Architectural
Proteins
For expression of chromatin architectural proteins, CTCF or RAD21
(a subunit of cohesion complex), 1 µg of pKS070-pCAGGS-
3XFLAG-(human)CTCF-eGFP (Addgene, #156448), and 1 µg of
Dendra2-Rad21-C-18 (Addgene, #57737) expression vectors were
transfected to the cells for each experiment. We confirmed the
expression of each protein in cell nuclei, with GFP signals for CTCF
and Dendra2 signals for RAD21, respectively. We imaged and
collected data from fluorescence positive cells.

Microscopy With Highly Inclined and
Laminated Optical Illumination
Cell imaging was performed with highly inclined and laminated
optical (HILO) illumination from a Nikon TIRF microscope based
on the Nikon Eclipse Ti microscope body. For detections of
telomere loci, mCherry was excited with a built-in 561 nm laser
in the microscope. Images were acquired through a 100X objective
lens of 1.49 numerical aperture (Nikon, Plan Apochromat TIRF
100x oil-type) with the electron multiplying charge coupled device
(EMCCD) (Andor, iXon Ultra 897), and processed using the NIS-
Elements software (Nikon). For streaming image acquisition,
snapshots were taken every 100 ms for 2 min. Image analysis
was performed using ImageJ scripts and custom-built MATLAB
codes for mean square displacement calculation.

Single Locus Tracking
Image analysis was performed using ImageJ scripts and custom-
built MATLAB codes for mean square displacement calculation.
Single locus tracking was performed by an ImageJ plugin-in
software, TrackMate. Each fluorescent locus per frame was
identified by Laplacian Gaussian fitting with an LoG detector
in the TrackMate. Background noise was minimized by the LoG
detector which is based on applying an LoG filter on each image
and detecting local maxima. 2D trajectories of X-Y coordinates
over time for each particle were obtained.
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MSD Calculation
For telomere movement analysis, single particle analysis was
performed using a custom-built MATLAB code. MSD
equation was used to measure the characteristic of diffusion
with time-dependent trajectory information of each particle.
The mean square displacement (MSD) was obtained through
this formula if we know the X-Y coordinates and time interval in
2D for each frame in the trajectory we obtained and the number
of total frames. We calculated MSD-values for each individual
track using a method previously reported (Qian et al., 1991;
Saxton, 1997) where MSD (nΔt) for a given time lag (nΔt) is
defined as an average over all points for the given time lag,

MSD(nΔt) � 1
N − n

∑
N−n

i�1
[x(i + n) − x(i)2] + [y(i + n) − y(i)]2,

where N represents the length of trajectory and Δt the time delay
between frames (Weimann et al., 2013).

Plotting MSD-time curve was performed using the custom-
built MATLAB code. The MSD of particles tracked for more than
20 s were collected and averaged over time to obtain an ensemble
MSD graph. For estimation of a diffusion coefficient (D) and an
anomalous diffusion parameter (α), MSD-t plots were fitted by
4Dtα, for two-dimensional motions.
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Nuclear Localization Signals for
Optimization of Genetically Encoded
Tools in Neurons
Maksim M. Karasev1, Mikhail Baloban2, Vladislav V. Verkhusha1,2 and
Daria M. Shcherbakova2*

1Medicum, Faculty of Medicine, University of Helsinki, Helsinki, Finland, 2Department of Genetics and Gruss-Lipper Biophotonics
Center, Albert Einstein College of Medicine, Bronx, NY, United States

Nuclear transport in neurons differs from that in non-neuronal cells. Here we developed a
non-opsin optogenetic tool (OT) for the nuclear export of a protein of interest induced by
near-infrared (NIR) light. In darkness, nuclear import reverses the OT action. We used this
tool for comparative analysis of nuclear transport dynamics mediated by nuclear
localization signals (NLSs) with different importin specificities. We found that widely
used KPNA2-binding NLSs, such as Myc and SV40, are suboptimal in neurons. We
identified uncommon NLSs mediating fast nuclear import and demonstrated that the
performance of the OT for nuclear export can be adjusted by varying NLSs. Using these
NLSs, we optimized the NIR OT for light-controlled gene expression for lower background
and higher contrast in neurons. The selected NLSs binding importins abundant in neurons
could improve performance of genetically encoded tools in these cells, including OTs and
gene-editing tools.

Keywords: nuclear localization signal, nuclear transport, importins, neurons, optogenetic tools, near-infrared

INTRODUCTION

Neurons are highly specialized cells that perform integration of input signals at individual synapses
and require communication between distant parts of the cell with its soma containing the nucleus.
Therefore, nuclear transport is also specialized. In neurons, importins transport proteins from
synapses along axons and dendrites to the nucleus, in addition to active nuclear import in the soma
(Lever et al., 2015).

Optogenetic tools (OTs) allow control of cellular processes at a precise time and spatial location
defined by instigators. Non-opsin OTs are used for light-induced protein-protein interactions,
protein degradation, and activation of signaling cascades, etc. (Ma et al., 2017; Rost et al., 2017;
Varady and Distel, 2020). The functionality of some of these tools depends on nuclear transport and,
therefore, may vary in different cell types.

Interaction of nuclear localization signals (NLSs) with nuclear transport receptors,
karyopherins, is required for active nuclear transport (Cautain et al., 2015; Eibauer et al.,
2015). The karyopherin protein family consists of two subfamilies: karyopherin-α (KPNA,
importins) and karyopherin-β (KPNB, importins, exportins, and bidirectional transporters)
(Cautain et al., 2015). The human genome encodes seven KPNA isoforms, which are classified
into clades or families α1, α2, and α3 (Goldfarb et al., 2004; Kelley et al., 2010). KPNA isoforms
demonstrate substrate preference (Köhler et al., 1999; Pumroy and Cingolani, 2015; Kimura et al.,
2017), however, there are functional redundancies in cargo binding specificity (Ushijima et al.,
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2005; Friedrich et al., 2006; Mackmull et al., 2017). The
expression of karyopherins varies across different cell and
tissue types, and developmental stages (Quan et al., 2008;
Pumroy and Cingolani, 2015).

Classical NLSs, such as SV40 large T antigen NLS and Myc
NLS, bind KPNA leading to a formation of a complex KPNB1-
KPNA-[NLS-cargo], which translocates through the nuclear pore
to the nucleus (Cautain et al., 2015). Non-classical NLSs bind
KPNB directly without interacting with KPNA (Chook and Süel,
2011). The most studied example of them is the so-called PY-NLS
group that is recognized by TNPO1 (Chook and Süel, 2011).

Several factors influence nuclear import: NLS affinity
(Efthymiadis et al., 1997; Xiao et al., 1998; Hodel et al., 2006;
Timney et al., 2006; Yang et al., 2010), amino acids surrounding
NLS (Xiao et al., 1998; Friedrich et al., 2006), protein
phosphorylation (Nardozzi et al., 2010), and protein cargo size
(Hodel et al., 2006; Böhm et al., 2017). NLS affinity directly
correlates with the cargo distribution between the nucleus and the
cytoplasm (nucleocytoplasmic ratio) in steady-state, as well as
with the rate of nuclear import.

Several non-opsin OTs utilize light control of nuclear
localization to regulate the activity of proteins by keeping
them inaccessible in the dark and releasing them under
illumination (Di Ventura and Kuhlman, 2016). These tools use
different light-sensing protein modules. Red-light (660 nm)
controlled heterodimeric protein-protein interaction between
plant PhyB photoreceptor and its interacting protein PIF were
adapted for light-induced nuclear translocation of a protein of
interest (Beyer et al., 2015; Juillot et al., 2016; Noda and Ozawa,
2018). The limitations of PhyB-PIF are a requirement to supply
exogenous chromophore phycocyanobilin and high light
sensitivity to dim ambient light complicating system handling
(Pathak et al., 2014).

Several single-component blue-light sensing OTs for nuclear
transport were engineered based on the AsLOV2 domain from
Avena sativa phototropin 1. In these tools, an NLS or a nuclear
export signal (NES) was incorporated into the C-terminal Jα helix
of AsLOV2 to make them inaccessible in the darkness and
“uncaged” under illumination when the Jα helix is undocked
and unfolded (Niopek et al., 2014, 2016; Yumerefendi et al., 2015,
2016). Example applications of these OTs include light control of
mitosis initiation (Niopek et al., 2014), gene expression (Niopek
et al., 2014, 2016; Yumerefendi et al., 2015, 2016), light control of
CRM1 binding NES to prevent nuclear export of cargoes (Niopek
et al., 2016). AsLOV2 provides advantages of relatively small size
(app. 16 kDa) and usage of flavin chromophores that is
ubiquitously present in many cell types. The main limitation
of the AsLOV2-based systems is the requirement for blue light. In
addition to poor penetration in tissues (Rumyantsev et al., 2016),
blue light is toxic (Marek et al., 2019) and can alter neurons
morphology (Diaz Vera et al., 2021) and physiology by activating
the expression of immediate-early genes (Tyssowski and Gray,
2019).

Near-infrared (NIR) light above 700 nm is minimally toxic,
penetrates deep in tissue (Rumyantsev et al., 2016), and does not
influence the behavior of small animals, which cannot see it
(Peirson et al., 2018). As a light-sensing module, NIR OTs use

bacterial phytochrome photoreceptors incorporating
endogenously available chromophore biliverdin (BV). Bacterial
phytochrome BphP1 from Rhodopseudomonas palustris senses
720–780 nm. In the darkness, BphP1 adopts the Pfr state
(inactive) with the absorbance maximum at 760 nm. Upon
illumination, it undergoes photoconversion into the Pr state
(active) with the absorbance maximum at 680 nm. In the Pr
state, it binds PpsR2 (Kaberniuk et al., 2016) or its small
engineered derivative QPAS1 (Redchuk et al., 2017).
BphP1 was used in several OTs for the regulation of
transcription (Kaberniuk et al., 2016; Redchuk et al., 2017,
2018b, 2018a), intracellular protein targeting (Redchuk et al.,
2017; 2018b; 2018a, 2020), and cell signaling control (Kaberniuk
et al., 2016; Redchuk et al., 2020). Non-invasive control of
bacteriophytochome-based OTs was demonstrated in living
mice (Kaberniuk et al., 2016; Shao et al., 2017; Fomicheva
et al., 2019; Wu et al., 2020; Wang et al., 2021; Yu et al.,
2022). The functionality of light-induced BphP1-QPAS1
interaction was also shown in primary neurons (Redchuk
et al., 2018b).

In this study, we developed a NIR light-controlled OT for
nuclear export of a protein of interest. Using this OT, we
identified a difference in nuclear transport dynamics for
widely used Myc NLS in primary cortical neurons and non-
neuronal cells. Therefore, we further applied this OT to study the
nuclear transport dynamics of uncommon NLSs with various
importin specificities. We found NLSs that allow fast nuclear
import in neurons and showed that the performance of the NIR
OT for nuclear export can be adjusted. Using selected NLSs, we
optimized a NIR light-activated gene expression system for lower
background and higher contrast in neurons.

RESULTS

Development of an OT for NIR
Light-Controlled Nuclear Export
As a light sensing module, we used a BphP1-QPAS1 pair
interacting under 720–780 nm illumination (Figure 1A). We
screened NLS and NES combinations in the two protein
fusions corresponding to the nuclear component (NC)
carrying a cargo protein of interest and the cytoplasmic
component (CC) in 293T and HeLa cells. As a model cargo,
we used mCherry fused with M13 calmodulin-binding peptide
and a fragment of split tobacco etch virus protease.We tested a set
of Myc NLS mutants that differed in affinity to importin a (Hodel
et al., 2001) (Figure 1B) in combination with NES signals: strong
Super-PKI-2 NES (Güttler et al., 2010) and weaker NES of HIV-1
Rev (Fischer et al., 1995).

Initially, we aimed to develop the CC that would shuttle
between the nucleus and the cytoplasm and pull the NC to
the cytoplasm upon illumination. We tried both members of
the BphP1-QPAS1 optogenetic pair as the NC and the CC.
Bulkier BphP1 (80 kDa) fused to cargo as the NC (102 kDa)
should not diffuse to the cytoplasm (Supplementary Figure
S1A). We identified a combination that resulted in partial
relocalization of the BphP1-containing NC to the cytoplasm
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under light (Supplementary Figure S1B). The working QPAS1-
based CC variants contained weaker MycA7 and MycA5 NLSs.
Still, this relocalization was inefficient (Supplementary Figure

S1C). We did not observe any relocalization with the CC variant
with no NLS, which indicates that shuttling of the QPAS1-based
CC component is critical.

