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Abstract The understanding of cellular processes and
functions and the elucidation of their physiological
mechanisms is an important aim in the life sciences.
One important aspect is the uptake and the release
of essential substances as well as their interactions
with the cellular environment. As green fluorescent
protein (GFP) can be genetically encoded in cells it
can be used as an internal sensor giving a deeper in-
sight into biochemical pathways. Here we report that
the presence of copper(Il) ions leads to a decrease of
the fluorescence lifetime (t) of GFP and provide evi-
dence for Forster resonance energy transfer (FRET) as
the responsible quenching mechanism. We identify the
Hisg-tag as the responsible binding site for Cu?* with
a dissociation constant K; =9 +2 uM and a Forster
radius Ry = 2.1 £0.1 nm. The extent of the lifetime
quenching depends on [Cu?*] which is comprehended
by a mathematical titration model. We envision that
Cu?* can be quantified noninvasively and in real-time
by measuring t; of GFP.
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Introduction

Transition metal ions like iron, copper, cobalt and zinc
play an essential role in biology and medicine. Heavy
metal ions also are of crucial importance in the environ-
mental context [1]. In most cases one specific metal ion
performs one or only a few functions. Consequently,
distinction between the various metal ions is desirable
in bioinorganic chemistry [2].

In particular, the knowledge of [Cu?*] is of utmost
interest because Cu?* is an essential micronutrient for
all living organisms. Participating as a catalytic cofactor
in multiple metabolic pathways due to its redox proper-
ties [3, 4], Cu* is needed within mitochondria for the
function of cytochrome oxidase, within the trans-Golgi
network to supply secreted cuproproteins and within
the cytosol to supply superoxide dismutase [5]. Plasto-
cyanin in cyanobacteria, algae and the chloroplasts of
plants also requires Cu?* [6, 7]. Furthermore Cu?* is
involved in the formation of structural compounds of
biomolecules and signaling molecules [8, 9].

The insufficient availability of Cu?>* can be delete-
rious. In humans, Cu’>* deficiency causes mitochon-
dria abnormalities and neurodegeneration [10], while in
plants, it leads to severe chlorosis affecting crop yields
[11]. When present at elevated concentrations, Cu’*
triggers the formation of reactive oxygen radicals in
eukaryots and prokaryots which damage the intracel-
lular membranes, proteins and nucleic acids [12, 13].
The latter action is presumably the basis of its antibi-
otic effect [14, 15]. Also the role of Cu?* in ailments
like Wilson’s disease and Alzheimer’s disease deserves
further investigations [16, 17]. The range of [Cu*]
which has a beneficial physiological impact is in the
micromolar range. The optimal growth of the cells of
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the bacterium M. capsulatus requires [Cu®*] of about
30 uM, the exchangeable Cu?* pool concentration in
blood is about 8 uM [18]. This makes the analysis of
the copper homeostasis an important aim [19]. It should
be noted that also Cu' as prevalent state of copper
ions is under debate. Only the development of selective
sensors for this lower oxidation state allows for imaging
its appearance [20-22]. Therefore, it is desirable to
provide also a selective tool for the quantitation of
[Cu?*].

Various methods for the detection of [Cu®*] were
previously described. These are for instance the mea-
surement of the fluorescence intensity of quantum dots
[23, 24], potentiometric and voltammetric detection
[25] just as well as optical sensing due to Schiff base
method [26, 27] and an electrochemical approach [28].

Other approaches use fluorescent proteins (FPs).
The use of FPs revolutionized the life sciences as a
result of their manifold applicabilities and their unique
optical and structural properties [29]. Together with
the fact that no exogenous substrates and cofactors
are required for the generation of fluorescence, the
ubiquitious expression of FPs in cells make these pro-
teins a standard tool in biosciences [30]. Owing to the
significance of GFP the Nobel prize for Chemistry was
awarded to O. Shimomura, M. Chalfie and R. Tsien
in 2008 [31]. With respect to the above mentioned
quantitation of [Cu?*] levels it was shown, that the
fluorescence intensity of DsRed is quenched by Cu**
[32, 33]. Other work previously inserted a heavy metal
ion binding site close to the chromophore [34, 35].
For the quantitative determination of the [Cu?*], how-
ever, these methods are not suited as the proposed
systems are not self-referencing. This means, that the
fluorescence intensity strongly depends on the local
GFP concentration. A calibration of the copper free
system has to be done before the actual measure-
ment. Secondly, we have shown in the past that the
fluorescence intensity of several FPs strongly depends
on their photophysical properties like dark-state pop-
ulation and on their illumination history [36-38]. We
will show, that most of the mentioned problems can be
overcome by measuring the fluorescence lifetime (zp)
of GFP while avoiding response to other heavy metal
ions.

