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Abstract The histidine-modified EGFP was characterized as
a sensing element that preferentially binds nanomolar concen-
trations of Cu2+ in a reversible manner (Kd=15 nM). This
research aims to determine the causes of nanomolar-affinity
of this mutant by investigating significant structural and ener-
getic alterations of the chromophore in the presence of differ-
ent copper ion concentrations. In order to reveal the unknown
parts of the quenching mechanism we have elaborated a spe-
cific approach that combines theoretical and experimental
techniques. The theoretical experiment included the modeling
of potential distortions of the chromophores and the corre-
sponding changes in energy using quantum mechanical calcu-
lations. Differences between the modeled energy profiles of
planar and distorted conformations represented the energies of
activation for the chromophore distortions. We found that
some values of the experimental activation energies, which
were derived from fluorescence lifetime decay analysis
(ex: 470 nm, em: 507 nm), were consistent with the
theoretical ones. Thus, it has been revealed similarity between
the theoretical activation energy (50 kJmol−1) for 40°
phenolate-ring distortion and the experimental activation

energy (52.17 kJmol−1) required for histidine-modified
EGFP saturation with copper. This chromophore conforma-
tion was further investigated and it has been found that the
large decrease in fluorescence emission is attributed to the
significant charge transfer over the molecule which triggers
proton transfer thereby neutralizing the cromophore.

Keywords Histidine-modified EGFP . Fluorescence
quenching . Chromophore distortion . Excited state lifetime .

Radiative and non-radiative excited state decay . Theoretical
and experimental activation energies

Introduction

Copper is a catalytic cofactor for many life processes but in
elevated or reduced concentrations can cause serious abnor-
malities in living cells. According to the present investigations
the organism inability to metabolize the copper ions affects the
brain and neural tissue, i.e., this deficiency leads to dystonia
symptoms in ceruloplasmin, gait disturbances, dysarthria, de-
mentia [1–4].

Recognizing the importance of copper, several experiments
were carried out for developing competitive measurement sys-
tem that allows fast, user-friendly and reliable detection. In life
sciences it is a challenge the visualization of strictly regulated
availability of copper in the tight copper-binding environment
of the cell. The selective recognition of these ions is also a
great challenge because they have similar magnitude, valence
and coordinating properties with some other metals [5–7].

Biochemists have attempted to develop some effective or-
ganic molecules that are capable of selective recognition of
copper, taking inspiration from processes found in nature. It
was found that the genetically encoded fluorescent sensors
based on green fluorescent protein can be applied to analyze

* Judit (Petres) Péterffy
szindy78@yahoo.com

Beáta Ábrahám
albertbeata@sapientia.siculorum.ro

1 Department of Inorganic Substances Technology and Environment,
Protection, BPolitechnica^ University of Bucharest, Polizu street No.
1-7, 011061 Bucharest, Romania

2 Department of Bioengineering, Sapientia Hungarian University of
Transylvania, Libertatii square No.1, 530104 Miercurea
Ciuc, Romania

3 Institute of Biology, Department of Biochemistry, Eötvös Loránd
University, Pázmány P. s. 1C, 1117 Budapest, Hungary

J Fluoresc (2015) 25:871–883
DOI 10.1007/s10895-015-1567-4



the availability of copper in intracellular processes.
Many of these applications require reporters with specific
physicochemical properties which lead to continuous appari-
tion of genetically modified fluorescent protein variants
[8–14].

These findings led us to create a histidine mutated version
of the EGFP (Enhanced Green Fluorescent Protein) that was
shown to be extremely sensitive and selective toward
copper(II).

The spectral properties in the absence and presence of cop-
per ions, as well the determination of dissociation constants of
this mutant were well characterized in our previous studies
[12, 13], but the causes of its extremely high sensitivity
remained unclear. In order to unveil some phases of the pho-
toexcited processes that underlie significant changes of the
chromophore, ultra-sensitive and complex equipment is need-
ed [14].

The goal of this paper was to reveal with feasible methods
some structural features which are responsible for the dramatic
emission decrease. The arguments of several studies have
driven us to predict that the increased torsional freedom of
the chromophore, mainly about the two exocyclic bonds, re-
sults in a speeding up of the fast internal conversion pathway
which could be the main cause of the nanomolar sensitivity
[15–17]. Theoretically, the chromophore may follow different
deexitacion pathways. Non-radiative processes may include
intersystem crossing from S1 to T1 state or fast internal
conversion completed with excited-state intramolecular
isomerization. In green fluorescent proteins mainly the
latter occurs [17]. Consequently, the evaluation of intra-
molecular twisting appears to be important for elucidating
the alterations caused by the proximity of metal chelated bind-
ing site.

Therefore, we have determined the possible distortions of
chromophore’s crystal structure and the corresponding energy
changes using quantum mechanical calculations. In this
manner the theoretical activation energies of the chro-
mophore distortions were evaluated, the heights of
which were linked to the experimental activation ener-
gies of 2His-EGFP. We have derived the experimental ac-
tivation energies from fluorescence lifetime decay, in a man-
ner that from these values the radiative and non-radiative de-
cay rate constants were calculated and theywere substituted in
Arrhenius equation. Thus, we were able to estimate the mag-
nitude of the chromophore distortions induced by each copper
concentration.

In summary, by combining the computational and experi-
mental techniques we attempted to fill the unknown parts of
the quenching mechanism which are still unclear [18–21].
Hence, this analysis appears to be a new approach in simulat-
ing the chromophore behavior during the quenching process
and offers a further opportunity to get a powerful insight into
the deexcitation mechanism.

