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Many fluorescent proteins (FPs) show fluorescence quenching by specific

metal ions, which can be applied towards metal biosensor development. In this

study, we investigated the significant fluorescence quenching of Dronpa by

Co2+ and Cu2+ ions. Crystal structures of Co2+-, Ni2+- and Cu2+ -bound

Dronpa revealed previously unseen, unique, metal-binding sites for fluores-

cence quenching. These metal ions commonly interact with surface-exposed

histidine residues (His194-His210 and His210-His212), and interact indirectly

with chromophores. Structural analysis of the Co2+- and Cu2+- binding sites

of Dronpa provides insight into FP-based metal biosensor engineering.
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quenching

Metal ions are required for the proper function of all

living organisms and act as catalysts in cells, enzyme

stabilizers and regulators of gene expression and mem-

brane osmotic pressure [1,2]. Small doses of heavy

metals (including cobalt, copper, iron, manganese,

molybdenum, vanadium, strontium and zinc) are

essential for a healthy life; however, excessive levels of

metal ions can affect human biological processes such

as ageing and disease development [1]. In order to

measure metal ions levels, various metal biosensors

have been reported using peptides, proteins, enzymes,

antibodies, whole cells and nucleic acids [3–7].
Fluorescent proteins (FPs) are popular optical mark-

ers and represent molecules with spatial and temporal

specificity towards applications in medicine, as well as

molecular and cell biology [8]. One of the interesting

properties of FPs is fluorescence quenching by specific

divalent metal ions [9,10]. Many fluorescent proteins

have been used for biosensing applications to detect

transition metal ions [11–16]. For instance, DsRed

from a reef coral has been reported as a copper sensor

with highly selective, reversible and sensitive detection

capacities for both Cu+ and Cu2+, and a detection

limit in the nanomolar range [12,17]. In the enhanced

green fluorescent protein (EGFP), surface-exposed

S202 and Q204 residues were mutated into histidine

residues that bind copper over 200-folds stronger than

wild-type EGFP [18]. The jellyfish Aequorea victoria

mutant Green Fluorescent Protein (GFP) (eGFP205C,

S205C) has been employed to develop highly specific

Abbreviations

EGFP, enhanced green fluorescent protein; FPs, fluorescent proteins.
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and noninvasive biosensors towards mercury ions and

used for an in vivo application in Escherichia coli [19].

Change in fluorescence which metal ions produce can

occur either by static quenching, energy transfer

between binding metal and the chromophore, or per-

turbations of the protein structure [9,13,20]. In particu-

lar, the presence of metal ions in the close vicinity of a

chromophore induces the fluorescence quenching in a

distance-dependent fashion [9,21].

Although many FPs have been biochemically char-

acterized in terms of their quenching effect by metal

ions, only two metal-bound structures have been

reported to date. In BFPms1 (mutant GFP from

Aequorea victoria), a point mutation (H148G) was

introduced in the b-barrel surface in order to improve

the metal-binding kinetics and generate a solvent-

accessible channel [11]. Cu2+ (quenching fluorescence)

and Zn2+ (enhancing fluorescence intensity) ions

accessed the vicinity of chromophore to interact with

it [11]. In iq-mEmerald, the two engineered surface-

exposed histidine residues in a b-sheet (i and i + 2) cre-

ated a binding site for transition metals [22]. Cu2+ ion

induced the quenching of the fluorescence intensity,

whereas other metal ions generated little reduction

(Co2+) or enhancement (Zn2+ and Ni2+) of the fluo-

rescence activity [23]. Iq-mEmerald crystal structures

complexed with Ni2+ and Zn2+ ions showed that both

metal ions interact with engineered histidine residues,

consisting of indirect interactions of metal ions with

the chromophore [23]. Although these structures pro-

vide a framework to help understand the metal-bind-

ing site and fluorescence effects, indirect interactions

between quenchable metal ions and chromophores

have not been determined yet. Dronpa is a reversibly

photoswitchable green fluorescent protein from Echino-

phyllia sp. SC22, with which the monitoring of fast

protein dynamics, such as nucleocytoplasmic shuttling

of a signalling protein, becomes possible in vivo [24].