FIGURE 1 | Development of a NIR OT for light-controlled nuclear export. (A) Schematic representation of the BphP1-QPAS1 NIR light-induced interaction. (B) A
selected range of Myc NLS mutants with measured affinities to importin a with deleted importin ß-binding domain (ΔIBB) (Hodel et al., 2001) (n = 10). (C) Model of
interaction for the NIR OT design with the QPAS1-based nuclear component (NC) and the BphP1-based cytoplasmic component (CC). In darkness, the NC is
sequestered in the nucleus with its negligible amount diffusing to the cytoplasm. Under illumination, it re-localizes to the cytoplasm through interaction with the CC
that contains strong NES. In darkness, the NC:CC complex dissociates, and the NC is imported back to the nucleus. (D) Representative images of the mCherry-labeled
NC obtained with widefield microscopy in living HeLa cells. Points before illumination, after 30 min of 740 nm light illumination, and after subsequent 30 min in darkness
are shown. Scale bar, 10 μm. (E)Quantification of relative nuclear fluorescence of the NC for the NC-CC combinations displayed on (D). Mean values for individual cells ±
S.E.M. were calculated (n = 10). Statistical significance was determined using one-way ANOVA and Tukey’s test. ****p < 0.0001. SP2—Super-PKI-2 NES; HIV—HIV-1
Rev NES.
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Alternatively, we used the BphP1-based CC and the NC
containing QPAS1 fused to NLS and the cargo (Figure 1C).
In this setup, we used strong NES and weak or no NLS on the
large BphP1-containing CC (86 kDa) and the strong NLSs on the
smaller diffusing NC. We found that the NC size at the border of
the diffusion limit (67 kDa) enabled both 1) its sequestration in
the nucleus and 2) its diffusion to the cytoplasm. Under
illumination, the NC efficiently re-localized to the cytoplasm
(Figures 1D,E) through interaction with the BphP1-containing
CC. The NC variants containing MycA9 and weaker
MycA1 NLSs relocalized similarly (Figure 1E) in combination
with the CC with strong Super-PKI2 NES. We found that
removing NLS entirely from the CC did not influence the
performance (Supplementary Figure S2). This indicates that
the diffusion of the NC, not the shuttling of the CC, is the
main mechanism behind the light-induced NC relocalization
(Figure 1C). In darkness, BphP1 released the QPAS1-
containing NC that returned to the nucleus. The final OT
contained QPAS1 fused with the cargo and a strong
MycA9 NLS as the NC and BphP1 fused with a strong Super-
PKI2 NES with (or without) attached weak MycA1 NLS as
the CC.

Nuclear Transport Dynamics in Neuronal
and Non-neuronal Cells
We compared the kinetics of the nuclear transport obtained with the
NIR OT in HeLa and primary rat cortical neuronal cultures

(Figure 2). We detected relocalization of the mCherry-labelled
NC in live cells. Upon illumination, the NC was efficiently
exported in both cell types. The estimated export half-times (τ1/2)
for HeLa and neurons were 5.05 and 5.18 min, respectively (Figures
2A,B). Then we compared the kinetics of nuclear import in
darkness. We observed a significant difference in the NC nuclear
import rates between HeLa and neurons (Figures 2C,D). The
estimated import half-time for primary neurons was 27.28 min,
which is almost twice higher than for HeLa (τ1/2 = 15.05 min).
Besides the nuclear import, these measured half-times include the
relatively short time needed for QPAS1 release from BphP1 [the
BphP1-QPAS1 dissociation was measured as ~4.4 min in darkness
(Redchuk et al., 2017)].

Selection of Uncommon NLSs Mediating
Fast Nuclear Transport in Neurons
To find a reason for a difference in nuclear import kinetics, we
turned to available data on expression levels of importin a
isoforms in neuronal and non-neuronal cells. Transcriptome
analysis of neuronal tissue showed a strikingly low level of
transcripts for two importins forming clade α2: KPNA2 and
KPNA7 (Hodge et al., 2019) in cortical neurons (Figure 3A).
Lower or absent expression of KPNA2 in mice neural tissue also
was shown in an earlier study (Hosokawa et al., 2008). At the
same time, the level of KPNA2 in baseline transcription profiling
data for HeLa was relatively high (Bekker-Jensen et al., 2017)
(Supplementary Figure S3).

FIGURE 2 | Nuclear transport dynamics in non-neuronal cells and neurons. (A,C) Representative images showing relocalization of the mCheery-labeled NC in
HeLa and primary rat cortical neurons (at days in vitro (DIV) 11) upon NIR (740 nm) light illumination (A) and subsequent darkness (C) captured with widefield
fluorescence microscopy in living cells. Scale bar, 10 μm. (B,D) Quantification of the NC relocalization dynamics corresponding to (A,C) respectively. Mean values ±
S.E.M. were calculated for individual cells (n = 20 each).
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It was shown that SV40 and Myc NLSs bind preferentially
KPNA2, less strongly KPNA1, and only weakly KPNA4
(Miyamoto et al., 1997; Nadler et al., 1997) and KNPA3
(Nachury et al., 1998). Interestingly, peptide library screening
showed that optimal sequences for binding to KPNA2 are very
close to SV40 NLS (Yang et al., 2010). KPNA2 preference and its
strikingly low expression level in neurons suggest an explanation
for a slower import of Myc NLS, and possibly related SV40 NLS,
compared to non-neuronal cells.

To find alternative NLSs that mediate fast and efficient nuclear
transport, we decided to test NLSs that have importin preferences
other than KPNA2. We searched the literature for short high-
affinity NLSs, which have been shown to work in fusion with
heterologous proteins. We selected five NLSs preferably binding
KPNA3, KPNA4, or TNPO1 (Figure 3B). First, the NLS of W
protein of Nipah virus (NiV W) preferentially binds KPNA4 and
KPNA3 with high affinity (KD is 14.4 nM for KPNA4) (Smith
et al., 2018). Second, the NLS identified as a 249–272 region of
methyl-CpG binding protein 2 (MeCP2) primarily binds
KPNA3 and KPNA4 (Baker et al., 2015). Then, NLSs of
heterogeneous nuclear ribonucleoprotein (hnRNP) D and
transporter associated with antigen processing (TAP) proteins
binding TNPO1 with KD values of 3.2 and 17 nM, respectively
(Imasaki et al., 2007). Finally, the N-terminal tail of histone
H3 was shown to bind seven importins with a preference for
TNPO1 and IPO5 with KD values of 77 and 57 nM, respectively
(Soniat and Chook, 2016; Soniat et al., 2016).

We tested selected NLSs for their nuclear transport dynamics
using the developed OT in live-cell imaging, as described above.

For faster turn-around, we first performed screening in
neuroblastoma N2a cells, which showed MycA9 import
kinetics close to that observed in neurons (Supplementary
Figure S4). All variants showed nuclear localization of
mCherry in darkness and its export to the cytoplasm upon
NIR light illumination (Figure 3C). This relocalization was
slightly less efficient for MeCP2 and NiV W NLSs. While
nuclear recovery of the QPAS1-cargo fusions in darkness was
inefficient within 40 min for MycA9 NLS (Figure 3C),
MeCP2 and NiV W showed almost complete re-localization
by this time point. hnRNP D and TAP NLS variants showed
partial nuclear recovery. The H3 NLS demonstrated almost no
recovery, thus, we excluded this variant from further tests.

Next, we tested these constructs in cultured primary cortical
neurons (Figure 3D). Again, MeCP2 and NiV W NLS variants
showed less efficient relocalization to the cytoplasm after
illumination, but more complete recovery at 30 min in
darkness. The hnRNP D NLS showed complete relocalization
to the cytoplasm but demonstrated slower recovery in darkness.
Relocalization and recovery for TAP NLS were slower than
observed in N2a and we excluded this NLS from further tests.

Characterization of the Selected
Uncommon NLSs in Neurons
Since it is known that importin localization may be influenced by
neuronal activity (Thompson et al., 2004; Jeffrey et al., 2009) we
tested light-mediated export and import of the NC containing
MycA9, MeCP2, NiV W, hnRNP D NLSs in silenced (1 µM

FIGURE 3 | Screening of NLSs with different importin specificities to improve nuclear import dynamics in neurons. (A) Neuronal tissue transcriptome profiling for
karyopherins built using Human Multiple Cortical Areas SMART-seq dataset (Hodge et al., 2019). Data for neuronal cells are grouped by importin gene. Bars represent
mean gene expression values (±SD) for all cortical neuronal sub-types determined by single cell gene expression profiling. (B) Schematics of three clades of human
importin a proteins and TNPO1 transporter from the importin ß family. Percentages of protein homology between importin a isoforms are specified (Goldfarb et al.,
2004; Kelley et al., 2010). Relative importin expression levels and selected NLSs specificities are indicated. (C,D) Representative fluorescent images of the mCherry-
labeled NC in living N2a cells (C) and cultured primary neurons at DIV 10 (D) expressing the NIR OT for light-controlled nuclear export with different NLSs. Points before
illumination and after 15 min of 740 nm light illumination at indicated time points are shown. Scale bar, 10 μm.
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tetrodotoxin (TTX)) (Figures 4A,C) or stimulated (50 µM
bicuculline (BIC)) neurons (Figures 4B,C). Only MycA9 NLS
showed a low but statistically significant difference demonstrating
smaller nuclear fluorescence recovery under TTX treatment
(Supplementary Figure S5A). This quantitative experiment
performed using confocal microscopy also reported
relocalization efficiencies of the OTs with selected NLSs
(Figure 4C). 30 min illumination resulted in the cytoplasmic
release of approximately 80% NC for MycA9, 60–70% for NiVW
and hnRNP D, and 50% for MeCP2 NLSs. Then 30 min in
darkness resulted in the recovery of nuclear fluorescence

30–40% of initial values for MycA9, 40–50% for hnRNP D,
90–100% for NiV W, and 90% for MeCP2 NLSs.

Then we tested NiV W and hnRNP D NLS variants, which
demonstrated both efficient light-induced export and relatively
fast nuclear recovery, in comparative time-lapse wide-field
microscopy imaging as above (Supplementary Figure
S5B,C). Light-induced nuclear export dynamics were similar
between variants (τ1/2 = 3.85, 5.81, 4.65 min for NiV W,
hnRNP D, and MycA9 NLSs, respectively). Subsequent
nuclear import in darkness demonstrated more than twice
faster nuclear import for NiV W NLS (τ1/2 = 10.38 min),

FIGURE 4 |Characterization of selected NLSswith the NIROT for light-controlled nuclear export in neurons. (A,B) ThemCherry-labeled NC in living primary cortical
neurons expressing CC and different NC variants were imaged with confocal microscopy at DIV 16. Cells were treated with 1 µM tetrodotoxin (TTX) to silence (A) or
50 µM bicuculline (BIC) to stimulate neural activity (B) and illuminated with NIR light (740 nm) for 30 min followed by 30 min of darkness. Representative images are
shown. Scale bar, 10 μm. (C) Quantification of relative nuclear fluorescence before illumination, after 30 min of NIR light, and after subsequent 30 min in darkness.
Mean values for individual cells ± S.E.M. were calculated (n = 20). Statistical significance was determined using one-way ANOVA and Tukey’s test. ****p < 0.0001, **p =
0.0043, *p = 0.0118, n. s.—no significance.
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compared to MycA9 (τ1/2 = 24.99 min). hnRNP D NLS also
showed faster dynamics (τ1/2 = 18.50 min) than MycA9.

Thus, by varying NLSs, it is possible to adjust the dynamics
and the extent of NIR light-controlled nuclear transport. NiV W
NLS provided fast restoration of the initial system state in
darkness, while originally tested MycA9 NLS allowed more
efficient protein release from the nucleus accompanied by its
slower return in darkness.

Additionally, we investigated how decreasing the NC size
influences protein distribution. We substituted the linker
between the cargo and mCherry with 2A self-cleaving peptide
in the NCs with MycA9 and NiV W NLSs and tested their
localizations in darkness and under NIR light in N2a cells using
immunostaining (Supplementary Figure S5D,E). In darkness,
the shorter NC with MycA9 (40.9 kDa) was distributed in various
ratios between the nucleus and the cytoplasm (Supplementary
Figure S5D). Under NIR light, it was fully exported to the
cytoplasm. In contrast, the smaller NC with NiV W NLS
(42.9 kDa) had similar distinct nuclear localization in darkness

as the bigger NC (68.9 kDa) and was exported under NIR light
(Supplementary Figure S5E). Therefore, NLSs influence both
transport dynamics and the nucleocytoplasmic ratio, as expected.