In this report, a concept for a [Cu®>*] biosensor is
introduced. This application of GFP is possible since
its 7 strongly depends on [Cu?*] obeying a titration
behavior. We demonstrate that the quenching mecha-
nism is Forster resonance energy transfer (FRET) from
GFP to Cu®*. Quenching of 7y due to the presence
of Co*t, Ni?*, Fe**, Mn?t and Zn?* is not observed.
The binding site for Cu®* is proven to be the Hiss-tag
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which is already incorporated for the purification of the
protein. For the quantitation of Cu?* over a large con-
centration range, a mathematical titration expression is
developed which yields [Cu?*] from the measured 1y
of GFP. Thus a highly Cu?* selective sensor is feasible.
Altogether, we exemplify that the measurement of
of Hises-tagged GFP provides a powerful biosensor for
the quantitation of [Cu®*].

Experimental Section
TCSPC

Lifetime values are acquired by a home-built setup. The
excitation sources are two fiber coupled pulsed diode
lasers emitting at 405 nm (LDH-P-C-405, Picoquant,
Germany) and 470 nm (LDH-P-C-470B, Picoquant,
Germany). The pulse width for both lasers is about
70 ps. Lasers are driven by an oscillator module (PDL
808-MC Sepia, Picoquant, Germany) at a repetition
rate of 40 MHz. The parallelized excitation beams are
focussed in the cuvette. Fluorescence is collected un-
der magic angle conditions in 90° geometry. The pho-
tons are detected by an avalanche photodiode (PDM
100ct, Micro Photon Devices, Italy). The FWHM of
the instrument response function (IRF) is about 200
ps- Electronical signals are recorded by a stand-alone
time-correlated single photon counting (TCSPC) mod-
ule (PicoHarp300, Picoquant, Germany). The readout
is synchronized by the software (SymPhoTime, Pico-
quant, Germany). The obtained lifetime values result
from mono- resp. biexponential reconvolution fitting
(FluoFit, Picoquant, Germany) as described in the text.
x? < 1.2 for all measurements except monoexponential
reconvolution fits at high [Cu?>*] due to the better
appropriateness of the biexponential fitting model.

Fluorescent Proteins

Recombinant fluorescent proteins are produced in the
E. coli expression strain BL21(DE3) under control of
the T7 promoter. A 250 ml culture in Luria-Bertani
medium is incubated at 37 °C under continuous shaking
until the ODgqp is 0.6-0.8. The expression is induced
by adding IPTG at a final concentration of 1 mM. The
culture is harvested after 24 h of further shaking at
20 °C. The Hisg¢-tagged proteins are purified on immo-
bilized metal affinity chromatography columns using
Ni-NTA resins. SDS gel electrophoresis and Coomassie
staining are employed to check the purity of the pro-
teins. The samples are prepared in phosphate-buffered
solution at pH 7.4 (NaCl 115 mM, Na,HPO, 16 mM,
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KH,PO,4 4 mM). The eYFP has a C-terminal His¢-tag
followed by an enterokinase cleavage site (AspsLys).
In an aliquot of eYFP, the Hisg-tag is removed using
Tag-off ™MrEK Cleavage/Capture Kit (Novagen, Merck
KGaA, Darmstadt, Germany) according to the instruc-
tions of the manufacturer with an incubation time
of 20 h. The Hise-tag peptide is removed from this
eYFP solution by repeated immobilized-metal affinity
chromatography on His-select®spin columns (Sigma-
Aldrich, Saint Louis, MO, USA). The purity of the
eYFP without Hise-tag is confirmed by SDS gel elec-
trophoresis and Coomassie staining.

Sample Preparation

Buffered stock solutions of all used GFP variants
are diluted with pure water in order to avoid
the precipitation of unrequested copper complexes
which would effect the actual [Cu’*']. [GFP] is al-
ways in the submicromolar range. For the titra-
tion experiments Cu(SO4)e5H,O, Co(SO,)e7H,O0,
Ni(SO4)e7H,0, Fe(SO4)e7H,0O, Mn(SO4)eH,O and
Zn(SO4)®7H,0 are dissolved in distilled water to 1
M stock solutions which are subsequently diluted. Ab-
sorption spectra of Cu?*, Co**, Ni**, Fe?*, Zn?>* and
Mn?* are measured with 1-10~* M metal ion con-
centration and a 5-10~* M concentration of poly-
l-histidine (Sigma-Aldrich, Saint Louis, MO, USA).
Poly-l-histidine is used to simulate the histidine side
chains of the Hise-tag.

EPR Spectroscopy

EPR spectra are recorded on an EPR spectrometer
(Elexsys 680, Bruker, Germany) equipped with a con-
tinuous flow helium cryostat ESR 900 and an ITC 502
temperature controller (Oxford Instruments, England)
to allow measurements down to 5 K. Temperature and
microwave power are adjusted such that no spectral
saturation occurs (20 K, 0.5 mW). Modulation am-
plitudes of 0.7 or 0.39 mT are used at 100 kHz fre-
quency. The microwave frequency is measured with a
frequency counter (HP 5350B, ValueTronics, USA),
the magnet field with a NMR-Gaussmeter. Spectra
are accumulated to yield an acceptable signal-to-noise
ratio. Samples of 150 ul were filled in an EPR quartz
tube (Wilmad, USA) and frozen in liquid nitrogen for
measurement and storage.