Materials and Methods

Construction of Expression Vectors

The construction of vectors, their expression and purification
were effectuated with similar techniques that were described
in our previous study. However, we have realized some further
modifications in each method as it is described below.

Two vectors were designed and constructed containing the
genes of wild type and histidine modified EGFPs [12, 13].
These coding genes were inserted in the same vector
(pET15b) under the same conditions in order to be able to
identify the influence of introduced residues that are part of
the copper binding site, as it was described earlier [12, 13].

The mutated gene fragments from pET-EGFP were ampli-
fied with NdeI and BamHI primers by PCR. The resulting
gene fragments were digested with NdeI and BamHI restric-
tion enzymes and then ligated into the target vectors. The
mixture contained 25–45 ng of genes of interest and 55–
75 ng digested vectors. The success of the operations was
verified by agarose gel electrophoresis.

Expression and Purification of EGFP Variants

Recombinant plasmids were introduced by heat-shock trans-
formation into E. coli BL21STAR host cells (1 μL vector
construct was added to 100 μL chemically competent cells).
Transformed cells were plated on LB agar containing
100 μg/ml ampicillin, and incubated at 37 °C overnight. A
weak expression (leaky expression) was effectuated without
induction and well-folded proteins were obtained [13].

The transformed bacterial colonies were inoculated into
10 mL LB medium containing 100 μg/ μL ampicillin and
incubated for 2 hours, than diluted in 250 mL LB supplement-
ed also with 100 μg/μL ampicillin. The cell suspension was
incubated at 37 °C and shaked at 180 rpm for 16/18 h [13]. In
order to recover the cells, they were centrifuged at 6000 rpm
for 20 min. The supernatant was discarded, and the pellet was
resuspended in about 40 mL of MOPS buffer pH 7.5 and
incubated at −20 °C overnight. Bacterial suspend was lysed
by sonication at 4 °C (4×2 min, 70 % amplitude, pulse 10 s,
2 s pause). In order to clarify and separate the soluble proteins
from insoluble cell components, the resulting solution was
subjected to a new centrifugation at 13,000 rpm for 30 min.

The histidine residues of recombinant proteins, which con-
fer affinity for nickel ions, have enabled the purification by
immobilized metal (Ni2+) affinity chromatography (IMAC)
which contained Ni-charged polymer matrix named Ni-NTA
from Novagen [13]. In purification process non-linear gradi-
ent elution was applied using FPLC instrument (Amersham
Biosciences). The concentration of target proteins in the efflu-
ent was monitored by UV light absorption at 280 nm. The
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advantage of this method was the components selective elu-
tion in the presence of various concentrations of imidazole.

The procedure efficiency was verified using 13,5 % SDS-
PAGE. Purified proteins were dialyzed against 2×1 L 10 mM
MOPS buffer pH 7.5 containing 500 mg/l cation exchange
Amberlite CG50 resin (in both cases 48 h)[13]. This method
was gentler than the ion exchange chromatography and it is
quite effective in removing the residual metal ions from the
protein solution.

Sample Preparation

Buffered stock solutions of all used EGFP variants were
stored in 10 mMMOPS (pH 7,5) in order to avoid the precip-
itation of unrequested copper complexes. The final concentra-
tions of EGFP probes were always 2 μM. For the titration
experiments Cu(SO4)•5H2O was dissolved in distilled
water to 1 M stock solutions which were subsequently
diluted and added to the protein solution with different
final concentrations in the range from 1 to 5 μM. In order
to stabilize the system, all samples were incubated at 20 °C for
40–50 min.

TCSPC

All fluorescence intensity decay kinetics were performed in
1 mL solution that contained 1, 2, 3, 4, 5 μM Cu(SO4)•5H2O
and 2 μM protein concentrations at 20 °C. Fluorescence in-
tensity decay kinetics was measured with time-correlated sin-
gle-photon counting method using LifeSpec from Edinburgh
Instruments, U.K. The excitation source was Xe900 450 W
Xenon Arc LampXenon which emits light between 230 and
2600 nm. The excitation and the emission wavelengths were
adjusted to 470 and 507 nm, respectively. Decay curves were
collected with a time resolution of 43 ps/channel for 1024
channels in the multichannel analyzer. We have accumulated
more than 5000 photons in the maximum channel. The system
was controlled by complex software called F900, developed
by Edinburgh Instruments.

Data Processing

Lifetime histograms were obtained by TCSPC (Figs. 4 and 5).
As will be explained in more detail in section BResults and
Discussions^, the mean lifetime of each component was de-
rived by approximation of multiexponential function, the pa-
rameters of which were obtained using delta convolution
function method. In order to extract the real decay data we
used a program created in Mathlab R2012a software which
implies the mathematical algorithms reported by Van den
Zegel et al. [22].

Molecular Modeling

In order to simulate ab initio the changes in chromophore with
quantum mechanical calculations we utilized Firefly/Gamess
package (license program of version 7.1.G was a generous gift
from Prof. Alex Granovsky [23]). 3D crystal structure of the
chromophore was obtained from the Protein Data Bank,
ID: 1EMA (http://www.pdb.org/). The structure of 4-
hydroxybenzilidene-2,3-dimethyl-imidazolidinone (Fig. 1)
was selected as a reference compound in its anionic form.

