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Abstract Two histidines were introduced by site-
directed mutagenesis into the structure of Enhanced
Green Fluorescent Protein, replacing the serine at posi-
tion 202 and the glutamine at position 204 for increas-
ing the sensitivity of the protein towards different metal
ions by creating possible metal binding sites near the
chromophore group. There is no appreciable difference
between the absorbance and fluorescence spectra of the
two proteins (wild type and the double-histidine mutant)
indicating that the mutation does not change the envi-
ronment of the fluorophore. Fluorescence quenching was
measured at different pH (6.5–8) and temperatures (20–
45 °C) varying the concentration of metal ions. Under
optimal conditions (pH07.5, 20 °C) the mutant’s Kd is
16 nM, it binds copper more than 200fold stronger than
the wild type EGFP.
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Introduction

Copper is an essential trace element and a catalytic cofactor for
many enzymes [1]. Copper ions exist in to oxidation states; +1
and +2 and participates in several red-ox reactions in cells. The
concentration of exchangeable copper ions in human blood is in
micromolar range (about 8 μM) [2]. Copper imbalance can
have an impact on the central nervous system; may lead to
vascular dementia, Alzheimer’s and Parkinson’s disease [3].
Overload of cooper ions can cause overproduction of hydroxy
radical and other reactive oxygen species (ROS) [4], and on this
basis it can induce protease dependent cell death [5]. In our
society the wide spread use of copper containing substances—
from electro technical industry to agriculture—seriously in-
creased the risk of copper pollution so monitoring the exact
quantity of copper in blood, food, and drinking water is an
important issue of public health. Besides the classical atom
absorption spectroscopy several high-tech detection methods
were developed for qualitative and quantitative copper detec-
tion, such as evanescent wave infrared absorption spectroscopy
[6], electrochemical detection by modified copolymer electro-
des [7], and the use of capillary microchips [8]. There are
several methods utilizing fluorescent techniques [9–12] as well.
These are sensitive and selective methods but it is cumbersome
to apply them to determine intracellular copper concentration.
The family of fluorescent proteins can be widely applied to
detect changes within living cells, because the protein does not
have any adverse effect on cellular functions [13]. Copper ions
have a quenching effect on the fluorescence of Green Fluores-
cent Proteins, so it is conceivable to develop GFP as useful
sensor even for intracellular applications.

In the past decade green fluorescent protein (GFP)
and its descendants became a commonly used tool in
cell biology, protein engineering, medicine, etc. GFP
was first isolated by O. Shimomura [14] from the jelly-
fish Aequorea victoria. It was the first green fluorescent
protein of which primary structure was described and
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cloned [15]. The protein has a unique structure with an
11-stranded β- barrel enclosing a chromophore group
located on a distorted α-helix in the center of the
molecule. Chromophore formation occurs spontaneously
through a self-catalyzed intramolecular cyclization of the
three amino acids forming the chromophore group [16].
Several experiments showed that the entire structure of
the protein is needed for chromophore formation and
fluorescence [17].

The wild type GFP has properties which need to be
improved, such as low brightness, delay of chromophore
formation. Thus the protein was subjected to several
mutations in order to improve these characteristics. Wild
type GFP was enhanced (EGFP) by modifications
concerning the excitation peaks and the brightness.
The absorbance peak of the wild type GFP is at 395
and one at 475 nm [18]. EGFP has two mutations
(F64L, S65T) in the chromophore region, and its spec-
tral characteristics are improved [19], being among the
brightest and most photostable fluorescent proteins [18].
Many improved versions of the GFP are present with
enhanced properties such as color-shifted variants with
different spectral properties [20] emitting colors from
blue to yellow region of the visible spectrum

Several studies aimed to increase the metal binding po-
tential of GFP by examining the protein’s structure and
designing several mutations (see Discussion). Cu2+ effi-
ciently decreases the fluorescence intensity of GFP while
in the presence of other metal ions (Zn2+, Mn2+) fluores-
cence intensity is enhanced [21].

