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Abstract: Sensitive and accurate detection of specific metal ions is important for sensor development
and can advance analytical science and support environmental and human medical examinations.
Fluorescent proteins (FPs) can be quenched by specific metal ions and spectroscopically show a
unique fluorescence-quenching sensitivity, suggesting their potential application as FP-based metal
biosensors. Since the characteristics of the fluorescence quenching are difficult to predict, spec-
troscopic analysis of new FPs is important for the development of FP-based biosensors. Here we
reported the spectroscopic and structural analysis of metal-induced fluorescence quenching of the
photoconvertible fluorescent protein DendFP. The spectroscopic analysis showed that Fe2+, Fe3+, and
Cu2+ significantly reduced the fluorescence emission of DendFP. The metal titration experiments
showed that the dissociation constants (Kd) of Fe2+, Fe3+, and Cu2+ for DendFP were 24.59, 41.66, and
137.18 µM, respectively. The tetrameric interface of DendFP, which the metal ions cannot bind to, was
analyzed. Structural comparison of the metal-binding sites of DendFP with those of iq-mEmerald
and Dronpa suggested that quenchable DendFP has a unique metal-binding site on the β-barrel that
does not utilize the histidine pair for metal binding.

Keywords: metal biosensor; fluorescent protein; DendFP; fluorescence quenching; crystal structure

1. Introduction

Heavy metals contamination is a serious problem for human health as they do not
biodegrade and are eliminated at a slow rate by ecological systems. Depending on their
dose and chemical form, heavy metals can have varied effects [1,2]. The detection and
identification of heavy metals is important to the field of biomedical science and for environ-
mental monitoring [3]. Heavy metal ions can be detected using fluorescence spectroscopy,
UV-vis absorption, atomic absorption, inductively coupled plasma (ICP) emission spec-
troscopy, and voltammetry [3]. Moreover, metal detection using biomaterials, such as
peptides, proteins, enzymes, antibodies, nucleic acids, and whole cells, has also been re-
ported [4]. Among them, fluorescence emission spectroscopy is an attractive approach due
to its high sensitivity [3]. This allows for the detection of very small amounts of heavy
metals using fluorescence probes.

Fluorescent proteins (FPs) are highly sensitive optical markers with spatial and tempo-
ral specificity that are widely used to analyze the function of target molecules in molecular
or cellular biology [5–10]. GFP (green fluorescent protein)-like FPs commonly have a
β-barrel structure composed of 11 β-strands, within which tripeptides form chromophores
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through folding, cyclization, dehydration, and oxidation [5]. Each FP not only has unique
spectroscopic characteristics but also has the ability to change its fluorescence charac-
teristics according to the external environment, including conditions such as pH and
temperature [11–13]. In particular, FPs display a fluorescence-quenching phenomenon by
a specific metal, and these spectroscopic features can be used to develop FP as a receptor,
which can then be used as a metal biosensor [14–20]. FPs are expressed intracellularly, are
soluble in the cytoplasm, and do not require an additional cofactor to fluoresce [5,7]. In
addition, it has the advantage of high sensitivity, even at low concentrations of FP, and is
easily detected with a fluorescence microscope or spectroscopy [5,7].

The fluorescence quenching of various FPs, such as BFPms1, DsRed, iq-mEmerald,
Dronpa, AmCyan, mOrange, ZsYellow, and ZsGreen, by metal ions has been analyzed
via spectroscopic or structural studies (Figure 1) [16–19,21–25]. Although several FPs
demonstrate similar properties regarding fluorescence quenching by metal ions overall,
they all have different sensitivities for fluorescence quenching depending on the specific
metal type. For example, spectroscopic analysis shows that Dronpa, AmCyan, mOrange,
and ZsYellow are highly sensitive to Cu2+ [17–19], whereas ZsGreen is more sensitive to
Fe2+ and Fe3+ than to Cu2+ [25]. Meanwhile, the fluorescence of these quenched FPs can
be recovered by adding metal chelators, such as ethylenediaminetetraacetic acid (EDTA),
when the metal ions are located on the external area of the β-barrel [17].

Figure 1. Chromophores of fluorescent proteins showing fluorescence quenching by metals. The
chromophore tripeptide sequence is shown in parentheses.

FPs display a variety of quenching mechanisms. In BFPms1, the metal is bound
directly to the chromophore [24], whereas on the β-barrel of iq-mEmerald and Dronpa, the
metal ions are bound to the surface [17,23]. In contrast, fluorescence quenching of ZsYellow
is suggested to occur due to the close distance between the chromophore and metal ions at
high metal ion concentrations, without the binding of specific metals to the protein [19].
Therefore, metal-induced fluorescence quenching of FPs shows diverse spectral properties
and quenching mechanisms. To develop FP-based metal biosensors, it is necessary to
extensively analyze the various spectroscopic properties of a wide range of new FPs to
create various libraries.