Optimization of NIR OT for Light-Induced
Gene Expression in Neurons
We reasoned that the performance of NLS-containing OTs in
neurons can be improved by selecting NLS with optimal
kinetics. We decided to apply selected NLSs to the BphP1-
QPAS1-based NIR light-induced Gal4/UAS gene expression
system (Redchuk et al., 2018b). This OT consists of two
components encoded in a single AAV: BphP1 fused to a
VP16 transcriptional activation domain and QPAS1 fused to
Gal4 DNA-binding domain and SV40G7 NLS (Figure 5A). We
named this system as NIRgal. In darkness, the components are
mostly separated by the nuclear membrane, since large BphP1-
VP16 (97 kDa) does not diffuse to the nucleus and QPAS1-Gal4-
NLS (39 kDa), which diffuses to the cytoplasm, is actively

FIGURE 5 | Optimization of NIR OT for light-induced gene expression in neurons. (A) Schematics showing how nuclear transport is used in the system. Bulky
BphP1-VP16 fusion (97 kDa) is located in the cytoplasm while diffusing smaller QPAS1-Gal4-NLS (39 kDa) is actively imported to the nucleus. Upon illumination, the
BphP1 component is pulled to the nucleus through binding to the QPAS1 resulting in the expression of a UAS-controlled reporter gene. (B–E)Gaussia luciferase reporter
expression over time for the system variants containing the selected NLSs in N2a cells (B,C) and primary neurons (D,E) in response to 740 nm light. Raw signals
(B,D) corresponding to different illumination time and calculated light-to-dark contrasts (C,E) are shown (n = 3; error bars are S.E.M.). RLU, relative light unit. (F)
Performance of the optimized NIRgal-R system with UAS-mCherry reporter in cultured primary neurons. Cultured cortical neurons were transduced with AAV2 mixture
containing NIRgal-R system, UAS-mCherry reporter, and CAG-EGFP as a transduction marker at DIV 6. At DIV 9, neurons were illuminated for 72 h with NIR light
(740 nm) or kept in darkness. Fixed cells were imaged with widefield fluorescence microscopy. Scale bar, 100 μm. (G)Quantification of the experiment described in (F).
mCherry reporter fluorescence is calculated in individual fixed cells identified using combined DAPI and EGFPmasks. Mean values for individual cells ± S.E.M are shown
(n > 500.). ****p < 0.0001 by Tukey’s test.
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imported. Upon illumination, the components interact and are
pulled to the nucleus to drive the expression of a UAS-controlled
reporter gene. In contrast to the OT for the nuclear export
developed above, the BphP1 component does not contain NES
and can be imported to the nucleus in complex with the QPAS1-
component. Therefore, NLS fused to QPAS1-GAL4 plays two
roles in this OT. First, upon light illumination it is essential to
pulling the assembled protein complex into the nucleus where
the reporter DNA is located. Second, it is used to spatially
separate reactive system components to different cellular
compartments, thus limiting their background interaction in
darkness. Such approach have been used in similar BphP1-based
systems (Kaberniuk et al., 2016; Redchuk et al., 2018a) and
photoactivatable split Cre recombinase (Meador et al., 2019).
Therefore, the optimal NLS in NIRgal system should provide
balance between active nuclear transport needed for strong
system response and cytoplasmic availability to bind BphP1-
VP16 component. To select such NLS, we performed
experimental screening of NLSs with different properties.

We substituted SV40G7 NLS with MeCP2, NiVW, or hnRNP
D NLSs in the NIRgal system producing NIRgal-M, NIRgal-N,
and NIRgal-R, respectively. First, we tested these variants in N2a
cells. We used secreted Gaussia luciferase (Gluc) as a reporter and
monitored its expression over time using an assay with
coelenterazine substrate. NIRgal-R showed the lowest dark
background with a relatively high response to light
(Figure 5B) providing the highest light-to-dark contrast (4.1-
fold at 28 h) (Figure 5C). NIRgal produced the highest response
to illumination accompanied by a high background in darkness
too. Then, we tested the systems with the selected NLSs in
neurons using the Gluc reporter (Figures 5D,E). Again,
NIRgal-R demonstrated the highest light-to-dark contrast (4.6-
fold at 50 h), compared to the NIRgal and NIRgal-N systems,
which showed less than 2-fold maximal contrasts over time.
Additionally, we proved the functionality of the NIRgal-R
system in cultured primary neurons with mCherry reporter
(Figures 5F,G).

DISCUSSION

In this work, we provide direct experimental evidence that
commonly used NLSs, such as Myc and SV40 preferentially
binding KPNA2 importin, promote slower nuclear import in
neurons than in non-neuronal cells. We identified uncommon
NLSs preferentially binding KPNA3, KPNA4, and
TNPO1 transporters, which mediate faster nuclear import, and
applied them to the engineering of OTs for use in neurons.

First, we developed the NIR light-controlled OT for the
nuclear transport of a protein of interest. Upon 740–780 nm
illumination, the protein is exported to the cytoplasm within
minutes. In the darkness, it is transported back to the nucleus in
time depending on the utilized NLS (no more than 30 min). We
used this OT for direct characterization of nuclear import kinetics
mediated by NLSs with different transporter specificities.

For widely used Myc NLS, we observed a considerable
difference in the kinetics of nuclear import in neuronal and

non-neuronal cells (Figure 2). It correlated with the difference
in expression levels of a respective nuclear transporter. Myc and
related SV40 NLSs preferably bind KPNA2, which is depleted in
neurons (Hosokawa et al., 2008; Hodge et al., 2019) and abundant
in HeLa cells (Bekker-Jensen et al., 2017). Earlier studies reported
a correlation between the importin expression and the
nucleocytoplasmic ratio in yeast (Timney et al., 2006) and
mammalian cell lines (Zannini et al., 2003; Riddick and
Macara, 2005, 2007; Hazawa et al., 2020). We directly
demonstrated that the nuclear import dynamics is also
affected. Overexpression of KPNA2 should result in faster
kinetics of nuclear import for KPNA2-dependent Myc and
SV40 NLSs (Riddick and Macara, 2005, 2007; Timney et al.,
2006). However, upregulation of KPNA2 in neurons was
correlated with neuronal apoptosis (Xu et al., 2016) and,
therefore, can significantly alter cellular physiology.

We used the developed OT to screen uncommon NLSs
preferentially binding more abundant transporters KPNA3,
KPNA4, and TNPO1 with high affinity, to identify NLSs that
mediate fast and efficient nuclear transport in neurons. We found
the NLSs that mediate considerably faster nuclear import than
MycA9: NiV W and MeCP2 NLSs binding KPNA3 and KPNA4,
and hnRNP D NLS binding TNPO1. Abundant KPNA3 and
KPNA4 isoforms play important roles in neuronal cell physiology
and their dysregulation was linked to neurodegenerative diseases
(Moore et al., 2020; Pasha et al., 2021). KPNA4 regulates chronic
pain pathways in peripheral sensory neurons by mediating c-Fos
nuclear import (Marvaldi et al., 2020). KPNA3 and KPNA4 were
also studied regarding the transport of TAR DNA-binding
protein 43 (TDP-43) and the formation of aggregates of this
protein in the central nervous system (Pasha et al., 2021), which is
a hallmark of many neurodegenerative diseases (Jo et al., 2020).

While this work was performed on primary cortical neurons,
we hypothesize that our results and optimized NLSs are
applicable to all neuronal subtypes. Indeed, KPNA2 was found
downregulated throughout the brain and spinal cord but with a
moderate expression level in the olfactory bulb and reticular
system (Hosokawa et al., 2008). We explored the Allen Mouse
Brain Atlas RNA in situ hybridization database (https://mouse.
brain-map.org/search/index) (Lein et al., 2007) for the data on
importin expression measured in different mouse brain
structures (Supplementary Figure S6). We found that
TNPO1 specific to hnRNP D NLS showed the highest
expression level across all brain areas, while KPNA2 and
KPNA7 specific to Myc and SV40 NLSs (Miyamoto et al.,
1997; Nadler et al., 1997; Oostdyk et al., 2020) were
downregulated in most brain areas. KPNA4 specific to NiV W
and MeCP2 NLSs demonstrated expression levels higher than
KPNA2 in all brain structures.

We found that neuronal activity slightly influenced the
efficiency of nuclear transport for MycA9 NLS, in contrast to
the other selected NLSs (Supplementary Figure S5A). This effect
can be explained by the previous observation that nuclear
localization of some nuclear receptors including
KNPA2 decreases upon silencing of neural activity and
increases upon stimulation (Thompson et al., 2004; Jeffrey
et al., 2009).
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Using uncommon NLSs characterized here in neurons, we
adjusted and optimized the performance of NLS-containing OTs
in neurons. By changing NLS in the NIR OT for nuclear export, it
was possible to regulate the extent of the nuclear export of a
protein of interest as well as the dynamics of nuclear import in the
darkness that shuts the system down.

By varying NLS in the NIR OT for light-induced gene
expression, we developed the system that produced a reliable
response to light and low dark background (up to >4-fold light-
to-dark contrast) in neurons. hnRNP D NLS attached to the
QPAS1-containing NC enabled an optimal balance between
spatial separation of QPAS1 and BphP1-containing fusions
and their accessibility for interaction.

The optimized NIROT for gene expression can be activated by
the most red-shifted light of 780 nm sensed by natural
photoreceptors. It should enable its combinations with OTs
and biosensors controlled by different wavelengths of light,
such as LOV-based OTs, without crosstalk (Redchuk et al.,
2017). Also, it can replace blue light-controlled OTs (Yamada
et al., 2018, 2020) to avoid blue light-mediated toxicity (Marek
et al., 2019) and off-target activation of immediate-early genes in
neurons (Tyssowski and Gray, 2019).

This study suggests that various NLS-containing genetically
encoded tools can be optimized for their use in neurons by
replacing common NLSs with the NLSs selected in this work.
Examples of OT systems that should benefit from NLS
optimization include blue light OTs that use NLSs caged on
the AsLOV2 domain (Niopek et al., 2014; Yumerefendi et al.,
2015). We observed previously that the blue light-activated
AsLOV2-NLS module of the iRIS tool (Redchuk et al., 2017)
showed less efficient nuclear import in N2a cells and primary
neurons, compared to non-neuronal cell lines (Redchuk et al.,
2018b). iRIS uses LOV2-caged Myc NLS (with P1M substitution)
binding KPNA2 depleted in neurons. Also blue light-controlled
systems for gene expression that use CRISPR-dCas9 (Nihongaki
et al., 2015, 2017; Polstein and Gersbach, 2015; Bubeck et al.,
2018) or transcription activator-like effector (TALE)
(Konermann et al., 2013) could be optimized in neurons by
varying NLSs.

This study should draw more attention to uncommon NLSs
and their functionality in neurons. So far, TNPO1-specific
M9 NLS of hnRNP A1 was proven to be superior to SV40 for
gene delivery in neurons (Ma et al., 2002). Utilizing neuron-
specific NLSs instead of common ones should be useful in
technologies for neuronal delivery of therapeutic proteins in
virus-like particles (Banskota et al., 2022). Beyond OTs, it was
shown that the efficiency of all CRISPR-based systems can be
improved by increasing their nuclear translocation (Torres-
Ruiz et al., 2017; Maggio et al., 2020). We predict that
employing NLSs described here will be advantageous for
applications of CRISPR-Cas systems in neuroscience
(Heidenreich and Zhang, 2016) including recently
developed neuron-optimized CRISPR/Cas9 genome editing
systems (Fang et al., 2021), CRISPR-based transcriptional
activation (Savell et al., 2019) and inhibition (Zheng et al.,
2018) systems as well as CRISPR-Cas13 for silencing of
neurodegeneration-associated genes in neurons (Powell

et al., 2022). To summarize, uncommon neuron-specific
NLSs, including NiV W, MeCP2, and hnRNP D
characterized here, should become useful building blocks
for synthetic biology applications in neurons.

MATERIALS AND METHODS

Constructs and Cloning
All plasmids used in this study are listed in Supplementary Table
S1. Annotated cDNA and amino acid sequences for optimized
constructs are given in Supplementary Note S1.

For pAAV vectors designed in this work, we used short
woodchuck hepatitis posttranscriptional regulatory element
(WPRE3) and bovine growth hormone polyadenylation signal
(bGHpA) (Choi et al., 2014). BphP1 and QPAS1 were cloned
from Addgene plasmid #102584. All NLS and NES signals (see
Supplementary Table S2) were cloned using synthesized
oligonucleotides. Model cargo containing calmodulin-
binding M13 peptide and C-terminal fragment of split
tobacco etch virus protease was cloned from Addgene
plasmid #92391.

The pAAV-U5-Gluc plasmid was generated by cloning the
expression cassette to the pAAV backbone from the reporter
vector pU5-Gluc (Wang et al., 2012). Then pAAV-U5-mCherry
was obtained by substituting Gluc with mCherry.

