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Abstract: The heavy metal lead (Pb) can irreversibly damage the human nervous system. To help understand
Pb-induced damage, we have developed practical applications for genetically encoded Pb biosensors in cardiac
cells and insect central nervous tissue. We applied the optimized fluorescence resonance energy transfer
(FRET)-based Pb biosensor Met-lead 1.44 M1 to two living systems to monitor the concentration of Pb: in-
duced pluripotent stem cell (iPSC)-derived cardiomyocytes as a semi-tissue platform, and Drosophila mela-
nogaster fruit flies as an in vivo animal model. Different FRET imaging modalities were used to obtain FRET
signals, which represented the presence of Pb in the tested samples in different spatial dimensions. Pb was
effectively sensed in two living models producing Met-led 1.44 M1. In iPSC-derived cardiomyocytes, the
relationship between beating rate determined from the fluctuation of fluorescent signals and the concentrations
of Pb represented by the FRET emission ratio values of Met-lead 1.44 M1 demonstrated the potential of this
fluorescence biosensor system for anti-Pb drug screening. In the Drosophila model, Pb was detected within
the adult brain or larval central nervous system using fast epifluorescence and high-resolution two-photon 3D
FRET ratio image systems. The optimized Pb biosensor together with FRET microscopy can be used for spe-
cific applications to detect Pb with a limit of detection of 10 nM (2 ppb). We believe that this integrated Pb
biosensor system can be applied to the prevention of Pb poisoning.

Keywords: Drosophila melanogaster, fluorescence resonance energy transfer, Met-lead 1.44 M1, Pb
biosensor

1. Introduction

Toxic elements such as the heavy metal lead (Pb) have been affecting the daily lives
of humans for more than three thousand years. Pb has been used to adulterate wine and
gasoline, to make water pipes (since the ancient Roman period), in traditional Chinese
medicine, and as a component of glass and ceramics, paint, hair dyes, children’s toys, and
batteries. The recognition that Pb damages human tissues was only reached after count-
less sad historical events. For example, during the last Arctic expedition of Sir John Frank-
lin in 1845, all the crew members of the ships Erebus and Terror were found dead two years
after they had gone missing. Detailed investigations suggested that in addition to tuber-
culosis, Pb poisoning from contaminated tinned food and water was an important factor
in these deaths [1-6]. The neurological effects of high Pb exposure include delusion, im-
paired judgment, and even a desire to commit murder. An increased Pb content in honey
produced near the Cathedral of Notre-Dame de Paris in France after a 2019 fire was found
to derive from old leaded stained glass that was destroyed by the fire, producing fumes
that were spread by the wind [7-9]. More recently, a doctor of Chinese medicine in Taiwan
illegally issued an incorrect prescription containing large amounts of Pb, which led to
harmful effects for patients with ages ranging from 4 to 85 years old. Pb can cause tissue
damage that leads to neurological disorders, including cognitive deficits, low intelligence
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quotient (IQ), and attention-deficit hyperactivity disorder (ADHD) [10]. In addition, Pb
can cause cardiovascular diseases (CVDs) such as secondary arterial hypertension [11],
and circulatory illnesses including anemia [12]. These toxicological impacts of Pb can re-
sult from various pathways of Pb exposure, such as drinking contaminated water, breath-
ing, eating, and physical contact with Pb.

Fluorescent indicators in combination with suitable readout platforms can be used to
monitor the presence of specific compounds or elements within living systems or in their
environment [13,14]. These indicators can be in chemical form, which are preferentially
applied for environmental sensing; alternatively, they can be genetically encoded (GE), as
with fluorescent protein (FP) biosensors that can be expressed intracellularly to sense spe-
cific targets. Strategies for the qualitative and quantitative sensing of targets by GEFP bi-
osensors can include the combination of a bioreceptor (a selected sensing domain) with a
signal transducer, which transforms target recognition events into fluorescent signals. For
example, the first GEFP biosensor, cameleon, was developed to detect fluorescence reso-
nance energy transfer (FRET) signal events between two pairs of FPs (BFP with GFP, or
CFP with YFP) following the sensing of intracellular calcium ions [15]. This novel strategy
makes it possible to visualize specific molecules in real time and in a genetically controlled
manner without the need to stain tissues.

This strategy inspired the development of different types of FRET-based biosensors
round the world to examine the dynamic status of living cells and thus better understand
the functional roles of molecules of interest, to precisely and rapidly predict the fate of
targeted cells, and, in particular, to provide a powerful platform for drug screening
[16,17]. Because they require high molecular selectivity, however, GEFP biosensors to de-
tect metal ions, such as zinc (Zn*), copper (Cu?), silver (Ag*), cadmium (Cd?), and Pb%,
have been relatively difficult to generate [18-23]. Given the importance of monitoring
heavy metals in environmental and biological samples, biosensors that can perform both
these functions are especially desirable.