The DendFP from Dendronephthya sp is a member of the Kaede-like group of photo-
convertible fluorescent proteins [26,27]. This FP is irreversibly converted from a green to
red fluorescent state following irradiation with light from the UV region of the spectrum.
The excitation/emission maxima of the green and red state of DendFP are 492/508 and
555/575 nm, respectively [27]. The fluorescence quantum yields of the green and red states
of DendFP are 0.76 and 0.64, respectively [27]. This protein and its monomeric variant are
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widely used as optical markers in the cellular and molecular biology fields [28–30], but its
metal-induced fluorescence quenching has not yet been characterized. Herein, we report
the spectroscopic and structural analysis of the metal-induced fluorescence quenching
of the fluorescent photoconversion protein DendFP. Spectroscopic study shows that the
fluorescence emission of DendFP was quenched by the addition of Fe2+, Fe3+, and Cu2+.
Metal-titration and reversibility of quenched DendFP were performed to further confirm
the effects of Fe2+, Fe3+, and Cu2+ on the fluorescence properties of DendFP. Structural
comparison of the metal-binding sites of DendFP with those of other FPs suggested that
DendFP has a novel metal-binding site. Our results shed light on the spectral properties of
the metal-induced fluorescence quenching of DendFP.

2. Results

2.1. Fe2+-, Fe3+-, and Cu2+-Induced Fluorescence Quenching

The maximum fluorescence excitation and emission wavelengths of the purified
DendFP were scanned to validate the purified DendFP. The maximum peak wavelengths
for the excitation and emission of DendFP were 494 and 507 nm, respectively (Figure 2a);
these wavelengths of excitation and emission were blue-shifted by 2 and 1 nm, respectively,
when compared with those of the original DendFP (λex = 492 nm and λem = 508 nm) [27].
Meanwhile, we observed a shoulder peak at 559 nm in the fluorescence emission spectra;
this was considered to be the partially photoconverted state of DendFP (Figure 2a).

Figure 2. Metal screen for quenching DendFP. (a) Verification of purified DendFP by fluorescence
spectral scanning. The maximum peaks of fluorescence excitation (forest, dot-line) and emission
(green, line) are 494 and 507 nm, respectively. (b) Visualization of the metal-induced fluorescence
quenching of DendFP. The sample mixtures containing DendFP (10 µM, 50 µL) and each of the metal
ions (10 mM, 50 µL) were exposed to LED light (470 nm). (c) Relative fluorescence emission intensity
of DendFP in the presence of various metal ions.

Next, metal-induced fluorescence quenching of DendFP was investigated using Li+-,
Na+-, Mg2+-, Ca2+-, Mn2+-, Fe2+-, Fe3+-, Co2+-, Ni2+-, Cu2+-, Zn2+-, Cd2+-, and Ce3+-
containing solutions. The mixture of DendFP and metal ions was initially visualized
following exposure to LED light at 470 nm (Figure 2b). As a result, the fluorescence in-
tensity of DendFP decreased significantly in the mixtures containing Fe2+, Fe3+, and Cu2+.
Next, the fluorescence intensities of these mixtures were quantitatively analyzed at an
emission wavelength of 530 nm (Figure 2c). When compared with the emission value
of apo DendFP, the addition of Fe2+, Fe3+, and Cu2+ significantly reduced the fluores-
cence emission by 99.94, 99.89, and 98.81%, respectively. Co2+, Ni2+, Zn2+, and Cd2+ also
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reduced the fluorescence intensity by 38.25%, 34.60%, 46.51%, and 36.88%, respectively.
Li+, Na+, Mg2+, Ca2+, Mn2+, and Ce3+ induced a modest reduction in the fluorescence
intensity of 12.11%, 14.82%, 13.99%, 12.31%, 12.23%, and 13.46%, respectively. Therefore,
the fluorescence quenching of DendFP was highly sensitive to quenching by Fe2+, Fe3+,
and Cu2+.

2.2. Titration of DendFP with Quenchable Metal Ions

To determine the dissociation constant (Kd) and maximum binding capacity (Bmax) of
the metal ions with DendFP, 4 µM DendFP was incubated with various concentrations of
Fe2+, Fe3+, and Cu2+ (Figure 3a). In the Fe2+ titration, 50, 500, and 5000 µM Fe2+ reduced
the fluorescence of DendFP by 74.87%, 99.93%, and 99.94%, respectively (Figure 3a). At
5 µM Fe2+, the fluorescence intensity was reduced by 15.14%. In the Fe3+ titration, 50,
500, and 5000 µM Fe3+ reduced the fluorescence intensity of DendFP by 55.00%, 99.80%,
and 99.93%, respectively (Figure 3a). When 5 µM Fe3+ was present, the fluorescence
intensity was reduced by 10.53%. In the Cu2+ titration, 500 and 5000 µM Cu2+ reduced the
fluorescence emission of DendFP by 74.68% and 99.92%, respectively (Figure 3a). When
5 and 50 µM Cu2+ were present, the fluorescence intensities were reduced by 22.81 and
33.07%, respectively. The fluorescence emission spectra of DendFP in the presence of Fe2+,
Fe3+, or Cu2+ at different concentrations did not display any shift in wavelength (Figure 3b).

