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Abstract: Fluorescent proteins (FPs) are optical probes that are used to track the functions of geneti-
cally encoded target molecules in molecular and cellular biology. FPs have intrinsic photophysical
properties generated by the chromophore and its surrounding amino acid sequences. The intensity
of the fluorescence emission of FPs can be changed using external factors such as pH or metal ions.
Additionally, the fluorescence intensity of FPs can be reduced or quenched using specific transition
metal ions, suggesting that they are attractive probes for measuring metal ion levels. A spectroscopi-
cal analysis of the metal-induced fluorescence quenching of several FPs revealed that they exhibited
intrinsic fluorescence quenching behavior with specific metal ions. The quenchable metal-binding site
of FP has been determined using chemical modification, crystal structure, and modeling, providing
insights into the molecular mechanism and FP engineering. In this review, studies on the change in
the fluorescence activity of FPs mediated by metal ions are comprehensively compared and reviewed,
and the requirements for the development of fluorescent protein-based metal biosensors in the future
are discussed.
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1. Introduction

Metal ions are essential for all living organisms and play critical roles in fundamental
biological processes such as osmotic regulation, catalysis, metabolism, biomineralization,
and cell signaling [1]. Lack of essential metal ions in an organism can cause growth
disorders, severe disruption in body functions, carcinogenesis, or death [2]. Moreover,
a deficiency or excess of metal ions in living organisms can cause health problems, and
their concentrations must be maintained within appropriate ranges for optimal cellular
function [3-6]. Therefore, investigating the distribution and concentration fluctuations in
metal ions within a cell can provide valuable insights for medical diagnoses related to cell
signaling, metabolic engineering, or disease tracking [7,8].

Transition metal ions such as Cu, Ni, and Zn are involved in several physiological
and pathophysiological pathways [9]. Several spectrophotometric and electroanalytical
techniques, such as atomic absorption/emission spectroscopy [10,11], inductively coupled
plasma mass spectroscopy [12-14], electrochemical assays [15,16], and colorimetric meth-
ods [17,18], have been widely used and have provided reliable results. However, these
methods have several limitations in terms of expensive equipment, complex preprocessing,
detection speed, and immediate detection in the field [7]. Therefore, the development of
more accessible metal-detection probes is required. Among the various potential probe
materials, fluorescent probes are attractive for metal detection because of their promising
photophysical properties such as high sensitivity and selectivity, low detection limit, fast
response, operational simplicity, real-time monitoring, and low cost [7,19].

In the field of biology, various biomolecules, such as peptides [20], enzymes [21], anti-
bodies [22], nucleic acids [23], DNAzymes [24], and whole cells [25], are being developed
as metal biosensors to measure metal ion levels. Fluorescent proteins (FPs) have photophys-
ical properties because they emit fluorescence when the light of a specific wavelength is
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absorbed [26-29]. FPs are widely used as optical probes to track the location and function of
genetically encoded target molecules in various molecular and cell biology techniques, such
as Forster or fluorescence resonance energy transfer (FRET) [30-32], biosensors [33-37],
optogenetics [38-40], chemogenetics [41,42], subcellular localization [43-45], in vivo imag-
ing [46-48], or genome editing [49-52] (Table 1).

Table 1. Application of fluorescent proteins in biological research.

Application Biological Research Reference
Forster or fluorescence resonance . . . . i1 .
energy transfer (FRET) Protein-protein interactions or conformational changes within proteins [30-32]
Biosensors Monitoring of small biomolecules or other physiological [33-37]
intracellular processes

Optogenetics Measuring or controlling molecular signals, cells, or groups of cells [38-40]
Chemogenetics Monitoring cellular receptors that affect signal pathways within a cell [41,42]
Subcellular localization Monitoring the location of the target molecule in cells [43-45]
In vivo imaging Imaging plasmids or protein-protein interactions in organs [46-48]
Genome editing Monitoring genome editing [49-52]

Green fluorescent protein (GFP) was first discovered in jellyfish (Aequorea victoria) [53].
GFP-like proteins form a f3-can fold comprising an 11-stranded (-sheet [54]. A peptide
portion penetrates the (3-barrel, and the center of the (3-barrel contains a chromophore
composed of a tripeptide (Figure 1).
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Figure 1. Structure of green fluorescent protein and chromophore. (a) Crystal structure of the
green fluorescent protein (GFP) from jellyfish (PDB code: 1IEMA). (b) GFP chromophore formation
following a three-step autocatalytic process including cyclization, dehydration, and oxidation of three
amino acids (Ser65, Tyr66, Gly67). Absorption properties of GFP are dependent on chromophore
protonation states resulting in two absorption maxima in the excitation spectrum (the image concept
was inspired from [37] and modified).

The FP chromophore is generated by post-translational modifications through pro-
cesses such as folding, cyclization, dehydration, and oxidation [26] (Figure 1b). The
chromophore of FP includes two or more ring structures, which are the most important
sites for the optical properties of fluorescent proteins [55]. The quantum efficiency and
absorption and emission wavelengths of FPs are affected by the constituting amino acids
of the chromophore and the microenvironment surrounding the chromophore [26,55]. In
addition, hydrogen bonds around the chromophore of FPs or bridges with water molecules
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are formed, and the amino acids surrounding the chromophore are involved in determining
the unique optical properties of FPs [27,28,56]. According to their absorption and emission
wavelengths, FPs can be classified into blue/UYV, cyan-green, yellow, orange, red, and

far-red colors (Table 2).

Table 2. Classification of fluorescent proteins based on the fluorescence emission wavelength.