To monitor Pb toxicity, we designed the FRET-based GEFP biosensor Met-lead (Fig-
ure 1), which we reported previously [20]. However, the sensing ability of the first version,
Met-lead 1.59 (Figure 1A), provided a dynamic range (DR) of less than two-fold and a
limit of detection (LOD) of about 500 nM (~10 pg/dL; compared with a recommended
maximum blood lead level for children of 2 ug/dL), making it unsuitable for further ap-
plications [20]. Therefore, we endeavored to improve the sensitivity of Met-lead molecules
in different ways, including adjusting the lengths of the Pb-sensing domains and inserting
a repeat sequence (linker) in the center of the Pb-sensing domains [23]. We achieved a
LOD of Pb of 10 nM (2 ppb) for the most recent Met-lead version, 1.44 M1 (Figure 1B).
This offers great potential for important practical applications such as the detection of Pb
in the environment (in water for drinking or irrigation), in body fluids (in cells, serum, or
urine) or in other tissues (in vivo in whole animals or plants), filling a need that has been
widely noted by researchers over the years. In this study, we used two different systems
to demonstrate the measurement of Pb under various conditions: induced pluripotent
stem cell (iPSC)-derived cardiomyocytes [24,25] with measurable functional parameters,
which provide a unique in vitro tissue model, and the adult brain and larval central nerv-
ous system (CNS) of transgenic Drosophila, as an easy-to-handle in vivo model [23,26].
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Figure 1. The simulated structure of FRET-based Met-lead Pb sensors. A, B, The FRET pair of fluorescent proteins within Met-
lead (A, version 1.59; B, version 1.44) are depicted: ECFP (blue) and EYFP (yellow) led to FRET in the presence of the target (Pb,
red circles), due to Pb binding by the sensing key residues (three red lines near Pb). This image was adapted from a previous
report [28].

2. Results

2.1. Simultaneous monitoring of physical cardiomyocyte activity and Pb content

The cardiovascular system is one of the most important targets of Pb toxicity [27,28].
The entry of Pb into the cardiovascular system has been suggested to occur via various
calcium (Ca?") channels [29,30], and Pb impairs the normal function of cardiac contraction
[27,31,32]. We used the improved Met-lead 1.44 M1 Pb biosensor in iPSC-derived cardio-
myocytes to demonstrate the sensing ability of Met-lead (FRET ratio increase; Figure 2F,
G) while simultaneously obtaining physiological parameters (e.g. the cardiomyocyte beat-
ing rate; Figure 2D, E). The beating frequency of the cardiomyocytes was significantly
affected by exposure to Pb (50 uM; Figure 2F, G; Table 1). Pretreatment with the calcium
channel blocker verapamil (2 uM) not only impaired the beating function of cardiomyo-
cytes (Figure 3D and Table 1), but also decreased the entry of Pb (Figure 3F and Table 1).
Another calcium channel blocker, 2-aminoethoxydiphenyl borate (2-APB; 50 uM; the
store-operated Ca-channel inhibitor), altered the rate of beating (Figure 3E and Table 1)
without stopping beating as verapamil did (Figure 3D and Table 1). This experiment pro-
vided a time-lapse recording of Met-lead as a classical demonstration of in situ Pb moni-
toring, and also generated additional information about the health status (beating rate) of
living cardiomyocytes.

Table 1. Intracellular entry of Pb (FRET ratio changes) and the physiological impact of Pb (beating rate) on iPSC-induced cardio-
myocytes. The original data were extracted from Figures 2 and 3.

iPSC experimental sets Delta Pb (FRET ratio) Beating frequency
Control NA! (basal maintained at 1.97£0.15) 6 Hz > 6 Hz

Pb (50 uM) 2.06 (4.18+0.32 > 6.24+0.17) 5Hz > NA

Pb (50 uM) + Verapamil 0.19 (3.06+0.14 > 3.25+0.73) NA

Pb (50 uM) + 2-APB 0.34 (1.91+0.1 > 2.25+0.47) 6Hz > 6 Hz

1T NA: none detected.
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Figure 2. The simultaneous recording of the physiological activity and entry of Pb into iPSC-derived cardiomyocytes.
A-C, The fluorescence and FRET ratio images of cells expressing Met-lead 1.44 M1 were acquired in control buffer (A and
B) or after Pb treatment (50 uM; C). The color bar for B and C represents ratio values from 1 to 9. D, E, Within the 25-min
recordings, the time-lapse fluctuation of fluorescence signals in the tested cells revealed the beating activity (control in D;
Pb in E). F, G, Simultaneously, intracellular Pb sensing could be observed in control (F) and Pb (G) treatments.
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Figure 3. Assessment of the differential effects of Ca>* blockers on iPSC-derived cardiomyocytes by the simultaneous
recording of beating activity and Pb sensing. A—C, The fluorescence and FRET ratio images of cells expressing Met-lead
1.44 M1 were acquired in Pb buffer with verapamil (P+V; A and B) or in Pb buffer with 2-aminoethoxydiphenyl borate (2-
APB) (P+2APB; C). The color bar in B represents ratio values from 1 to 9. D, E, During the 25-min recordings, the time-
lapse fluctuation in fluorescence signals in the tested cells revealed the beating activity (D and E). F, G, Intracellular Pb
sensing can be observed for Pb in the presence of verapamil (F) and for Pb in the presence of 2-APB (G).