Figure 3. Metal titration of quenchable DendFP and fluorescence emission spectra in the presence of
metal ions. (a) DendFP was titrated with various concentrations of Fe2+, Fe3+, and Cu2+ (0 to 1 mM,
resulting in final concentrations of 0 to 5000 µM). The data fitting was performed with the one
metal-binding mode by the Langmuir equation using SigmaPlot. Data represent means ± standard
deviations of five replicates. (b) The fluorescence emission spectra of DendFP in the presence of Fe2+,
Fe3+, or Cu2+ at different concentrations (0 to 5000 µM).

In the various applications of fluorescence quenching of a molecule, binding constants,
such as Kd and Bmax, have been determined based on the Langmuir isotherm to elucidate
the metal ion-binding characteristics of the hepatitis C virus RNA polymerase [31], the
properties of ionic liquids binding to human serum albumin [32], and the fluorescent
protein–metal ion interaction [18]. In the present study, the Langmuir isotherm was also
used to determine the binding constants to investigate the interaction between DendFP and
metal ions. The metal titration results showed that Kd of Fe2+, Fe3+, and Cu2+ for DendFP
was 24.59, 41.66, and 137.18 µM, respectively. Bmax of Fe2+, Fe3+, and Cu2+ for DendFP was
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104.47, 105.28, and 100.46, respectively. Taken together, the dissociation constant of Fe3+

for DendFP was 1.69-fold higher than that of Fe2+, and the dissociation constant of Cu2+

for DendFP was 5.58- and 3.29-fold higher than those of Fe2+ and Fe3+, respectively. Based
on the dissociation constant, DendFP quenching could be enhanced by metal ions in the
following order: Fe2+ > Fe3+ >> Cu2+. Although the fluorescence-quenching sensitivity of
Fe2+ towards DendFP was a little bit higher that of Fe3+, these values were comparable
when compared to that of Cu2+ in the spectroscopic results. Consequently, it is considered
that the oxidation state of iron did not pronouncedly affect fluorescence quenching. This is
consistent with the result of Figure 4a,b, in which the KSV values for Fe ions obtained at
25 ◦C are similar.

Figure 4. Stern–Volmer plots of the DendFP quenching system by (a) Fe2+, (b) Fe3+, and (c) Cu2+ at
2 different temperatures: 25 and 35 ◦C.

To examine the quenching mechanism, the Stern–Volmer equation was used [33]:

Fo/F = 1 + KSV[Q]

where Fo and F represent the fluorescence intensities in the absence and presence of
(different concentrations) metal ions ([Q]), respectively, and KSV represents the Stern–
Volmer constant. By constructing a linear plot of the relative quenching ratio (Fo/F) as a
function of the quencher concentration (i.e., metal ions), the KSV value, as the slope, can
be obtained. In this study, quenching experiments were conducted with DendFP in the
presence of metal quenchers in the linear range at 25 and 35 ◦C (Figure 4). In the cases of
Fe2+ and Cu2+, higher values of KSV were obtained at 35 ◦C. To be specific, the KSV values
were 0.0245 × 106 and 0.0336 × 106 L mol−1 at 25 and 35 ◦C, respectively, for Fe2+ while the
values were 0.0154 × 106 and 0.0314 × 106 L mol−1 at 25 and 35 ◦C, respectively, for Cu2+.
These results imply that the fluorescence quenching of DendFP by these metals occurs via
dynamic (or collisional) processes. However, in the case of Fe3+, increasing the temperature
did not cause a noticeable difference in the value.

2.3. Reversibility of Metal-Induced Quenching

The reversibility test of fluorescence-quenched FPs is important in terms of whether
FP is sustainable for application as a biosensor probe [19]. In addition, it provides infor-
mation on whether the metal is inside or outside the β-barrel of the FP’s structure [18]. To
investigate the reversibility of fluorescence, DendFP was initially quenched by 1 mM Fe2+,
1 mM Fe3+, or 10 mM Cu2+ solution. After incubation of DendFP and metal ions for 5 min,
various concentrations of EDTA or EGTA were added to the solutions of fluorescence-
quenched DendFP, and then further incubated for 60 min, at which the fluorescence re-
covery reached a plateau (Figure 5). With regard to the reversibility of Fe2+-induced
quenching, the fluorescence emissions were recovered by up to 57.16 and 48.61% when 500
mM EDTA and 100 mM EGTA were added, respectively, whereas less than 3.27% of the
fluorescence was recovered at ≤10 mM EDTA and negligible fluorescence recovery (<0.08%)
was observed at ≤1 mM EGTA. Regarding the Fe3+-induced quenching reversibility, the
fluorescence emissions were recovered by up to 69.07 and 76.99% when 500 mM EDTA and
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100 mM EGTA were added, respectively, whereas less than 2.09 and 1.36% of the fluores-
cence was recovered at ≤10 mM EDTA and ≤1 mM EGTA, respectively. Finally, regarding
the Cu2+-induced quenching reversibility, the fluorescence emissions were recovered by
up to 70.77 and 73.30% when 500 mM EDTA and 100 mM EGTA were added, respectively,
whereas less than 0.16 and 0.26% of the fluorescence was recovered at ≤10 mM EDTA and
EGTA, respectively.

Figure 5. Reversibility of DendFP fluorescence quenching. Various concentrations of (a) EDTA or
(b) EGTA were added (as chelators) to the DendFP samples quenched using Fe2+, Fe3+, and Cu2+.
Data represent the means ± standard deviations of three replicates.