The geometry optimization of the anionic chromophore,
i.e., the reference energy calculation was performed with
closed-shell method and B3LYP 6- 31+G (2d, p) basis set
using Cartesian coordinates. In excited state the optimization
and single point energy calculation was evaluated at TDDFT/
B3LYP 6-31+G (2d, p) level [21, 24]. We chose density func-
tional theory time-dependent (TD -DFT) level because it can
be applied to large systems and the results obtained in this
manner are in good agreement with those reported previously
[24]. In order to investigate the extent of torsions and the
corresponding energy profiles, on both the ground and excited
states, we have constrained only one of the bridging dihedrals
(either γ or β) to a particular angle while allowing the other to
relax to the lowest energy configuration. The molecules view,
such as the connections distance and the size of the torsion
angles, were visualized and designed with Avogadro and
MacMolPlt software.

Results and Discussions

Usually, the starting point for discussion about the properties
of fluorescent molecules is their light absorption and emission.
These properties regarding to wt-EGFP and 2His-EGFP pro-
teins and the eventual alterations occurred as a consequence of
the mutagenesis were recorded in our previous study [13].
Accordingly, the overlaid normalized absorbance spectra of

Fig . 1 BBal l and s t ick^ represen ta t ion of the of the 4-
hydroxybenzilidene-2,3-dimethyl-imidazolidinone optimized crystal
structure. The two exocyclic dihedral angles are indicated as β (N2–C6–
C7–C8) and γ (C6–C7–C8–C9) (visualized with MacMolPlt)
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the two types of proteins showed identical maxima at 488 and
280 nm that correspond to the chromophores and aromatic
amino acids, respectively. The recorded emission spectra of
the two proteins having a maximum at 507 nm are completely
identical. In regard to sensorial analysis, 2His-EGFP samples
presented two-hundredfold increase in affinity toward copper
ions in comparison with wt-EGFP [13].

Thus, the valuable properties of our mutant were revealed
so far, but one question still remained open: how the chromo-
phore of our mutant loses its emissive properties to such a
large extent?

In the literature was already revealed and supported by
femtosecond time-resolved spectroscopy that the main non-
radiative deexcitation processes may originate from internal
conversion associated with torsional motions within the chro-
mophore [17, 25, 26]. Thus, the characterization of the chro-
mophore distortions, mainly about the two exocyclic bonds (β
and γ) appears to be important for understanding the photo
processes of our mutated protein (Fig. 1).

Accordingly, it is reasonable to assume that the two histi-
dine insertion in situs 202 and 204 have altered the torsional
barriers for the chromophore distortion and it was evolved as a
result the nanomolar sensitivity toward copper ions. This pre-
sumption is supported to some extent by the fact that visible
absorption spectra of 2His-EGFP in addition of copper has
resulted a pronounced drop in the absorption band at
488 nm, which corresponds to the anionic form of the chro-
mophore with a concomitant rise in the energy of neutral state
absorption at 395 nm (Fig. 2). The spectral change exhibited a
well-defined isobestic point at 430 nm. It also was showed that
without disturbing environmental factors, the chromophore of
2His-EGFP is in anionic state, i.e., absorbs at 488 nm and the
peak at 395 nm almost disappears.

This illustrates the chromophore conversion during the
quenching from anionic to neutral state which, in general, is
strongly coupled with the excited-state rotational motion [27,
28]. Theoretically it is possible, whereas femtosecond time-

resolved spectroscopic studies have revealed that the two
states corresponding to the two major absorption bands can
interconvert quickly in the excited state and the presence of an
isotope effect implicates proton movement in the interconver-
sion [29].

In an attempt to provide a detailed picture of this phenom-
enon a crystal structure model (PDB entry: 1EMA) of the
chromophore was analyzed with quantum mechanical calcu-
lations using Firefly/PC Gamess package. The structure of 4-
hydroxybenzilidene-2,3-dimethyl-imidazolidinone (Fig. 1)
has been selected as a reference compound which represents
the smallest fluorescent moiety of EGFPs.

This structure was optimized at B3LYP/3-21G(d) level
followed by frequency calculations to validate that it corre-
sponds to a minimum on the potential energy surface. The
excited state energy was calculated by means of time depen-
dent density functional theory at TDB3LYP/6-31+(g,p) level
[30]. As a result it was found that in ground state the phenolic
and imidazolinone rings both lie in the same plane, i.e., the
chromophore optimized structure is planar and the value of
minimum energy at which the molecule is stable or is in ther-
mal echilibrum, is −723,5773 kJ/mol (Fig. 1).

Next, we have investigated the changes in energy as a
function of geometry distortion by analyzing several variants
in which the imidazolinone or phenolate rings were rotated
around β and also around γ bonds from 0 to 90° in 10° incre-
ments. The constrained optimization showed that in ground
state the values of resulting energy due to internal rotation
were higher than the energy of planar conformation. In the
excited state the planar conformation had the energy maxima,
at variance with the ground state. Each constrained optimiza-
tions resulted that the bond lengths between atoms remain
relatively constant (changes of≤0.1 Angstroms) as did the
angles (≤15). A most favorable excited energy state was
achieved when the degree of phenolate ring torsion was about
90°, suggesting the existence of conical intersection, i.e., the
non-radiative decay channel. This is in good agreement with
previous statements according to which in deprotonated state
mainly the gamma distortion occurs [31]. From the consider-
ation that the lowest energies of the excited state were obtain-
ed with β=0 and γ=90°, we have created the energy profile
scheme of γ rotated conformations. The structures for inter-
mediate values of angle γ were also characterized in order to
illustrate the energy profiles more extensively (Fig. 3).

