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Abstract

The fluorescence of fluorescent proteins (FPs) is quenched when they are exposed to certain transition metals, which makes them
promising receptor materials for metal biosensors. In this study, we report the spectroscopic analysis of metal-induced fluores-
cence quenching of the fluorescent protein ZsGreen from Zoanthus sp. The fluorescence of ZsGreen was reduced to 2%, 1%, and
20% of its original intensity by Fe**, Fe’*, and Cu®*, respectively. Metal titration experiments indicated that the dissociation
constants of Fe**, Fe**, and Cu®* for ZsGreen were 11.5, 16.3, and 68.2 1M, respectively. The maximum binding capacities of
ZsGreen for Fe**, Fe**, and Cu®* were 103.3, 102.2, and 82.9, respectively. Reversibility experiments indicated that the
fluorescence of ZsGreen, quenched by Fe?* and Fe**, could be recovered, but only to about 15% of its original intensity, even
at a 50-fold molar excess of EDTA. In contrast, the fluorescence quenched by Cu®* could be recovered up to 89.47% of its
original intensity at a Cu®*: EDTA ratio of 1:5. The homology model of ZsGreen revealed that the protein does not share any
metal-binding sites with previously reported FPs, suggesting that ZsGreen contains unprecedented binding sites for fluorescence
quenching metal ions.
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Introduction

Fluorescent proteins (FPs) are useful optical markers for track-
ing target molecules and they are widely applied in cell and
molecular biology [1-3]. FPs allow the localization of protein
expression and visualization of the transport of target mole-
cules [4, 5]. FPs are used in combination with other fluores-
cent partners to observe target molecule interactions, such as
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protein-protein or protein-nucleic acid interactions in living
cells [6, 7]. FPs emit strong fluorescence even at low concen-
trations. Therefore, they are not only used as biosensor
markers [8], but also as screening probes to monitor the ex-
pression of membrane proteins with low expression levels [9].
Beyond life sciences, fluorescent proteins have been used for
breeding green pigs and cats, and genetically modified fluo-
rescent fishes are already found in home aquariums [10]. In
addition, FP-integrated white LED displays have been inves-
tigated for potential industrial applications [11]. The extended
applications of FPs not only include the identification of the
molecular mechanisms of FPs, but also the engineering of
these proteins, with new fluorescent proteins being discovered
constantly [2, 12-15].

Green fluorescent protein (GFP)-like proteins have a f3-
barrel architecture, and a tripeptide inside the 3-barrel forming
the unique chromophore through cyclization, dehydration,
and oxidation during the folding process [1]. The chromo-
phores of natural FPs are based on two rings linked through
a double bond and derived from the tyrosine-glycine dipeptide
[2]. In general, the optical properties of FPs are determined by
the chromophore and the surrounding hydrogen bond network
that interacts with it [1, 16]. In addition, the fluorescence of
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FPs can be strongly influenced by external factors, such as pH
and metals [17-23]. Therefore, FPs have potential applica-
tions as pH indicators and metal biosensors [17-25]. FPs un-
dergo fluorescence quenching by specific transition metals,
and therefore they are considered for metal biosensor probes
[17,22-24, 26, 27].

Spectroscopic analysis of various FPs, such as BFPmsl,
DsRed, Dronpa, ig-mEmerald, AmCyan, mOrange, and
ZsYellow [17-19, 21-25], enabled understanding of the
metal-induced fluorescence quenching mechanisms as well
as their potential as metal biosensors. The fluorescence of
most FPs exhibited the highest sensitivity to Cu®*; however,
their fluorescence could be restored using EDTA [17-19,
21-24]. Each FP differs in its sensitivity to metals, and each
metal has varying mechanisms for quenching. For example, in
BFPmsl, Cu®* binds directly to the chromophore and
quenches its fluorescence [25]. In ig-mEmerald and Dronpa,
fluorescence quenching occurs when the metal interacts with
two histidine residues located on the (3-barrel surface of the
proteins [21, 22]. On the other hand, the fluorescence of
ZsYellow is quenched by Cu?* in a distance-dependent man-
ner with low sensitivity [24]. Based on the crystal structure of
ZsYellow soaked in Cu*, it was suggested that quenching
could occur even without metal binding when the distance
between Cu** and the chromophore is reduced due to high
metal concentrations. The diverse mechanisms of metal-
induced fluorescence quenching of FPs require continuous
investigations of metal-induced fluorescence quenching
of new FPs, for the development of FP-based metal
biosensor probes.