As above, the DendFP fluorescence was restored after the EDTA or EGTA treatments,
indicating that these compounds were capable of chelating the metals from the protein. This
further implies that metal ions possibly bind to the outer surface of the β-barrel structure
of DendFP, rather than to its inner surface. The fluorescence of quenched DendFP by Fe3+

and Cu2+ was restored by up to approximately 70% by the treatments of both EDTA and
EGTA while its final reversibility quenched by Fe2+ was significantly lower (Figure 5).
This might be because the utilized chelating agents have higher affinities for Fe2+ and
Fe3+. The fluorescence quenched by Fe2+ and Fe3+ started to be restored by EGTA at low
concentrations, such as 5 and 10 mM, where EDTA had little effect. Moreover, when treated
with EGTA, maximal recovery could be achieved with its lower concentrations for all the
tested metals compared to the case of EDTA. This indicates EGTA was a more effective
chelator for the restoration of the metal-quenched DendFP fluorescence.

2.4. Selectivity

In addition to Fe2+, Fe3+, and Cu2+, other tested metal ions exhibited fluorescence
quenching (Figure 2c). We examined the selectivity to identify whether these metal ions
might interfere with the sensing process of DendFP for Fe2+, Fe3+, and Cu2+ (Figure 6). For
this, the fluorescence intensity of DendFP was measured after incubating it in the presence
of a mixture of each analyte metal (i.e., Fe2+, Fe3+, or Cu2+) and various interference metals.
Generally, the addition of the interference metals did not cause a dramatic difference in
the fluorescence quenching for DendFP induced by Fe2+, Fe3+, or Cu2+, although Zn2+ and
Cd2+ interfered with Fe2+ and Fe3+ sensing with small degrees. These results indicate that
DendFP is highly selective for Fe2+, Fe3+, and Cu2+. However, there was low selectivity
among Fe2+, Fe3+, and Cu2+. Future study is required to identify the specific metal ion for
DendFP quenching to utilize it as the more feasible metal biosensor.
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Figure 6. Selectivity. A mixture of (a) Fe2+, (b) Fe3+, or (c) Cu2+ (25 µM) and various metal ions
(25 µM) was incubated with DendFP solutions (4 µM). For the control reaction, a solution containing
only Fe2+, Fe3+, or Cu2+ without interference metals was used. WT indicates a solution containing
only DendFP. Data represent the means ± standard deviations of three replicates.

2.5. Limits of Detection and Quantification

The limits of detection (LOD) and quantification (LOQ) are defined as the lowest
concentration of analyte that can be detected and quantified, yielding a signal-to-ratio
of 3 and 10, respectively. They are good indicators of a sensor’s performance [33,34]. To
determine these values, linear plots were constructed depicting the relationship between
the fluorescence quenching (Fo–F) and metal ion concentration (Supplementary Figure
S1), from which the linear functions for each metal ion (i.e., Fe2+, Fe3+, and Cu2+) were
obtained [34]. The standard deviation was calculated from 20 replicates of blank sample
(i.e., DendFP solution without metal ions), which was then multiplied by 3 (in the case
of LOD) or 10 (in the case of LOQ). Finally, the LOD and LOQ values were determined
based on the obtained regression equations in which LODs for Fe2+, Fe3+, and Cu2+ were
3.0, 6.8, and 3.2 µM, respectively, and LOQs for Fe2+, Fe3+, and Cu2+ were 21.5, 32.8, and
14.4 µM, respectively.

2.6. Crystal Structure of DendFP

To better understand the molecular mechanism of fluorescence quenching by Fe2+,
Fe3+, and Cu2+, we performed co-crystallization of DendFP with metal ions. However,
the proteins precipitated when the metal ions were added, and they did not crystallize.
Next, DendFP crystals were soaked in a crystal reservoir supplemented with the metal ions,
and quenching of the DendFP crystals was clearly observed, indicating the fluorescence-
quenched state based on our biochemical study (Figure 2b). However, the DendFP crystals
soaked with the metals exhibited no or very poor X-ray diffraction. This possibly oc-
curred because the crystal lattice was damaged, as the metals adhered to the β-barrel
surface of DendFP and these metal-bound DendFP molecules interacted with each other.
Thus, we focused on determining the native crystal structure of DendFP to investigate its
metal-binding sites via comparison with those of previously reported quenchable metal-
bound FPs. The DendFP crystal belongs to the orthorhombic space group P212121, with
a = 115.826 Å, b = 124.737 Å, and c = 129.059 Å (Table 1).

The final model of DendFP was refined to a 2.60 Å resolution, with Rwork and Rfree
of 23.42 and 28.13%, respectively. DendFP possesses a typical β-barrel fold (Figure 7a),
similar to other GFP-like fluorescent proteins. The chromophore of DendFP consisted of
the tripeptide His62-Try63-Gly64 located inside the β-barrel and showed a nearly planar
conformation with a cis-configuration (Figure 7b). There are eight DendFP molecules in
the asymmetric unit, which represent two tetrameric DendFP. The 8 DendFP molecules
in the asymmetric unit are almost identical, with an r.m.s. deviation ranging between
0.154 and 0.250 Å. Moreover, the 2 tetrameric DendFP molecules are also almost identical,
with an r.m.s. deviation of 0.335 Å. In each tetrameric formation of DendFP, the two
dimer molecules are related by a non-crystallographic two-fold pseudosymmetry axis
perpendicular to the β-barrel (Figure 7c).
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Table 1. Data collection and refinement statistics for DendFP.