We already know from lifetime analysis that the fluores-
cence quenching is not static which means that the proteins
with copper ions are not form dark complexes in ground state;
they rather interact with each other in excited state. It follows
that the loss of fluorescence attributed to the chromophore
distortion may occur in S1 state which presumably is not pre-
ceded by any structural changes in S0 state, as it is also indi-
cated by the increase of non-radiative decay rate constants.
This argument allowed us to relate the changes caused by
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Fig. 2 Absorption spectra of 2 μM 2His-EGFP in the presence of 0.5–
4.5 μM copper monitorized from 700 to 350 nm with 60 nm/min
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copper ions to the excited state γ rotation of the chromophore.
Moreover, we attempted to define the extent of torsions which
may occur during the quenching.

The changes in energies in S1 state caused by excited state
intramolecular twisting around the γ-dihedral angle were de-
duced from the energy profile analyses. In fact, the evaluated
energy differences represent the theoretical activation energies
for excited state quenching, Ea, which seems to be a key pa-
rameter for initiating the deexcitation process because it can
be associated with fluorescent lifetime decays. The maximum
of energy was obtained for planar geometry at γ=β=0 in
excited state, which reflects the highest barrier that must to
overcome for quenching process. This barrier is decreasing
along the γ-torsion coordinate the magnitude of which repre-
sents the theoretical activation energies of any twisted geom-
etries (Table 1).

This experiment was carried out to determine the theoreti-
cal activation energies of conformations which can be com-
pared with the experimental ones. The experimental energies
required for the excited state quenching can be deduced from
fluorescence lifetime analysis. We assume that if any of these
values will be in good agreement with the magnitude of the-
oretical values than the corresponding molecular model will
represent the real behavior of the chromophore from 2His-
EGFP or wt-EGFP proteins in the presence of certain amount
of copper.

Thus, in order to confirm this predict we havemeasured the
average time during which the molecules are in excited
state using time correlated single photon counting method.
Apart from the environmental factors that could affect the

fluorescence, the chromophores of EGFP proteins yield single
exponential lifetimes: 2.87 ns for wild-type EGFP and 2.85 ns
for histidine modified EGFP. These values correspond to those
reported in several studies that were published in this domain.
The Fig. 3 shows that there is no significant difference be-
tween the lifetime decays of the two proteins. Thus, we have
confirmed that the mutation does not have any effect on the
photophysical properties of the EGFP.

To correlate the time-resolved fluorescence signal of EGFP
with the sensor properties, we performed copper titrations and
followed the proteins fluorescence decay. As shown in Figs. 4
and 5, the time-resolved fluorescence intensity was decreased
with increasing concentration of copper ions (from 2.8 with
blank to 1.17 and 2.25 with 5 μM copper for 2His-EGFP and
wt-EGFP, respectively).

Wt-EGFP and 2His-EGFP lifetime decays are nearly single
exponential at 0 μM copper, as seen from the reasonable
values of χ2 for the single exponential fits. However, under
conditions of partial Cu2+ saturation the value of χ2 for the
single exponential fit is markedly elevated (χ2~4). At higher
χ2 values we have tried to fit the triple exponential equation,
but we obtained even higher χ2 values. Therefore, in this
experiment it is required the use of two lifetimes for the sub-
sequent analysis.

Biexponential analysis with different lifetimes (short lived
and long lived lifetime) was carried out according to Hotzer
et al. and Lakowicz et al. [32, 33]:

R tð Þ ¼ a exp
− t

τ1

� �
þ 1−að Þexp − t

τ2

� �
ð1Þ

Fig. 3 Energy profile in the states S0 and S1 as a function of γ-dihedral
angle presented from 0 to 90°. The zero value corresponds to the energy
of the planar molecule in S0 state

Table 1 The theoretical activation energies as a function of γ-
dihedral angle

γ (C6–C7–C8–C9),
o 10 20 30 40 50 60 70 80 90

Ea, kJ/mol 60 57 55 50 42 34 20 11 8
Fig. 4 Fluorescence lifetime decay of wt-EGFP (red line) and 2His-
EGFP (pink line); IRF-blue line; Residues of fits: A - wt-EGFP,
B-2His-EGFP) (histograms were evaluated with FluoFit software)
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The mean lifetime is the average time during which the
fluorophore remains in the excited state and it is given by:

τ ¼ f 1* τ1 þ f 2*τ2 ð2Þ

f i ¼
aiτ iX j

i¼1
ajτ j

ð3Þ

where ai is the amplitude, τi is the decay time (Σαi=1.0) and fi
is the fractional intensity of each decay component.

Using these equations, we carried out global multi-
exponential intensity decay analysis for all Cu2+ concentra-
tions such that we adjusted the two lifetimes as invariants,
while it was allowed the pre-exponential factors variation in
response to copper.We assigned the 2.81 and 0.78 ns for 2His-
EGFP, 2.79 and 0.64 ns for wt-EGFP to free and bound pro-
teins, respectively. These fits were successful, resulting in a
reasonable global χ2. The Cu2+ dependent lifetime compo-
nents of proteins are summarized in Table 2 along with the
pre-exponential factors.