In this study, we investigate the fluorescence quench-

ing effect of Dronpa by transition metal ions. The

crystal structures of Dronpa complexed with Co2+,

Ni2+ and Cu2+ reveal previously unseen metal-bind-

ing sites and their distinct configurations. Our struc-

tural results provide insight into the design of

engineered FP-based metal biosensors.

Materials and methods

Sample preparation

The cloning and expression of Dronpa (C62S) was per-

formed as described previously [25]. The final purified

protein was kept in 10 mM Tris-HCl and 50 mM NaCl.

Metal ion screening and titration of Dronpa

The examination of the metals’ effects on Dronpa were

carried out introducing the 10 lM Dronpa in a 200 lL
reaction volume together with the 1 mM metal ions

(MgCl2, CaCl2, MnCl2, CoCl2, NiCl2, CuCl2 and ZnCl2).

Initial fluorescent quenching was observed using the ultra-

bright LED transilluminator at 470 nm. Next, the fluores-

cence quenching was performed at 26 °C for 5 min in the

reaction mixture containing 10 lM Dronpa and 50 or

100 lM of metal ions, such as MgCl2, CaCl2, MnCl2,

CoCl2, NiCl2, CuCl2 and ZnCl2 in a total volume of

100 lL. Fluorescence emission quantum yields were mea-

sured with Infinite 200 Pro microplate reader (TECAN)

using a 483-nm filter for excitation and a 535-nm filter

for emission. The titration experiments of 10 lM Dronpa

were carried out for 0.78–400 lM CoCl2 and CuCl2. To

test the reversibility of the fluorescence quenching, 100 lM
EDTA was added to the quenched Dronpa containing

100 lM CoCl2 and CuCl2. All experiments were performed

in triplicate.

Crystallization, diffraction data collection and

refinement

Dronpa was crystallized at 10 mg�mL�1 in 50 mM Tris-

HCl, pH 8.5, 200 mM MgCl2, and 10% (w/v) PEG 4000,

and it was equilibrated at 22 °C using the hanging drops

vapour diffusion method. For crystal protection, crystals

were immersed in the stabilizing solution implemented with

20% (w/v) ethylene glycol, and added at a final concentra-

tion of 0.1 mM in CoSO4, NiSO4 or CuSO4 for 5 min

before flash freezing in a gaseous liquid nitrogen stream.

X-ray diffraction data were collected at the beamline 7A at

PLS-II (Pohang, Korea) using Quantum 210 CCD

(ADSC). Data sets were indexed and reduced in the P1

space group with the HKL2000 program [26].

Structure determination and analysis

The phases were obtained by molecular replacement with

MOLREP [27] and Dronpa-C62S (PDB code 2GX2) as

an initial model [25]. The model building and refinement

was done using the COOT program [28], and refined in

REFMAC5 [29]. The final structures were validated by

MOLPROBITY [30]. Data collection and structure refinement

statistics are shown in Table 1. The structure-based

sequence alignment was carried out using ClustalW and

ESPript [31,32]. Temperature B-factor distributions were

analysed using CCP4 [33]. The structure figures were pre-

pared using the PYMOL program (Schr€odinger, LLC). The

final coordinates and structure factors have been deposited

within the Protein Data Bank under the accession codes

5HZS (Dronpa-Co2+), 5HZT (Dronpa-Cu2+), and 5HZU

(Dronpa-Ni2+).
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Results and Discussion

Fluorescence quenching of Dronpa by Co2+ and

Cu2+

To investigate the metal-induced fluorescence quench-

ing of Dronpa, the purified protein was incubated in

MgCl2, CaCl2, MnCl2, CoCl2, NiCl2, CuCl2 or ZnCl2
solution. The mixture product was initially visualized

with LED transilluminator at 470 nm (Fig. 1A). Cu2+

and Co2+ ions strongly reduced the fluorescent inten-

sity, whereas the other metal ions showed similar inten-

sities to apo-Dronpa. To confirm the metal effects, the

fluorescence emissions at 535 nm of the mixed samples

were measured. Co2+ and Cu2+ clearly exerted the

strongest quenching effect on the fluorescence intensity

of Dronpa (Fig. 1B and Table S1); 50 lM Co2+ and

Cu2+ quenched the fluorescence intensity by 26% and

86%, respectively, and 100 lM Ni2+ also slightly

reduced the fluorescence emission by 6.3% (Fig. 1B).