Data Collection DendFP

Space group P212121
Cell dimensions

a, b, c (Å) 115.826, 124.737, 129.059
Resolution (Å) 50.0–2.6 (2.64–2.60)
Completeness 95.5 (89.3)
Redundancy 4.2 (2.7)
I/σ(I) 10.6 (1.6)
Rmerge (%) a 0.136 (0.357)
Refinement statistics
Resolution (Å) 48.70–2.60
Rwork (%) b 23.42
Rfree (%) c 28.13
B-factor (Averaged)

Protein 42.88
R.m.s deviations

Bond lengths (Å) 0.006
Bond angles (◦) 1.634

Ramachandran plot (%)
favored 97.9

Allowed 2.1
Highest resolution shell is shown in parentheses. a Rmerge = ΣhΣi|Ii(hkl)_<I(hkl)>|/ΣhΣiIi(hkl), where Ii(hkl) is
the intensity of the ‘ith’ measurement of reflection hkl and <I(hkl)> is the weighted mean of all measurements of
hkl. b Rwork = Σ||Fobs|−|Fcalc||/Σ|Fobs|, where Fobs and Fcalc are the observed and calculated structure–factor
amplitudes respectively. c Rfree was calculated as Rwork using a randomly selected subset of unique reflections not
used for structure refinement.

Figure 7. Crystal structure of DendFP. (a) Monomer structure of DendFP. (b) The chromophore
of DendFP comprises the His62-Try63-Gly64 tripeptide (HYG). (c) Tetrameric structure of DendFP.
Dimeric interface of molecules (d) A–B and (e) A–D.
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In its tetrameric formation, metal ions cannot access the interface of each molecule,
which represents a site where metals cannot bind to DendFP. Accordingly, the tetrameric
interfaces of DendFP were analyzed to better understand its putative metal-binding sites.
The surface of molecule A (10453 Å2) was buried by 13.9% (1459.9 Å2) and 30% (806.6 Å2)
by molecules B and C, respectively (Figure 7c). The DendFP monomer is composed of
219 amino acids. Among these amino acids, 38 residues are located at the A–B interface,
which is stabilized by 16 hydrogen bonds and 7 salt bridges (Supplementary Table S1),
and 21 residues are located at the A–D interface, which is stabilized by 8 hydrogen bonds
(Supplementary Table S1). In particular, the metal ions cannot bind to amino acids (Glu90,
Glu96, Thr102, Arg104, Arg119, Asn121, Thr143, Arg149, His168, Thr176, Asp192, Arg194,
Arg194, Glu196, Arg216, Ser222, and Gln223) in the A–B and A–D interfaces.

2.7. Comparison of Metal-Binding Sites on the Surface of FPs

The metal-bound crystal structures of two FPs, iq-mEmerald and Dronpa, have been
reported, in which metal ions interacted with two histidine residues on the β-barrel surface
of the FPs [17,23]. To better understand the metal-binding site of DendFP, the amino
acid sequence and crystal structure of DendFP were comparatively analyzed against iq-
mEmerald and Dronpa (Figure 8a). iq-mEmerald was engineered based on the robust
transition metal-binding modes (i and i + 2) [23]. The sequence identity between DendFP
and iq-mEmerald is 25.85%, and superimposing both structures showed a similarity with
an r.m.s. deviation of 0.998 Å. iq-mEmerald showed the highest fluorescence quenching by
Cu2+ and exhibited a reduction in fluorescence emission by Co2+ and Ni2+, whereas Zn2+

increased its fluorescence intensity. The Cu2+-bound state of iq-mEmerald has not been
determined, whereas Ni2+- and Zn2+-bound states have been reported; these metal ions
are bound to engineered His202 and His204 [23]. As a result, it was shown that a robust
transition metal-binding site can bind to both fluorescence-inhibiting and -enhancing metal
ions. The metal-binding sites His202 and His204 of iq-mEmerald are located at the β11-
strand while Asp192 and Arg194 are located at the same structural positions in DendFP;
thus, it can be stated that the metal-binding sites are not shared between DendFP and
iq-mEmerald (Figure 8a,b).