Color Protein Agx (nm) AEm (nm) QY Oligomerization Reference
Sirius 355 424 0.24 Monomer [57]
Blue/UV Azurite 383 447 0.55 Weak dimer [58]
moxBFP 385 448 0.56 Monomer [59]
Aquamarine 430 474 0.89 Monomer [60]
Cerulean 433 475 0.62 Weak dimer [61]
Cyan CyPet 435 477 0.51 Weak dimer [62]
mTurquoise2 434 474 0.93 Monomer [63]
mEGFP 488 507 0.60 Monomer [64]
Green mClover3 506 518 0.78 Monomer [65]
mNeonGreen 506 517 0.80 Monomer [66]
mGold 515 530 0.64 Monomer [67]
Yellow mCitrine 516 529 0.74 Monomer [64]
mVenus 515 527 0.64 Monomer [68]
mOrange 548 562 0.69 Monomer [69]
mKO2 551 565 0.62 Monomer [70]
Orange -
TurboRFP 553 574 0.67 Dimer [71]
tdTomato 554 581 0.69 Tandem dimer [69]
mApple 568 592 0.49 Monomer [72]
Red mScarlet 569 594 0.70 Monomer [73]
mCherry 587 610 0.22 Monomer [69]
DsRed?2 561 587 0.55 Tetramer [74]
mPlum 590 649 0.10 Monomer [75]
Far-Red mRaspberry 598 625 0.15 Monomer [75]
mNeptune 600 650 0.20 Monomer [76]
TagRFP657 611 657 0.10 Monomer [77]
Values for optical properties were obtained from FPbase [78] (https://www.fpbase.org/ (accessed on
1 February 2023)).
Moreover, based on their unique optical properties and applications, FPs can be
classified into large Stokes shifts, photoactivatable, photoswitchable, and photoconvertible
FPs (Table 3).
Table 3. Classification of fluorescent proteins based on optical properties.
Property Protein Agx (nm) AEm (nm) QY Brightness Oligomerization Ref.
tKeima 440 616 0.22 3.19 Tetramer [79]
Large Stokes Shift LSSmKate2 460 605 0.17 442 Monomer [80]
T-sapphire 399 511 0.60 26.4 Weak dimer [81]
PAmKate 586 628 0.18 45 Monomer [82]
Photoactivatable PAmCherry1 564 595 0.46 8.28 Monomer [83]
PATagRFP 562 595 0.38 25.08 Monomer [84]
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Table 3. Cont.
Property Protein AEx (nm) AEm (nm) QY Brightness Oligomerization Ref.
Dronpa 503 518 0.85 80.75 Monomer [85]
Photoswitchable mGeos-M 503 514 0.85 43.86 Monomer [86]
rsTagRFP 567 585 0.11 4.05 Monomer [87]
o G BB BE e
7 1 .84 2
Photoconvertible mEos3.2 Gl{:ln 2(7)2 g88 8?5 ?;7? Monomer [89]
o G B #8853 o
Values for optical properties were obtained from FPbase [78] (https://www.fpbase.org/ (accessed on
1 February 2023)).

All FP exhibit unique and intrinsic fluorescence properties. However, these properties
are altered by various external environments. Accordingly, FPs have been suggested as
biosensors for intracellular calcium indicators [91], chloride indicators [34], pH indica-
tors [36,56], and ligand monitoring of receptors [33]. In particular, FPs are characterized by
fluorescence quenching when exposed to a specific metal ion (Figure 2) and can potentially
be used as an attractive probe for metal biosensors.
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Figure 2. Visualization of quenchable metal ion screening for fluorescent proteins. Fluoresce quench-
ing of (a) ZsYellow and (b) DendFP by metal ions. Original figures were obtained from previous
studies for ZsYellow [92] and DendFP [93].

The fluorescence quenching of FPs mediated by metal ions can be caused by static
quenching [94], energy transfer between chromophores and quenchable metal ions [95],
or perturbations in the FP structure [96]. To develop FP-based metal biosensors, it is
important to understand the previous spectroscopic results for the fluorescence quenching
of FP mediated by metal ions and the metal binding mechanism on FP. In this review, the
spectroscopic characteristics of FP quenching by metals and the quenching mechanism
of FP related to metal binding are discussed. In addition, the technologies and prospects
required for the future development of FP-based metal biosensors are discussed.

2. Spectroscopic Properties of Metal-Induced FP

Metal-induced fluorescence quenching of various FPs has been spectroscopically
analyzed. Among them, BFPms1 and ig-mEmeral [9] were protein-engineered to create
metal biosensors, whereas DsRed, Dronpa, AmCyan, ZsGreen, ZsYellow, and DendFP were
subjected to spectroscopic analysis using recombinant proteins without protein engineering.
The spectroscopic, biochemical, and structural analyses of the FP using metal ions are
summarized in Table 4.

These characterized FPs showed unique metal ion selectivity, affinity, and reversibility,
as well as different fluorescence quenching intensities, depending on the type of metal
ion. Among these characterized FPs, the quenchable metal binding site of DsRed, mBFP1,
Ig-mEmerald, and Dronpa have been identified through chemical modification or the X-ray
crystallographic method (Table 5).
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Table 4. Summary of characterized metal-induced fluorescence-quenched fluorescent proteins.

FP Aex Aem Chromophore Sequence Quenchable Metal Ion Kq (uM) Reference
DsRed 558 583 QYG Cu?* 14.80 [97]
mBFP1 374 447 THG Cu?t 24 [35]

Ig-mEmerald 450 509 TYG Cu?* 0.2 [9]
Dronpa ! 448 518 CYG Cu?* N/A [98]
AmCyan 474 486 MYG Cu?* 56.10 [99]
mOrange2 549 565 TYG Cu?* 21.46 [99]

ZsYellow ! 529 539 KYG Cu?t N/A [92]
Fe?* 115
ZsGreen 496 506 NYG Fe3* 16.3 [100]
Cu?* 68.2
Fe?* 24.59
DendFP (green) 492 508 HYG Fe3* 41.66 [93]
Cu? 137.18
! Dissociation constant was not measured.
Table 5. Metal-binding site of metal-induced fluorescence quenchable fluorescent proteins.
FP PDB Code Resolution (A) Metal Ion Interaction Residues Reference
DsRed ! Cu?* Cys117 [97]
1KYR 1.50 Cu?* Chromophore
mBFP1 2 [35]
1KYS 1.44 Zn2* Chromophore
IqmEmerald 2 4KW8 2.46 Ni2* H202-H204 o]
4KW9 1.80 Zn?* H202-H204
5HZS 2.17 Co?* H202-H212
Dronpa 2 5HZT 2.84 Cu?t H194-H202 [98]
5HZU 1.89 Ni?* H202-H212

1 Metal ion-binding sites were identified using chemical modification experiments. 2 Metal ion-binding sites were
identified using X-ray crystallographic experiments.