However, Mg2+, Ca2+, Mn2+ and Zn2+ enhanced the

fluorescence emission of Dronpa. Looking at metal

dependence, we revealed that Dronpa quenching could

be enhanced by various extents, depending on the dif-

ferent divalent metal ions present, in the following

descending order: Cu2+ > Co2+ � Ni2+ < Mg2+,

Ca2+, Zn2+ and Mn2+ (Fig. 1B). Next, we investigated

the effect of increasing Cu2+ and Co2+ concentra-

tions (0.78–400 lM) on Dronpa. Fluorescence inten-

sity of Dronpa significantly dropped in ~ 25 lM
Co2+ and ~ 6.25 lM Cu2+ solutions (Fig. 1C,D and

Table S2). Co2+ and Cu2+ displayed reversibility

capacities of ~ 97% and ~ 95%, respectively, after

addition of the metal ion chelator (EDTA) (Fig. S1

and Table S3). This result indicates that Cu2+ and

Co2+ bind to the surface of the b-barrel of Dronpa,

because the EDTA molecule could not access the

internal area of the Dronpa b-barrel (Fig. S2). Over-

all, these results show that Dronpa can be used as a

sensitive fluorescent probe towards the detection of

both Co2+ and Cu2+ ions.

Overall structure of the metal-bound Dronpa

In order to identify the metal-binding sites, we deter-

mined the crystal structures of Dronpa complexed with

Table 1. Data collection and refinement statistics for Dronpa-metal complexes

Dronpa-Co2+ Dronpa-Ni2+ Dronpa-Cu2+

Data collection

Space group P1 P1 P1

Cell dimensions

a, b, c (�A) 72.3, 105.5, 109.8 105.4, 109.4, 72.1 72.4, 105.9, 108.0

a, b, c (°) 115.8, 109.5, 93.9 71.1, 85.9, 61.3 115.9, 107.7, 94.1

Resolution (�A) 30.0–2.20 (2.24–2.20) 30.0–1.90 (1.93–1.90) 30.0–2.85 (2.95–2.85)

Completeness 95.1 (92.9) 94.9 (90.5) 93.6 (83.6)

Redundancy 3.1 (2.8) 3.0 (2.4) 2.9 (2.1)

I/r(I) 25.0 (4.04) 22.1 (3.05) 19.2 (2.88)

Rmerge (%)a 7.5 (30.4) 7.7 (36.4) 8.8 (33.9)

Refinement statistics

Resolution (�A) 30.0–2.20 30.0–1.90 30.0–2.85

Rwork/Rfree (%)b 16.88/22.53 15.34/19.93 21.56/24.50

B-factor (Averaged)

Protein 31.15 23.70 56.88

Metal ions 48.20 36.31 90.78

Water 33.46 31.23 34.73

R.m.s deviations

Bond lengths (�A) 0.019 0.019 0.019

Bond angles (°) 1.961 1.961 1.960

Estimated overall coordinate error (�A)c 0.155 0.093 0.321

Ramachandran plot (%)

Favoured 97.9 99.0 98.3

Allowed 2.1 1.0 1.7

Highest resolution shell is shown in parentheses.
aRmerge = ∑h∑i|Ii(hkl)�<I(hkl)>|/∑h∑iIi(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.
bRwork = ∑||Fobs|� |Fcalc||/∑|Fobs|, where Fobs and Fcalc are the observed and calculated structure-factor amplitudes respectively. Rfree was

calculated as Rwork using a randomly selected subset (10%) of unique reflections not used for structure refinement.
c Estimated based on Maximum Likelihood Method.
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Co2+, Ni2+ and Cu2+. All crystals belonged to the tri-

clinic P1 space group with twelve molecules occupying

the asymmetric unit. The conformational differences

between the Dronpa molecules are shown in Table S4–
S6. Upon structure determination, the spherical strong

peaks of density at > 5 r in the different Dronpa Fo–Fc

simulated annealing omit maps clearly showed where

the metal ions are binding (Fig. S3). Co2+, Cu2+ and

Ni2+ commonly interact with surface-exposed histidine

residues on the external surface of the b-barrel, in

vicinity of the chromophore (Fig. 2).