In this study we present a mutant of EGFP with
increased sensitivity toward copper(II) ions. Using site
directed mutagenesis, a metal binding site near the
protein’s chromophore group was created by substituting
two amino acids for histidines. We show that these
mutations do not modify the environment of the chro-
mophore. On the basis of titration with copper ionsdis-
sociation constants were determined at different pH-s
and temperatures.

Materials and Methods

Bacterial Strains and Plasmids, Site-Directed Mutagenesis

For expression of the EGFP and its mutant, pET15-
bEGFP vector was used, as described earlier [22]. The
same vector was used as a template for site-directed
mutagenesis, then for high scale protein production.
Site-directed mutagenesis was performed by using the
Quickchange Site Directed Mutagenesis kit from Strata-
gene with specific primers. Mutation was verified by
sequencing.

Protein Expression and Purification

Transformation of chemically competent BL21(DE3)STAR
cells with the wild type and mutant vectors was carried out by
heat-shock. Transformed cells were plated on LB agar contain-
ing 100 μg/ml ampicillin, and incubated overnight at 37 °C.
Colonies were verified under UV light for fluorescence.

A single green colony was inoculated in 5 ml LB broth (10 g
tryptone, 5 g yeast extract, 5 g NaCl, pH 7.5) supplemented
with 100 μg/ml ampicillin and incubated for 5 h at 37 °C at
250 rpm. Cells were diluted to 1:100 in 500 ml LB broth with
ampicillin and incubated overnight with shaking at 37 °C.
Under our condition the system requires no induction. The host
cells contain no pLys plasmid and the leaky expression provides
satisfactory yield (25–30 mg/l) of EGFP. Cells were collected
by centrifugation, resuspended in 10ml ofMOPS buffer pH 7.5
supplemented with 0.25 g/ml lysozyme and freezed at −80 °C
for 2 h. To completely disassociate the cellular components, cell
suspension was melted and sonicated 5 cycles of 10 s at 70 %
amplitude, with 10 s pause between the cycles. This procedure
was accomplished on ice to prevent excess heat formation and
denaturation of the protein. Soluble proteins were obtained by
centrifugation for 15 min at 4 °C, 20000 rpm.

Protein purification was performed by immobilized metal
(Ni2+) affinity chromatography (IMAC) using the N-terminal
His-tag of the proteins. Purified proteins were dialyzed against
10 mMMOPS buffer pH 7.5 in order to remove the imidazole
and other impurities from the solution. 0.5 mg/l cation ex-
change Amberlite CG50 resin was also added to the dialysis
solution to remove residual metal ions from the protein solu-
tion. Protein concentration was determined from absorption at
488 nm using ε055000 M−1cm−1 [7, 21].

Sample preparation for electrophoresis was conducted
according to Laemmli [23], and the produced proteins sep-
arated on a 15 % SDS-PAGE were visualized by Coomassie
staining. Absorbance spectrum of the two proteins was
determined from 240–600 nm.

Fluorescence Measurements

Fluorescence spectra were recorded with FluoroMax Spex 320
fluorimeter at 20 °C. Fluorescence quenching was measured
with the FluoStar Optima fluorescence plate reader using
485 nm filter for excitation and 520 nm filter at emission.
Protein samples were diluted into 10 mM MOPS buffer of
several pH-s (6.5, 7, 7.5, 8) to 100–340 nM final concentration.
pH of buffers was set at 25 C taking into consideration the
temperature dependence of MOPS buffer (ΔpKa/ΔT0−0.015
[24]). Different final concentrations of CuSO4 (in the range
from 0.001 to 30 μM) were added to the protein solutions,
and samples were incubated on water bath at different temper-
atures (25, 30, 35, 40, 45 °C) for 30 min for protein-metal
complex stabilization. Fluorescence intensity was recorded
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directly, and buffer corrected. All experiments were performed
in triplicates using at least to different preparates of each protein
(wild type, double-histidine mutant).