Optical Spectroscopy

Absorption spectra are recorded with a two beam
spectrophotometer (Lambda 5, Perkin Elmer, USA).

Excitation and emission spectra are measured using a
fluorescence spectrometer (FP-6500, Jasco, Germany)
in 90° geometry. All spectra are recorded at a resolu-
tion of 1 nm.

Mathematical Treatment of the Lifetime Data

Lifetime histograms as shown in Fig. 1 are obtained by
TCSPC. As will be explained in section “Results and
Discussion” in more detail ty always refers to the aver-
age lifetime 7,, which is derived by monoexponential
fitting according to I(t) = Ay X ¢ (Fig. 1a). This
is the most unbiased way to analyse the experimental
data. Nevertheless, this is a simplification of the true
nature. Regarding the system Cu?"-GFP more closely
this procedure is not quite justified at first glance. GFP
T203H has a monoexponential lifetime of 7ge. = 3.4
ns. The addition of Cu?* leads to the formation of a
Cu?*-GFP complex with a distinct lifetime of Tpoung =
1.4 ns. The mixture of GFP with Cu?* therefore con-
tains species of free GFP and the Cu**-GFP complex
in variable ratios. Hence, exact calculations should
be done by biexponential fitting according to I(¢) =
Afree X ¢ T + Abound X ¢ Toouna (Fig. 1b). As already
mentioned in the experimental section “TCSPC”, a
biexponential approach significantly improves the fit at
high [Cu?*]. This leads to two fixed lifetime values, i.e.
Tiree aNd Tpound, and the varying amplitudes Age. and
Abounds Afree + Abouna = 1. For negligible [Cu?*] 1, ~
Tiree, Whereas if all GFP molecules are bound with Cu?*,
then 7,y & Thound- A biexponential analysis is compared
with the monoexponential approach in Fig. 1. Although
in this particular case of high [Cu®>*] a biexponential fit
is considerably better than usage of only one exponent,
this is not true for all [Cu?*].

The connection between the monoexponential
lifetime 7,, and the biexponential lifetimes e and
Thound 1S giVen by Tav = Afree X Tiree + Abound X Toound-
The total amount of GFP, GFP, is given by
[GFPliot = Afree X [GF Pliot + Abound X [GF Plioy.
This means [GFPlygee = Afree X [GFPley and
[GFPloound = (I — Apree) X [GF Plioy. Replacing
Avpound bY (1 — Agee) leads, after reordering, to
_Tav T Tree 1)

Abound = .
Tbound — Tfree

An equation for the intensity titration curve was previ-
ously described [39]:

[GFP x Cul = [Culiot X [GFPliot/Ka + [Culior.  (2)

It should be noted that Eq. 2 is only true under the as-
sumption, that the fraction of bound Cu?* is negligible.
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Fig. 1 a Lifetime histogram of a submicromolar GFP T203H
solution after the addition of 10> M [Cu?*]. The average lifetime
Tay is computed by a monoexponential fit. b Analysis of the same
measurement as in Fig. 1a by a biexponential fit. Inspection of the

Bearing in mind that Apoung in Eq. 1 corresponds to
[GFP — Cul]/[GF Pliot, inserting Eq. 1 in the intensity
formula, Eq. 2, yields Eq. 3. This equation is used for
the evaluation of the ry titration when t,, is replaced
by Tfl.

(Tfree — Tbound) X [Cu2+]
[Curt]+ Ky

Tfl = Tbound +

3)

In Eq. 3 tgee is the value of the unquenched lifetime
of the GFP mutant, i.e. 3.4 ns, Tpoung 1S the lifetime of
the GFP mutant after the formation of the Cu**-GFP
complex, i.e. 1.4 ns.

Hence all lifetime calculations can be done either
by monoexponential or by biexponential fitting. Fit-
ting according to the monoexponential model has the
advantage of being better transferable to low absolute
count events like they occur while performing FLIM.
Especially in these experiments where global fitting
due to a lack of concentration steps is not possible, re-
sults that stem from the monoexponential decay model
are more straightforward and interpretable than such
from the biexponential decay model. We make use
of 7,y in phenomenological investigations in section
“Phenomenological Fitting”. Here, simulations of the
lifetime characteristics are done preferentially by using
T,y because formula (3) describes lifetime titrations
and can be easily modified for other titration models.
Nevertheless, for fluorescence lifetime titration experi-
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fit residuals clearly favors a biexponential model. However, the
biexponential fit does not considerably improve the fit residuals
at lower [Cu?*]

ments the biexponential model is more consistent with
the true conditions on the molecular level.