DNA fragments for cloning were obtained using PCR
amplification with Q5 DNA polymerase (New England
Biolabs). Fragments were purified and concentrated using
NucleoSpin Gel and PCR Clean-up Kit (Macherey-Nagel).
Vector and fragments double-digestion and ligation were
done using FastDigest restriction enzymes (Thermo
Scientific) and T4 DNA Ligase (Thermo Scientific). Ligated
plasmid products were introduced to TOP10 Escherichia coli
cells using heat-shock transformation. Plasmids were purified
using the NucleoSpin Plasmid Mini kit (Macherey-Nagel).
Relevant genetic components were confirmed by Sanger
sequencing (FIMM Genomics, University of Helsinki,
Finland).

Cell Culture and Transfection
Human embryonic kidney 293T cells (CRL-1573, ATCC), human
epithelioid cervix carcinoma cells (HeLa; CCL-2, ATCC), mouse
neuroblastoma Neuro-2a cells (N2a; CCL-131, ATCC) were
cultured in Dulbecco’s modified Eagle’s medium (DMEM;
41,965-039, Gibco) supplemented with 10% (vol/vol) fetal
bovine serum (FBS; 10270106, Gibco) and 1% (vol/vol)
Antibiotic-Antimycotic (15240062, Gibco). All cell lines were
cultured at 37 C and 5% CO2.

293T and N2a cells were transfected with Lipofectamine
2000 transfection reagent (11668027, Invitrogen). HeLa cells
were transfected using Effectene (301427, Qiagen) or PEI
transfection (24765, Polysciences).

For cell lines transfected with BphP1-based constructs, BV
(FSIB655-9, CymitQuimica) was supplemented to the culture
medium at 25 µM concentration. For primary neurons, we used
5–25 µM BV.
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Primary Neuron Culture
Primary rat cortical neuronal cultures were prepared at the
Neuronal Cell Culture Unit (University of Helsinki)
accordingly to the protocol (Sahu et al., 2019). All animal
work was performed following the ethical guidelines of the
European Convention and regulations of the Ethics Committee
for Animal Research of the University of Helsinki.

Dissociated cortical neurons were plated in 1,050 cells/mm2

density to 35 mm Cellview glass-bottom dishes (627860, Greiner)
for live-cell imaging, 12-well plate plastic coated with poly-
L-lysine (0.5 mg/ml solution in 0.1 M borate buffer (Beaudoin
et al., 2012), P2636, Sigma–Aldrich) for testing of NIR light-
regulated gene expression system with Gluc reporter, and on
12 mm glass coverslips (in 24-well plate) coated with poly-
L-lysine (as above) for testing of NIR light-regulated gene
expression system with mCherry reporter. Cells were cultured
in a complete neuronal media (CNM): neurobasal medium
(12348017, Gibco) supplemented with 2% (vol/vol) B-27 Plus
Supplement (A3582801, Gibco), 1% (vol/vol) GlutaMAX
Supplement (35050061, Gibco), and 1% (vol/vol) penicillin-
streptomycin (15140122, Gibco). One-third of culture media
was renewed every 3 days, cells were maintained at 37 C and
5% CO2.

AAV Preparation
AAV particles for delivery of genetic constructs to primary
cultured neurons were prepared according to the protocol
described in (Challis et al., 2019). All particles have an
AAV2 serotype. The pDG plasmid combining pHelper
plasmid and AAV2 capsid encoding plasmid was obtained
as a gift from the AAV Core Facility of the University of
Helsinki. AAV2 bearing CAG-EGFP was purchased from the
AAV Core Facility of the University of Helsinki.

Fluorescence Microscopy
Widefield microscopy was performed using an Olympus
IX83 inverted epifluorescence microscope equipped with a
Xenon arc lamp (Lambda LS, Sutter). An ORCA-
Flash4.0 V3 (Hamamatsu) camera was used for image
acquisition. Cells were imaged using either a 20 × 0.75 NA
air or a 60 × 1.35 NA oil objective lens (UPlanSApo, Olympus).
HEK293T, HeLa, and N2a cells were imaged using 35 mm
Cellview glass-bottom dishes (627860, Greiner) with a Live
Cell Imaging Solution (Invitrogen, A14291DJ) in a humidified
37 C atmospheric chamber (Okolab). All images were
captured using SlideBook (Intelligent Imaging Innovations)
software.

Confocal imaging was performed with a Leica TCS
SP8 microscope equipped with a 63 × 1.2 NA water (HC PL
APO CS2) objective lens and several lasers (405, 488, 561, 594,
and 633 nm), PMT, and HyD detectors. Images were captured
using LAS X (Leica) software.

Cultured primary neurons were imaged in HEPES-based
Tyrode’s solution (5 mM KCl, app. 120 mM NaCl, 1 mM
MgCl2, 1.8 mM CaCl2, 1.04 mM Na2HPO4, 26.2 mM NaHCO3,
10.9 mM HEPES, and 10 mM D-glucose) pH 7.4. The osmolarity
of Tyrode’s solution was adjusted with NaCl to match present

neuronal culture media using Micro-Osmometer Model 3,320
(Advanced Instruments).

NIR Light-Induced Export and Nuclear
Import Dynamics
For capturing NIR light-induced export, NIR (3 mW/cm2)
illumination was applied using the custom-assembled 740/
25 nm LED array (LED Engin). The light intensity was
measured by a power meter (PM100D, Thorlabs).

We used the 1:2 NC:CC plasmid or AAV particles ratio for cell
lines transfection and primary neurons transduction respectively,
if not stated otherwise.

AAV transduction of cultured primary neurons was done at
6 days in vitro (DIV). We used a total multiplicity of infection
(MOI) of 7.5 × 104 vg/cell. The imaging was done at DIV 10–16.

Z-stacks at multiple fields of view (FOVs) were captured at
regular time intervals. Afterward, using Fiji ImageJ (Schindelin
et al., 2012) we compiled time-lapse stacks selecting
appropriate Z-planes for each time point to counter
possible cell or FOV drift and performing stack alignment
with Linear Stack Alignment with SIFT plugin.
Photobleaching was corrected using a simple ratio method.
To measure the dynamics of fluorescent intensity, the region of
interest (ROI) for each cell was set on the cell nucleus avoiding
nuclear membrane and nuclei for each timepoint. The
background fluorescence was subtracted from mean
fluorescence values for each cell, and then fluorescent
intensity was normalized to the initial value. Graphs
plotting and relocalization half-time values calculation with
the nonlinear fitting was done using Prism 8 (GraphPad).

Testing NIR Light-Regulated Reporter
Expression in Mammalian Cells
NIR light-regulated gene expression system variants have been
tested in N2a cells and cultured primary cortical neurons.

N2a cells were transfected using Lipofectamine 2000
(11668027, Invitrogen), with the system-encoded plasmid and
Gluc reporter plasmid. All samples were triplicated. 10 µM BV
was added to DMEM media supplemented with 10% (vol./vol.)
FBS. 12–24 h after transfection the media was renewed. Then half
of the samples were left in darkness (in a non-transparent
ventilated box) and another half were illuminated. Cells were
illuminated directly in a CO2 incubator with a 740/25 nm LED
array (LED Engin) at 1 mW/cm2 and a 25% duty cycle: 30 s of
light and 90 s of darkness. Supernatant samples were collected at
selected time points and stored at −20°C.

Cultured primary neurons were transduced at DIV6 with
AAV2 mixture encoding the system variant and Gluc or
fluorescent protein reporter in 2:1 system:reporter ratio
(MOI 0.5 × 105 vg/cell). 25 µM BV was added to the media.
At DIV9 the third of the media was renewed, and the
experiment proceeded as described above for N2a. Collected
supernatant samples containing secreted Gluc reporter were
diluted in 5 mM NaCl PBS in 96-well half-area white plates
(Costar). Then 5 µM coelenterazine (NanoLight Technology)
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was added and bioluminescence signals were immediately
measured using Victor X3 multilabel plate reader
(PerkinElmer). The light-to-dark contrast was calculated as
a ratio of luminescence signals of the illuminated sample to the
sample kept in dark [values from the starting point were
subtracted from respective samples; background signal
generated by reporter alone (Reporter Only control sample)
was subtracted from both signals values].

For the system characterization with microscopy, we used
UAS-mCherry AAV as a reporter. Additional CAG-EGFP
AAV was used as a transduction marker. Neurons were
fixed after 3 days of NIR illumination (the same regimen as
above) or darkness and imaged using Olympus
IX83 microscope with 20 ×0.75 NA air objective lens. To
calculate the response, more than ten FOVs of fixed neuron
samples were captured in three channels: DAPI (excitation
filter: 387/11 nm; emission filter: 480/40 nm), EGFP reporter
(ex.f.: 485/20 nm; em.f.: 525/30 nm), and mCherry coexpressed
protein (ex.f.: 560/25 nm; em.f.: 607/36 nm). For each sample,
captured FOVs were processed in Fiji ImageJ (Schindelin et al.,
2012) as follows. For DAPI and EGFP channels, separate masks
were created using the AutoThreshold Triangle algorithm,
which was then segmented using the Watershed algorithm.
For DAPI, the segmented particles were limited by size
(120–400 μm2) and circularity (0.60–1.00) to eliminate
debris and artefacts. Then, DAPI and EGFP masks were
combined with the “AND create” function in DAPI & EGFP
mask selecting nuclei of neurons expressing the EGFP marker
(<120 μm2 particles were excluded). The resulting mask was
applied to the mCherry channel to measure the mean mCherry
reporter fluorescence signal for each neuron. The resulting
individual and mean fluorescence values were plotted using
Prism 8 (GraphPad). The background signal in mCherry
channel (quantified on the sample without mCherry
reporter) was subtracted from values for all samples and the
light-to-dark ratio was calculated.

Fixed Samples Preparation and
Immunostaining
Cultured primary neurons were fixed with 4%
paraformaldehyde (Pierce, 28908) supplemented with 4% of
sucrose for 30 min at RT, washed three times with PBS, and
mounted using ProLong Glass Antifade Mountant with NucB
(P36981, Invitrogen).

For immunostaining of N2a cells (Supplementary Figures
S5D,E), cells were fixed with 4% paraformaldehyde
supplemented with 4% of sucrose for 30 min at RT, washed
three times with ice-cold PBS, permeabilized for 5 min with
methanol at −20°C, washed twice with ice-cold PBS and
blocked with 2% BSA, 22.52 mg/ml glycine PBS for 1 h RT.
Then samples were incubated with mouse-anti-HA antibodies
(sc-7392; Santa-Cruz) 1:150 in 2% BSA wash buffer (PBS with
0.1% Tween 20) for 1 h RT. After wash, samples were incubated
with goat anti-mouse-AlexaFluor488 (A32723; Invitrogen) 1:
1,000 in 2% BSA wash buffer for 1 h RT. Finally, samples
were washed three times with the wash buffer and mounted

using ProLong Glass Antifade Mountant with NucB (P36981,
Invitrogen).

Statistical Analysis
Data acquisition and processing are described above for each
experiment. Statistical significance was determined using one-
way ANOVA and Tukey’s test in Prism 8 (GraphPad), and
significance was assigned at ppppp < 0.0001, pppp < 0.001, ppp <
0.01, pp < 0.05. The number of data points (n) and p values are
indicated in the figures or figure legends.
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G protein-coupled receptors (GPCRs) regulate a wide range of physiological

and pathophysiological cellular processes, thus it is important to understand

how GPCRs are activated and function in various cellular contexts. In

particular, the activation process of GPCRs is dynamically regulated upon

various extracellular stimuli, and emerging evidence suggests the subcellular

functions of GPCRs at endosomes and other organelles. Therefore, precise

monitoring of the GPCR activation process with high spatiotemporal

resolution is required to investigate the underlying molecular

mechanisms of GPCR functions. In this review, we will introduce

genetically encoded fluorescent biosensors that can precisely monitor

the real-time GPCR activation process in live cells. The process includes

the binding of extracellular GPCR ligands, conformational change of GPCR,

recruitment of G proteins or β-arrestin, GPCR internalization and trafficking,

and the GPCR-related downstream signaling events. We will introduce

fluorescent GPCR biosensors based on a variety of strategies such as

fluorescent resonance energy transfer (FRET), bioluminescence

resonance energy transfer (BRET), circular permuted fluorescent protein

(cpFP), and nanobody. We will discuss the pros and cons of these GPCR

biosensors as well as their applications in GPCR research.

KEYWORDS

GPCR, fluorescent protein, genetically encoded fluorescent biosensor, FRET, circular
permutation, BRET, nanobody

Introduction

G protein-coupled receptor (GPCR) is the biggest receptor family involved in the

regulation of diverse cellular processes (Pierce et al., 2002; Lefkowitz, 2013). About

800 members of the GPCR family recognize a variety of ligands, including hormones,

lipids, and neurotransmitters, then transfer this diverse information to the cells.