This review specifically addresses the spectroscopic and structural characterizations of
metal-fluorescence-quenched FPs reported to date. Although some experiments on metal-
induced fluorescence quenching for EBFP2, mCerulean3, mEmerald, mVenus, mApple,
and mKate2 have also been reported [9], they have not been discussed in detail; therefore,
they are omitted from this review.

2.1. DsRed

DsRed (DrFP583) is a red fluorescent protein cloned from reef corals [101]. Eli and
Chakrabartty investigated the fluorescent emission changes in response to metal ions in
DsRed and its mutant proteins (gRF, Rmu74, Rmu80, Rmu162, and Rmu13) [97]. DsRed,
Rmu13, and gRF showed a high percentage of quenching of Cu?*, whereas the mutants
Rmu74, Rmu80, and Rmul162 showed modest quenching of Cu?t, indicating that the
quenching effect of the metal can differ among the mutants despite using red fluorescence
of the same origin. Rmul3 was characterized by dual-fluorescence emission peaks at
500 and 580 nm. The titration of DsRed (blue- and red-shifted mutants) and Rmu13 with
Cu?* yielded binding constants of 15 and 11 mM, respectively. Moreover, Sumner et al.
reported that copper in the binding constant of DsRed is 0.5 mM [102], which differs from
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that reported by Eli and Chakrabartty. This apparent discrepancy is due to differences in the
formulas for calculating the binding constants, which indicates the need for formalization
of the binding constant calculation method applied when developing FP-based metal
biosensors (see Section 3 Discussion). The dissociation constant (Ky) of the copper-binding
site of DsRed and Rmu13 was approximately 14.80 and 10.90 uM, respectively.

Although structural evidence for quenchable metal binding to DsRed has not been
reported yet, biochemical and spectral analyses clearly show a Cu?*-binding site on DsRed.
Eli and Chakrabartty investigated copper binding after chemical modification using iodoac-
etamide and diethyl pyrocarbonate (DEPC) of cysteine and histidine residues, respectively,
to trace the Cu?*-binding site of DsRed [97]. As a result, K4 increased by >100 uM when
treated with iodoacetamide, whereas no remarkable difference was observed upon treat-
ment with DEPC [97]. This result indicates that the cysteine residue of DsRed is involved
in Cu?*-binding [97]. Rahimi et al. investigated the mechanism of DsRed fluorescence
quenching: far-UV CD spectral analysis showed no structural changes in the entire protein,
even when DsRed was bound to a metal ion [103]. In addition, the UV-visible spectra
and Stern—Volmer constant showed a static quenching mechanism during the interaction
between DsRed and Cu?* [103]. The crystal structure of DsRed showed a tetramer with
222 non-crystallographic symmetry [104] (Figure 3a).
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Figure 3. The Cu®*-binding site of DsRed (PDB code 1GGX). The position of Cu®*-binding Cys117
residue on the surface of 3-can of (a) tetrameric and (b) monomeric DsRed. The Cu2+—binding site is
identified based on chemical modification and spectral analysis. (c) The average distance between
the imidazoline ring of the chromophore and Cys117 in DsRed was 15.4 A.

To understand the Cu?*-binding site of DsRed, the deposited crystal structure of
DsRed (PDB code 1GGX) was analyzed. The Cys117 residue, which can bind Cu®* of
DsRed, was located on the 37-strand of the 3-can surface (Figure 3a,b). The closest distance
between the sulfthydryl of Cys117 and the imidazolinone ring of the chromophore was
approximately 15.4 A (Figure 3c). Because the DsRed monomer contains only one cysteine
residue, the tetrameric DsRed can bind four Cu?* ions (Figure 3a). Moreover, as Cys117 of
DsRed was located on the surface of -can, the chelator can easily remove the Cu?* bound
to Cys117, which is consistent with the previous spectral results [97].

2.2. BFPmsl1

BFPmsl is an engineered fluorescent protein that uses a specific metal to bind GFP
and alter its fluorescence signal [35]. To create the chromophore of BFPms1 as a metal
ligand, such as porphyrin, Tyr66 (corresponding to the chromophore) was substituted with
a histidine residue. In particular, Barondeau et al. have developed an H148G mutant to
generate holes between [3-strands for metal access (Figure 4a). Moreover, additional amino
acid substitutions were performed to increase quantum yield (Y145F), improve solubil-
ity (F64L, F99S, M153T, and V163A), and promote rapid chromophore formation (S65T).
The metal ion screening results showed that Cu?* quenched the fluorescence emission
whereas Zn?* enhanced it. BPFms1 has a K4 of 24 uM and 50 uM for Cu?* and Zn?*, re-
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spectively, whereas Kp is greater than 2 mM for other transition metal ions [35]. The crystal
structures of BFPms1 complexed with Zn?* and Cu?* were determined at a resolution of
1.44 and 1.50 A, respectively. In Zn-bound BFPms1 (PDB code 1KYS), Zn?* exhibited a
trigonal bipyramidal geometry distorted by the chromophore Glu222 and water molecules
(Figure 3b). In Cu-bound BFPms1 (1KYR), a square-planar geometry was exhibited by the
amino acid Glu222 and the porphyrin of the chromophore (Figure 3c). The histidine ring
of BFPms1 exhibited a metal bond shift and rearrangement of Glu222. Structural changes
around the chromophore have been shown to occur depending on the type of metal ion
bonded to the chromophore. However, it has not been clarified whether the fluorescence
emission is changed by the conformational change of the chromophore or whether a metal
is bound to the chromophore and has an effect. In this review, additional metal ions binding
to the surface of 3-can from coordinates deposited in PDB (PDB code 1KYR and 1KYS)
were observed. In the BFPms1-Zn?* structure, three additional Zn%* ions interacted with
the His25, Glu142, and Glu172 residues, whereas in BFPms1-Cu?*, Mg2+ ions interacted
with Glul42 in the final model structure. In a structural study of BFPms1, only the metal
around the chromophore was described [35], and further studies are required to determine
whether the metal bound to the surface of BFPms1 affects fluorescence emission.