Results and Discussion
Effect of Copper on the GFP Lifetime

In the past, a heavy metal ion binding site was intro-
duced close to the chromophores in YFPs. This binding
site was sensitive to a large variety of transition metal
ions like copper, nickel, zinc etc. [35]. We expect that al-
ready the Hisg-tag of proteins which is incorporated for
affinity chromatography can bind heavy metal ions in
a useful way and thus quench the fluorescence [40, 41].
We reason that not only the fluorescence intensity but
also 75 can be exploited for analytical purposes. To
prove this, we add Cu** to a solution of GFP mutant
T203H with Hise-tag. This leads to a decrease of the
fluorescence intensity as well as to a reduction of g
(Fig. 2a). The extent of the 4 quenching of GFP de-
pends on [Cu?*]. Higher concentrations of Cu?* lead to
a more distinct reduction from the initial value of g =
3.4 ns of the unquenched GFP. The concentration de-
pendent quenching of r; makes GFP a suitable tool to
determine [Cu’*] by means of lifetime measurements.
Figure 2b shows the titration curve of ty of GFP with
Cu?* where Eq. 3 describes the curve progression.
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Fig. 2 a Decrease of t = 3.4 ns of GFP mutant T203H (red) in
a concentration of 5.0 x 10~ M due to the addition of Cu?*. The
green curve corresponds to 7 = 2.5 ns at [Cu?>T] = 5.0 x107°
M, the blue curve to g = 1.4 ns where [Cu®*] is 2.5x1073 M.
The IRF (Aex = 405 nm) is shown in black. b Comparison of the
titration results by monoexponential fitting (black squares) with

The dissociation constant is given by K;. From a
fit to the data points, K; =114+2x 107® M is ob-
tained. A biexponential fit, in which the coexistence
of a quenched (tpouna = 1.4 ns) and an unquenched
fluorophor (e = 3.4 ns) is taken into account, yields a
slightly smaller value (K; =7 £2 x 107° M). We take
K4 =942 x 107 M as the average of both values.

Binding Between GFP and Copper

A matter of interest is the binding site which is sensitive
for Cu**. As histidine is known to bind heavy metal
ions we presume the formation of a complex between
GFP and Cu?* [42]. Therefore, we suggest the Hisq-tag
at the C-terminus of the GFP molecules as binding site
for Cu*t [43, 44]. For DsRed, however, evidence was
provided that this protein has a natural Cu’** binding
site [33, 45]. We therefore have to exclude the possibil-
ity of the formation of such complexes.

To confirm the formation of a Cu?* histidine com-
plex we enzymatically cleave off the Hisg-tag of e YFP.
The use of eYFP instead of GFP T203H is mandatory
because the cleavage site for the Hisg-tag is only present
in eYFP but not in our GFP mutant T203H. Quenching
of 7y due to Cu?t occurs for untreated eYFP as well
as for GFP T203H. This finding strongly indicates a
common behavior which is expected due to the similar
spectral properties. Two samples of eYFP in equal
concentrations of 5.0 x 10~7 M are prepared whereof
one contains eYFP with Hise-tag and the other eYFP
lacking the Hisg-tag. Lifetime titration measurements
as a function of [Cu’*] are done for both samples
(Fig. 3a). For the e YFP without Hiss-tag the quenching

lifetime / ns

0 T T T T T T

1E-9 1E-8 1E-7 1E6 1E-5 1E4 1E-3 001
24

[Cu™]/M

biexponential fitting (grey open symbols) of the fluorescence life-
time of the same GFP T203H sample. The dissociation constants

are K; = 1.1 x 107> M for the monoexponential fit and K, =

7 x 107% M for the biexponential fit which is in good agreement
within the errors

occurs at significantly higher [Cu?*] than for e YFP with
Hisg-tag. This implies the formation of a Cu?**-GFP
complex via the Hisg-tag of the GFP. It also implies
that the formation of the complex is the reason for the
lifetime decrease due to Cu?*. It should be noted, that
the intrinsic ty of the Hiss-tagged protein is restored
upon addition of strongly chelating agents like imida-
zole (data not shown). That fluorescence quenching
of eYFP without Hise-tag still appears at high con-
centrations is not expected at first glance. This effect
might result from the binding of Cu?* at other places
at the eYFP molecule with lower binding constants e.g.
different amino groups [46].

Next, we perform EPR experiments at cryogenic
temperatures in order to further characterize the bind-
ing coordination of Cu?*. Cu’*-EDTA (5 x 10~* M)
in a glassy ethylene glycol matrix is used as a refer-
ence, Fig. 3b. Two samples of eYFP, with Hise¢-tag, are
prepared in an approximately 1:1 stoichiometry in two
different concentrations, i.e. [eYFP]iow = [Cu* Jiow =
2 x 107> M and [eYFP]high = [Cu”]high =1x10"* M.
At g, = 2.052 the more diluted sample shows a modu-
lation of the signal due to a hyperfine coupling. Because
6 lines with a splitting of about 1.5 mT are clearly
resolved, we attribute these lines to the interaction of
at least 2 or 3 equivalent nitrogens with the copper ion.
Due to the nuclear spin of I = 1 for N, for three coor-
dinating nitrogens seven lines are expected (2n x I + 1,
n = 3) for which typical hyperfine values around Ay =
1.5 mT are found for some copper proteins and copper
model complexes [47, 48]. Along the parallel spectral
component (g, = 2.251) no indication of nitrogen in-
teractions are observed on the three broad resolved
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Fig. 3 a Fluorescence lifetime titration of eYFP with (black
squares) and without (grey open symbols) Hisg-tag. Quenching
for eYFP without Hisg-tag occurs at about 100-fold higher con-
centrations compared to eYFP with Hise-tag. This observation
supports the formation of a complex between Cu?* and GFP via
the Hisq-tag. b EPR spectra of Cu>*-GFP at concentrations of
2 x 107> M (low ¢) and 1 x 10~* M (high c) in comparison to the
reference sample Cu?>t-EDTA in a glassy matrix. The apparent
values of the g-tensor are given for the parallel (arrows) and
perpendicular components, as well as the Cu-hyperfine coupling