We have calculated in this way the apparent (mean) lifetime
in the absence of copper ions and similar results were obtain-
ed: 2.81 and 2.79 ns for 2His-EGFP and wt-EGFP, respective-
ly. The decay time of wt-EGFP in the presence of 2 μM Cu2+

was reduced by 16%. It was observed that the further addition
of copper evoked a slow decrease in fluorescence lifetime.
This may be caused by the existence of another binding site
with very low copper binding affinity or other environmental
factors affection. Addition of 2 μM of copper to 2 μM of
2His-EGFP was reduced by half the long lifetime component,
from 2.81 to 1.31 ns. At saturated state the lifetime was re-
duced by 80 %. It was investigated that the saturation occurs
when the 2 μM mutant proteins bind 4–5 μM copper. It was
found that by further increasing the copper concentration to

25 μM, the values of lifetime decay did not alter significantly.
In the case of wild-type protein the results did not show this
fact explicitly, because the lifetimes decreased significantly
until the addition of 2 μMcopper, however, in further addition
of copper the decrease was very slow. Thus, it can be assumed
that the EGFP protein already had a metal binding site and it
was created another one with high binding affinity.

The changes in lifetime indicate that the excited state de-
population process follows different radiative or non-radiative
pathways which can be defined by the following equation:

τ ¼ 1

kobs
¼ 1

kr þ knr
ð4Þ

where kobs is the observed decay rate constant that is formed
by radiative (kr) and non-radiative (knr) rates.

Thus, the kobs was easily obtained, but for the determina-
tion of kr and knr the experimental quantum yields of proteins
should be involved. We used the following formula which
relates the radiative decay rate in the absence of copper ions
to quantum yield:

kr ¼ τ−10 * ϕ0 ð5Þ

where, the kr is the radiative rate constant, the τ0 and ϕ0 are
the proteins lifetime and quantum yield in the absence of cop-
per, respectively.

The experimental quantum yields for the mutant and wild-
type were determined in our previous study, the values of
which were: 0.58±0.022 and 0.62±0.12, respectively.
Consequently, the radiative rate constants became 0.21 ns−1

for 2His-EGFP and 0.22 ns−1 for wt-EGFP. The radiative rate
constants are attributed to the non-bounded proteins and it is
assumed that they remain invariables during the copper bind-
ing process. It follows that, according to the Eq. 4, the initial

Fig. 5 Fluorescence lifetimes of
2 μM wild-type EGFP (2) and
2 μM EGFP/2H mutant (1) in the
absence (1. - red line and 2. –
purple line) and presence
(1. - green line and 2. – red line)
of 5 μM CuSO4 (Weighted
residuals: (a) EGFP in the
absence and (b) EGFP presence
of copper ions). Histograms were
evaluated with FluoFit software
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values of non-radiative rate constants for both proteins are
0.14 ns−1. In the presence of 5 μMcopper the mutant protein’s
non-radiative constant increased to 0.64 ns−1. Under the same
conditions the wild type protein’s non-radiative constant was
only 0.22 ns−1.

The non-radiative pathway may include several
deexcitation processes such as excited state intramolecular
twisting completed with fast internal conversion or intersys-
tem crossing. Deexciation by intramolecular twisting reflects
the alterations caused by copper ions and its course will be
represented by quenching rate constant (kq). This value com-
pletes the initial value of knr as it is denoted in the following
equation [17]:

kobs ¼ kr þ knr þ kq ð6Þ

where the kq is the quenching rate constant, which is part of
the non-radiative rate constant and is related to the effect of
copper ions on target proteins.

We obtained the kq values for the mutant and wild type
protein by substituting the appropriate values into the equa-
tion, which were 0.5 and 0.08 ns−1, respectively. The enhance-
ment of quenching rate constant represents more fluorescence
loss which may originate from ultrafast internal conversion.

The quenching rate constants can be related to the activa-
tion energies of distorted compounds by means of Arrhenius
equation:

kq ¼ a exp−Ea=kBT ð7Þ

where a is the preexponential factor, Ea is the activation ener-
gy for S1 state, kB and T are the Boltzmann constant and the
absolute temperature.

In this case the pre-exponential factor is negligible, because
the temperature does not change significantly during the ex-
periment. The temperature and the value of Boltzmann con-
stant were 293 K and 1,380 64×10−23 J/K, respectively. Thus,
the activation energies were evaluated in a function of the
quenching rate constants as the Eq. (7) shows. The results
are listed in Table 3.

The quenching rate constant regarding to 2His-EGFP mu-
tant was 0.5 ns−1 in the presence of 5 μM copper and, corre-
spondingly, the activation barrier for the radiationless
deexcitation process was 52.17 kJ Mol−1. The magnitude of
this value in the case of wt-EGFP was 56.61 kJ Mol−1 under
the same conditions. Consequently, it has been found that the
extent of decrease in activation energy in the presence of 5μM
copper is twice larger for mutant (5.16 kJMol−1) than for wild-
type (2.41 kJMol−1).

Usually, the decrease in activation energies means
that the reaction occurs faster; perhaps it requires low
reaction temperatures and/or reaction times, i.e., deter-
mines the conditions required to initiate the reaction. In
our experiment the conditions were set to be constant
therefore the two variables - quenching rate constant
and activation energy - are directly dependent on each
other. If the non-radiative decay rate constant increases,
the structure of fluorescent moiety varies exponentially
to lower energy.