In particular, ions of iron are involved in many physiolog-
ically important processes such as respiration, oxygen trans-
port, signal transduction, and enzymatic reactions that rely on
their ability to activate molecular oxygen [28]. Several chem-
ical tools for the detection of these ions using fluorescent or
chromogenic probe have been developed [28]; however, no
FP has exhibited fluorescence quenching with sensitivity high
enough for it to be utilized as a biosensor.

GFP FP506 from Zoanthus sp. has excitation and emission
maxima at 492 and 506 nm, respectively [29]. ZsGreen is a
GFP engineered from GFP FP506 in which the amino acid
Asno65 is replaced by a Met, improving the fluorescence emis-
sion characteristics (excitation and emission maxima at 496
and 506 nm, respectively) [30]. ZsGreen is widely used as an
optical probe in molecular and cell biology [31-33]; however,
metal-induced fluorescence quenching of this protein has not
been elucidated. In this study, we report the spectroscopic
analysis of metal-induced fluorescence quenching of
ZsGreen. Fe**-, Fe**- and Cu*-titration experiments were
performed, followed by EDTA treatment to investigate the
reversibility of metal-induced fluorescence quenching. To
identify metal-binding sites in ZsGreen, homology modeling
was performed to compare the structure of ZsGreen with those
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of previously reported metal-bound FPs. Our results provide a
better understanding of the optical properties of ZsGreen in
the presence of metal ions and insights into the development
of FP-based metal biosensors.

Materials and Methods
Protein Preparation

The expression vector encoding ZsGreen (Clontech) was
transformed into Escherichia coli BL21(DE3). The cells were
grown on LB agar plates supplemented with 50 pg/mL ampi-
cillin. A single colony was transferred into 5 mL LB medium
with 50 pg/mL ampicillin and incubated with shaking over-
night at 37 °C. The overnight culture was inoculated into 1 L
LB medium supplemented with 50 pg/mL ampicillin and in-
cubated with vigorous shaking at 200 rpm at 37 °C. When the
culture reached an optical density of 0.6-0.8 at 600 nm, pro-
tein expression was induced using 0.5 mM isopropyl (3-d-1-
thiogalactopyranoside (IPTG), and the culture was incubated
overnight at 18 °C. The cells were then harvested by centrifu-
gation at 4000 rpm for 20 min and subsequently suspended in
50 mM Tris-HCI (pH 8.0) and 200 mM NaCl. After sonica-
tion, the supernatant was heat-treated at 50 °C for 30 min to
denature soluble proteins from the Escherichia coli host [23,
34], and then centrifuged at 14,000 rpm for 30 min. Heat-
treatment was performed twice. Supernatants were concentrat-
ed using an Amicon concentration device (Millipore, cutoff:
10 kDa) and loaded on a Sephacryl 100-HR column (GE
Healthcare) equilibrated with 10 mM Tris-HCI (pH 8.0) and
200 mM NaCl. Protein concentration was measured using the
Bradford assay using a Synergy H1 microplate reader
(BioTek), at 25 °C.

Spectroscopic Analysis

The maximum fluorescence excitation and emission wave-
lengths for purified ZsGreen were obtained using the spectrum
scan method. For the fluorescence emission measurements,
purified ZsGreen was excited at 470 nm, and the fluorescence
emission was measured at 520 nm. Fluorescence emission of
all samples, in 96-well plates, was measured using a Synergy
H1 microplate reader (BioTek) after orbital shaking for 10 s.
All experiments were performed in triplicate at 25 °C.