Fluorescent quantum yields were determined by the com-
parative method [25]. For quantum yield measurements con-
centration of wtEGFP and double-histidine mutant (EGFP
S202H/Q204H) in assay buffer and that of fluorescein (Mo-
lecular Probes, F1300) in 0.1MNaOHwas adjusted so that all
samples have identical absorbances at 480 nm. Then serial
dilutions of samples were prepared and the absorbance of the
diluted sampleswas calculated. Fluorescence emission spectra
were recorded with excitation at 480 nm, and corrected using
the correction factors supplied with the instrument. Baseline
corrected fluorescence emission spectra were integrated from
490 to 650 nm and the integrated intensities were plotted
against the calculated absorbances. The plots gave straight
lines with intercepts00 and R2>0.999. The gradients of the
graphs are proportional to the quantum yield of the different
samples. The quantum yield of the fluorescent proteins was
calculated by dividing the slope of the test samples by that of
fluorescein and by using the known fluorescence quantum
yield of fluorescein (0.90) [26].

Data Processing, Calculation of Dissociation Constants

The recorded fluorescence intensity values were averaged
and processed further depending on the method used for
determination of dissociation constants. As first approxima-
tion we used the fitting program OneSiteBind of Origin.
This program fits a rectangular hyperbola to data points. For
this we derived “extent of quenching” by subtracting inten-
sities of copper containing samples (ICu) from the value of
samples devoid of copper (I0). It should be noted that this
approximation is true under the assumption that the fraction
of bound Cu2+ is negligible. In case of strong binding when
the dissociation constant is smaller than the protein concen-
tration at low Cu2+ concentration this assumption does not
come true we used a version of the familiar equation derived
from the quadratic formula [27] where ICu/I0 is the relative
intensity, Kd is the dissociation constant, [Cu] and [P] are
total concentrations of copper ion and protein, respectively.

ICu=I0 ¼ 1� Kd þ Cu½ �tot þ P½ � � sqrt ½Kd þ Cu½ � þ P½ �ð ÞÞ2 � 4 Cu½ � P½ �
� �n o

=2 P½ �

ð1Þ

Results

In Silico Modeling

In order to find possible metal binding site in the structure of
EGFP, crystal structure of the protein was investigated. Our
strategy was to find sites where insertion of histidines would

create potential metal binding site. The main criteria were the
distance between the chromophore group and the potential
locus for mutation. A distance of less than 5Ǻ [21] is required
for a significant effect to occur, the location and distance of the
imidazole ring needs to be close to the chromophore group.
PyMol [28] was used for visualizing the mutation by in silico
changing two amino acids into histidine. Analyzing the 3D
crystal structure of EGFP [29] a potential metal binding site
was found in the proximity of the chromophore region. We
supposed that replacement of serine at position 202 and glu-
tamine at position 204 by histidines would create favorable
environment for metal binding. 3D structure of the wild type
EGFP (wtEGFP) and the double-histidine mutant (EGFP
S202H/Q204H) created by PyMol can be seen on Fig. 1.
The β-barrel structure encloses the chromophore group, and
the mutated residues are highlighted as sticks.

Protein Expression and Purification

Protein production and the purity of the sample after purifi-
cation were verified with SDS-PAGE (Fig. 2). After purifi-
cation on an immobilized Ni-column, a single band can be
observed with a molecular weight of 29 kDa. Absorbance
spectra of the two proteins were recorded to compare even-
tual alterations occurred as a consequence of the mutagen-
esis. The results (Fig. 3) show that there is no significant
difference between the two spectra, thus the mutation does
not have any effect on the spectral properties of the EGFP.
The figure also illustrates the purity of the samples: the ratio
A488/A280 is higher then 1.7 [18], indicating low level of
contamination absorbing in the ultraviolet region.

Fluorescence Measurements

Fluorescence spectra of wtEGFP and EGFP S202H/Q204H
were recorded as shown in Fig. 4. The spectra were com-
pletely identical. Excitation maxima were at 488 nm where-
as the maximum of emission was at 507 nm. Interestingly

Fig. 1 Structure of wtEGFP (1emm) (a) and molecular model of the
double histidine mutant EGFP S202H/Q204H (b). The model was
constructed by PyMol [28]. Residues at the positions of the mutations
are shown as sticks
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strong emitted light can be detected when excitation wave-
length was 280 nm indicating energy transfer from aromatic
residue(s), presumably tryptophan to the chromophore.