GPCRs also sense other external stimuli, such as light, odors, and mechanical signals,

and convert them into biochemical signals in the cells. As expected from their diverse

functions (Lagerstrom and Schioth, 2008; Wu et al., 2019), GPCRs are major

therapeutic targets of more than 30% of FDA-approved drugs (Insel et al., 2019).

Thus, it is important to understand how GPCRs are activated and function in various

cellular contexts.
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GPCRs are composed of seven transmembrane (TM)

domains connected by three extracellular loops (ECLs) and

three intracellular loops (ICLs) with an extracellular

N-terminus and an intracellular C-terminus (Vassilatis

et al., 2003). When a ligand binds to the corresponding

GPCR from the extracellular side (Figure 1A), the receptor

changes its conformation (Figure 1B), facilitating the

interactions with G proteins or β-arrestin at the

intracellular side of the plasma membrane (Figure 1C,D)

which further mediates the downstream signaling pathways.

It has been traditionally believed that GPCRs function at the

plasma membrane and lose their activity after internalization,

but recent studies show that some GPCRs can keep their

activity at the internalized endosomes or subcellular

organelles (Eichel and von Zastrow, 2018; Mohammad

Nezhady et al., 2020) (Figure 1E). In addition, class C

GPCRs function as obligatory dimers and emerging

evidence indicates that some of class A GPCRs can be also

dimerized or oligomerized, which can affect the ligand

binding affinity, downstream signaling pathways, and

trafficking patterns (Pin et al., 2007; Lohse, 2010)

(Figure 1G). Therefore, it is crucial to investigate the

molecular mechanisms of GPCR activation and function at

the subcellular levels for the correct understanding of the

complex physiology of GPCRs and the pathophysiology of

related diseases.

To elucidate the molecular mechanisms of GPCR

activation and function with high spatiotemporal

resolution, a variety of strategies of GPCR biosensors based

on fluorescent proteins (FPs) are developed, which allow the

real-time monitoring of the GPCR activation in live cells

(Alvarez-Curto et al., 2010; Lohse et al., 2012; Clister et al.,

2015; Haider et al., 2019). First, the GPCR biosensors based on

fluorescent resonance energy transfer (FRET) are designed to

detect extracellular GPCR ligands (Okumoto et al., 2005;

Hires et al., 2008; Zhang et al., 2018) (Figure 2A) and to

monitor the conformational change of GPCRs upon the

binding of the ligands (Stumpf and Hoffmann, 2016; Kauk

and Hoffmann, 2018) (Figure 2B, left). The FRET technology

is also utilized to detect the interaction between GPCRs and

FIGURE 1
An overview of GPCR activation, trafficking, and degradation. (A) GPCRs bind to the extracellular ligands or other stimuli at the plasma
membrane. (B) The ligand-bound GPCRs change their conformations, in particular between TM5 and TM6. (C–D) The conformational changes of
the GPCRs induce the recruitment of G proteins (C) or β-arrestin (D) to initiate the downstream signaling pathways. (E) The recruited β-arrestin
promotes the internalization of GPCRs via the clathrin-mediated endocytosis pathway. Some GPCRs canmaintain their activity and function at
the internalized endosomes or subcellular organelles. (F) Following the endosomal trafficking pathways, the GPCRs can finally be degraded in the
lysosome. (G) Some GPCRs form dimers or oligomers. Functional crosstalk between these GPCRs may influence the ligand binding affinity,
downstream signaling pathways, and trafficking patterns.
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their downstream G proteins (Hein et al., 2005) (Figure 2C,

left) or β-arrestin (Krasel et al., 2005) (Figure 2D, left), as well

as GPCR oligomerization (Pfleger and Eidne, 2005)

(Figure 2E). Similarly, bioluminescence resonance energy

transfer (BRET) is also applied to monitor the recruitment

of G proteins (Salahpour et al., 2012) (Figure 2C, middle and

right) or β-arrestin to the activated GPCRs (Salahpour et al.,

2012; Zhou et al., 2021) (Figure 2D, right, Table 1). More

recently, a novel strategy of biosensors utilizing nanobodies

has been developed to detect the active GPCR conformation or

the recruitment of β-arrestin (Shukla et al., 2013; De Groof

et al., 2019) (Figure 3B,C, right). In addition, the circular

permuted FP-based GPCR biosensors are developed to detect

the extracellular GPCR ligands (Marvin et al., 2013; Marvin

et al., 2018; Dana et al., 2019; Marvin et al., 2019; Borden et al.,

2020; Aggarwal et al., 2022), the conformational change of

GPCR upon ligand binding (Labouesse and Patriarchi, 2021),

or the recruitment of β-arrestin (Hoare et al., 2020)

(Figure 3A–C, left).

In this review, we present genetically encoded fluorescent

biosensors that can reveal different stages of the GPCR

activation with high spatiotemporal resolution. These stages

include 1) binding extracellular ligand to GPCR, 2)

conformational change of GPCRs, 3) recruitment with G

proteins or β-arrestin, 4) GPCR internalization and

trafficking, and 5) GPCR-related downstream signaling

FIGURE 2
FRET/BRET-based GPCR biosensors. (A) Schematic design of the ligand-sensing biosensors based on FRET (Tsien, 2006). The FRET signal
between cyan and yellow FP inserted in the N- and C-terminus of the ligand-sensing domain is increased upon ligand binding. (B) Schematic design
of the FRET/BRET-based biosensors detecting the conformational change of GPCRs (Griffin et al., 1998; Vilardaga et al., 2005). In the right panel, a
blue circle represents a luciferase and a star displays FlAsH. (C) Schematic design of the FRET/BRET-based biosensors detecting the recruitment
of G proteins (Malik et al., 2013; Wan et al., 2018; Maziarz et al., 2020). (D) Schematic design of the FRET/BRET-based biosensors detecting the
recruitment of β-arrestin (Charest et al., 2005; Nuber et al., 2016). (E) Schematic design of the FRET-based biosensors detecting the dimerization of
GPCRs (Lukasiewicz et al., 2010).
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events. We will also cover the fluorescent biosensors to

monitor the GPCR dimerization and oligomerization. The

pros and cons of these GPCR biosensors will be discussed as

well as our perspective on this research area.

Binding extracellular ligand to GPCR

The first step of the GPCR activation is binding to its

extracellular ligand (Figure 1A). The GPCR activation is

initiated by the increased ligand concentrations in the

extracellular space, thus the fluorescent biosensors detecting

extracellular GPCR ligands have been designed whose

response can indicate the initiation of the GPCR activation.

First, the FRET-based biosensors to detect extracellular

GPCR ligands are composed of a ligand-binding protein

interspersed with a FRET pair of FPs. They are presented

outside of the plasma membrane, thus can change the FRET

signals upon binding to the ligands (Figure 2A). We can

monitor the increased ligand concentrations in live cells by

detecting the FRET changes of the biosensors, which in turn

will initiate the activation of GPCRs and intracellular

signaling pathways. For example, the Tsien group

developed the glutamate-sensing fluorescent reporter

FIGURE 3
The GPCR biosensors utilizing cpFP and nanobody. (A) Schematic design of the ligand-sensing biosensors based on cpFP (Marvin et al., 2013).
The fluorescent signal of cpFP inserted in the ligand-sensing domain is increased upon ligand binding. (B) Schematic design of fluorescent
biosensors detecting the conformational change of GPCRs (Patriarchi et al., 2018; Sun et al., 2018). In the left panel, the fluorescent signal of the cpFP
inserted in the ICL3 region of the GPCR is increased upon the conformational change of the GPCR. In the right panel, the YFP-tagged nanobody
can specifically bind to the GPCR of active conformation. As a luciferase is fused to the GPCR, thus the BRET signal between the YFP and the
luciferase is increased. (C) Schematic design of the cpFP- and nanobody-based biosensors detecting the recruitment of G proteins (Hoare et al.,
2020). (D) Different color variants of cpFP-based GPCR biosensors (Patriarchi et al., 2020; Sun et al., 2020; Labouesse and Patriarchi, 2021).
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(GluSnFR) (Tsien, 2006) that is composed of a glutamate

periplasmic binding protein, GltI, between cyan and yellow

FPs in a pDisplay vector containing the TM domain of

platelet-derived growth factor receptor (PDGFR). It has

been shown that the improved version of GluSnFR,

SuperGluSnFR, can report the level of glutamate during

synaptic release, spillover, and reuptake in cultured

hippocampal neurons (Hires et al., 2008). Similar design

strategy can be applied to develop the fluorescent sensors

for other ligands (Zhang et al., 2018).

The second design of the ligand-sensing fluorescent

biosensors is composed of a circular permutated FP (cpFP)

(Baird et al., 1999) inserted in a specific ligand-binding

domain and located at the outside plasma membrane

(Figure 3A). Upon binding of the ligand, the conformation of

the ligand-binding domain is changed, which then stabilizes the

chromophore of the cpFP, increasing its fluorescence intensity

(Kostyuk et al., 2019). Thus, we can detect the increased

concentration of the GPCR ligand by measuring the intensity

of fluorescence of the biosensor and expect the subsequent

activation of the GPCRs. Compared to the FRET-based

biosensors utilizing two FPs (donor and acceptor), the cpFP-

based biosensors based on a single FP are smaller in size, and the

fold-change in fluorescence signals (ΔF/F) is generally larger

(~250%) than the one of FRET-based biosensors (~44%)

(Kostyuk et al., 2019).

The representative example of the cp-based ligand-sensing

fluorescent biosensor is iGluSnFR, which is composed of the

glutamate binding domain GltI, an inserted cpEGFP, and the TM

domain from PDGFR (Marvin et al., 2013). In addition to the

cpEGFP-based green iGluSnFR, a red-colored R-iGluSnFR1 was

developed, expanding the color palette of the glutamate biosensor

(Wu et al., 2018). The second generation of iGluSnFR was

generated by replacing EGFP with superfolder GFP (sfGFP),

which shows the improved fluorescent signal change and a higher

expression level (Marvin et al., 2018). Furthermore, different

colors of SF-iGluSnFR are developed: SF-Azurite-iGluSnFR

(blue), SF-iGluSnFR (green), and SF-Venus-iGluSnFR (yellow)

(Marvin et al., 2018).

The third generation iGluSnFR3 was recently developed

with further improved signal-to-noise ratios (ΔF/F = ~5,400 ±

260%) (Aggarwal et al., 2022). Different membrane-targeting

strategies, in addition to the PDGFR TM domain, were applied,

such as glycosylphosphatidylinositol (GPI) anchor and the

cytosolic C-terminal domain of Stargazin thus

iGluSnFR3 shows the better membrane trafficking and

localization (Aggarwal et al., 2022). The ligand-sensing

biosensors for other GPCR ligands have also been developed,

for example, γ-aminobutyric acid (GABA), nicotine, and

acetylcholine biosensors (Marvin et al., 2013; McManus

et al., 2019; Borden et al., 2020). These GPCR biosensors

enabled the real-time monitoring of the ligand release in

cultured cells as well as in vivo (Sabatini and Tian, 2020).

Conformational change of GPCR

Ligand-induced GPCR activation

Upon binding to the ligands, GPCRs undergo

conformational changes (Figure 1B), which can stabilize the

interaction with heterotrimeric G proteins (Kobilka, 2007;

Manglik and Kruse, 2017; Weis and Kobilka, 2018). The

biosensors detecting GPCR ligands, explained above, inform

the changes in the levels of extracellular GPCR ligands but

cannot fully confirm the activation of GPCRs. Furthermore,

the same ligand can activate different GPCR subtypes, which

sometimes mediate opposite cellular outcomes (Wheatley et al.,

2012; Wacker et al., 2017). For example, dopamine can bind to all

five subtypes of dopamine receptors (DRD1 to DRD5), but the

activated DRD subtypes induce different signaling pathways

depending on the recruited G proteins. For example, the

activated DRD1 activates adenylyl cyclase (AC) increasing

cAMP in contrast the DRD2 activation inhibits AC decreasing

cAMP (Neve et al., 2004; Undieh, 2010). Therefore, the

fluorescent biosensors that detect the conformational changes

of individual GPCRs, such as DRD1 and DRD2 biosensors,

would be useful in understanding the dopamine-related

signaling pathways through the different subtypes of DRD.