Table 2 Multi-exponential decay
analysis for EGFP proteins in the
presence of 0–5 μM Cu2+. It was
used long and short lived
lifetimes: 2.81 and 0.775 ns for
2His-EGFP, 2.79 and 0.638 ns for
wt-EGFP

2His-EGFP wt-EGFP

[Cu2+], uM τ (ns) ai fi χ2 [Cu2+], uM τ (ns) ai fi χ2

0 – 1.0 1.0 1.21 0 – 1.0 1.0 1.03

2.81 0.999 0.9997 2.79 0.9979 0.9994

0.001 0.0002 2.17 0.0021 0.0005 2.31

1 – 1.0 1.0 2.67 1 – 1.0 1.0 2.98

2.43 0.5494 0.8171 2.55 0.6708 0.8864

0.4506 0.1828 2.05 0.3292 0.1135 1.25

2 – 1.0 1.0 3.57 2 – 1.0 1.0 3.6

1.72 0.4688 0.4689 2.44 0.5731 0.8372

0.8059 0.5311 1.28 0.4269 0.1627 1.39

3 – 1.0 1.0 4.03 3 1.0 1.0 4.22

1.38 0.1043 0.2991 2.42 0.5566 0.8278

0.8957 0.7008 1.1 0.4434 0.1721 1.74

4 – 1.0 1.0 3.82 4 – 1.0 1.0 3.87

1.24 0.0762 0.2321 2.31 0.4762 0.7769

0.9238 0.7678 1.53 0.5238 0.2230 1.79

5 – 1.0 1.0 1.73 5 1.0 1.0 1.71

1.18 0.0644 0.2014 1.5 2.27 0.4504 0.7584 1.47

0.9356 0.7985 0.5496 0.2415
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In summary, the values calculated with Arrhenius equation
were used for defining the real magnitude of gamma torsion
barriers during the quenching process with regard to 2His-
EGFP and wt-EGFP. As a next step, we looked for those
theoretical activation energies which were similar with the
values calculated with Arrhenius equation.

Attempts that were made on achieving close quantitative
agreement between experimental and calculated activation en-
ergies have led to unexpected results. It was found that the
energy difference between the planar and twisted geometry,
that has a 19° γ-distorted angle, is similar with the activation
energy for wt-EGFP in the presence of 5 μM of copper. The
experimental Ea for 2His-EGFP under the same conditions is
identical with that of theoretical when the γ distortion is equal
with 40°. From these results we can infer that the impact of
two histidine mutation allowes more flexibility for the chro-
mophore due to which the rate of distorsion is twice as high in
the mutant protein.

In this manner we have determined the degrees of γ torsion
occurred by addition zof each amount of copper ion (Fig. 6).

It was shown that the activation energies required for the
fluorescence quenching for wt-EGFP and 2His-EGFP in the
presence of the same concentration of copper differ from each
other. This is attributed to the fact that the torsion barrier varies
due to 2His mutation. Furthermore, taking into account the
extent of quenching, which is up to 60 % for wt-EGFP and
about 90 % for 2His-EGFP under the same conditions, it is
conceivable that the chromophore might encounter different
barriers along the γ-torsion coordinate in S1 state. This can be
supported by an alternative explanation, that the excited state
relaxation or internal conversion during the complexation
with copper ions can take place not only at avoided crossing
region (γ=90°), but also at smaller distortion angles. This can
occur if the chromophore surroundings lower the energy of
excited-state potential-energy surface during the quenching
process. It is also relevant that the internal conversion at a γ-
distortion angle smaller than 90° can become more favorable
energetically due to the presence of copper. This process was
presented in detail and illustrated with a scheme by Huang
et al. [34].

The scenario of early energy decrease is also consistent
with the expectation that the deexcitation process takes less

time during the quenching as it is supported by the experimen-
tal non-radiative decay rate constant data. Data listed in

Table 3 The changes of
experimental activation energies
in addition of different copper ion
concentrations and the non-
radiative and quenching rate
constants

2His-EGFP wt-EGFP

[Cu2+], μM knr, ns
−1 kq, ns

−1 Ea, kJmol−1 [Cu2+], μM knr, ns
−1 kq, ns

−1 Ea, kJmol−1

1 0.41 0.06 57.33 1 0.39 0.03 59.02

2 0.58 0.23 54.05 2 0.40 0.04 58.32

3 0.72 0.37 52.90 3 0.41 0.05 57.78

4 0.80 0.45 52.42 4 0.43 0.07 56.96

5 0.85 0.5 52.17 5 0.44 0.08 56.61

Fig. 6 The conformations of chromophore model calculated at TD-DFT
level and visualized with MacMolPlt software. Geometries from top to
bottom: planar geometry; the model chromophore of wt-EGFP in the
presence of 5 μM copper; the chromophore’s distorted model from
2His-EGFP in the presence of 5 μM copper
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Table 3 indicate that the decay of mutant is about six times
faster relative to wt-EGFP which means that the γ-torsion
barrier has become extremely small.

In order to justify the internal conversion for γ-twisted
intermediates (i.e., distorted angle γ by 19 and 40°) a charge
transfer analysis is proposed. Significant charge transfer char-
acter within the chromophore implies large changes in molec-
ular electron density which triggers the non-radiative decay by
transition between anionic and neutral form. This is supported
by the increase of λabs for 2His-EGFP-Cu

2+ at 395 nm which
means that the push−pull electronic character of the appropri-
ate moieties in chromophore is strengthened and thereby the
tendency to form a twisted intramolecular charge transfer state
is increased [34].

To elucidate this process, we have performed molecular
orbital analysis which is suitable to identify the reactive sites
within the molecular framework. Calculations of highest oc-
cupied MOs (HOMO) and the lowest unoccupied MOs
(LUMO) with quantum mechanical method were performed
at B3LYP/6-311++G(d,p) level (Fig. 7).