Cu (I = 3/2) hyperfine lines with the characteristic
large couplings A = 17.8 mT. The higher concentrated
sample more closely resembles the Cu-EDTA-sample
with respect to the copper hyperfine coupling (A =
14.8 mT) and the general shape of the perpendicular
spectral feature (g, = 2.058) without a resolved nitro-
gen coupling. Copper proteins and model compounds
can be classified with respect to their coordination by
plotting A (in cm~") vs. g yielding distinct regions for
S4, Ny or Oy4 coordination [49]. In such a representation
both eYFP samples are located close to Ny-locations
whereas the Cu-EDTA sample is in between N; and
O, coordination. Moreover, the ratio g;/A is used as
an empirical index for the tetrahedral deviation from
a square-planar configuration ranging from 105 to 135
cm for square-planar up to 250 cm for slight and to 700
cm for strong tetrahedral distortions. In this context,
the low concentration sample with a ratio of 135 cm is
associated with a square planar arrangement whereas
the higher concentrated sample and Cu-EDTA (ratios
165, 169 cm) show a small deviation from planarity.

We can summarize that the EPR experiments hint at
a binding geometry with at least two but, most likely,
four nitrogen atoms forming an almost quadratic-
planar complex; different samples, however, display
variable coordination geometries indicative for some
structural heterogeneity of the possible binding sites.
Recent simulations showed that Cu?* is coordinated
in a Hisg-tag by two, non-neighboring histidines thus
supporting our analysis [50, 51].
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of the parallel component. Cu>*-GFP in low concentration (low
c) shows a barely resolved hyperfine pattern of six lines on top of
the perpendicular signal component (2.052). ¢ Spectral overlap
of the donor emission spectrum of GFP T203H (black, Aex = 405
nm) and e YFP (dotted) with the absorption spectrum of a Cu>*
polyhistidine complex (grey). The maximum €,¢c(Amax = 575nm)
is 112 M~'em~!. The width of the acceptor spectrum of ~ 200
nm is beneficial for a large J(1) and for the insensitivity of the
spectral behavior of the donor

Also, the extracted K, (Fig. 2b) is in the range
of typical values for binding metal ions to a Hiss-tag
[52]. Moreover, the consideration of two binding sites
following the model for polyprotic acids [53] is not
compatible with our experimental data, see below in
Fig. 4b.

Phenomenological Fitting

To gain a deeper understanding of the binding char-
acteristics between Cu?* and the Hiss-tag the titration
curve is fitted by a modified equation. Equation 3 can
be extended by the Hill factor n that modifies the slope
of the curve in dependence of the binding. This leads to
Eq. 4.

(Ttree — Thound) X [Cu2+]n
[Cu*]" + K"

(4)

Tfl = Tbound +

For n = 0.5, 1.0, 2.0 and 3.0 fits are performed for the
experimentally derived titration curve. The results are
shown in Fig. 4a. For n = 1 the titration curve repre-
sents the result from Fig. 2b according to Eq. 3.

The behavior for n =1 which corresponds to an
independent binding of Cu?* to the His¢-tag nicely
matches the experimentally derived values. For n < 1,
i.e. 0.5, binding of a molecule inhibits the binding of fur-
ther molecules. This leads to a decreased slope. Regard-
ing n >1, i.e. 2.0 and 3.0, the slope is increased. Like
shown in Fig. 4a these curve shapes do not represent
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Fig. 4 a Titration curve of the fluorescence lifetime of GFP
mutant T203H (black squares). The trend is fitted according
to Eq. 4 for n =0.5, 1.0, 2.0 and 3.0. b Titration curve of the

the experimentally observed curve progressions. These
results suggest that the binding of Cu?* to the Hisg-tag
is independent of already bound copper ions, i.e. there
is no cooperativity in the Cu?* binding,.

To further investigate the possible binding of two
Cu?* to the Hisg-tag the model is extended by a second
titration step with different K, values. This two-site
binding approach is based on the linear combination
of titration curves for individual binding sites [53] and
leads to Eq. 5.