Crystal structures of GPCRs have revealed that the largest

conformational change occurs between TM5 and TM6 during

GPCR activation (Kobilka, 2007; Manglik and Kruse, 2017; Weis

and Kobilka, 2018). These structural features are applied to

design the FRET-based sensors that are fused to a donor FP

in the C-terminus and an acceptor FP in the intracellular loop 3

(ICL3) between TM5 and TM6 of GPCRs (Figure 2B, left), for

example, α2A adrenergic receptor (α2AAR) (Vilardaga et al.,

2005), β1 adrenergic receptor (β1AR) (Rochais et al., 2007),

β2 adrenergic receptor (β2AR) (Reiner et al., 2010),

parathyroid hormone 1 receptor (PTH1R) (Vilardaga et al.,

2003), and B2-bradykinin receptor (B2R) (Chachisvilis et al.,

2006). Upon the binding to the ligands, the structural change

between TM5 and TM6 of the biosensor induces the

rearrangement of the acceptor FP inserted in the ICL3,

causing the FRET changes. Thus, these FRET biosensors can

report the conformational change of GPCRs upon activation in

live cells.

Similarly, the FRET biosensors detecting the GPCR

conformational change were developed based on donor FP

and fluorescein arsenical hairpin binder (FlAsH) (Griffin

et al., 1998). In this design, the sequence for the attachment

of the FlAsH (i.e., CCPGCC) is encoded in the ICL3, and the

donor FP (e.g., CFP) is fused to the C-terminus of GPCRs, for

example, muscarinic acetylcholine receptor (mAChR) (Maier-

Peuschel et al., 2010), α2AAR (Nikolaev et al., 2006), β2AR
(Nakanishi et al., 2006), and A2A adenosine receptors (A2AR)

(Hoffmann et al., 2005). Thus, the FRET changes between CFP

and FlAsH can report the ligand-induced conformational
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changes of these GPCRs in live cells. Because the chemical

coupling reaction between FlAsH and the encoded motif

sequence is required, this design is not completely genetically

encodable (Hoffmann et al., 2010). On the other hand, the size of

the fluorescent dye FlAsH is smaller than FPs (Griffin et al.,

1998), thus this design of biosensor may mimic the natural

structural states of the GPCR activation with less steric

hindrance (Hoffmann et al., 2005). The donor FP in the

C-terminus of the biosensor can be replaced with Renilla

luciferase (RLuc) (Hastings, 1996) to generate the BRET-based

biosensor, and the BRET changes between RLuc and the FlAsH

can report the conformational change of GPCRs upon activation

(Szalai et al., 2012; Zhang et al., 2013) (Figure 2B, right).

More recently, the cpFP-based biosensors detecting the

conformational change between TM5 and TM6 of GPCRs

have been developed (Figure 3B, left). The representative

examples of this strategy are dLight and GRAB-DA, which

are DRD biosensors developed by Tian and Li groups,

respectively (Patriarchi et al., 2018; Sun et al., 2018). These

DRD biosensors were constructed by inserting cpGFP into the

ICL3 region of DRDs, and the conformational change of DRD

can increase the fluorescent intensity of the inserted cpFP in

the biosensor. From the optimization process in the linker

sequences between GPCR and the inserted cpGFP, the

dynamic range of these sensors was dramatically increased

(ΔF/F dLight1.1 = 230% and ΔF/F GRAB-DA1m = 190%). As dLight

and GRAB-DA can sensitively detect the dopamine-induced

activation of DRDs, these DRD biosensors have been

successfully applied to measure dopamine signals in various

brain regions of mice (Kunishima et al., 2000; Patriarchi et al.,

2018; Augustine et al., 2019; Lutas et al., 2019; Mohebi et al.,

2019; Qian et al., 2019; Lefevre et al., 2020; Unger et al., 2020)

as well as fly and zebrafish (Sun et al., 2018). We further

developed a red-colored DRD1 sensor (R-DRD1) and a green-

colored DRD2 sensor (G-DRD2), which can distinguish the

activation of different DRD subtypes, i.e., DRD1 and DRD2, in

the same cells (Kim et al., 2022) (Figure 3D). The cpFP-based

biosensors that detect the conformational change of other

GPCRs have also been developed (Feng et al., 2019; Jing

et al., 2020; Patriarchi et al., 2020; Sun et al., 2020; Unger

et al., 2020; Wan et al., 2021).

Another strategy to report the conformational change of

GPCRs is based on nanobody (Nb) (Figure 3B, right).

Nanobody is a recombinant single variable domain of a

heavy chain fragment that was first isolated from the

Camelidae family (Hamers-Casterman et al., 1993). While

maintaining the ability for antigen binding, nanobody has

useful biochemical properties such as tiny size, excellent

solubility, and high stability (Muyldermans, 2013). The

representative example of the Nb-based GPCR sensor is

Nb80-GFP developed by the Zastrow group, which

specifically binds to the active conformation of the β2AR
(Rasmussen et al., 2011a). Nb80-GFP can visualize the

β2AR activation by green fluorescent signals in live cells,

which are displayed at the plasma membrane right after the

treatment of an agonist for β2AR. Nb80-GFP further revealed

the prolonged GFP signals at the internalized endosomes,

providing direct evidence that β2ARs can keep their active

conformation in endosomes after being internalized from the

plasma membrane.

Another Nb-based GPCR sensor, Nb33-GFP, that

specifically binds to the activated mu and delta opioid

receptor (MOR and DOR), revealed a spatiotemporal

landscape of OR activation in a ligand-dependent manner;

peptide agonists activate ORs at the plasma membrane and

internalized endosomes, in contrast, non-peptide drugs can

activate a Golgi-localized internal OR pool (Stoeber et al.,

2018). In addition to its specificity to GPCRs, these Nb-based

biosensors can report the activation status of endogenous

GPCRs without overexpression of exogenous GPCRs. On

the other hand, the Nb-based biosensors may not be able

to bind to the GPCRs surrounded by clathrin coats during the

early stage of the internalization process (Irannejad et al.,

2013), thus cannot report the status of GPCRs in this stage.

Furthermore, Nb-based biosensors are designed to measure

the activation state of specific GPCRs, thus these tools are not

appropriate for research on multiple GPCRs.

Mechanical stimulation-mediated GPCR
activation

In addition to diverse GPCR ligands, some GPCRs respond

to mechanical stimulation to mediate various physiological

processes. For example, in the vascular endothelial cells of

small-diameter arteries, fluid shear stress was identified as a

mechanical stimulation through mechanosensitive G protein-

coupled receptor 68 (GPR68), which is involved in the local

regulation of vascular resistance (Xu et al., 2018). However, the

precise mechanism by which mechanosensitive GPCRs

transduce mechanical stimuli into intracellular responses

remains unclear. Thus, the investigation of the conformational

dynamics of mechanosensitive GPCRs upon mechanical

stimulus is important to understand their roles in physiology

and pathophysiology.

The FRET technique was applied to visualize the

conformational changes of mechanosensitive GPCRs upon

mechanical stimulations such as fluid shear stress and

hypotonic membrane stretch. For example, B2R (Chachisvilis

et al., 2006) and PTH1R (Zhang et al., 2009) were demonstrated

to be mechanosensitive by intra-molecular FRET biosensors that

are constructed by inserting YFP into the ICL3 and fusing CFP to

the C terminus (Figure 2B, left). In addition, the series of FlAsH-

based FRET sensors, which are encoded with the FlAsH motif in

different regions of GPCRs, revealed the mechanical force-

mediated elongation of the helix 8 (H8) domain of GPCRs
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might be essential for the mechanosensitive response (Erdogmus

et al., 2019).

In addition, the cpFP-based biosensor iGlow was developed

to detect the mechanical stimulation-induced conformational

change of a GPR68 (Ozkan et al., 2021). (Figure 3B, left). It was

generated by inserting cpGFP into the ICL3 of GPR68, thus

increasing its fluorescent intensity in response to fluid shear

stress. The dynamic range of iGlow is from 25% to a maximum of

75% under a single fluid shear stress pulse between 10.4 and

20.8 dyne/cm2. Further investigation using this strategy of

biosensors will provide more information on the

mechanosensitive GPCRs.

G protein coupling to GPCR

The next step of the GPCR signaling pathway after the

conformational change of the receptor is the coupling of

heterotrimeric G proteins to the GPCR (Figure 1C). The

recruited G proteins to the GPCRs then initiate the

downstream signaling events, thus fluorescent biosensors for

detecting the recruitment of G proteins are developed utilizing

the following strategies.

The first strategy is to directly visualize the translocation of

the FP-tagged G alpha protein to GPCR to the plasma membrane

(Hynes et al., 2004). In addition, the inter-FRET signals between

the G alpha protein tagged with a donor FP, and the GPCR fused

to an acceptor FP can be measured to quantify the levels of G

protein coupling to the GPCR (Hein et al., 2005). Similarly, the

donor FP can be replaced with luciferase, and thus the inter-

BRET signals can report the coupling between the G protein and

activated GPCR (Gales et al., 2005). However, these approaches

include the overexpression of G proteins (Azzi et al., 2001;

Janssen et al., 2002), and require the expression of the

heterotrimeric form of G proteins (G alpha, beta, and gamma)

for the correct localization at the plasma membrane (Rasmussen

et al., 2011b; Rosenbaum et al., 2011) may influence higher basal

levels of the G protein-related downstream pathways.

Mini-G is the engineered G alpha protein that contains only

essential sequences for the coupling to the GPCR (Oldham et al.,

2006; Carpenter and Tate, 2016). To construct the mini-Gs, three

regions of Gs, i.e., GαAH, switch III, and half of the N-terminal

helix, were deleted and several mutations were applied to the

residues in the nucleotide-binding pocket, switch II, and the

α5 helix (Carpenter and Tate, 2016). Different versions of mini-

G, i.e., mini-Gs, mini-Gi, mini-Gq, and mini-G12, have been

further developed to detect the coupling of different G proteins

(i.e., G alpha s, i, q, 12) to the relevant GPCRs (Nehme et al.,

2017). Mini-G can be fused to FP for the direct monitoring of the

translocation to the plasma membrane in response to ligands for

the target GPCRs; in addition, mini-G and the target GPCR are

fused to FPs or luciferases, and the interaction between specific G

proteins and target GPCRs can be measured by FRET or BRET

signals (Wan et al., 2018; Manchanda et al., 2021) (Figure 2C).

The overexpression of these biosensors, however, may perturb

endogenous G protein downstream signaling pathways, thus they

can be optimally used to monitor and measure the step of the G

protein recruitment.

The second sensing strategy to detect the G protein coupling

to the receptor is the intra-molecular FRET-based GPCR sensor

which is composed of GPCR, FRET pair FPs between ER/K linker

(Sivaramakrishnan and Spudich, 2011), and short C-terminal

sequences from the alpha helix 5 of G alpha protein (Figure 2C,

left). During the coupling of the G alpha protein to the activated

GPCR, the selection of G alpha protein, e.g., G alpha s, i/o, q, 12/

13, is dependent on the direct interaction between the GPCR and

the C-terminus sequences of the G alpha protein (Semack et al.,

2016; Tsai et al., 2019). Thus, the alpha helix 5 sequences of each

G protein are crucial to determine the binding specificity to

relevant GPCRs (Flock et al., 2017; Inoue et al., 2019a).

For example, β2AR-Gs FRET biosensor was developed which

contains β2AR, cyan and yellow FPs, and the C-terminal

27 residues from the alpha helix 5 of Gs (Malik et al., 2013).

The ER/K linker, which is a subset of single alpha-helical

domains that contains 73 amino acids (Sivaramakrishnan and

Spudich, 2011), enables the efficient separation between the

donor and acceptor FPs to keep the low FRET level in the

default state. When the activated β2AR in the biosensor

undergoes the conformational change, the C-terminal

sequences derived from Gs can directly bind to the β2AR in

the biosensor. This increases the proximity between the donor

and acceptor FPs in the β2AR-Gs biosensor, thus the increased
FRET level can report the G protein coupling to the activated

GPCR in live cells.

Utilizing these FRET-based biosensors, the structural basis of

selective interactions between GPCR and the C-terminus of G

alpha protein was further investigated (Semack et al., 2016). In

particular, the FRET-based β2AR-Gs biosensor and vasopressin

receptor 1A (V1AR)-Gq biosensor were constructed. The FRET

measurement discovered three hot spot residues in the

C-terminus of G alpha protein that are critical for

determining the coupling specificity of G protein. Additional

mutation experiments in these residues further revealed that

electrostatic interaction is important for the β2AR-Gs complex,

whereas the V1AR-Gq interface is predominantly hydrophobic

(Semack et al., 2016), suggesting different coupling mechanisms

of Gs and Gq to relevant GPCRs. In addition, another study

utilizing these biosensors revealed that non-cognate G alpha

proteins could modulate the ligand-binding affinity of the

GPCR through allosteric interaction or different binding

modes to the receptor (Gupte et al., 2017).