Figure 8. Comparison of the metal-binding sites of DendFP with those of iq-mEmerald and Dronpa.
(a) Sequence alignments of DendFP with iq-mEmerald and Dronpa. The metal-binding sites of
iq-mEmerald (green, Ni2+) and Dronpa (orange for Cu2+; purple for Co2+/Ni2+) are indicated by
an asterisk. Superimposition of DendFP with (b) Ni2+-bound iq-mEmerald (PDB code: 4KW4),
(c) Cu2+-bound Dronpa (5HZT), and (d) Co2+-bound Dronpa (5HZS).
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DendFP has a sequence identity of 70.42% with Dronpa, and the superimposing of
both structures showed a similarity with an r.m.s. deviation of 0.374 Å. The metal-binding
site of Dronpa is present naturally, without the need for amino acid engineering. Two metal-
binding modes were observed in the crystal structure of metal-bound Dronpa [17]. One
is His210 and His212 in the β12-strand, the robust metal-binding site mode, which binds
most sensitively to Cu2+ (Figure 8c). Another metal-binding mode consisted of His194 in
the β11-strand and His212 in the β12-strand, to which Co2+ or Ni2+ were bound (Figure 8d).
Following the superimposition of the crystal structures of DendFP and Dronpa, the metal-
binding sites His194, His210, and His212 of Dronpa were structurally identical to Arg194,
Tyr210, and His212 of DendFP, respectively (Figure 8b,c). Although DendFP did not have a
metal-binding site consisting of two identical histidine pairs, such as the case for Dronpa,
since His212 of DendFP is sequentially and structurally identical to His212 of Dronpa,
our superimposition analysis provides useful information for the optimal engineering of
metal-binding sites in DendFP. Meanwhile, there are eight histidine residues in the amino
acid sequence of DendFP. We confirmed that there are no robust metal-binding modes (i and
i + 2) in DendFP, unlike the metal-binding site of iq-mEmerald or the Cu2+-binding site of
Dronpa. Moreover, we investigated the presence of a histidine pair between two β-strands,
such as the Co2+/Ni2+-binding mode in Dronpa, but there no such identical binding mode
was observed in DendFP. Thus, the metal-binding sites of DendFP is different from the
previously reported metal-binding sites of iq-mEmerald or Dronpa.

3. Discussion

Here, we performed a spectroscopic and structural analysis of the fluorescence quench-
ing of DendFP by metal ions. Previous spectroscopic analysis has shown that most fluores-
cent proteins, such as DsRed, iq-mEmerald, Dronpa, AmCyan, mOrange, and ZsYellow,
are highly sensitive to Cu2+ [17–19], whereas DendFP is more sensitive to Fe2+ and Fe3+

than Cu2+, which is similar to ZsGreen [25]. The dissociation constant of DendFP for Fe2+

(24.59 µM), Fe3+ (41.66 µM), and Cu2+ (137.18 µM) showed a similar order of sensitivity to
ZsGreen for Fe2+ (11.5 µM), Fe3+ (16.3 µM), and Cu2+ (68.3 µM). However, DendFP showed
a maximum binding capacity of >100 in the cases of Fe2+, Fe3+, and Cu2+; however, for
ZsGreen, the maximum binding capacity of Fe2+ and Fe3+ was >100, whereas that of Cu2+

was 82.9. Although the overall quenching performances of DendFP for Fe2+ and Fe3+ were
superior to that for Cu2+ when evaluated based on the Langmuir isotherm, the DendFP
fluorescence was quenched by Cu2+ more than by Fe2+ or Fe3+ at the low concentrations,
such as 5 µM. Such a discrepancy could be because Cu2+ binding does not strictly follow
the Langmuir model based on monolayer binding.

Fluorescence quenching typically involves two distinct mechanisms: collisional quench-
ing and static quenching [33,35,36]. A simple approach to distinguish the two systems
is to observe the alteration in the Ksv values at different temperatures. In theory, in colli-
sional quenching, a higher temperature increases the frequency of collision between the
fluorescence chromophore in its excited state and a quencher, resulting in a more sensitive
quenching (i.e., greater slope; higher Ksv value) in the Stern–Volmer plot. This phenomenon
is in contrast to that of a static system in which a non-fluorescent complex is generated
between the fluorophore and a quencher in the ground state. In static quenching, a less
steep slope (i.e., lower Ksv value) tends to be observed at a higher temperature, which pos-
sibly occurs by disrupting the fluorophore–quencher bond interaction. In this study, higher
Ksv values were observed with Fe2+ and Cu2+ by increasing the temperature although the
difference was not prominent, indicating that Fe2+- and Cu2+-induced fluorescence quench-
ing of DendFP might occur based on the collisional mechanism. Absorption spectra could
also provide useful insight into the quenching process (Supplementary Figure S2) [36].
In Cu2+-induced quenching, its presence at different concentrations did not affect the
spectra, suggesting it is a collisional process. In contrast, both Fe2+ and Fe3+ caused a
spectral change at high concentrations (i.e., 500 and 5000 µM). Such a spectral change
may be an indication of static processes for Fe ions, which is inconsistent with the results
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from the Stern–Volmer plot (Figure 4). For definitive elucidation, a fluorescence lifetime
measurement study of DendFP is needed in the future.

The reversibility of DendFP for Fe2+ (22.17%), Fe3+ (11.93%), and Cu2+ (45.15%) was
distinguished from that of ZsGreen for Fe2+ (15.86%), Fe3+ (13.29%), and Cu2+ (89.47%),
upon addition of 50 mM EDTA. Therefore, fluorescence quenching of DendFP by metal ions
shows unique optical properties when compared with previously reported FPs. Although
the fluorescence of metal-quenched DendFP was not fully recovered, its reversibility
observed in this study still provides the possibility of the utilization of the protein as
a reusable metal biosensor and insights into the location of metal sites in the protein.