It is well known that the fluorescence intensity of EGFP
depends on the pH, it falls with decreasing pH with a pKa of
6 [30]. To check further eventual effects of the double

histidine mutation on the properties of EGFP S202H/
Q204H we measured the pH dependence of fluorescence
intensity as well. Again we found no difference (Fig. 5), the
pKa of the decrease of fluorescence for both proteins is 6.2.
The evidences listed above indicate that mutation at posi-
tions 202 and 204 are well tolerated, they do not induce
significant structural changes.

Cu Titration

To determine the quenching efficiency of copper ion on the
fluorescence of EGFP and its double histidine mutant the
proteins were incubated with CuSO4. Fluorescence quench-
ing detected for EGFP proteins in the presence of copper has

Fig. 3 Overlaid normalized absorbance spectra of wtEGFP and the
EGFP S202H/Q204H. The maximum at 488 nm corresponds to the
chromophore, maximum at 280 nm, to amino acids with aromatic ring

Fig. 4 Fluorescence spectra of wtEGFP (a) and EGFP S202H/Q204H
(b). The spectra were recorded at 20 °C in 10 mM MOPS buffer, pH
7.5

Fig. 5 Normalized fluorescence intensities of wtEGFP (closed sym-
bols) and EGFP S202H/Q204H (open symbols) at different pH. Data
were normalized for the pH08 values. Solid line corresponds a titration
curve with pKa06.2

Fig. 2 Demonstration of expression and purification of EGFP on
SDS-PAGE by Comassie staining. Lane 1: Low molecular weight
marker (M3913 Sigma), Lane 2: total cells containing the wtEGFP
before cell disruption, Lane 3: total cells containing the EGFP S202H/
Q204H before cell disruption, Lane 4: wtEGFP after purification by
IMAC (Immobilized Metal Ion Affinity Chromatography), Lane 5:
EGFP S202H/Q204H after purification by IMAC
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Fig. 6 Emission spectra of
wtEGFP (a) and EGFP S202H/
Q204H (b) in 10 mM MOPS at
pH 7.0 in the presence of
different concentration of Cu2+.
Fluorescent proteins at
concentration of 100 nM were
incubated with 0.2–30 μM
CuSO4 in case of wtEGPF and
with 0.01–15 μM CuSO4 in
case of EGFP S202H/Q204H
for 30 min at 20 °C and spectra
were recorded at the same
temperature. Excitation
wavelength was 470 nm

Fig. 7 Demonstration of the importance of using the correct fitting
formula. The same data set was fitted to the hyperbolic equation (a and
b) or to the quadratic equation (c and d). The solid lines show the fitted

curves. The derived dissociation constants for wtEGFP (a and c) agree
well, but in the case of EGFP S202H/Q204H correct values can be
obtained only by the quadratic fitting (cf Fig. 6)
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no effect on the position of the emission wavelength max-
imum as shown in Fig. 6. Spectra show that copper ions
efficiently quench fluorescence and the sensitivity of mutant
protein considerably increased.

The same experiment was also performed with fluores-
cent plate reader with different protein preparations. Fluo-
rescent intensities were processed and analyzed as described
in Methods. Figure 7 shows the comparison of the results
obtained when the single binding isotherm or the quadratic
formula was fit to the same set of data. In the case of wild
type EGFP the calculated dissociation constants agree with-
in the experimental error; 4.52±0.77 μM for the hyperbolic
equation and 3.92±0.73 μM for the quadratic formula. In
the case of double histidines mutant there is a significant
difference, the quadratic formula yields more the one order
of magnitude lower value: 0.015±0.009 μM vs. 0.26±
0.025 μM obtained by the hyberbolic fitting. Kd values for
wtEGFP and EGFP S202H/Q204H derived from measure-
ment at different pH and temperature are listed in Table 1
and Table 2, respectively. The values in Table 1 and in
Table 2 were obtained by fitting the hyperbolic equation,
and quadratic equation, respectively.