Screening Metal-Induced Quenching

To investigate the effect of different metal ions on fluores-
cence, 10 uM of purified ZsGreen in 10 mM Tris-HCI
(pH 8.0) and 200 mM NaCl was mixed with 1 mM metal
solution (LiCl, NaCl, MgCl,, CaCl,, MnCl,, FeCl,, FeCl;,
CoCl,, NiCl,, CuCl,, ZnCl,, CdCl,, and CeCl,) at a ratio of
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1:1. Each mixture was incubated for five minutes at room
temperature and placed on a LED transilluminator
(Maestrogen) to visually monitor the fluorescence intensity
using an excitation of 470 nm. For fluorescence measurement,
0.87 uM of purified ZsGreen in 10 mM Tris-HCI (pH 8.0) and
200 mM NaCl was mixed with 1 mM metal solution (LiCl,
NaCl, MgClz, CaClz, Ml’lClz, FeClz, FGC13’ COC12, Nlclz,
CuCl,, ZnCl,, CdCl,, and CeCl,) at a ratio of 1:1. The fluo-
rescence emission spectra were recorded for each solution.

Titration Experiment

For titration experiments, 50 uL. ZsGreen solution (0.87 pM)
was mixed with an equal volume of 0, 0.01, 0.1, 1.0, 10, 100,
1000, and 10,000 uM FeCl,, FeCl;, or CuCl,. After the mix-
ture was incubated for five minutes at room temperature, fluo-
rescence was measured. The relative fluorescence quenching
(%) is defined as follows:

(1-F/Fo) x 100,

where F and F are the fluorescence intensities of ZsGreen in
the presence and absence of the quenching metal ions, respec-
tively. Titration data were analyzed using SigmaPlot 12.3 soft-
ware (Systat Software, Erkrath, Germany). Data were fitted
according to the Langmuir equation as follows using non-
linear least square regression analysis:

B max [M ] unbound

Relative fluorescence quenching (%) = Ko+ M1
d

unbound

where B, represents the maximum binding capacity of
ZsGreen for metal ions, K, is the dissociation constant be-
tween ZsGreen and metal ions (UM), and [M]unpound 18 the
concentration of unbound metal ions (uM). If the total metal
ion concentration is in large molar excess compared to that of
ZsGreen, it can be assumed that [M]npound 1S approximately
equal to [M]- Therefore, a large excess of metal ions was
used to obtain the values for K; and B,,,,, from the Langmuir
isotherm.

Reversibility of Metal-Induced Fluorescence
Quenching

To investigate the reversibility of the metal-induced fluores-
cence quenching, we prepared the ZsGreen in a quenched
state of fluorescence by mixing 50 uL ZsGreen (0.87 pM)
with 50 pL metal solution (1 mM Fe**, 1 mM Fe’*, or
10 mM Cu?*) followed by incubation for five minutes at room
temperature. The quenching in each mixture was verified
through measuring the fluorescence emission. Then, 50 uL
EDTA (0.1, 0.5, 1.0, 5.0, 10, and 50 mM) was added to the
quenched solution. After incubation for five minutes at 25 °C,
fluorescence emission was measured.

Homology Modeling

The homology model of ZsGreen was generated using the
SWISS-MODEL server [35]. The crystal structure of GFP-
like fluorescent chromoprotein FP506 (PDB code: 20JK)
[36] was used as a template. The geometry of the ZsGreen
model was validated using MolProbity [37]. The model struc-
ture was visualized using PyMOL (http:/pymol.org/). Amino
acid sequence alignments were performed using ClustalW
[38] and visualized using ESPript [39].

Results and Discussion
Fe?*- and Fe**-Induced Fluorescence Quenching

First, the optimum fluorescence excitation and emission
wavelengths of purified ZsGreen were scanned. Maximum
excitation and emission peaks were observed at 491 and
505 nm, respectively (Fig. 1a). Compared with the previously
published maximum excitation and emission wavelengths of
ZsGreen (Ao =496 nm and A, = 506 nm), the present wave-
lengths were blue-shifted by 5 and 1 nm, respectively.