The binding sites of Co2+ and Ni2+ are positioned

within the same location, whereas that of Cu2+ is

located at a distinct position (Fig. 2A). Both Co2+ and

Ni2+ are 14.4 ((standard deviation for 12 monomers in

the ASU: 10) for Co2+ and (4) for Ni2+) �A and 11.5

((16) for Co2+ and (10) for Ni2+) �A away from the cen-

tre of the imidazolinone and tyrosine rings in the chro-

mophore respectively. Based on the perpendicular view

of the chromophore, Co2+ and Ni2+ are rotated 10.5°
counterclockwise from the vertical axis pointing from

the imidazolinone ring of the chromophore (Fig. 2B).

At an equivalent position, Cu2+ is 14.7 (14) �A and 14.4

(22) �A away from the chromophore rings and is rotated

18.5° clockwise (Fig. 2B). A previously published study

measured the distances of intact energy transfer

between the quenchable metal ions (FRET donor) and

the chromophores (FRET accept) by using FRET mea-

surements [23]. The FRET-specific signals of fluorescent

proteins (EBFP2, mCeruleans3, iq-mEmerald, mVenus,

mApple and mKate2) revealed an average distance of

12.2 �A (distance range was approximately 7–19 �A)

A

C D

B

Fig. 1. Highly sensitive fluorescence quenching of Dronpa by Cu2+ and Co2+ ions. (A) Visualization of the fluorescence quenching by metal

ions. 10 lM Dronpa was incubated with 1 mM divalent metal ions (Ca2+, Mg2+, Mn2+, Co2+, Ni2+, Cu2+ and Zn2+). The fluorescence

intensities were visualized using the LED transilluminator at 470 nm (B) Quenching effect of metal ions on Dronpa fluorescence. Relative

emission intensities of Dronpa with and without 50 or 100 lM metal ions. Co2+ and Cu2+ ions significantly induced the fluorescence

quenching of Dronpa. (C, D) Titration of the Dronpa with Co2+ and Cu2+ ions. Emission spectra of Dronpa were measured at 538 nm, in the

presence of 0.78–400 lM metal ions. The data set (line) were fitted to the hyperbolic equation.
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between the metal ions and the chromophores [23]. The

distances of the metal ions from the chromophore for

Dronpa are within the range of the distances for the

other metal-bound FPs determined by FRET measure-

ments [23]. The overall structures showed similarities

with the apo-Dronpa structure (PDB ID: 2GX2) with

r.m.s. deviations of less than 0.238 �A for all Ca atoms

(Fig. S4A). However, the metal-bound Dronpa dis-

played small conformational changes within the chro-

mophores compared with apo-Dronpa (Fig. S4B).

Regarding the alignment of the imidazolinone ring in

chromophores, the tyrosine residue shows tilting and

shifting by Co2+ (average tilt angle and shift: 5.4° (11)
and 0.58 (9) �A), Ni2+ 3.4° (10) and 0.47 (12) �A), and

Cu2+ 7.6° (19) and 0.95 (17) �A) (Fig. 2C). Moreover,

the environment of the chromophores showed small

conformational changes (Fig. S5).

Co2+-, Ni2+- and Cu2+-binding sites

For Co2+ and Ni2+, both metal-binding sites are

located on the external surface between b10- and b11-

stands and show distorted octahedral coordination

(Fig. 3A,B). Co2+ was found coordinated by Nd atom

of His194 (average distance of 2.21 (15) for 12 mole-

cules in the ASU), Ne atom of His212 (2.26 (10) �A),

and four water molecules (2.20 (13) �A) (Fig. 3A). Ni2+

also shows coordination with the Nd atom of His194

(2.12 (6) �A), Ne atom of His212 (2.19 (7) �A), and four

water molecules (2.25 (7) �A) (Fig. 3B and Table S6). In

general, Co2+ and Ni2+ ions favour an octahedral

arrangement over the square planar coordination [34].