To obtain more information about the nature of the
putative copper ion binding group(s) we measured
quenching at different pH from 6.5 to 8 (Fig. 8). Un-
fortunately the low intensity values made measurement
unreliable below 6.5 but even from this limited set it
was evident that the binding weakens as pH drops. This
effect is more pronounced as temperature rises. There
was no significant difference between wild type and
EGFP S202H/Q204H (Fig. 8a and b), although the
curves of EGFP S202H/Q204H might indicate some-
what higher pKa for the transition.

From the temperature dependence of the binding constants
we determined the standard enthalpy of Cu2+ binding using the
van’tHoff plot (Fig. 9). As expected the process is exotherm for
both wtEGFP and EGFP S202H/Q204H. At 20 °C and pH07.5
the standard enthalpy of binding (ΔH0) is −17.9 and −7.2 kcal/
mole for the mutant and wild type EGFP, respectively.

Discussion

We expressed wtEGFP and a double histidine mutant
(EGFP S202H/Q204H) in E. coli system. The spectral prop-
erties of the wild type and mutant were identical, showing
that mutations exerted no significant change in the immedi-
ate surroundings of the chromophore. At the same time the
quantum yield of the mutant was somewhat lower than that
of the wild type; 0.58±0.022 vs 0.62±0.12. Both values
agree well with the previously reported value for EGFP (
0.60 [31]).

We found however that these mutations made EGFP
significantly more sensitive for fluorescence quenching by
Cu2+ ions and it is reasonably to conclude that this improve-
ment is due to binding of copper ions to the imidazole
moieties of the inserted histidines.

Earlier reports have shown that the red fluorescent pro-
tein (DsRed) [32] has intrinsic copper(II) ion binding activ-
ity. This binding results in quenching of fluorescence.
Interestingly the reported affinities differ widely. Dissocia-
tion constants for drFP583 (native DsRed) was reported as
14.8 μM [33] for DsRed-Monomer as 1.7 μM [34] and for
DsRed as 0.54 μM [35]. These differences might follow
from different experimental conditions and data processing
methods, but there was a general observation in these works

Table 1 Dissociation constants
of wild type EGFP for copper
binding. Values were determined
by hyperbolic fitting

S.D. standard deviation

20 °C 30 °C 35 °C 40 °C 45 °C

pH KCu S.D. KCu S.D. KCu S.D. KCu S.D. KCu S.D.

6.5 41.25 8.41 34.98 6.21 31.33 4.48 21.12 3.08 13.6 1.47

7.0 22.08 4.71 14.33 3.41 11.07 2.95 8.32 1.75 5.75 0.94

7.5 10.95 1.81 9.21 1.99 7.97 1.75 6.24 0.99 4.12 0.64

8.0 11.88 1.4 10.41 1.2 8.6 0.94 6.91 0.8 4.54 0.33

Table 2 Dissociation constants
of mutant EGFP for copper
binding. Values were determined
by quadratic fitting

S.D. standard deviation

20 °C 30 °C 35 °C 40 °C 45 °C

pH KCu S.D. KCu S.D. KCu S.D. KCu S.D. KCu S.D.

6.5 0.304 0.0877 0.985 0.266 1.454 0.154 2.397 0.554 3.570 0.497

7.0 0.246 0.0595 0.718 0.067 0.719 0.067 0.928 0.107 1.449 0.171

7.5 0.0153 0.0092 0.408 0.050 0.512 0.050 0.635 0.061 0.736 0.062

8.0 0.066 0.0161 0.369 0.033 0.455 0.049 0.595 0.061 0.620 0.062
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that under similar conditions GFP showed lower sensitivity
for quenching by copper. At the same time Richmond et al
[36] have shown that introducing histidines and acidic res-
idue nearby the chromophore GFP can significantly enhance
copper binding affinity. In this work a variant of GFP
(“10C”, T203Y/S65G/V68L/S72A) was used as the starting
point for design, and S147 and Q204 were replaced by
histidines and S202 was replaced by an acidic residue.
Although no dissociation constants were calculated, Fig. 4
[36] showed that the mutants were quenched more than
three orders of magnitude lower metal concentrations than
is the wild-type 10C protein. Nevertheless, 50 % quenching
of 10C-GFP required higher than 1 mM Cu2+ concentration.
This value is dubious because of the presence of hexa-
histidine affinity tags (see below).