a Chromophore b Chromophore c Chromophore
i

Glu222 Glu222

Metal accessible hole BFPms1-Zn%* BFPms1-Cu?*

Figure 4. Crystal structure of native, Zn-bound (PDB code 1KYS), and Cu-bound (PDB code 1KYR)
state of BFPmsl. (a) Surface structure of BFPms1 showed an engineered hole, where the metal ion is
accessible. (b) Zn?* and (c) Cu®* binding to the chromophore of BFPms1.

2.3. ig-mEmerald

Two surface-exposed histidine residues separated by one residue of the 3-sheet (i and
i+2) create robust transition metal ion binding sites in proteins [95,105]. Using this pro-
tein engineering concept, Yu et al. have generated mutant constructs of mEmerald-1H
(His147), mEmerald-2H (His202 and His204), and mEmerald-3H (His147, His202, and
His204). In mEmerald-2H, two histidine residues are located on the same (310-strand [9].
In Emerald-3H, the His147 residue is located at the 37-strand, which is the closest neighbor
position of the two histidine residues of mEmerald-2H. mEmearld-2H and mEmerald-3H
showed strong fluorescent quenching for Cu?* with a K4 of 0.3 and 0.2 1M, respectively,
whereas wild-type mEmerald and mEemrald-1H showed weak (at high concentration)
or low affinity (1-10 uM), respectively. Accordingly, Yu et al. have generated the most
robust and sensitive mEmerald-3H mutant (ig-mEmerald) for Cu?*-induced fluorescence
quenching. Physiological concentrations of Ca?* (1 mM) and Mg?* (10 mM) did not affect
the fluorescence quenching behavior of ig-mEmerald. The engineered histidine motif of iq-
mEmerald can bind specifically to other transition metal ions, such as Co%*, Ni?*, and Zn?Z*.
The crystal structure of ig-mEmerald complexed with Ni** (PDB code 4KW8) and Zn?*
(4KW9) ions were determined at a resolution of 2.45 A, and 1.80 A, respectively (Figure 5a).
Both Ni?* and Zn?* interacted with His202 and His204 of ig-mEmerald; however, the con-
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formations of the side chains of the metal-interacting histidine residues differed (Figure 5b).
In native ig-mEmerald, the side chains of His202 and His204 were in the direction opposite
to the metal-binding site. In ig-mEmerald-Ni?*, the side chains of His202 and His204 were
rotated toward the metal-binding site, and Ni** was coordinated by His202 and His204
at a distance of 2.08 and 2.04 A, respectively. In contrast, in ig-mEmerald-Zn?*, the con-
formation of His202 was similar to the conformation of His202 in metal-free ig-mEmerald,
whereas the side chain of His204 was rotated to Zn?* ion. Zn?* was coordinated by His202
and His204 at a distance of 2.01 and 2.00 A, respectively. The closest distance between the
imidazoline ring and metal-binding site for Ni** and Zn?** was approximately 15.7 and
13.4 A, respectively (Figure 5¢). This result indicates that the metal-binding configuration
and the distance between the metal ion and chromophore differ depending on the type of
metal ion, although the metal-binding sites are the same.

a b Ig-mEmerald-Zn?* G
Ig-mEmerald-Ni2*
\ | 12+ ",
. { sz @ Ni Chromophore
H1 47 Chromophore )
@ g
Vi
H204 {
H202 B
C-term t H202

’ H202 H204

Figure 5. Crystal structure of the native and metal-bound states of iq-mEmerald. (a) Engineered sites
(H147, H202 and H204) of ig-mEmerald for metal binding. (b,c) Comparison of the metal-binding
site between apo (green) and nickel-bound (orange) structures.

In contrast, in ig-mEmerald-Zn?* (PDB code 4KW8) deposited in PDB, one Cl~ was
modeled at a position 2.24 A away from Zn?* interacting with His202 and H204. More-
over, in the final model structure of iq—mEmerald—Zr@*, four Zn%* were observed, which
interacted with Glul124, His139, His147, and His169. However, the effect of the addition of
metal ions has not yet been described in related structural studies [9]. Accordingly, it is
necessary to investigate the metal-binding sites observed at nonengineered locations and
further study their effects on fluorescence emission. This structural information is useful
for understanding the metal-binding moiety for further engineering of FP-based metal
biosensors. In addition, because the crystal structure of ig-mEmerald complexed with the
most effective quencher Cu?* has not yet been determined, further crystallographic studies
of Cu?*-bound ig-mEmerald are required to better understand the molecular mechanism
of Cu* binding to iq-mEmerald.