The identification of a quenchable metal-binding site of DendFP can not only explain
the mechanism of action in fluorescence quenching but can also provide important infor-
mation to engineer FPs with high sensitivity to specific metals in the application stage.
In this study, DendFP fluorescence was quenched by Fe and Cu ions, and when DendFP
was directly applied as a metal biosensor, its fluorescence quenching was induced by both
Fe and Cu ions. In this case, it is difficult to determine which of the two ions actually
quenched DendFP. Thus, if specific metal-binding sites on DendFP are found, it is pos-
sible to mutate the binding sites of other metal ions to detect only the desired metal. In
this study, the crystal structure of the tetrameric interface of DendFP was analyzed. Our
findings provide information on the sites that are potentially unable to bind to the metal
ions. The metal-binding sites of the DendFP crystal structure were compared to those of
iq-mEmerald, and Dronpa. DendFP is considered to be involved in metal binding via other
types of amino acids, unlike the previously described metal-binding modes of FPs, which
utilize two histidines. To identify the metal-binding sites of DendFP, it will be necessary to
construct an improved crystallization method to investigate the quenchable metal-bound
state of DendFP. Since FP-based metal biosensors are intended to detect specific metals in
unknown samples, the procedure will require overall screening for specific metals and an
examination of the extended effects of metals on the fluorescence quenching of DendFP.
Here, we analyzed the fluorescence quenching properties by metals specific for purified
DendFP. Moreover, since this protein can be expressed by cells, it could be used to monitor
the metal fluctuations in a cellular environment, as previously reported in an in vivo metal
quenching experiment using a VAMP2/iq-mApple/mEmerald probe [23].

In summary, our results not only elucidate the properties of the metal-based fluores-
cence quenching of DendFP but also provide insights for the development of FP-based
metal biosensors in the future.

4. Materials and Methods
4.1. Protein Preparation

The codon-optimized DendFP (Uniprot: Q8T6U0) was synthesized and cloned into
the pET-28a vector. The recombinant DNA was transformed into Escherichia coli BL21
(DE3). Cells were incubated with vigorous shaking at 200 rpm at 37 ◦C. When OD600
reached 0.6–0.8, protein expression was induced by adding 0.5 mM isopropyl β-d-1-
thiogalactopyranoside (IPTG), and the culture was incubated overnight at 20 ◦C. After cell
harvesting by centrifugation, the pellet was resuspended in lysis buffer (50 mM Tris-HCl,
pH 8.0, 200 mM NaCl, and 20 mM imidazole). After cell lysis on ice by sonication, the
cell debris was removed by centrifugation at 14,000 rpm for 30 min. The supernatant was
loaded onto an Ni-NTA column (Qiagen, Hilden, Germany). After washing the resin using
lysis buffer, the protein was eluted using a buffer containing 50 mM Tris-HCl, pH 8.0,
200 mM NaCl, and 300 mM imidazole. To remove the N-terminal hexahistidine-tagged
recombinant protein, thrombin was added into the eluted faction, followed by incuba-
tion at room temperature overnight. The cleavage of the expression-tag in recombinant
DendFP was verified by 15% SDS-PAGE. This protein was concentrated using an Amicon
concentrator (Merck, Kenilworth, NJ, USA, cutoff: 10 kDa) and loaded on a Sephacryl
100-HR column (GE Healthcare, Chicago, IL, USA) equilibrated with 10 mM Tris-HCl pH
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8.0 and 200 mM NaCl. Protein concentrations were measured by the Bradford assay using
a Synergy H1 microplate reader (BioTek, Winooski, VT, USA) at 25 ◦C.

4.2. Spectroscopic Analysis

Purified DendFP were verified by the spectra scan method through measurement of the
maximum fluorescence excitation and emission wavelengths in the ranges of 400–600 and
450–640 nm, respectively. The fluorescence emission spectra of DendFP in the presence
of difference concentrations of Fe2+, Fe3+, and Cu2+ at 0, 5, 50, 500, and 5000 µM were
also measured in the ranges of 450–640 nm. In the fluorescence emission measurement
experiment, the protein and metal mixture were excited at a wavelength of 480 nm, and
the fluorescence emission was measured at a wavelength of 530 nm. All samples were
placed in a 96-well plate for fluorescence measurement, and before measurement, all
mixed samples were shaken in the orbital direction for 10 s. Fluorescence emission was
measured using a Synergy H1 microplate reader (BioTek). All experiments were performed
in triplicate at 25 ◦C. The fluorescence intensity values were not corrected due to negligible
inner-filter effects.

4.3. Screening Metal-Induced Quenching

Metal ion screening was performed using a 10 µM solution of purified DendFP and
10 mM solutions of LiCl, NaCl, MgCl2, CaCl2, MnCl2, FeCl2, FeCl3, CoCl2, NiCl2, CuCl2,
ZnCl2, CdCl2, and CeCl3. For the visualization of fluorescence quenching, 50 µL of DendFP
solution and 50 µL of each metal solution were mixed in a PCR tube and incubated at room
temperature for 5 min. Each mixture sample was place on an LED transilluminator and
exposed to LED light with a wavelength of 470 nm. To quantify the fluorescence intensity,
the same DendFP and metal ion mixtures were prepared; the fluorescence emission of the
mixtures was measured 5 min after the reaction.