When the fluorescence of an FP is quenched by a metal, the
protein exhibits metal type-specific spectral properties
(quenching intensities.) [22, 23]. To investigate the fluores-
cence quenching of ZsGreen by metal ions, purified protein
solution was mixed with various metal ions (Li*, Na*, Mg,
Ca%*, Mn**, Fez", Fe3+, Co%*, Ni?*, Cu?*, Zn**, Cd**, and
Ce™). Fluorescence quenching was first visually monitored
by exposing the solutions to LED light at 470 nm. In the
presence of F e?* and Fe**, the ZsGreen solution did not fluo-
resce at all and Cu®* markedly reduced the fluorescence in-
tensity compared to that of the metal-free protein solution
(Fig. 1b). These mixtures were further quantitatively analyzed
through fluorescence emission measurements (Fig. 1¢). The
fluorescence intensity of ZsGreen was decreased to 1.1% and
3.5% of its maximum intensity (metal-free ZsGreen) by Fe**
and Fe**, respectively. Cu®* reduced the fluorescence intensi-
ty to 22.8%. Co**, Ni**, Zn>*, and Cd** quenched the fluo-
rescence intensity by 22.6%, 12.6%, 37.3%, and 19.0%, re-
spectively. Li*, Na*, Mg®*, Ca®*, and Mn”* exhibited modest
quenching and reduced the fluorescence intensity only by
5.6%,2.9%,4.4%, 4.6%, and 8.0%, respectively. On the other
hand, Ce®* increased the fluorescence intensity by 1.4%.
Therefore, we concluded that the fluorescence of ZsGreen
was highly sensitive to quenching by Fe**, Fe**, and Cu®".

Titration Experiment
To better understand the mechanism of quenching, we per-

formed Fe**-, Fe’*- and Cu”*-titration experiments with
ZsGreen (Fig. 2). Fe?*-titration showed that at a concentration
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of 0.1, 1.0, and 10 mM Fe?*, the ZsGreen fluorescence was
quenched by 92.6%, 98.9%, and 99.8%, respectively (Fig.
2a). At a concentration of 10 uM Fe?*, the fluorescence in-
tensity was reduced to 25.4% of its original value, whereas at
concentrations lower than 1 uM, the intensity was reduced by
less than 6.5%. During Fe*-titration, Fe>* concentrations of
0.1, 1.0, and 10 mM, quenched the ZsGreen fluorescence by
83.2%, 98.1%, and 99.6%, respectively (Fig. 2b). At a con-
centration of 10 uM Fe3+, the fluorescence intensity was re-
duced to 17.8% of its maximum intensity, whereas at lower
Fe®* concentrations (< 1 uM) it was only reduced by less than
10%. During the titration with Cu®*, metal concentrations of
1.0 and 10 mM decreased the ZsGreen fluorescence by 78.2%
(Fig. 2¢). Ata concentration of 100 uM Cu**, the fluorescence
intensity was reduced to 31.4%, and at concentrations lower
than 10 uM, the intensity was reduced by less than 12%.
Based on the titration experiments, the dissociation con-
stant (K;) and maximum binding capacity (B,,..) were obtain-
ed from the Langmuir equation. Only metal ions with a large
molar excess concentration relative to that of ZsGreen were
used for obtaining the K; and B,,,, values to satisfy the as-
sumption that [M],nbound 1S approximately equal to [M]ota, as
described in the Methods section. Theoretically, the affinity of
a protein for a ligand is inversely proportional to the value of
K. The K, values of Fe**, Fe**, and Cu** for ZsGreen were
11.5,16.3, and 68.2 uM, respectively. B,,,. values of ZsGreen
in the presence of Fe**, Fe**, and Cu** were 103.3, 102.2, and
82.9, respectively. Taken together, Fe** and Fe** exhibited a

similar behavior in terms of both binding affinity and the
maximum binding capacity for ZsGreen, which were approx-
imately 5- and 1.2-fold higher than that of Cu?", respectively.