2.4. Dronpa

Dronpa is a photoswitchable green fluorescent protein isolated from the Echinophyllia
sp. SC22 [85]. The Dronpa chromophore consists of a CYG tripeptide with maximum
excitation and emission wavelengths of 503 and 518 nm, respectively [85]. The cysteine
residue of the Dronpa chromophore is critical for its photoswitchable function [106]. The
optical properties of metal-induced fluorescence quenching of Dronpa were screened using
divalent ions such as Mg2+, Ca%*, Mn?*, Co?*, Ni%*, Cu?t, Zn%*, or Co?* [98]. Cu?* clearly
exerted the strongest quenching effect on the fluorescence emission of Dronpa, and Co?*
reduced the fluorescence intensity, whereas other metal ions did not significantly affect the
fluorescence intensity of Dronpa. The fluorescence intensity of Dronpa quenched by Cu?*
and Co?* was reversible and recovered by 97% and 95%, respectively, upon the addition
of an EDTA chelator. Dronpa naturally has three histidine residues (His194, His210, and
His212) located on the surface of the 3-barrel. The crystal structures of Dronpa complexed
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with Co?*, Ni?*, and Cu?* had a resolution of 2.20, 1.90, and 2.85 A, respectively. In the
Dronpa-Co?*, the Co?* interacted with the His194 and His212 residues at a distance of
2.21 and 2.26 A, respectively, and showed distorted octahedral coordination along with
four water molecules. In Dronpa-Ni?*, the Ni?* interacted with the His194 and His212
residues at 2.12 and 2.19 A, respectively, and showed distorted octahedral coordination
along with four water molecules. Accordingly, the metal coordination features of Dronpa-
Co?" and Dronpa-Ni?* were similar but distinct from those of the surrounding water
molecules. The distance between Co?* /Ni?* and the imidazoline ring of the chromophore
was approximately 14.4 A.In Dronpa—Cu2+, Cu?* metal interacts with His210 and His212 at
distances of 2.34 and 2.54 A, respectively. However, the Cu?*-binding coordination was not
clear because of the poor electron density map. The side chains of His210 and His212 were
rotated to the Cu?*-binding site by 90° and 115°, respectively, compared with the native
Dronpa structure. Accordingly, when Dronpa interacts with a metal, the histidine residue
at the binding site undergoes a conformational rearrangement, indicating that the metal
has a geometrically stable configuration. The distance between Cu?* and the imidazoline
ring of the chromophore is approximately 14.9 A. In this study, the metals around the
chromophore were described [98]; however, additional metal ions were present at the
bottom of the B-barrel in the deposited crystal structure. In Dronpa-Co?*, -Cu?*, and -Zn?*,
additional metal ions were bound to His200, and the side chain was exposed to the solvent
(Figure 6a). Moreover, the distance between the imidazoline ring of the chromophore
and His200 was approximately 19 A. Accordingly, further experiments are required to
determine whether the metal bound to His200 affects the fluorescence-quenching ability
of Dronpa.

b Cc &ihromophore

H194
Co?¥

Dronpa-WT
Dronpa-Cu?*
Dronpa-Co?* H212

HE
Cuz*o H212 co2

Figure 6. Crystal structure of native (PDB code 2GX2) and the Cu®*- (SHZT), Co?*-(5HZS), and Zn**
(5HZU)-bound-state of Dronpa. (a) Dronpa contains three native histidine residues (H194, H210,
and H212) on the (3-can as the metal-binding site. (b) Comparison of the metal-binding site and the
conformational change of histidine residues in Dronpa. (c) Measurement of distance between the
metal ion and the chromophore of Dronpa.

2.5. AmCyan

AmCyan is a cyan fluorescent protein derived from Anemonia majano with two amino
acid substitutions (N34S and K68M) that enhance its fluorescence emission [107]. The
AmCyan chromophore consists of an MYG tripeptide with maximum absorption and
emission wavelengths of 458 and 489 nm, respectively. Quenchable metal ions against
AmCyan were screened with mono- or divalent metal ions such as Li*, Na*, K*, Mg2+, CaZt,
Mn?*, Co?*, Ni?*, Cu?*, and Zn?* [99]. AmCyan exhibited 80% fluorescence quenching by
Cu?*, followed by 50% and 40% fluorescence quenching by Co?* and Zn?*, respectively [99].
Time-resolved fluorescence monitoring showed that the fluorescence of AmCyan gradually
decreased until approximately 7 min; however, the fluorescence intensity slightly increased
after 7 min. This result indicates that some Cu?* ions were not tightly bound to AmCyan.
In addition, Cu?* titration showed that the K4 and maximum binding capacity (Bmax)
of AmCyan was 56.10 uM and 102, respectively, according to the Langmuir equation.
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Reversibility experiments showed that Cu?*-induced fluorescence-quenched AmCyan
was recovered by the EDTA chelator and that the fluorescence intensity of AmCyan was
increased by approximately 40% compared to that of the wild-type AmCyan. This finding
indicates that AmCyan has a high reversibility for Cu** and can be used multiple times in
various applications. Analysis of the amino acid and modeling structure showed that the
His218 residue of AmCyan was positionally identical to the Cu®*-binding residue His212
of Dronpa [99].

2.6. mOrange?2

The fluorescent protein mOrange2 is an orange fluorescent protein derived from
DsRed [72], and mOrange2 was engineered from mOrange with four amino acid substitu-
tions (Q64H, F99Y, E160K, and G196D). The chromophore of mOrange?2 consists of a TYG
tripeptide with maximum excitation and emission wavelengths of 549 and 565 nm, respec-
tively. Quenchable metal ions against mOrange2 were screened with mono- or divalent
metal ions such as Lit, Na*, Kt, Mg2+, Ca%t, Mn2*, Co?*, Ni2*, Cu?*, and Zn?* [99]. The
highest fluorescence quenching of mOrange2 was observed for Cu?*, which reduced the
fluorescence emission by 89% [99]. Other divalent metal ions, such as Co?*, Zn?*, and Ni?*
reduce the fluorescence emission by less than 7%, whereas other monovalent metal ions
have no effect. These spectroscopic results indicate that mOrange?2 is highly selective and
sensitive to Cu?*. Moreover, time-resolved fluorescence quenching monitoring of mOr-
ange?2 using Cu®* for 20 min showed that the fluorescence intensity continuously decreased,
indicating that the binding of Cu?* to mOrange2 was irreversible. The Cu?*-titration of
mOrange?2 result showed Ky and Bpax of 21.46 pM and 86, respectively, using the Langmuir
equation. Reversibility experiments using EDTA chelators showed that the fluorescence
intensity of quenched mOrange2 by Cu®* was completely recovered, indicating that mOr-
ange?2 has a high reversibility for Cu?>* and can be used multiple times in terms of applica-
tions. The modeled structure of mOrange2 was generated and compared with previously
reported metal-binding FPs, showing that mOrange2 has a unique metal-binding site that
may differ from the metal-binding site of ig-mEmerald and Dronpa.