Finally, the third strategy is the BRET-based detection of

endogenous interaction between G proteins to GPCRs via the

specific detector module that binds to the activated G proteins

(Figure 2C, middle). This BRET-based biosensor with ER/K

linker and YFP (BERKY biosensor) is composed of membrane
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anchoring sequence, NanoLuc, ER/K linker, YFP, and KB-1753

that is a synthetic peptide specifically binding to Gαi-GTP
(Maziarz et al., 2020). In the default state, the ER/K linker in

the Gαi-BERKY biosensor efficiently separates the donor and

acceptor of BRET, minimizing the basal BRET level. When

endogenous GPCRs are activated and coupled to Gαi-GTP,
the KB-1753 in the Gαi-BERKY biosensor binds to the

endogenous Gαi-GTP proteins coupled to GPCR. This allows

the ER/K linker to bring the donor and acceptor proximal to each

other, resulting in an increased BRET signal. In addition, the

BERKY sensors for Gαq-GTP, Gα13-GTP, free Gβγ and Rho-

GTP were further developed by replacing the G protein-specific

module (Maziarz et al., 2020). Thus, the endogenous GPCR-G

protein coupling event can be monitored by the BERKY

biosensor in live cells.

Recruitment of β-arrestin to GPCR

After the activation of the G protein-mediated signaling

pathway, the C-terminus sequences of the GPCR can be

phosphorylated by G protein-coupled receptor kinases

(GRKs) which in turn can recruit β-arrestins (Figure 1D).

This prevents the G protein-mediated signal transduction by

sterically hindering G protein coupling (Lefkowitz and

Shenoy, 2005). Although some GPCRs can be internalized

through arrestin-independent mechanisms (Moo et al., 2021),

it is known that the β-arrestin facilitates the internalization of

GPCR via interaction with clathrin and adaptor protein 2

(AP2). (Goodman et al., 1996; Laporte et al., 1999). In addition

to this classical role of β-arrestin for GPCR internalization,

emerging evidence suggests that β-arrestin can mediate

signaling cascades via G protein-independent pathways

(Lefkowitz and Shenoy, 2005) (Figure 1D). For example, β-
arrestin can serve as a scaffolding protein for mitogen-

activated protein kinases (MAPKs) cascades, which regulate

various cellular functions, including proliferation,

transcriptional regulation, and apoptosis (DeWire et al.,

2007).

For such a different function, β-arrestin may adopt multiple

conformations and be modulated at various levels (Shukla et al.,

2008). Different β-arrestin conformations include 1) “tail”

conformation, with β-arrestin coupled to the phosphorylated

C-terminal tail of GPCR, and 2) “core” conformation, where β-
arrestin interacts with the receptor TM core region through its

finger-loop region (Shukla et al., 2014). Because GPCRsmay exist

in multiple conformational states, the ligands which can

selectively stabilize different conformational states of the

GPCRs can recruit distinct effector proteins, initiating G

protein- or β-arrestin-mediated signaling pathways (Kobilka

and Deupi, 2007). This functional selectivity, also called

biased agonism, allows the selective targeting of beneficial

pathways while avoiding potentially detrimental ones

(Wootten et al., 2018). Considering the critical roles of β-
arrestin in various cellular events, it is necessary to develop

fluorescent biosensors for monitoring the formation of the

GPCR-β-arrestin complex or visualizing the active

conformation of β-arrestin in live cells.

First, intra-molecular BRET-based biosensors were

constructed to probe conformational change of β-arrestin
by fusing RLuc and YFP to the N- and C-terminus of β-
arrestin respectively (Charest et al., 2005) (Figure 2D, right).

In addition, GFP was fused to the C-terminus of GPCR to

assess whether RLuc-β-arrestin-YFP is recruited to the

agonist-activated GPCR, and the intermolecular BRET

signals between RLuc and GFP reflect the recruitment of

RLuc-β-arrestin-YFP to the GPCR. In a similar way,

another intra-molecular BRET biosensor was developed

with NanoLuc and CyOFP1 as a donor and an acceptor,

respectively. Nanoluc has a smaller size (19 kDa) compared

to RLuc (36 kDa) with an improved brightness (~150-fold)

(Hall et al., 2012), and CyOFP1 is a cyan-excitable orange FP

(Oishi et al., 2020). This β-arrestin biosensor allows the

detection of different conformations of β-arrestin associated

with GPCR, i.e., tail and core conformations.

In addition, the FlAsH-based intra-molecular FRET/BRET

biosensors were developed to predict more precisely the

conformational changes of β-arrestin during activation, e.g. a

BRET-based biosensor based on FlAsH-RLuc pair (Lee et al.,

2016) and a FRET-based biosensor with FlAsH-CFP pair (Nuber

et al., 2016) (Figure 2D, left). These biosensors were generated as

a series of different biosensors in which the FlAsH motif was

encoded at different regions of β-arrestin. First, the BRET-based
β-arrestin biosensors with six different FlAsH sites were

examined with various GPCRs. The results revealed the

conserved features of BRET signals between GPCRs for

controlling the ERK1/2 phosphorylation, indicating a

distinctive β-arrestin conformational signature for the β-
arrestin-dependent downstream signaling events. In addition,

the FRET-based β-arrestin biosensors with eight different FlAsH

sites were used to investigate the kinetics in the conformational

changes of β-arrestin during the coupling and uncoupling

between β-arrestin and GPCRs.

Finally, the single FP-based β-arrestin biosensor was

engineered by inserting the entire β-arrestin into the critical

seventh stave of the β-sheet directly adjacent to the chromophore

of mNeonGreen (Hoare et al., 2020) (Figure 3C, left).

Interestingly, mNeonGreen in this biosensor is not circularly

permuted, thus it has a high quantum yield allowing the

biosensor to read sufficient signals with a brief excitation time

and thereby minimizing photobleaching (Shaner et al., 2013).

When β-arrestin binds to the phosphorylated GPCR, the

conformational rearrangement in the biosensor changes the

chromophore environment, resulting in a decrease in

fluorescence intensity. Due to its high temporal resolution and

minimal photobleaching, the biosensor can be used to measure
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the dynamic kinetics of the arrestin-dependent signaling

pathway.

GPCR signaling at internalized
endosomes and other organelles

Previous studies focus on GPCR activity at or near the

plasma membrane, where the GPCRs are known to mainly

function in response to extracellular stimuli. Likewise, it has

been believed that GPCRs transmit these signals only at the

plasma membrane and are desensitized after internalization

(Ferguson, 2001). However, emerging evidence suggests that

some GPCRs can maintain their activity at endosomes or

subcellular organelles even after internalization (Eichel and

von Zastrow, 2018) (Figure 1E). For example, the internalized

β2AR can continue its function at endosomes, which is crucial

for altering the expression patterns of cAMP-dependent

transcriptional factors (Tsvetanova and von Zastrow, 2014).

Therefore, it is important to develop fluorescent biosensors

which can monitor the real-time activity of GPCRs at

subcellular organelles in live cells.

The sustained GPCR activity at the internalized endosomes

was visualized by Nb-based fluorescent biosensors. As mentioned

in the previous section, the Zastrow group showed that β2ARs
could keep their active conformation at the internalized

endosomes utilizing Nb80-GFP (Irannejad et al., 2013). It was

also revealed, using a nanobody-based biosensor Nb80-FP, that

the β1AR-induced G protein signaling occurs in the Golgi,

suggesting novel pharmacological approaches for the

treatment of heart failure (Nash et al., 2019). In addition,

Nb37-FP showed that the internalized Thyroid stimulating

hormone (TSH) receptor maintains its function in the Golgi

and Trans-Golgi network (TGN) (Godbole et al., 2017). This

sustained activity of TSH produces cAMP near the nucleus,

which can efficiently induce the phosphorylation of cAMP

response element-binding protein (CREB) (Godbole et al.,

2017). The Nb-based OR sensor Nb33-GFP also discovered

FIGURE 4
Monitoring endosomal trafficking and degradation process of GPCRs with the GPCR-pH sensor. To confirm that GPCRs encounter the more
acidic environment during the endosomal trafficking and degradation process (Marchese et al., 2008; Kim et al., 2021a), a GPCR-pH sensor is
designed, which is composed of β2AR, a pH-sensitive FP (Bizzarri et al., 2009; Shen et al., 2014) and a pH-stable reference FP, which can confirm that
GPCRs encounter acidic environment during endosomal trafficking pathways. Acidification in the endosomes and lysosomes decreases the
fluorescent intensity of the pH-sensitive RFP, but not the reference FP, thus the acidic state of GPCRs can be predicted by the intensity ratios of
pH sensitive-FP (red) and reference FP (green).
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the Golgi-localized internal OR pool which can be activated by

non-peptide drugs, while peptide agonists activate ORs

conventionally at the plasma membrane and internalized

endosomes (Stoeber et al., 2018). These studies using the

nanobody-based fluorescent biosensors provide strong

evidence that GPCRs maintain their functions at internalized

endosomes and other organelles.

For the real-time monitoring of GPCR activation kinetics

during endosomal trafficking and degradation pathways

(Figure 1F), we conducted long-term live-cell imaging of the

FRET-based β2AR biosensor, which contains β2AR, a FRET pair

FPs, and the C-terminal sequences from Gs (Kim et al., 2021a)

(Figure 2C, left). As sensitive and reversible FRET signals can

report the real-time status of β2AR activity during the entire

process of the endosomal trafficking pathway, we can confirm

that the internalized β2AR is active at the endosomes for several

hours before it is degraded (Kim et al., 2021a). We further

calculated the kinetic factors of β2AR activation during

endosomal trafficking and degradation pathways, which would

be useful for assessing the functional kinetics of particular drugs

on target GPCRs. We also designed a GPCR-pH sensor which is

composed of β2AR, a pH-sensitive FP (Bizzarri et al., 2009; Shen

et al., 2014) and a pH-stable reference FP, which can confirm that

GPCRs encounter an acidic environment during endosomal

trafficking pathways (Marchese et al., 2008; Kim et al., 2021a)

(Figure 4).

Dimerization or oligomerization of
GPCR

Emerging evidence suggests that some GPCRs can be

dimerized or oligomerized (Hebert and Bouvier, 1998; Fuxe

et al., 2010; Ferre et al., 2014) (Figure 1G). Functional

crosstalk between these GPCRs may influence the ligand

binding affinity, downstream signaling pathways, and

trafficking patterns (Jordan and Devi, 1999; Casado et al.,

2007; Fiorentini et al., 2008; Milligan, 2010; Gonzalez-Maeso,

2011; Gomes et al., 2016), and some GPCR oligomerization

populations may be related to disease states (Ferre et al., 1991;

Jordan et al., 2003; Gonzalez-Maeso et al., 2008). However,

previous GPCR studies assumed that each GPCR generally

exists as a monomer. Therefore, it is important to monitor

the status of dimerization or oligomerization of GPCRs and to

detect functional crosstalk between the GPCR dimers or

oligomers.

First, FRET or BRET techniques can be applied to identify

the GPCR dimers or oligomers. For example, the physical

interaction between DRD2 and serotonin receptor 2A

(5HT2A) was demonstrated by analyzing inter-FRET

signals between 5HT2A-CFP and DRD2-YFP (Lukasiewicz

et al., 2010) (Figure 2E). In addition, the functional crosstalk

between 5HT2A and DRD2 was first revealed through analysis

of the inter-BRET signal between DRD2-RLuc and 5HT2A-

GFP upon stimulation of selective agonist or antagonist of

each receptor (Borroto-Escuela et al., 2010). As FRET and

BRET can occur when the donor and the acceptor are

proximal within 10 nm, it is generally believed that

the attached molecules may interact closely each

other (Padilla-Parra and Tramier, 2012). Nevertheless,

other biochemical methods such as co-immunoprecipitation

and PLA assay would be helpful to confirm the formation of

the GPCR complexes (Faron-Gorecka et al., 2019).

Studies on homodimers were also conducted using FRET

technology. For example, metabotropic glutamate receptor 1

(mGluR1) is known to form a homodimer when activated

(Kunishima et al., 2000). However, the molecular sequence of

homodimerization and the conformational change was not clear,

thus inter-FRET and intra-FRET mGluR1 biosensors were

constructed (Hlavackova et al., 2012). For the monitoring of

the homodimerization process of mGluR1, subunits of inter-

molecular FRET biosensors were constructed by fusing CFP or

YFP to ICL2 of mGluR1. On the other hand, intra-molecular

FRET sensor was developed by fusing YFP to ICL2 and CFP to

the C-terminus for measuring conformational changes of

mGluR1. The results utilizing these FRET sensors revealed

that, upon ligand binding, the homodimerization of

mGluR1 through the Venus flytrap (VFT) domain occurs

first, and then the conformational changes in the ICL of

mGluR1 follow next to induce the G protein-mediated

signaling pathways. Thus, FRET-based biosensors are useful to

elucidate the molecular mechanism of the GPCR activation

process.