(, — 71) x [Cu**]
[Cu* ]+ K,

(13 — 1) x [Cu**]
[Cu’*] + K,

®)

M =T +

Figure 4b shows the titration curve of t by Cu**
fitted with the one titration step model and simulated
by the two-site binding model. The simulation is done
for 1y =34 ns, 1, =23 ns and 73 = 1.4 ns with K,
values K| =5-107> M resp. K, = 5 - 10~* M according
to Eq. 5.

On the basis of the comparison we cannot find any
convincing evidence for the binding of two Cu?* ions.
We therefore conclude that the formation of a Hise-
tagged GFP, complexed with only one Cu?** via > 2
His, is responsible for the change in 7y of GFP. Yet,
the quenching mechanism still has to be clarified.

Possible Quenching Mechanisms

There are several generally possible quenching mecha-
nisms which should be shortly discussed. Static quench-

lifetime / ns

1

1E-8  1E-7 1E-6 1E-5 1E-4  1E-3
[Cu®] /M

fluorescence lifetime of GFP mutant T203H (black squares). The
figure shows the models for one titration step (light gray) and for
two titration steps (dark gray)

ing in a conventional sense leads to a decrease of the
fluorescence intensity but the fluorescence lifetime is
not affected. The reason is, that the non-fluorescent
complexes do not contribute to lifetime measurements
[54]. Since in the case of GFP and Cu’* a significant
change in the lifetime is observed static quenching in its
puristical sense can be excluded as cause for the change
of Tfl.

Dynamic quenching, in principle, reduces the
fluorescence intensity as well as 7y [55]. Precondition
for effective dynamic quenching is a collision between
the fluorophor and the quencher during the excited-
state lifetime. t in our experiment is in the range of the
residence time of two molecules in a common solvent
cage. This means, that if the quenching complex is not
preformed, then no quenching takes place. The short
7 therefore excludes dynamic quenching. A Stern—
Volmer-plot (data not shown) confirms this argumen-
tation.

Photoinduced electron transfer (PET) as a molecular
mechanism occurs for distances < 1 nm [56]. Consid-
ering the geometrical structure of GFP, the distance
between the Hisg-tag bound Cu’* and the GFP chro-
mophore is larger than two nanometers. This means
that PET cannot be responsible for the drop of the life-
time. Long-range electron transfer which is observed in
DNA [57] is also discussed for flexible peptides [58, 59].
However, the aqueous environment to which at least
the His¢-tag is exposed, as well as the conformational
stiffness of GFP makes an electron hopping in the
present case unlikely. Also the absence of any distinct
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effect for other redox active ions (see below) alludes to
another quenching mechanism.

FRET Leads to a Change in the Lifetime

Excluding all other mechanisms, we suspect FRET as
the quenching mechanism. FRET describes the phe-
nomenon of non-radiative energy transfer from an elec-
tronically excited donor to an acceptor in the ground
state. Precondition for FRET is a spectral overlap of
the emission spectrum of the donor with the absorption
spectrum of the acceptor. FRET is a strongly distance
dependent process which occurs in a range of about
1-10 nm [60]. In order to investigate this possibility,
we record absorption spectra of the putative FRET
acceptor Cu?*. Upon addition of Cu?>* to a solution
of polyhistidine a blue color of the sample appears
(Fig. 3c) due to the formation of a copper-histidine
complex [61]. Polyhistidine is chosen as a substitute
for the Hisq-tag, simulating the side chains of the lat-
ter thus allowing for examining the optical properties
of the Cu?* complex with GFP. We conclude that a
similar blue complex due to the binding of Cu?* to
the Hise-tag is formed. The low optical extinction of
the complex (€zcc = 112 M~'em™! at Apax = 575 nm),
which is in good agreement with previous results [61],
prevents us from measuring the effect directly on GFP.
The green fluorescence of GFP and the absorption
of the Cu?* complex indicate good spectral overlap
J() (Fig. 3c) which is a prerequisite for FRET. Slight
spectral shifts of the spectra as observed for e.g. eYFP
do not influence J()) significantly and therefore result
in similar Ry. The fact that FRET is a purely photo-
physical effect explains why the fluorescence quenching
could also be verified for several other GFP mutants
including S65T which all possess a Hisg-tag.

The question whether FRET really occurs can be an-
swered by calculating the Forster radius Ry on the basis
of the spectral overlap integral J(1). Energy transfer in
any donor-acceptor pair is specified according to Eq. 6
[62]:

6 9000 x In(10) x k> x Op

0 128 x 75 x Na x n

o0

x/FMMXQmeﬁM (6)
0

J(n)