2.7. ZsYellow

ZsYellow is a green fluorescent protein derived from zFP538 of Zoanthus sp. [56].
The ZsYellow chromophore consists of a KYG tripeptide, which constitutes a three-ring
system formed by the heterocyclization of Lys66 [56]. As a result, the backbone between
Phe65 and Lys66 was cleaved, consistent with previous reports on zFP538 [108]. The
excitation and emission wavelengths of ZsYellow were 527 and 540 nm, respectively. Metal-
induced fluorescence quenching of ZsYellow was screened using divalent metal ions such as
Mg2+, Mn?2*, Co%*, Ni%*, CuZ*, Zn?*, or Cd?* [92]. Cu?* highly quenched the fluorescence
emission of ZsYellow by 81.4%, and Co?*, Ni%*, and Cd?2* also reduced the fluorescence
emission of ZsYellow by 54.0, 35.2, and 32.1%, respectively. Li*, Na™, CaZt, Min2*, Zn2+
and Ce2* caused modest reductions in ZsYellow fluorescence intensity of 11.22, 7.49, 14.32,
21.1,25.9, and 3.51%, respectively. The results indicated that the fluorescence of ZsYellow
showed the highest sensitivity to Cu?>* when compared to the other screened metal ions. To
identify the quenchable metal-binding site in ZsYellow, a crystallographic study of ZsYellow
complexed with Cu?* was conducted. When the ZsYellow crystals were immersed in a
solution containing Cu?*, the crystals were in a transparent state, and the yellow color of the
crystals disappeared, indicating that the crystals were in a state of fluorescence quenching
(Figure 7a). Interestingly, in the crystal structure of ZsYellow soaked with Cu?*, electron
density maps corresponding to Cu?* were not observed. However, when comparing native
ZsYellow and Cu®*-soaked crystals, a small conformational change in the cyclic ring in
the chromophore was observed (Figure 7b). A similar conformational change in the cyclic
ring of ZsYellow was observed in its fluorescence-quenched state at low pH [56]. However,
whether this structural change was caused by fluorescence quenching has not yet been
clarified. Based on these crystallographic results, ZsYellow indicated that Cu?* is capable
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of fluorescence quenching in a nonspecific metal-binding manner, owing to the absence of
an electron density map corresponding to Cu?*.

ZsYellow ZsYellow-Cu?* ZsYellow-Cu?*

Figure 7. Crystallographic study of ZsYellow. (a) Color change of the ZsYellow crystal by Cu®*
solution soaking. (b) Comparison between the chromophore of the native and Cu?*-soaked ZsYellow.
Original figures were obtained from a previous study [92] and modified.

2.8. ZsGreen

ZsGreen is an engineered green fluorescent protein derived from GFP506 from Zoan-
thus sp., in which Asn65 is replaced by methionine to improve the fluorescent emission
characteristics [101,109]. ZsGreen has a chromophore composed of an MYG tripeptide
with excitation and emission maxima at 496 and 506 nm, respectively. The fluorescence
quenching of ZsGreen was screened using various metal ions such as Li*, Na*, Mg2+, Ca?t,
Mn2+, Fe?t, Fe3*, Co%*, NiZ*, Cu?t, Zn%*, Cd%*, and Ce?* [100]. Fe?* and Fe?* significantly
quenched the fluorescence emission of ZsGreen by 1.1 and 3.5%, respectively, whereas
Cu?t quenched the fluorescence emission of ZsGreen by 22.8%. Co%*, Ni**, Zn?*, and
Cd?* showed moderate fluorescence quenching of 77.4, 87 .4, 62.7, and 81.0%, respectively,
whereas no significant fluorescence changes were observed for the other metal ions. In
addition, titration experiments using ZsGreen showed that the Ky values of Fe?*, Fe3",
and Cu?* for ZsGreen were 11.5, 16.3, and 68.2 uM, respectively. The Bnax values of Zs-
Green in the presence of FeZ*, Fe3*, and Cu?* were 103.3, 102.2, and 82.9, respectively.
Consequently, ZsGreen was efficiently quenched by Fe ions. Reversibility experiments
using EDTA showed that Cu?*-incubated ZsGreen showed 82% recovery, whereas Fe>*-and
Fe3*-treated ZsGreen showed 15.9% and 13.3% reversibility, respectively. The high sensitiv-
ity of ZsGreen to Fe ions is attractive; however, it has low reversible efficiency for Fe ions,
making it less attractive in terms of cost or reusability in terms of applications. Analysis of
the amino acid sequence and model structure of ZsGreen showed that the metal-binding
site of ZsGreen does not share the previously reported metal-binding sites of ig-mEmeral
or Dronpa. This result indicates that ZsGreen has a novel quenchable metal-binding site
that is distinct from that of previously reported metal-binding fluorescent proteins.