4.4. Quenchable Metal Titration

Fe2+, Fe3+, and Cu2+ titration experiments were carried out to determine the dissoci-
ation constant (Kd) and maximum binding capacity (Bmax) of the metal ions for DendFP.
The purified 4 µM DendFP solution (50 µL) was mixed with an equal volume of various
concentrations of FeCl2, FeCl3, or CuCl2 solutions ranging from 0 to 10,000 µM, followed
by incubation at 25 ◦C for 5 min. Then, the fluorescence emission of the mixtures was
measured at a wavelength of 530 nm.

The relative fluorescence quenching (%) was calculated based on the fluorescence
emission of native DendFP. The titration results for Fe2+, Fe3+, and Cu2+ were analyzed
using the SigmaPlot 12.3 software (Systat Software, Erkrath, Germany).

The Langmuir equation was used for data fitting:

Relative fluorescence quenching (%) =
Bmax [M]unbound
Kd + [M]unbound

where Kd indicates the equilibrium dissociation constant (µM) and Bmax indicates the
maximum binding capacity or the concentration of available binding sites of a molecule.
[M]unbound is the equilibrium concentration of unbound metal ions (µM). When [M]total is
present in a large molar excess relative to that of DendFP, [M]unbound is assumed to be equal
to [M]total. As the amount of metal ions bound to DendFP was represented by relative
fluorescence quenching (%) in this study, Bmax was accordingly defined as the maximum
registered fluorescence [32].

4.5. Reversibility of Metal-Induced Fluorescence Quenching

To investigate the reversibility of DendFP metal-induced fluorescence quenching, we
prepared the fluorescence-quenched state of DendFP by mixing 50 µL of DendFP (4 µM)
with 50 µL of each metal solution (1 mM Fe2+, 1 mM Fe3+, or 10 mM Cu2+), followed
by incubation for 5 min at 25 ◦C. The quenched state of each mixture was verified by
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measuring its fluorescence emission. Then, 50 µL of EDTA (1, 5, 10, 50, 100, and 500 mM) or
EGTA (1, 5, 10, 50, 100, and 200 mM) solution were added to the quenched solution. After
incubation for 60 min at 25 ◦C, the fluorescence emission was measured at a wavelength of
530 nm.

4.6. Selectivity of DendFP Sensing for Fe2+, Fe3+, and Cu2+

To examine the selectivity of DendFP for Fe2+, Fe3+, and Cu2+, 4 µM of DendFP (50 µL)
was mixed with a solution containing 25 µM of Fe2+, Fe3+, or Cu2+ (25 µL) and 25 µM of
various interference metal ions (25 µL), such as LiCl, NaCl, MgCl2, CaCl2, MnCl2, CoCl2,
NiCl2, ZnCl2, CdCl2, and CeCl3. For the control reaction, a solution containing only Fe2+,
Fe3+, or Cu2+ without interference metals was used. The reaction mixture was incubated
for 5 min at 25 ◦C, which was then subjected to fluorescence measurement.

4.7. Crystallization and X-ray Data Collection

Purified DendFP was concentrated to 20 mg/mL for crystallization using an Amicon
concentrator (Merck, cutoff: 10 kDa). Protein crystallization was performed in 24-well
plates using the hanging drop vapor diffusion method at 22 ◦C. Drops consisting of 1 µL
of protein solution and 1 µL of reservoir solution consisting of 100 mM Tris-HCl, pH 7.5,
0.2 M MgCl2, and 20% PEG4000 were mixed and equilibrated over 300 µL. Suitable crystals
for X-ray diffraction were grown within 5–7 days. X-ray diffraction data were collected
from the beamline 11C at the Pohang Accelerator Laboratory (Pohang, Korea) [37]. The
DendFP crystals were immersed in cryoprotectant solution, which consisted of the reservoir
solution supplemented with 20% (w/v) glycerol, and immediately placed under a liquid
nitrogen stream at 100 K. Diffraction data were recorded with the Pilatus 6M detector and
processed using the HKL2000 program [38]. The data statistics are shown in Table 1.

4.8. Structure Determination and Analysis

The electron density map was obtained by the molecular replacement method with
the MOLREP [39] program using the crystal structure of DendFP (PDB code: 5EXB) as a
search model [26]. The model building and refinement were performed with Coot [40]
and REFMAC5 [41], respectively. The geometry of the final model was checked using
MolProbity [42]. The structure figure was visualized with PyMOL (http://pymol.org/,
accessed on 3 May 2022). The tetrameric interfaces of DendFP were analyzed with PISA [43].
Protein sequence alignments were performed using ClustalW [44] and visualized with
ESPript [45].

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules27092922/s1, Figure S1: The linear plot between fluo-
rescence quenching of DendFP and concentration of metal ions; Figure S2: Absorbance spectra of
DendFP solution in the absence and presence of metal ions; Table S1: Interactions on the dimeric A-B
interface of DendFP; Table S2: Interactions on the dimeric A-D interface of DendFP.
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