This indicates that Co2+ and Ni2+ in Dronpa dis-

played typical metal-binding geometry, whereas the

water molecules, in distorted octahedral coordination,

showed a different configuration (Fig. S6). The Co2+-

and Ni2+-binding positions revealed similar patterns;

however, biochemical results showed that Co2+ ions

reduced the fluorescence emission of Dronpa more than

Ni2+ ions (Fig. 1B). We consider that the energy trans-

fer between chromophores and metal ions (Co2+ and

Ni2+) could involve mechanisms such as surface energy

transfer (SET) and electron transfer [35]. These energy

transfer processes between chromophores (donor) and

Fig. 2. Overall structures of Co2+-, Ni2+-

and Cu2+-bound Dronpa. (A) Metal-binding

sites for the Co2+, Ni2+ and Cu2+ on

Dronpa. (B) Distances and angles between

metal ions and chromophores (measured

from centers of the imidazolinone and

tyrosine rings). (C) Conformational change

in the chromophore by Co2+ (pink), Ni2+

(green) and Cu2+ (orange) ions.

Conformational change for the distance

angle of each chromophore was compared

with that of apo-Dronpa (grey, PDB ID:

2GX2). Binding of Co2+ and Ni2+ show

relatively similar structural properties,

whereas that of Cu2+ displays a distinct

configuration.
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metal ions (acceptor) are dependent on the physical

and chemical characteristics of the specific metal ions

[35]. In Cu2+-Dronpa, the metal ion is located on the

b12-strand and coordinated with the Nd atom of

His210 (2.34 (23) �A), Ne atom of His212 (2.54 (33) �A)

(Fig. 3C and Table S6). The histidine residues and

Cu2+ were well defined in the electron density map

(Fig. S3), which was not the case for the water mole-

cules (Fig. 3C). Particularly, the amino acid sequence

of His210 and His212 (i and i + 2) on the b12-strand
of Dronpa was identical to that previously reported in

robust transition metal binding in a b-sheet mode

[22,23]. Many FPs have shown Cu2+-induced fluores-

cence quenching [12–15,17,18,23], but the configuration

of the Cu2+ binding was still unknown. Thus, determi-

nation of the Cu2+-binding site in Dronpa could be

useful to understand other Cu2+ sensitive FPs.

Superimposition of the apo- and metal-bound struc-

tures shows conformational changes of the side chains

of metal interacting histidine residues in Co2+-, Ni2+-

and Cu2+-Dronpa complexes (Fig. 3D). With Co2+

and Ni2+, the imidazole side chain in His194 residues

was rotated by ~ 180° and moved towards the metal

ion with a small positional shift of 0.4–0.6 �A. The side

chain of His212 was rotated by ~ 120° (Fig. 3D). In

Cu2+, both imidazole side chains in His210 and

His212 were flipped towards the metal site by ~ 90°
and ~ 115° respectively (Fig. 3D).

Comparison with other FP-based biosensors

In order to explore the conservation of metal-binding

sites, Dronpa and previously reported metal-bound

FPs were compared (Fig. 4). In iq-mEmerald, Zn2+

and Ni2+ ions interact with two surface-exposed engi-

neered His202 and His204 residues (Fig. 4A) [23].

These engineered histidine residues are based on previ-

ously reported robust transition metal-binding modes

(i and i + 2) on a b-sheet [9]. This latter feature makes

iq-mEmerald a common candidate for the develop-

ment of FP-based metal biosensors [23]. A structural

comparison shows that metal-binding modes (i and

i + 2) on a b-sheet of Dronpa and iq-mEmerald are

located at b12- and b11-strands (numbers as in

Dronpa) respectively (Fig. 4A,E). This finding of a

unique Cu2+-binding site by His210 and His212 on a

b12-strand in Dronpa could provide insight into a new

engineering pathway for the development of FP-based

copper biosensors (Fig. 4E). Ni2+ is not a suitable

metal ion for fluorescence quenching of both Dronpa

and iq-mEmerald, whereas Co2+ shows the most sensi-

tive quenching of fluorescence emission [23]. The

Co2+-binding site of iq-mEmerald has not yet been

determined. The crystal structures of metal-bound

Dronpa display identical metal-binding sites for both

Ni2+ and Co2+ (Figs 2 and 3). Although the configu-

ration of the Ni2+-binding residues of Dronpa and

Fig. 3. Co2+-, Ni2+- and Cu2+-binding sites. Metal-binding site of the Dronpa complexed with (A) Co2+, (B) Ni2+ and (C) Cu2+. A 2Fo-Fc