The orientation factor «? describes the relativ ori-
entation of the transition dipoles of the donor and the
acceptor. Each GFP molecule has one Hisg-tag at the C-
terminus as binding site for Cu?*. The flexibility of the
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Hiss-tag enables the rotation of the Cu®* histidine com-
plex with respect to the GFP molecule. We therefore
assume k? = 2/3 owing to dynamic random averaging
[63]. It should be noted that the dipole approximation
might be invalid for Cu’** as acceptor because hydrated
Cu?*-ions do not exhibit significant polarization effects
in absorption [64]. However, as the transition dipole
moment of the GFP chromophore is perpendicular to
the connection line to the absorber in a rough estima-
tion, x? cannot exceed one. Thus, the averaged value
k2 = 2/3 should be a good approximation. Similar con-
siderations were made for lanthanides as FRET donors
[65]. A quantum yield for a GFP mutant containing
T203H of QD = 0.78 [66] and a refractive index of ny =
1.4 for proteins in aqueous solutions [55] are inserted.
N 4 describes the Avogadro’s number. We obtain Ry =
2.1 £0.1 nm for the pair GFP and Cu’* resp. Ry =
2.240.1 nm for the pair eYFP and Cu®*. This value
is only about 40% of R, of good donor-acceptor pairs
despite a more than 1000-fold smaller extinction €,
in comparison to €, of conventional organic dyes. In
contrast to a rough estimate of the reduction of Rj on
this basis, i.e. ¥/1000 ~ 3, the diminishing of the spec-
tral overlap is partially compensated due to the broad
absorption of the Cu’* histidine complex enhancing
the energy transfer. Please note that acceptors with
small extinction coefficients are convenient to access
smaller Forster radii in photophysical research [67, 68].
Although «? might be misestimated to some extend, Ry
should only be slightly influenced due to the one-sixth
power dependence in Eq. 6. Taking into account the
obtained Ry we now calculate the lifetime poung Of the
Cu?*-GFP complex using Eq. 7 [55].

_ Rg —1_ Thound (7)
Rg + R Tfree

For computing tyoung We resort to the dimensions
of the GFP molecule. The chromophore consists of
three amino acids buried in the center of the protein.
The protein exhibits a barrel-like structure of approx-
imately 4.2 nm in height and 2.4 nm in diameter [69].
The flexibility of the Hiss-tag enables the rotation of
the Cu?t-GFP complex. Ignoring at first the Hisq-tag,
the distance between Cu?* and the GFP chromophore
should be between 1/2x 4.2 nm = 2.1 nm (center) and
2124+ 1.2 nm = 2.4 nm (edge). For R = 2.1 nm
according to Eq. 7and Ry = 2.1 nm we receive a FRET
efficiency E = 0.50. This results in a theoretical value
of Tpound = 1.7 ns which matches the experimentally
obtained value of ,oypg = 1.4 ns. The most likely rea-
son why the estimate does not perfectly coincide with
the experimental data is that the assumed position of
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Table 1 Forster radii of the metal ion complexes of Cu®*, Co**
and Ni?* with polyhistidine and the two GFP mutants T203H and
eYFP

Cu2+ C02+ Ni2+

T203H eYFP T203H eYFP T203H eYFP
€max/M~lem™! 112 52 23
Amax/NMm 575 509 657
Ro/mm 2.1 2.2 1.8 1.8 1.4 1.5

the Hise-tag is not fixed but fluctuating on a timescale
below ;5. An averaged dimension of 0.4 nm of the Hise-
tag was calculated [51] and a consecutive shortening
or extension of the donor-acceptor distance by this
value would alter the calculated FRET efficiency by
+ 20 % and, likewise, 5. Therefore, our experimental
results are in good agreement with the dimensions of
the protein. Thus, all our calculations support FRET
between the Hisg-bound Cu?* and the chromophore
(Table 1).

Specificity of GFP to Copper(II) Ions

This work is the first step towards the development of
a biosensor for Cu®*. Therefore the quenching of g of
GFP by other biological relevant metal ions like nickel,
iron and cobalt has to be excluded. Especially strongly
colored metal ions which are known for absorption
in the visible range have to be taken into account
since they are possible candidates as FRET acceptors.
The extinction coefficients of metal ion solutions of
Co?* and Ni** after the addition of a 3-fold excess of

a T T T
1,0 ——GFP -
\ Cu2+
. C°2<
j 0.8 =1 ‘.\\ — Ni2+ =]
. N\ Fe?*
(W] N 24
-~ 06 \ Zn -
= Mn?*
= \ \,
c N
2 044 \ 1
= /’____/’ oy
0,04 i \f‘*“— " 1
400 500 600 700 800

wavelength / nm

Fig. 5 a Emission spectrum of GFP mutant T203H and absorp-
tion spectra of polyhistidine complexes with Cu>t, Co?*, Ni**,
Fe?*, Zn?>* and Mn?*. The absorption spectra are normalized to
the absorption of Cu?t. b Decrease of 7 = 3.4 ns of GFP mutant
T203H in a concentration of 5.0x10~7 M due to the addition

b .
3 01
(W]
2
B
c
g
€ 001
!

polyhistidine are measured like in the case of Cu?*.
The extinction coefficients in the absorption maximum
are €,cc = 52 M~ em™! for Co?* (Amax = 509 nm) and
€ace =23 M~ em™! for Ni** (Apax = 657 nm).