2.9. DendFP

DendFP is a photoconvertible fluorescent protein belonging to the Kaede-like group,
derived from the Denddronphya sp. [110,111]. The chromophore of DendFP consists of an
HYG tripeptide, a protein that irreversibly converts green to red when exposed to the light
of a specific wavelength. The excitation/emission peak wavelengths of DendFP in the
green and red states are 492/508 and 555/575 nm, respectively [110,111]. The fluorescence
quenching of DendFP in the green state by metal ions was investigated [93]. However, the
fluorescence spectrum of the recombinant green-state FP used in the experiment showed a
main peak at 508 nm and a minor peak at 575 nm. This indicated that some DendFPs were
partially converted to the red state during the sample preparation process. Fluorescence
quenching of the green state of DendFP was screened using various metal ions, such as Li*,
Nat, Mg2+, CaZt, Mn?*, FeZ*, Fe2*, Co?t, Ni%t, Cu22t, Zn%*, Cd%*, and Ce3* [93]. Notable
fluorescence quenching of DendFP was observed for Fe?*, Fe3*, and Cu?*. Moderate
fluorescence reduction of DendFP was also observed for Co?*, Ni2*, Zn?*, and Cd?* in the
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range of 12-15%, whereas other metal ions were not critical for fluorescence quenching.
Titration experiments showed that K4 of Fe2*, Fe3*, and Cu?* for DendFP were 24.59, 41.66,
and 137.18 uM, respectively. The Bmax of Fe?*, Fe3*, and Cu?* for DendFP were 104.47,
105.28, and 100.46, respectively.

To identify the quenching mechanism, fluorescence quenching of DendFP was mea-
sured at two different temperatures (25 °C and 35 °C). Analysis of the titration results based
on the Stern-Volmer equation showed that Fe?* and Cu?* reveal a dynamic process during
fluorescence quenching; however, the quenching mechanism of DendFP by Fe?* was not
identified because there was no difference between the two different temperatures. The
reversibility of DendFP activity was investigated using EDTA and EGTA. Cu®* exhibits
better reversibility than Fe?* and Fe®" after treatment with EDTA. EGTA is an effective
chelator for the reversibility of DendFP quenching by FeZ* and Fe®*, compared to EDTA.
Moreover, the reversibility efficiency of FP quenched by Fe?* and Fe®* differed, indicating
that the reversibility of DendFP by EDTA or EGTA depends on the transition state of
the metal ions. To identify the quenchable metal-binding site of DendFD, crystal soaking
experiments with quenchable metal ions were performed; however, the crystals were dis-
torted, and the crystal structure of the metal-bound state of DendFP was not successfully
collected. Although the direct metal-binding site of DendFP has not been clarified, this
soaking experiment indicates that quenchable metal ions could affect the crystal packing
of the surface of DendFP. In addition, analysis of the tetrameric assembly of the crystal
structure of DendFP suggested that the interface of the monomer of DendFP in tetrameric
assembly is not involved in the quenchable metal-binding site [93], which is consistent with
the reversibility experiment reporting quenchable metal ion binding to the solvent-exposed
surface of 3-can (Figure 8).
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Figure 8. Crystal structure of the green state of DendFP (PDB code 7DIG). (a) DendFP forms the
tetrameric formation, indicating that the quenchable metal ion could interact with the surface of the
tetrameric assembly of DendFP. (b,c) Interface of the DendFP monomer in the tetrameric assembly
showed no space for metal binding and access to metal chelator. Original figures were obtained from
a previous study [93].

3. Discussion

FPs are widely used as optical probes in various molecular and cellular biological
studies. The fluorescence emission properties of the FP can be altered by external stimuli.
In particular, the fluorescence quenching of FP mediated by metal ions is an attractive metal
biosensor probe for measuring metal ion levels. In this review, various intrinsic FPs and
their applications are introduced and research on eight FPs that performed fluorescence
quenching using metal ions are reviewed. The results of individual spectroscopy studies
on the aforementioned metal-induced FPs tentatively indicate the potential for applica-
tions of FP-based metal biosensors. FPs reported to date show high sensitivity to Cu?*
and exhibit fluorescence-quenching characteristics. Several neurodegenerative diseases
(Alzheimer’s disease, prion disease, and amyotrophic lateral sclerosis) exhibit the char-
acteristic presence of aggregated protein deposits [97,112,113]. These neurodegenerative
diseases share a common feature of deposition mechanism is that the aggregation of each
protein is promoted by Cu?* binding [113-115]. FPs with high Cu?* sensitivity can be used
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to probe the Cu content in protein aggregates in these neurodegenerative diseases as well as
other diseases [97]. Accordingly, they can be used to detect Cu®* levels using a previously
reported Cu?*-sensitive FP; however, several additional metal screens must be performed.
As reviewed here, DsRed, BFPms1, ig-mEmerald, Dronpa, AmCyan, and ZsYellow showed
the highest fluorescence quenching for Cu?* but were not screened for all transition metal
ions. In the extended metal-induced fluorescence quenching experiment of ZsGreen and
DendFP, both proteins showed remarkable fluorescence quenching by Cu?* but were more
sensitive to fluorescence quenching by Fe?* and Fe3". If Fe?*, Fe**, or heavy metal ions are
treated with DsRed, BFPms1, ig-mEmerald, Dronpa, AmCyan, and ZsYellow, they may
exhibit higher fluorescence quenching properties than Cu?*. In fact, it was confirmed that
ZsYellow showed greater fluorescence quenching by Fe?* than by Cu?* (unpublished data).
Moreover, although ZsGreen and DendFP showed the highest fluorescence quenching
properties in the presence of Fe?* and Fe*, indicating that if screening is performed using
more extended metal ions, including heavy atoms, it is possible to identify metal ions that
are more effective in fluorescence quenching. Therefore, for previously reported metal
ions capable of quenching fluorescence, it cannot be concluded that they show the highest
sensitivity for the corresponding FP because only the metal ions selected by the researchers
were tested. Accordingly, in the future, in addition to the metal ions commonly encountered
in laboratories, screening for various extended metal ions, including heavy metal ions, will
be required.