Recently Hötzer et al. reported that the presence of cop-
per(II) ions leads to a decrease of the fluorescence lifetime
(τfl) of several GFP variants. Their meticulous analysis
resulted in Kd values for GFP variants T203H, T203V,

eYFP, and S65T as 9 μM, 2 μM, 3 μM, and 11 μM,
respectively [37]. The investigated proteins all contained
hexa-histidine tag; moreover the authors identify the His6-
tag as the responsible binding site for Cu2+.

The reported dissociation constants are in good agree-
ment with our results, we got Kd of about 4 μM at pH07.5
at 20 °C for the copper(II) binding of wtEGFP containing
hexa-histidine tag (Table I). At the same time our mutant
EGPF binds copper(II) about 200fold better then wtEGFP at
pH07.5 and 20 °C. (Table II). Under optimal conditions
(10 mM MOPS pH07.5, 20 °C) 10 nM Cu+2 induces more
then 10 % decrease in intensity, so the limit of detection is
well below 1 ppb (1 ppb for Cu2+ is 15.7 nM). To our
knowledge it is the lowest reported copper(II) binding con-
stant found for a fluorescent protein. It should be noted that
the sites mutated in our work; positions 202 and 204 were
also changed by Richmond et al. [36] albeit not two histi-
dines but a histidine and an acidic residue (Asp or Glu) were
inserted. This might be the major reason why our mutant is

Fig. 8 pH dependence of the
dissociation constants at
different temperatures for
wtEGFP (a) and for EGFP
S202H/Q204H (b)

Fig. 9 van’t Hoff plots for wtEGFP (a) and EGFP S202H/Q204H (b). Dissociation constants for wtEGFP and EGFP S202H/Q204H were
determined by hyperbolic and quadratic fitting, respectively
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more effective; a His and an Asp or Glu might form an ion
pair instead of binding a metal ion. Interestingly, among
others positions 202 and 204 were also changed to acidic
residues in a work aimed to transform EGFP into an effi-
cient Ca2+ biosensor [38]. These results point to the fact that
these positions can be utilized to build metal binding sites.

Although our limited pH dependence studies do not allow
identification of the nature of binding residues, they do not
contradict the assumption that copper(II) binding of the wild
type occurs through the hexa-histidine tag [37]. For EGFP
S202H/Q204H it is reasonable to suppose, that the newly intro-
duced histidines serve as binding site for copper. Further studies
including X-ray crystallography are planned to clarify this issue.

Analysis of the temperature dependence the dissociation
constants (Fig. 9) yielded standard enthalpy for binding for
both proteins. As expected both values are negative, the one
for the mutant being about 2.5 larger than that of the wild type.
Knowledge of these approximate values will be of help in
designing the conditions (concentration, temperature) of our
planned isothermal titration calorimetric measurements aimed
to determine the exact stoichiometry of copper binding.

Finally, our data analysis draws attention to the often
neglected fact that fitting the hyperbolic equation describing
a binding isotherm is justified only if the concentrations of
free ligand can be treated to be equal to their total concen-
trations or the free ligand concentrations can be precisely
determined from experiments. The first assumption is satis-
fied when the wild type EGFP is titrated with Cu2+ (Fig. 6a)
but evidently not in the case of the mutant (Fig. 6b). This
problem can be solved if the experimental data are fitted to
an explicit mathematical expression presented in terms of
the total ligand concentration. For the simplest one-site
model, the mathematical expression for describing the equi-
librium system is a quadratic equation (see Eq 1; [27]). The
correct value of dissociation constant can be obtained only
by this way. Both methods of analysis assume a single
binding site for copper ions. It might be valid for EGFP
but it is evidently cannot be true in the case of EGFP
S202H/Q204H since it is unlikely that wild type EGFP
binds copper ions by the same residues (Ser202 and
Gln204) where the insertion of histidines occurred, i. e. the
new binding site eliminates the old one. Therefore the
mutant contains at least two different binding sites and it
would require a more complicated evaluation method [39].
Fortunately the binding affinities of the two sites differ by
about two orders of magnitude so dissociation constant of
the stronger sites can be derived with satisfying accuracy by
the one-site model too.
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