Calculating R, for GFP T203H and Co?* results in
Ry =1.8£0.1 nm resp. Ry =1.4+0.1 nm for GFP
T203H and Ni’*. Since the distance between the bind-
ing site and the chromophore is larger than the respec-
tive Ry, the effect of the lifetime quenching should not
be as pronounced as in the case of Cu?*. In addition,
the influence of these ions on the lifetime of GFP is
also experimentally examined. The addition of a 10 mM
solution of Ni** reduces 7y of GFP T203H from 3.4
ns to 3.2 ns. Co?* in a concentration of 10 mM leads
to a decrease of 15 to a value of 2.8 ns (Fig. 5b). The
influence of Fe?*, Zn?* and Mn?* is also investigated.
The addition of 10 mM solution of these ions does not
effect the lifetime of GFP T203H. This result comes
up to our expectations as the complexes of these metal
ions are colorless in the visible spectral range (Fig. 5a).
From these results we conclude that distinct FRET
can only happen for Cu** among the physiologically
relevant ions. As expected, only the addition of Cu®* to
a solution of GFP leads to a decrease of 1y as well as of
the fluorescence intensity. The specific lifetime change
enables the development of a Cu®* biosensor.

Application on Other GFP Mutants

Having excluded the cross-sensitivity of various other
metal ions, the approach is investigated for the applica-

time /ns

of Cu?*, Co*t and Ni**. The red curve corresponds to [Cu®*]
= 1.0 x 1073 M, the green curve to [Co**] = 1.0 x 1072 M and
the blue curve to [Ni>t] = 1.0 x 1072 M. The IRF (Lex = 405 nm)
is shown in black
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Table 2 Overview over Ry, K;, v and E of the investigated
mutants of GFP

Mutant T203H T203V eYFP S65T
Ro / nm 2.1 2.1 22 2.1
Ky / M 9 2 3 11
Three / 1S 34 3.1 27 27
Thound / 1S 14 1.0 15 12
E 0.59 0.68 0.44 0.56

The good consistence in Ry is based on the similar optical proper-
ties of these mutants which are relevant for the lifetime reduction
due to FRET

tion of other GFP mutants. As FRET is the responsible
quenching mechanism for the decrease of the lifetime
also variants with similar optical properties that possess
a Hisg-tag should quench . In order to confirm this,
samples of the GFP variants T203V, eYFP, and S65T
are prepared and titration curves of tg by Cu’* are
recorded. Table 2 shows the calculated Ry, the lifetime
values of the samples before and after the addition of
Cu?*, the FRET efficiency E and the respective K.

It turns out that for all investigated GFP mutants
all the Forster radii are in the range of 2.1-2.2 nm.
This is not unexpected due to the similarity of their
emission spectra (data not shown). The deviations of
the efficiencies £ might be due to slight geometrical
alterations which affect E as stated above by its sixth
power. Small differences are observed for the K, values
of the GFP variants. This finding might again, result
from their varying geometrical properties within the
molecule. Summing up these results the construction
of a Cu?t sensor on the basis of changes in 7 of
GFP is possible for all mutants that contain a Hise-tag
and emit in the broad absorption band of Cu’*, but a
calibration has to be performed for each variant before
the measurement.

Conclusion

In the present paper, we quantitatively characterized
the binding of Cu*" to the Hiss-tag of various GFP vari-
ants. The shortening of t; of Hise-tagged GFP due to
the binding of Cu?* was analyzed. The blue color of the
Cu?* polyhistidine complex, where polyhistidine was
used to simulate the vicinity of the Hise-tag, explains
the selectivity over other heavy metal ions. Therefore
any formed Cu?" FP complex can act as an acceptor
in FRET. FRET as quenching mechanism leads to a
Forster radius Ry = 2.1+ 0.1 nm. The corresponding
energy transfer efficiency E nicely fits to the dimension
of the protein. Consequently, [Cu?*] can be selectively
measured by fluorescence lifetime measurements when
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the GFP concentration can be neglected. Although
the presented data were merely recorded with GFP
mutant T203H, all investigated FPs with a Hiss-tag
exhibited the same behavior due to the similar spectral
properties.

Our experiments provide evidence, that Hise-tagged
FPs as selective Cu?* biosensors possess considerable
advantages over other existing approaches. The life-
time based model is self-referencing, i.e. independent
of the GFP concentration and varying intensity con-
ditions. Population of dark states, photobleaching and
other detrimental effects of irradiation do not influence
the outcome of the experiments. This makes our ap-
proach superior to other methods.

It should be noted, that the actual quantitation of
[Cu*] relies on the precondition of [GFP] < K.
Moreover, interference with other heavy metal ions or
varying pH values was not considered in our mathemat-
ical treatment. Indeed, competition of more abundant
transition metal ions like Zn>* and Mn>* might aggra-
vate quantitation in vivo. We are currently investigating
these effects.

In summary, our work describes the development
of a selective and universal biosensor for Cu?>* which
allows for the quantitation of the latter by TCSPC of
any fluorescent protein.
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