electron density maps are shown in grey for the Co2+ (contoured at 1.5 r), Ni2+ (1.5 r), and Cu2+ (1.2 r) around the binding residues, metal

ions and water molecules. (D) Conformational change in metal-binding residues of apo-Dronpa (grey) by Co2+ (pink) and Cu2+ (orange) ions.

Co2+ ion induced conformational changes of His194 and His212 side chains. Changes for Ni2+, identical to those for Co2+, were omitted in

this figure for clarity. Cu2+ ion induced conformational changes of His210 and His212 side chains.
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iq-mEmerald revealed different features (Fig. 4B),

Co2+-binding site in iq-mEmerald could be shared

with Ni2+-binding site, based on our results. The

superimposition of the chromophore of Dronpa and

iq-mEmerald showed distinct metal positions, whereas

the distances between metal ions and imidazolinone in

chromophores revealed similarities in terms of range

(14.4–16.4 �A) (Fig. 4C). In BFPms1, the H148G

mutant generates a solvent-accessible channel with

cross-dimensions of approximately 3.4 9 6.4 �A [11].

Using this channel, Zn2+ and Cu2+ access the chro-

mophores, where they interact with a dipyrrole unit of

a porphyrin. In Dronpa, no solvent-accessible channel

is observed at an equivalent position, which is being

closed by the hydrogen bond of the main chains

between b8- and b9-strands (Fig. 4D).

In summary, Dronpa has shown sensitive and reversi-

ble fluorescence quenching by Co2+ and Cu2+. The

most striking finding are the previously unseen, unique

metal-binding sites for the Co2+, Ni2+ and Cu2+ in

Dronpa, which provide an insight into the engineering

of other FPs, towards the development of metal biosen-

sors. The fluorescence quenching of Dronpa by Co2+

and Cu2+ could be utilized for metal biosensor applica-

tions, however, two metal-binding sites (His194–His212

and His210–His212) in Dronpa could cause nonspecific

metal binding during the detection process. In that

regard, site-directed mutagenesis of the His194 or

His210 residues of Dronpa is required to improve the

specificity towards Co2+ or Cu2+ binding.
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Supporting information

Additional Supporting Information may be found

online in the supporting information tab for this article:
Fig. S1. Reversible quenching effect of the Dronpa by

Co2+ and Cu2+.

Fig S2. Molecular surface of the Dronpa. EDTA

molecule could not access the internal area of the

Dronpa b-barrel.
Fig. S3. Electron density map of the (a) Co2+, (b)

Ni2+, and (c) Cu2+ binding sites.

Fig. S4. Comparison of metal binding structures and

their chromophores.

Fig. S5. Comparison of the chromophores and its

environment when bound to either (a) Co2+ (pink),

(b) Ni2+ (green) or (c) Cu2+ (orange). Asn38, Arg66,

Arg91, His193, Glu144, and Glu211 residues showed

small conformation changes with metal binding com-

pared with apo-Dronpa (gray).

Fig. S6. Steroview of the metal coordinations of the

(a) Co2+ and (b) Ni2+ on the Dronpa.

Table S1. Quenching effect of metal ions on Dronpa

fluorescence.

Table S2. Titration of the Dronpa with Co2+ and

Cu2+ ions.

Table S3. Reversibility of the Co2+ and Cu2+ bound

Dronpa by EDTA.

Table S4. Distance between the metal ions and chro-

mophores in Dronpa-metal complexes.

Table S5. The conformational changes of chro-

mophores in Dronpa-metal complex, measured in

terms of angle (°) and shift (�A).

Table S6. Distance between the metal ions and chro-

mophores in Dronpa-metal complexes.
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