Functional crosstalk between GPCR heterodimers can also

be investigated by cpFP-based biosensors. For example, we

developed the cpFP-based red DRD1 biosensor and green

DRD2 biosensor, R-DRD1 and G-DRD2, which selectively

increase red or green fluorescence upon the activation of

DRD1 or DRD2, respectively (Kim et al., 2022). The

R-DRD1 biosensor was co-expressed with DRD2 to form

the DRD1-DRD2 heterodimer (Hasbi et al., 2009; Urizar

et al., 2011; Chun et al., 2013), then the activation status of

DRD1 in the heterodimer was closely monitored in live cells.

Also, G-DRD2 co-expressed with DRD1 can report the

activation status of DRD2 in the heterodimer. The results

of this study demonstrated that DRD1 in the DRD1-DRD2

heterodimer is selectively inhibited in response to high

levels of dopamine, whereas DRD2 is inhibited only upon

low levels of dopamine, suggesting differential functional

crosstalk in the DRD1-DRD2 heterodimer under different

physiological conditions (Kim et al., 2022). These methods

utilizing fluorescent GPCR biosensors can be further

applied to investigate functional crosstalk in other

GPCR dimers and oligomers, promising a deeper

understanding of the molecular mechanism of GPCR

activation and function.
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GPCR downstream signaling

We have discussed a variety of fluorescent sensors to monitor

the different status of the GPCR activation process, for example,

the binding of an extracellular ligand to GPCR, conformational

change of GPCRs, recruitment with G proteins or β-arrestin,
GPCR internalization and trafficking, and GPCR dimerization

and oligomerization (Figure 1). The final step of GPCR activation

initiates the intracellular signaling events specific to the recruited

G proteins.

First, the activation of GPCR coupled to Gs protein induces

the production of cAMP through the activation of adenylyl

cyclase (AC), while the activated GPCR coupled to Gi protein

inhibits AC, thus reducing the level of cAMP (Sunahara and

TABLE 1 Examples of currently available FRET and BRET biosensors for GPCR studies.

Detection step Target
GPCR

Ligand used Detection
method

FRET or BRET
pair

Cell lines
tested

Notes Reference

Ligand binding GltI
(mGluR)

Glutamate FRET ECFP-Venus HEK293,
HeLa

Hires et al., 2008
Tsien, 2006

Conformational change
of GPCR

α2AAR Noradrenaline,
Norepinephrine

FRET CFP-YFP, CFP-
FlAsH

HEK293 Vilardaga et al., 2005
Nikolaev et al., 2006

β1AR Norepinephrine,
Isoproterenol

FRET Cerulean-YFP,
Cerulean-FlAsH

HEK293 Rochais et al., 2007

β2AR Isoproterenol FRET CFP-YFP, CFP-
FlAsH

HEK293 Reiner et al., 2010
Nakanishi et al., 2006

A2AR Adenosine FRET CFP-YFP, CFP-
FlAsH

HEK293,
COS-1

Hoffmann et al., 2005

B1R Carboxypeptidase M FRET CFP-FlAsH HEK293 Zhang et al., 2013

B2R Bradykinin, Mechanical
force

FRET CFP-YFP HEK293,
BAEC

Chachisvilis et al., 2006

H1R Histamine, Mechanical
force

FRET Cerulean-FlAsH HEK293 Erdogmus et al., 2019

mAChR Carbachol FRET CFP-FlAsH HEK-TsA201 Maier-Peuschel et al., 2010

PTH1R PTH, Mechanical force FRET CFP-YFP,
Cerulean-Citrine

HEK293,
NC3T3-E1

Vilardaga et al., 2003,
Zhang et al., 2009

AT1R Angiotensin II BRET RLuc-YFP CHO Szalai et al., 2012

B1R Carboxypeptidase M BRET RLuc-FlAsH HEK293 Zhang et al., 2013

G protein recruitment β2AR Isoproterenol FRET mCerulean-
mCitrine

HEK293 Malik et al., 2013

V1AR AVP FRET mCerulean-
mCitrine

HEK293 Gupte et al., 2017

A1AR Adenosine FRET Cerulean-Venus HEK293 Mini-G Wan et al., 2018

α2AAR Brimonidine BRET NLuc-YFP HEK293T BERKY Maziarz et al., 2020

β2AR Isoproterenol BRET RLuc-GFP HEK293T Gales et al., 2005

β2AR Isoproterenol BRET RLuc8-Venus HEK293 Mini-G Wan et al., 2018

GLP-1R GLP-1 BRET NLuc-Venus HEK293 Mini-G Manchanda et al., 2021

β-arrestin recruitment β2AR Isoproterenol FRET CFP-FlAsH HEK293 Nuber et al., 2016

β2AR, V2R Isoproterenol, AVP BRET RLuc-YFP HEK293, COS Charest et al., 2005

β2AR, AT1R Isoproterenol,
Angiotensin II

BRET NLuc-CyOFP1 HEK293T Oishi et al., 2020

PTH1R PTH BRET RLuc-FlAsH HEK293 Lee et al., 2016

GPCR dimerization 5HT2A/
DRD2

DOI, Quinpirole FRET ECFP-EYFP HEK293 Lukasiewicz et al., 2010

mGluR1 Quisqualate FRET CFP-YFP HEK293,
COS-7

Hlavackova et al., 2012

5HT2A/
DRD2

5-HT, Quinpirole BRET RLuc-GFP2 HEK293T Borroto-Escuela et al., 2010

GltI, Glutamate/aspartate import solute-binding protein; α2AAR, α2A adrenergic receptor; β1AR, β1 adrenergic receptor; β2AR, β2 adrenergic receptor; A2AR, A2A adenosine receptors;

B1R, B1-bradykinin receptor; B2R, B2-bradykinin receptor; H1R, Histamine H1 receptor; mAChR, Muscarinic acetylcholine receptor; PTH1R, Parathyroid hormone 1 receptor; AT1R,

Angiotensin II type 1 receptor; V1AR, Vasopressin receptor 1A; A1AR, A1A adenosine receptors; GLP-1R, Glucagon like peptide-1 receptor; V2R, Vasopressin receptor 2; 5HT2A,

Serotonin receptor 2A; DRD2, Dopamine receptor 2; mGluR1, Metabotropic glutamate receptor 1; PTH, Parathyroid hormone; AVP, Arginine Vasopressin; GLP-1, Glucagon like peptide-

1; DOI, 2,5-Dimethoxy-4-iodoamphetamine.
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Taussig, 2002; Moreira, 2014). The cAMP level plays an

important role in controlling protein kinase A (PKA) activity,

which is crucial for CREB-mediated transcription (Delghandi

et al., 2005). Therefore, it is useful to apply fluorescent sensors

detecting cAMP level or PKA activation for monitoring the

downstream functions of GPCRs coupled to Gs and Gi

protein. An excellent review of these biosensors is available

for further reading (Massengill et al., 2021).

Second, the activation of GPCRs coupled to Gq protein

increases intracellular Ca2+ levels through the phospholipase C

(PLC) signaling pathway (Smrcka et al., 1991; Taylor et al., 1991;

Moreira, 2014). Because Ca2+ is an important second messenger

for a wide variety of cellular processes, there are continuous

efforts to develop efficient and sensitive Ca2+ sensors. The first

FRET-based Ca2+ sensors were developed by the Tsien group,

which can measure the FRET changes between a donor and an

acceptor FP induced by the interaction of Ca2+-bound M13 and

calmodulin (Miyawaki et al., 1997). This interaction was also

applied to design the first cpFP-based Ca2+ sensors GCaMP

(Nakai et al., 2001), which has been continuously improved

for better sensitivity, brightness, stability, signal-to-noise ratio

(Chen et al., 2013; Dana et al., 2019), and different colors (Zhao

et al., 2011; Inoue et al., 2019b; Qian et al., 2019). Excellent

reviews for the Ca2+ sensors are available (Kerruth et al., 2019; Li

and Saha, 2021; Lohr et al., 2021).

Finally, the activation of G12/13-coupled GPCRs can induce

the activation of Rho GTPases (Dhanasekaran and Dermott,

1996; Kozasa et al., 1998). Genetically encoded fluorescent

sensors have been developed to monitor the activation of Rho

GTPases in live cells based on FRET and dimerization-dependent

FP (ddFP) (Kim et al., 2019). More information on the Rho

biosensors is available in the previous review (Kim et al., 2021b).

These biosensors detecting the GPCR downstream signaling can

report the real-time functional outputs of GPCR activation, thus

can be applied sequentially or together with other GPCR

biosensors discussed in the previous sections.

Conclusion

Upon the binding of extracellular ligands, GPCRs change

their conformations to recruit G proteins and/or β-arrestin and

mediate downstream signaling events. Then the GPCRs can be

internalized and follow endosomal trafficking pathways for

recycling or degradation (Figure 1). In this review, we

discussed various strategies of genetically encoded fluorescent

biosensors that can monitor these stages of GPCR activation with

high spatiotemporal resolution. For example, the FRET/BRET-

based GPCR biosensors have been designed to monitor different

steps of GPCR activation (Figure 2). We discussed the circular

permuted FP-based GPCR biosensors, which generally show

higher dynamic ranges compared to the FRET/BRET-based

biosensors (Figure 3). We also introduced nanobody-based

GPCR biosensors (Figure 3) and the GPCR-pH sensor

utilizing pH-sensitive FPs (Figure 4). These genetically

encoded fluorescent biosensors can be applied to a wide range

of GPCR-related research, therefore researchers need to choose

the most appropriate GPCR biosensors for their research.

First, the GPCR biosensors are used to elucidate precise

molecular mechanisms of GPCR activation and function. For

example, the FRET-based biosensors that detect the

conformational change of GPCRs provided important

information regarding the structural rearrangement of GPCRs

during activation (Erdogmus et al., 2019). The sustained GPCR

activity at the internalized endosomes (Rasmussen et al., 2011a)

as well as other organelles (Godbole et al., 2017; Stoeber et al.,

2018) were revealed by Nb-based GPCR biosensors. The

fluorescent biosensors that detect the coupling of G protein to

GPCRs discovered the structural basis of selective interactions

between GPCR and different G proteins (Semack et al., 2016).

The dimerization of GPCRs can be identified by FRET-based

biosensors (Hlavackova et al., 2012), and functional crosstalk

between GPCR dimers can be assessed by cpFP-based GPCR

biosensors (Kim et al., 2022). We expect that the development of

novel GPCR biosensors and their applications with advanced

imaging techniques will promise further exciting discoveries on

the molecular mechanisms of GPCR activation and function.

Second, the GPCR biosensors can be used to sensitively

monitor the activation of GPCRs in live cells and in vivo.

Genetically encoded fluorescent biosensors are particularly

useful in neuroscience due to their ability to visualize the

spatiotemporal activity of neurotransmitter receptors, which are

also GPCRs, in complex brain networks. For example, the cpFP-

based biosensors were successfully used to detect the release of

neurotransmitters such as glutamate (Hires et al., 2008) and

GABA (Marvin et al., 2019). Moreover, the real-time activity of

neurotransmitter receptors, for example, dopamine receptors

(Patriarchi et al., 2018; Sun et al., 2018), was monitored in the

mouse brain with the cpFP-based GPCR biosensors. For the

understanding of complex brain functions, further efforts will

be required to develop improved fluorescent biosensors with

enhanced fluorescent response and higher expression levels. In

addition to genetically encoded GPCR biosensors, the optogenetic

technology which can spatiotemporally control the activity of

GPCR, such as OptoXRs (Airan et al., 2009; Tichy et al., 2019),

will be further useful to investigate the function of

neurotransmission in the brain.

Finally, the GPCR biosensors can be applied for the screening

of the drug candidates targeting GPCRs. As GPCRs are major

therapeutic targets of more than 30% of FDA-approved drugs

(Insel et al., 2019), the genetically encoded GPCR biosensors can

be a useful platform for drug screening (Unger et al., 2020). The

efficient agonists can be screened and selected by quantifying the

fluorescent signals of GPCR biosensors in live cells. For the

selected candidates, the functional kinetics of the agonist-

induced GPCR activation can be accessed by the GPCR

Frontiers in Cell and Developmental Biology frontiersin.org12

Kim et al. 10.3389/fcell.2022.1007893

154

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2022.1007893


biosensors (Kim et al., 2021a). Furthermore, the biased agonism

can be tested and characterized by the β-arrestin biosensors

(Shukla et al., 2008; Hoare et al., 2020). Therefore, the

genetically encoded GPCR biosensors are powerful tools to

screen and evaluate the drug candidates targeting GPCRs.
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