The results regarding to planar geometries are in good
agreement with those reported in previous studies [20, 35]. It
can be seen, that the HOMO orbital has π-bonding and anti-
bonding character on the γ and β bond, respectively. In
LUMO these bonds get π-antibonding character with an

increased electronic density around the central carbon atom
[21]. The π–π antibonding interaction between γ andβ bonds
results destabilization of the planar conformation by weaken-
ing the double bond character. Consequently, the excitation
leads to a slight charge transfer around the central exocyclic
bounds allowing the intramolecular torsion and, thus, the ac-
tivation energy decrease. We mention that the intramolecular
torsion will occur if the braking surroundings allow.

In order to find out the charge transfer characteristics of
twisted molecules, we have calculated the HOMO and
LUMO eigenvalues for the chromophore being distorted by
40° (Fig. 8). In accordance with previous discussions, it is
assumed that this structure corresponds to the chromophore
of 2His-EGFP being in saturated state by copper ions.

It can be noticed that there are high similarity be-
tween the LUMO of twisted and planar geometry, while
the HOMO of twisted geometry is mostly localized on
phenol ring. Moreover, the probability of finding electrons at
imidazolinone ring is negligible in the HOMO, but is signifi-
cant in the LUMO. The enhanced charge-transfer character
entails a reduction in S1→S0 emission [20] which is support-
ed by the short fluorescence lifetimes for all complexes [34].
From the HOMO delocalization we can infer that the

Fig. 7 Graphical representation of molecular orbitals calculated for planar
geometry (red +, blue -): HOMO (lower side) and LUMO (upper side)

Fig. 8 HOMO (lower side) and LUMO (upper side) eigenvalues
calculated for 40° γ-distorted chromophore at B3LYP/6-311++G(d,p)
level
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enhanced charge transfer occurs during the deexcitation pro-
cess and the extra electron density on phenol ring will attracts
a proton since it is positively charged. This conversely means
that on imidazolinone group due to low electron density the
tendency of proton repulsion is enhanced. The higher proton
affinity leads to less acidic species. In the present case as the
chromophore is twisted, the double bond is broken, the elec-
tron density thickens around the oxygen atom and attracts a
proton thereby neutralizing the molecule. Consequently, the
recovery of the neutral state and thereby the fluorescence
quenching becomes more favorable energetically than other
deexcitation pathways. This reasoning is consistent with the
results obtained from absorption spectra regarding to 2His-
EGFP that were recorded in the presence of different copper
ion concentrations.

We have tried to collect more pieces of evidence to ascer-
tain that the neutralization by proton transfer due to distortion
plays the major role in non-radiative deactivation of chromo-
phore in 2His-EGFP. Therefore, we have detected the reactive
sites within the molecular framework by mapping the molec-
ular electrostatic potential distribution of planar and twisted
chromophores. Using this method, dipole moments and the
sites of hydrogen-bonding interactions can be displayed
allowing for us to visualize the variably charged regions of a
molecule and predicting the behavior of complex molecules.
The total electron density surface mapped with the electrostat-
ic potential of 40° γ-distorted chromophore and the electro-
static potential contour map of planar and twisted geometries
was obtained from calculation at B3LYP/6-311+G(2d,p) level
which are shown in Fig. 9.

It can be seen that the planar geometry is largely dominated
by red color which symbolizes the presence of negative

potential over the anionic structure. The map of 40° γ-
twisted structure revealed that this degree of torsion largely
changes the electrostatic potential distribution over the molec-
ular frameworks. The total electron density surface analysis of
this geometry clearly shows the electron density delocaliza-
tion, i.e., a significant increase of electron density around the
O14, O5 and N2 atoms. The map also implies that the green
region predominates which corresponds to a transitional state
between the electronegative and positive potential (Fig. 9,
lower part). These alterations may weaken the aromatic
nature of the benzene nucleus and promotes the electro-
philic reactivity around the O14 atom which may trigger
the intramolecular proton transfer thereby neutralizing the
molecule. Consequently, as the chromophore is twisted, a high
electron density is collected on the O14 that will want to grab
onto the proton since it is positively charged, a result of which
the molecule becomes less acidic.

On the assumption that it can be reproduced the alterations
in molecular framework we have compared the crystal struc-
tures and their surroundings of the neutral and anionic state.
This is supported by the fact that the shapes of 2His-EGFP
protein’s absorption spectra detected in the presence of copper
ions correspond to the absorption properties of neutral chro-
mophore. The chosen models were presented by Laino et al.,
which were confirmed by more recent studies to be the real-
istic version of anionic and neutral chromophore and its envi-
ronment from EGFP [31].

According to this scheme, in anionic state four hydrogen
bond donors, i.e., His148, Tyr145, Thr203 and a water mole-
cule are connected to phenol ring. In neutral state these bonds
break with exception of water molecule to which the His148
residue binds back. In this conformation the glutamine also

Fig. 9 On the upper part of the
figure are shown the electrostatic
potential contour maps of planar
(left side) and 40° γ-twisted
chromophores (right side). In the
lower part the total electron
density surface mapped with
molecular electrostatic potential
of 40° γ-twisted geometry is
presented (optimized at B3LYP/
6-311++G(d,p) level). Contour
value: 0.007. The color scheme is
as follows: red: electron rich,
partially negative charge; blue:
electron deficient, partially
positive charge; green: neutral
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changes its position, it connects to the Ser205 forming a
closed hydrogen-bond network around the chromophore en-
abling the protonation of phenolate ring. Other residues retain
their position or their structure.

Theoretically, the hydrogen-bond donors being adjacent to
the chromophore are included in the transition from anionic to
neutral state by shifting the absorption energy. During the
process, the chromophore locked into the anionic state is re-
leased by the subsequent rotation of Thr203 and by hydrogen
bond breaking between the Thr203-OH and phenolate oxy-
gen. This change is supported by an additional rearrangement
of His148 and Glu222 OH group [36].