Reversibility of Metal-Induced Quenching

The fluorescence quenched by metals can be recovered using
chelating agents such as EDTA [22, 23]. This reversibility of
metal-induced fluorescence quenching renders FPs attractive
as sustainable materials for metal biosensors. To investigate
the reversibility of fluorescence quenching, we prepared
ZsGreen solutions with quenched fluorescence by adding
the 1 mM Fe**, I mM Fe’*, or 10 mM Cu*. Subsequently,
varying concentrations of EDTA (0.1-50 mM) were added to
recover the fluorescence of ZsGreen (Fig. 3). Fe** quenched
the fluorescence of ZsGreen to 2.0% of its original level (met-
al-free ZsGreen); however, the addition of 10 and 50 mM
EDTA recovered the fluorescence to about 8.1% and 15.9%,
respectively, of its original intensity (Fig. 3a). When 1 and
5 mM EDTA was added, fluorescence was recovered to only
6.1% and 6.0%, respectively, of its maximum intensity,
whereas no detectable recovery occurred at lower EDTA con-
centrations (<1 mM). Similarly, Fe** reduced the fluorescence
of ZsGreen by up to 98.9% (Fig. 3b). Addition of 5, 10, and
50 mM EDTA recovered the fluorescence to about 5.2%,
6.6%, and 13.3%, respectively, of its original intensity (Fig.
3b). At low EDTA concentration (< 1 mM), no fluorescence
recovery was observed. Cu®* quenched the ZsGreen
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fluorescence by 82.0% (Fig. 3b); however, the addition of 5,
10, and 50 mM EDTA, recovered the fluorescence to about
26.1%, 32.3%, and 89.5%, respectively, of its maximum in-
tensity. On the other hand, EDTA concentrations lower than

<« Fig. 2 Metal titration of ZsGreen. Titration of ZsGreen with a Fezi b

Fe**, and ¢ Cu®*. Fluorescence of ZsGreen was measured in the presence
of 0, 0.01, 0.1, 1, 10, 100, 1000, and 10,000 uM metal ions. Relative
fluorescence quenching (%) was calculated as follows: (1 - F / Fg) x 100,
where F and F, are the fluorescence intensities of ZsGreen in the presence
and absence of the quenching metal ions, respectively. Data fitting was
performed using non-linear least square regression analysis based on
Langmuir isotherm
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only be recovered to about 15% of its original intensity even
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with a 50-fold molar excess of EDTA. On the other hand,
Cu?*-quenched fluorescence was recovered to about 90% of
its maximum intensity with a 5-fold molar excess of EDTA.

Analysis of the Homology Model of ZsGreen

Currently, three different mechanisms have been suggested
for metal-induced FP fluorescence quenching based on crystal
structures [21, 22, 24, 25]: (1) The quenching metal binds
directly to the chromophore of FP. (2) The quenching metal
binds to the {3-barrel surface of the FP. (3) At high metal
concentrations, the quenching metals come very close to the
FP and quench its fluorescence without direct interaction. To
better understand the mechanism of metal binding with
ZsGreen, we generated a homology model and compared it
with previously reported crystal structures of BFPmsl1 [25],
Dronpa [22], ig-mEmerald [21], and ZsYellow [24]. In
BFPmsl, the quenching Cu®* is directly bound to the chro-
mophore through an engineered solvent channel between the
[37- and (38-strands [25] (Fig. 4a). In the homology model of
ZsGreen, such a channel at the surface of the protein, through
which metals could directly access the chromophore, is lack-
ing (Fig. 4a). Therefore, it is suggested that quenching metal
ions do not directly interact with the chromophore of ZsGreen.
In Dronpa and iq-mEmerald, histidine residues on the (3-barrel
surface interact with the fluorescence quenching metals; these
histidines are about 14.4-16.4 A distant from the center of the
chromophore [21, 22]. Superimposition of the ZsGreen ho-
mology model and the structure of Dronpa revealed that the
amino acid positions His194, His210, and His212 in Dronpa,
which are involved in the binding of quenching metals, were
occupied by Lys203, Thr220, and His222, respectively, in the