The data of the studies used for fluorescence quenching of the reviewed FPs provided
the dissociation constant values of metal ions based on spectroscopic results. However,
the metal titration results were not calculated using a unified formula. Accordingly, as in
the results for DsRed, different K4 values can be obtained by applying a distinct empirical
formula to the same experiment in two laboratories [97]. Moreover, the methods for mea-
suring fluorescence quenching by metals of the FPs reported in this review are different.
FP concentration, temperature, buffer, or pH of the measurement solution are factors that
can affect fluorescence quenching. Therefore, a direct comparison of spectroscopic results
for fluorescence quenching of characterized FPs by metals is not possible. Accordingly, in
the process of developing FP-based biosensor probes in the future, it will be necessary to
discuss the application of standardized methods and equations related to metal binding
in the related community to compare the metal-binding abilities of independent proteins.
Future experiments should determine the lowest concentration of an analyte that can be
detected and quantified, such as the limit of detection (LOD) and limit of quantification
(LOQ), which is an indicator of the performance of the sensor and provides information on
whether the actual FP can be applied as a biosensor probe [116,117]. Moreover, among the
FPs reviewed in this paper, the various characteristics of DendFP were well spectroscopi-
cally analyzed, providing valuable information to help evaluate their application as metal
biosensor probes, such as screening for quenchable metal ions through various metal ions,
measurement of Ky and Bnax through titration experiments, verification of fluorescence
quenching process using Stern—-Volmer equation, measurement of reversibility using metal
chelator, measurement of metal ion selectivity, and measurement of LOD and LOQ. These
measurements are necessary for the evaluation of the applicability of FPs as metal biosensor
probes in the future.

In addition, the prediction of the characteristics of fluorescence quenching by metal
ions based on the spectroscopic characteristics, amino acid sequence, or structure of fluo-
rescent proteins is impossible. As shown by the fluorescence quenching characteristics of
DsRed and its mutants, despite using the same origin, fluorescence quenching characteris-
tics may differ significantly depending on the mutant type [97]. Among the characterized
FPs, mOrange2 showed a highly sensitive quenching effect on the specific Cu?*, whereas
other metal ions did not affect fluorescence emission [99]. Most other FPs showed fluo-
rescence quenching in the presence of several metal ions. For example, although Dronpa
exhibits high fluorescence quenching by Cu?*, notable fluorescence quenching by Co?* has
also been observed [98]. Notably, in the crystal structure of Dronpa complexed with metal
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ions, Cu?* interacts with H202 and H212 on the B-can surface of Dronpa whereas Co®*
interacts with H194 and H212, indicating that different binding sites exist for different types
of quenchable metal ions. If Dronpa is reacted with a divalent metal solution containing
Cu?* and Co?*, Cu®* and Co?* can bind to the histidine residue on the 3-can surface of
Dronpa. Although Cu?* will bind more to Dronpa and react more sensitively depending on
the binding affinity, it is not possible to determine the amount of Co?* that binds to Dronpa
and how much it influences the overall fluorescence quenching. Therefore, Dronpa cannot
be used as a biosensor to quantitatively measure Cu®* levels. However, because Cu?* and
Co?* have different binding sites for Dronpa, substituting His194 with another amino acid
in the histidine residue, to which Co?* binds, removes the preferred binding site for Co?*.
This structure-based engineering can generate Dronpa which is capable of fluorescence
quenching specifically for Cu?* only. To prevent unwanted metal ion binding to FP, it is
possible to engineer unwanted metal-binding sites, which will lead to the development of a
more efficient FP-based biosensor. Accordingly, it is important to not only spectroscopically
determine the quenchable metal ion for FP but also identify the metal-binding site via
structural biology. In addition, this review confirms that additional metal ions interact
with histidine or glutamate residues on the 3-can surface in the deposited final coordinates
for crystal structures of DsRed, BFPms1, and Dronpa complexed with metal ions. Further
studies are required to determine whether these additional metal ions, which are involved
in the fluorescence quenching effect, are essential. Metal ion binding at these nonspecific
positions can cause problems in quantifying metal ion levels for practical applications.
Therefore, an engineering method is required to ensure the binding of the desired metal
ion only at desired positions.

On the other hand, as mentioned in this review, several FPs exhibit fluorescence
quenching by specific transition metal ions without protein engineering. While these
fluorescent proteins are intriguing as metal biosensors, their application in quantifying
fluorescence levels in molecular or cell biology experiments may pose challenges because
the intensity of fluorescence emission can be affected by specific metal ions. Therefore,
the characterization of fluorescence quenching of FPs by metal ions can provide useful
information for the development of metal biosensors as well as important experimental
information for their application as general fluorescent probes. Moreover, continuous in-
vestigation of changes in fluorescence emission of FP by specific metals provides important
information for assessing the effect on the sample environment related to metal ions across
all experimental fields that use FPs as optical probes, including biosensor probe discovery.
Although several studies on the fluorescence quenching properties of FPs by metal ions
have been summarized in this review, they are still at the stage of performing spectroscopic
or structural biological analyses at the molecular level. As presented in Tables 2 and 3,
various FPs with intrinsic spectroscopic properties exist in nature or by protein engineering
and have various applications; however, the spectroscopic properties of most FPs for fluo-
rescence quenching by metal ions have not yet been reported. Therefore, many libraries
have the potential to exhibit superior characteristics as biosensors compared to previously
developed metal-sensitive FPs. To develop a FP for use as a metal biosensor, it is necessary
to continuously identify new FPs and determine their spectroscopic characteristics along
with engineering previously reported metal-sensitive FPs. In particular, when FPs are used
as biosensor probes, factors such as high sensitivity and selectivity, low detection limit, fast
response, operational simplicity, real-time monitoring, and low cost should be considered.
Therefore, when selecting an FP probe in the early developmental stage, it is important to
consider the expression level, QY, and brightness of the FP.
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