Interactions in absorption spectrum of those residues were
determined by realizing mutations as it was presented in sev-
eral previous studies [18, 37, 38]. Some common empirical
rules can be extracted from these results, for instance, muta-
tions of T203V, T203I or T203Y eliminate a hydrogen bond
on the chromophore phenolate ring in anionic state and shift to
redthe absorption energy [18]. Moreover, it was shown that
the absorption peak for wild-type GFP in anionic state is elim-
inated when Thr203 is replaced by other amino acid residue.
Therefore, Thr203 should play an important role in stabilizing
the deprotonated phenolic ring of the chromophore. On the
other hand, the anionic/neutral state change also involves the
conformational changes of residue Glu222, its mutation can
cause the loss of the absorption peak at 397 nm [38, 39]. As it
was presented by the crystal structure, the Arg96 and Gln94
within the anionic and neutral state remain in the same posi-
tion [38]. The most significant alteration in the spectrum is a
blue-shift by more than 100 nm and a remarkable reduction of
the absorption intensity at 488 nm which are induced by the
protonation of the phenolic oxygen.

Finally, we have concluded, as it is indicated by the mod-
ified map for the gamma torsion, that this magnitude of torsion
induces a recovery to the neutral state which is more favorable
than other deexcitation pathways.

Conclusions

The 2His-EGFP mutant that exhibited unexpected fluores-
cence response, specifically, nanomolar sensitivity toward
copper ions (200 fold increase) was subjected to an extensive
analysis. The starting point of experiment was the absorption
spectra monitoring about our mutated protein in addition of
copper which leaded to a pronounced increase in the neutral
state absorption and a proportional decrease in the energy of
anionic state absorption. It demonstrates that the proximity of
metal chelated binding site induces the transition from anionic
to neutral state, including the protonation of phenolic oxygen
during the complexation process with copper ions. The pro-
tonation of phenolic oxygen can take place when the chromo-
phore, locked into the deprotonated state, is released by losing

its torsional barriers as a consequence of hydrogen bond
breaking and rearrangement of several residues.

In this light, energy profile calculations were carried out
about the chromophore possible distortions which may occur
during the relaxation process from excited state, using quan-
tum mechanical calculations. The maximum of energy was
obtained for planar geometries at γ=β=0 in excited state
which is the highest barrier that must to overcome during the
reaction. This barrier is decreasing due to intramolecular rota-
tion, i.e., the decay dynamics follow a mechanism of
photoisomerization which is responsible for internal conver-
sion. The evaluation of rotation profiles has resulted that the
significant changes in energy occurred during the γ rotation
and the minimum value of energies was attained at γ=90°
while the β bond was kept at 0°. During the distortion, the
structure of fluorescent moiety varies to lower energy and the
barrier is changing, which means, that in the presence of dif-
ferent copper ion concentrations the chromophore distortion
might encounter different energy barriers along the γ-torsion
coordinate in the excited state. Thus, we have determined the
energy differences between planar and twisted geometries
which resulted, in fact, theoretical activation energies for each
distorted cromophore.

The experimental activation energies in the presence of
certain amount of copper were calculated using Arrhenius
equation. This evaluation required fluorescence lifetime anal-
ysis. Non-radiative decay rate constants were derived from
fluorescence lifetime decay data, and furthermore, the
quenching rate constants were also determined by deducting
from these data the effect of other environmental factors. By
substituting the quenching rate constants in Arrhenius equa-
tion we obtained the experimental activation energies for the
copper induced fluorescence quenching. Defining the theoret-
ical and experimental activation energies was crucial because
by comparing their magnitude to each other it became possible
to determine the real chromophore distortions caused by cer-
tain amount of copper. The activation energies required for the
reaction of 2His-EGFP and wt-EGFP proteins with 5 μMcop-
per were 52.17 and 56.61 kJMol−1, respectively. These values
are in good agreement with the theoretical activation energies
of 40 and 19° γ-distorted chromophores. In order to justify
that this is conceivable, we have performed charge transfer
analysis on 40° γ-distorted cromophore. It was revealed that
this degree of torsion entails a significant charge transfer due
to which the probability of finding electrons at imidazolinone
ring is negligible in the HOMO, but is significant in the
LUMO. Large changes in molecular electron density trigger
the proton transfer in excited state and thereby the tendency of
transition is enhanced between anionic and neutral form.

By mapping the molecular electrostatic potential distribu-
tion of planar and twisted chromophores, the sites of
hydrogen-bonding interactions and dipole moments became
visible. It was concluded that this degree of torsion largely

J Fluoresc (2015) 25:871–883 881



changes the electrostatic potential distribution over the molec-
ular frameworks, i.e., the significant increase of electron den-
sity around the O14, O5 and N2 atoms may weaken the aro-
matic nature of the benzene nucleus and promotes the electro-
philic reactivity around the O14 atom which may trigger the
molecule neutralization. In this way, it was demonstrated that
the 40° γ-distorted chromophore that corresponds to the
2His-EGFP protein being under saturation with 5 μM
copper may induce the recovery to the neutral state, more-
over, it can be more favorable energetically than other
deexcitation pathways.

In summary, we proposed a new method for the examina-
tion of EGFPmutants which serves to define the chromophore
behavior during the complexation with quenching agents.
This method provides an opportunity to associate the experi-
mental results to the quantum mechanical evaluations by
which we can learn other possible actions that alter during
the process.
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