ZsGreen structure. Although His222 of ZsGreen was located
at a position equivalent to that of the metal-binding residue
His212 in Dronpa, a second histidine residue around His222
was missing for metal binding (Fig. 4b). Similarly, the super-
imposition of the ZsGreen model and the structure of iq-
mEmerald indicated that the metal-binding positions His202
and His204 in ig-mEmerald were occupied by GIn201 and
Lys203, respectively, in ZsGreen, indicating that ZsGreen
does not contain a metal-binding site similar to that in ig-
mEmerald (Fig. 4c). In the crystal structure of ZsYellow
quenched by Cu?*, no Cu®* ion was observed, suggesting that
fluorescence quenching occurred due to the proximity be-
tween Cu* ions and the chromophore, without direct interac-
tion [24]. Owing to the observed high binding affinities of
Fe** and Fe* with ZsGreen, we assumed that the protein
had binding sites for these ions. However, Cu”* had a low
binding affinity for ZsGreen; therefore, it was considered that
Cu®" ions exhibit a quenching mechanism similar to that ob-
served in ZsYellow. Taken together, the results suggested that
ZsGreen lacked the metal-binding sites of previously reported
FPs and the possible presence of a novel metal-binding site for
Fe”* and Fe'”.

Conclusion

We reported the spectroscopic analysis of metal-induced fluo-
rescence quenching of ZsGreen. Previous studies indicated
that the fluorescence of FPs is highly sensitive to quenching
by Cu®* ions. In the case of ZsGreen, Cu>* reduced the fluo-
rescence intensity, but Fe?* and Fe** induced considerably
higher fluorescence quenching compared with that of Cu**
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Fig. 4 Structural comparisons of the ZsGreen homology model with
the structures of BFPmsl1, Dronpa, and ig-mEmerald. a Comparison
of the (3-barrel surface between BPFmsl (PDB code: 1KYS) and
ZsGreen. Superimposition of the ZsGreen homology model and the struc-
tures of (b) Dronpa (PDB code: SHZT), and (¢) ig-mEmerald (PDB code:
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4KW4). d Partial sequence alignments of ZsGreen, Dronpa, and iq-
mEmerald. The metal-binding sites of Dronpa (blue, Cu®*; gray, Co**/
Ni**) and ig-mEmerald (yellow, Ni**) are indicated by diamonds
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and other metals. These results indicated that ZsGreen could
potentially be applied as a biosensor probe for detection of
iron. However, despite the different oxidation states of Fe**
and Fe*, their quenching effects on ZsGreen fluorescence did
not differ in the present spectroscopic experiments. The fluo-
rescence of ZsGreen quenched by both Fe** and Fe** could
not be effectively restored, whereas the fluorescence
quenched by Cu®* was recovered up to 89.5% of its original
intensity, using EDTA. Meanwhile, the partial recovery of
Fe**/Fe**-quenched fluorescence using EDTA indicated that
the metal ions are located on the surface of ZsGreen. To im-
prove the efficiency of recovery for biosensor applications,
higher concentrations of EDTA, longer incubation times, or
the use of another Fe chelating method should be explored.
Structural analysis of the homology model of ZsGreen sug-
gested that ZsGreen possesses novel binding sites for Fe**/
Fe’* that are distinct from the metal-binding sites found in
Dronpa and ig-mEmerald. Due to the low binding affinity of
Cu?* for ZsGreen, fluorescence quenching by Cu®* is consid-
ered to be caused through high metal concentrations without
specific binding, as observed in the case of ZsYellow fluores-
cence quenching by Cu?* [24]. Cu®* favors histidine-
containing binding sites on the FP surface, whereas Fe** and
Fe3* may not bind to histidine residues, because of coordina-
tion geometry considerations. To identify the metal-binding
sites of ZsGreen, the crystal structure of ZsGreen complexed
with Fe?*, Fe®*, and Cu?" is required. Nevertheless, our results
provide important insights for the future development of metal
biosensors, especially that of Fe**/Fe** biosensors.
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