https://doi.org/10.20944/preprints202108.0482.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 August 2021 d0i:10.20944/preprints202108.0482.v1

2.2. In vivo Pb sensing

The impact of Pb on the nervous system has been noted for years [10,12]. In this
study, we introduced the improved Met-lead 1.44 M1 (Figure 1B) biosensor gene into Dro-
sophila with tissue-specific expression of the upstream activating sequence controlling the
gene's expression (UAS-GALA4 flies). In this way, the performance of the Pb biosensor
within targeted organs at different life stages, such as the adult brain (Figure 4) or larval
CNS (Figure 5), could be detected. In adult flies that expressed the Pb biosensor within
cholinergic neurons (Cha-gal4 > UAS-Met-lead 1.44 M1, Figure 4A, B), changes in the FRET
ratio signal within the neurons of the brain were visualized as rainbow-colored images
(Figure 4C) or were displayed as line plots for selected regions (Figure 4D). These in-
creased FRET ratio signals not only represent the presence of Pb in situ (Figure 4C, D), but
also provide a direct demonstration that the Pb biosensor can be used to detect the Pb

content within living organisms.
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Figure 4. In vivo Pb biosensing in the adult brain of Drosophila (strain Cha-gal4 > UAS-Met-lead 1.44 M1) using FRET
ratio live imaging. A-C, Representative fluorescence images of YFP (A) and CFP (B) emission, and the emission ratio
(YFP/CFP, C), in the fly brain during a 35-min recording. The color bar in C represents ratio values from 0.1 to 3.2. D,
Time-lapse changes in the emission ratio value (YFP/CFP) during the in vivo recording.
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We also used two-photon FRET imaging to monitor the concentration of Pb within
the intact larval CNS (Cha-gal4 > UAS-Met-lead 1.44 M1, Figure 5) in a 3D manner (Figure
5A) or using sectional imaging (Figure 5B; for representative sections). The ratio values
within different regions of interest along vertical sections of the larval CNS are shown in
Figure 5C.
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Figure 5. In vivo Pb biosensing in the larval CNS of Drosophila using high-resolution two-photon FRET ratio imaging.
A, A 3D reconstructed (projection) image of the larval CNS taken using a two-photon DRET ratio microscope (40 sections
in total) was rotated by 360°. B, Twelve representative sections are shown. C, The emission ratio values of these 3D-sec-
tioned FRET images are displayed for different depths (slice number) and certain regions were selected, such as the right
(O) and left (A) parts of the larval brain hemisphere and the branch (3v) and center (V) of the spinal cord. The color bar
in B represents ratio values from 0.1 to 2.5.

3. Discussion

Although the use and acceptable concentrations of Pb are highly regulated, Pb con-
tinues to harm human health and cause neurological disorders [10] and/or CVDs [11],
even at relatively low levels that may be under the critical limit allowed in a particular
jurisdiction [10,12]. An advanced tool to indicate the presence of Pb in the environment or
in human daily inputs such water, food and merchandise would be extremely beneficial.
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In this study, we demonstrate practical applications of the optimized FRET-based genet-
ically encoded Pb biosensor Met-lead 1.44 M1 (Figure 1B) in two different systems: in vitro
in iPSC-derived cardiomyocytes (Figure 2 and 3) and in vivo in fruit flies (Figure 4 and 5).

The activity of cardiomyocytes was simultaneously monitored during the detection
of Pb. Because concerns exists about the use of chelating agents such as dimercaprol (Brit-
ish anti-Lewisite, BAL) and calcium disodium ethylenediaminetetraacetic acid (CaEDTA)
to treat Pb poisoning [33,34], it would be useful to identify alternative drugs that can re-
move Pb from human tissues such as cardiomyocytes with the fewest side-effects. The
combination of Met-lead 1.44 M1 with iPSC-derived cardiomyocytes provides a good
platform with which to search for candidate anti-Pb drugs while simultaneously monitor-
ing the cardiac toxicity of Pb by measuring beating activity (Figure 2D, E; Figure 3D, E;
Table 1). The development of a Pb-monitoring system that can also sense cardiac activity
through its incorporation of a near-infrared genetically encoded calcium ion biosensor
(NIR-GECO1) [35] may achieve this aim in the future, because the spectrum of NIR-
GECO1 does not overlap with that of Met-lead (CFP and YFP).

Our work here also served to introduce a promising animal model for studying Pb
poisoning: Because the UAS-Gal4 system can be used to express the genetically encoded
Pb biosensor in a tissue-specific manner, the UAS-Met-lead 1.44 M1 fly strain can be used
for further toxicological investigations of Pb-sensitive organs. For example, the influence
of Pb on neuronal activity or circuitry can be revealed by monitoring neurons that express
Met-lead, such as cholinergic neurons in adult (Figure 4) or larval flies (Figure 5). The use
of 3D microscopic imaging of single cells, together with FRET Pb biosensing, can create
an overview of Pb neurotoxicity at a resolution that has not previously been achievable.
In the future, this could also be enhanced by using NIR-GECO [36].

4. Conclusions

In summary, this study demonstrates the use of versatile cell and animal models for
the biosensing of Pb to provide an easily-to-use tool for advanced investigations into lead
toxicology.

5. Materials and Methods

5.1. Cell culture

The human iPSC-derived cardiomyocytes (Human iPSC Cardiomyocytes - Cardi-
osight®-5) [24,25], were obtained from Nexel. A 96-well glass-bottom plate was first
coated with 0.5% fibronectin/0.1% gelatin at 37°C for at least 1 h. The human iPSC cardi-
omyocytes were transferred into the plate wells and cultured for 3 days in Nexel’s Cardi-
omyocyte Maintenance Medium, which was then replaced with Tyrode’s buffer. For FRET
imaging, the human cells were seeded onto 24-mm cover-glasses coated with poly-L-ly-
sine and then transfected with Met-lead genes using Lipofectamine (Thermo Fisher Scien-
tific) according to the manufacturer’s instructions [20,26,27]. The cells were used for lead
biosensing 2 days after transfection [23].

5.2. Fly strains and transgenic fly constructs

The Drosophila melanogaster stocks were raised on standard cornmeal medium and
housed at 25°C with 70% relative humidity in a 12 h:12 h light:dark cycle incubator. To
measure the contents of Pb within the cholinergic neurons of adult brains or the larval
CNS, the strain Cha-gal4 was used and was injected with UAS-Met-lead 1.44 M1 [23,26].

5.3. Preparation or fly samples

For in vivo (rapid) time-lapse FRET biosensing of Pb in the adult fly brain, flies were
placed into a custom-made plate and the brain of each fly was removed under the FRET
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microscope [23]. For the larval CNS, each intact larva was cooled on ice and plated onto
the FRET microscope for rapid image acquisition [26].

For in vivo (high-resolution, two-photon illumination) FRET biosensing of Pb within
the larval CNS, whole larva bodies were immersed in 4% paraformaldehyde pre-cooled
on ice and shaken gently for 1 h. The samples were transferred to 2% PBST (PBS with 2%
Triton X-100) for 30 min and then shaken and placed in a vacuum chamber. The samples
were then mounted onto coverslips and cleared with 15 pL RapiClear (SunJin Lab, Co,
Taiwan), and were stored in an electronic dry cabinet until imaging.

5.4. FRET-based Pb imaging

For in-cell or in vivo FRET ratio imaging of Pb within iPSC-derived cardiomyocytes
or in the Drosophila brain, an inverted microscope (Axiovert 200M, Zeiss, Germany) or a
stereomicroscope (MVX-10, Olympus, Japan) equipped with a 440-nm light source and a
W-View module (Gemini, Hamamatsu, Japan; with filters 542/27 nm for YFP and 483/32
nm for CFP) and a CMOS camera (ORCA-Flash4.0, Hamamatsu, Japan) controlled by
HCImage software was used. The fluorescent signals of cp173Venus and ECFP(AC11)
from samples that expressed Met-lead were rapidly acquired from the in-cell or in vivo
FRET ratiometric imaging systems.

For the high-resolution FRET ratiometric imaging of larval CNS, a two-photon mi-
croscope was used. An 850-nm two-photon laser was applied as an excitation source
within a multiphoton microscope (Zeiss LSM 7 MP, with 20x, NA 1.0 water objectives,
Germany). The emission signals of YFP (530-630 nm) and CFP (460-500 nm) were ac-
quired separately.

5.5. Data analysis

Image] was used to combine the ratio of fluorescent signals of cp173Venus (YFP
channel) and ECFP(AC11) (CFP channel) using the Ratio Plus plugin and displayed with
a rainbow-colored palette using the Lookup Table (LUT) to visualize FRET biosensing
(colored from blue to red according to the lowest to the highest ratio value) within intact
living cells, fly brains or the larval CNS.
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