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Abstract
Magnesium has important structural, catalytic and signaling roles in cells, yet few tools exist to image this metal ion in real
time and at subcellular resolution. Here we report the first genetically encoded sensor for Mg2+, MagFRET-1. This sensor is
based on the high-affinity Mg2+ binding domain of human centrin 3 (HsCen3), which undergoes a transition from a moltenglobular apo form to a compactly-folded Mg2+-bound state. Fusion of Cerulean and Citrine fluorescent domains to the ends
of HsCen3, yielded MagFRET-1, which combines a physiologically relevant Mg2+ affinity (Kd = 148 mM) with a 50% increase in
emission ratio upon Mg2+ binding due to a change in FRET efficiency between Cerulean and Citrine. Mutations in the metal
binding sites yielded MagFRET variants whose Mg2+ affinities were attenuated 2- to 100-fold relative to MagFRET-1, thus
covering a broad range of Mg2+ concentrations. In situ experiments in HEK293 cells showed that MagFRET-1 can be targeted
to the cytosol and the nucleus. Clear responses to changes in extracellular Mg2+ concentration were observed for MagFRET1-expressing HEK293 cells when they were permeabilized with digitonin, whereas similar changes were not observed for
intact cells. Although MagFRET-1 is also sensitive to Ca2+, this affinity is sufficiently attenuated (Kd of 10 mM) to make the
sensor insensitive to known Ca2+ stimuli in HEK293 cells. While the potential and limitations of the MagFRET sensors for
intracellular Mg2+ imaging need to be further established, we expect that these genetically encoded and ratiometric
fluorescent Mg2+ sensors could prove very useful in understanding intracellular Mg2+ homeostasis and signaling.
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in the cytosol, implicating a novel role for Mg2+ as second
messenger in intracellular signal transduction [16].
Despite the abundance and importance of Mg2+, the intracellular regulation of Mg2+ homeostasis and the putative role of Mg2+
in intracellular signal transduction are not well understood. In part
this is because of a lack of convenient molecular tools to image the
intracellular Mg2+ concentration in single living cells in real time
[17]. Magnesium-selective microelectrodes have been used to
determine cytosolic Mg2+ levels in different muscle cells, revealing
concentrations between 0.7 and 0.9 mM [4]. However, these
microelectrodes are highly invasive and do not provide spatial
information. Another method to probe the intracellular concentration of Mg2+ is the measurement of the ratio of Mg2+-bound
and Mg2+-free ATP using 31P NMR [18]. While non-invasive, 31P
NMR measures Mg2+ indirectly and averaged over a large
collection of cells [19,20]. The currently most commonly applied
approach uses synthetic dyes that alter their fluorescent properties
upon binding of Mg2+ [21–27]. However, many of the available
dyes show limited specificity for Mg2+ and often bind Ca2+ with
low micromolar affinity [22,25,26], which has been shown to
interfere in an intracellular setting [28]. A notable exception is
KMG-104 and related dyes developed by Kuzuki and coworkers,
whose affinity for Mg2+ is higher than for Ca2+ (Kd = 2.1 and
7.5 mM, respectively), rendering these dyes completely insensitive

Introduction
Magnesium is the most abundant intracellular divalent cation
and is involved in numerous essential cellular processes including
replication, transcription, translation and energy metabolism. In
addition to its omnipresent role as an essential enzymatic cofactor,
Mg2+ is also important for chromatin stability and regulates
specific ion channels [1,2]. The total cellular Mg2+ concentration
ranges between 14–20 mM, but the concentration of free Mg2+ in
the cytosol has been estimated to be between 0.1 and 1.5 mM [3–
7]. Given its importance to so many different cellular processes,
the intracellular Mg2+ concentration is generally believed to be
strongly buffered and tightly regulated by the combined action of
magnesium binding (macro)molecules (proteins, ribonucleic acids,
ATP, etc.), storage in organelles and the action of Mg2+ channels
[8–10]. Hereditary disorders related to Mg2+ homeostasis have
been shown to result in diminished kidney functioning and in
severe cases to renal failure, muscle spasms and seizures [11].
Magnesium deficiency has also been shown to accelerate cellular
senescence [12], providing a potential link between low dietary
magnesium intake and the early onset of aging diseases such as
diabetes [13], cardiovascular diseases [14] and osteoporosis [15].
Recent studies suggested that T cell activation following antigen
receptor stimulation was dependent on a transient influx of Mg2+
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to physiological changes in cytosolic Ca2+ concentration
[24,29,30]. Recently a variant of this dye, KMG-103 was reported
that showed preferred accumulation in mitochondria [27]. Like
most synthetic Mg2+ dyes, the KMG dyes are intensiometric,
making Mg2+ quantification challenging and sensitive to changes
in sensor concentration. A few ratiometric Mg2+ fluorescent dyes
(e.g. Mag-Fura and Mag-Indo) exist, yet these have the
disadvantage that they require potentially cytotoxic UV excitation
[17].
Genetically encoded fluorescent sensor proteins provide an
attractive alternative to small-molecule fluorescent sensors,
because they do not require cell-invasive procedures, their
concentration can be tightly controlled and they can be targeted
to different locations in the cell [31]. Many of these sensors consist
of metal binding domain(s) fused to a donor and an acceptor
fluorescent domain capable of Förster Resonance Energy Transfer
(FRET). Modulation of the distance and/or orientation of the
fluorescent domains following metal binding affects the FRET
efficiency, which can be detected as change in the emission ratio,
an output signal that is independent of sensor concentration. In
addition, the use of natural metal binding protein domains often
ensures a physiologically relevant metal binding affinity and
specificity. The wealth of genetically encoded sensors that have
been developed for Ca2+ [32–35], and more recently also for Zn2+
[36–39] and Cu+ [40,41], have made important contributions to
the understanding of intracellular metal homeostasis and signaling.
Surprisingly, no genetically encoded sensors have thus far been
reported for Mg2+. One of the specific challenges in this case is
metal binding specificity. Mg2+ and Ca2+ show similar coordination chemistry and often bind to the same metal binding proteins,
with Ca2+ typically showing stronger binding. Here we report the
first genetically encoded fluorescent sensor (MagFRET-1) for
Mg2+ by taking advantage of the particular metal binding
properties of the N-terminal part of the HsCen3 protein, which
binds both Ca2+ and Mg2+ with high affinity [42]. We show that
Mg2+ binding to MagFRET-1 induces folding from a moltenglobule state that results in an increase in FRET. Mutagenesis of
metal binding site residues allowed further tuning of the metal
binding properties, yielding MagFRET variants with Kd values for
Mg2+ binding ranging between 0.15 and 15 mM. While also
responsive to Ca2+ in vitro, we show that the Ca2+ affinities of the
MagFRET sensors are sufficiently attenuated that they are not
responsive to normal Ca2+ fluctuations in situ.

The mammalian expression vector for MagFRET-1 was obtained
by digesting pET28a-MagFRET-1 using restriction enzymes AgeI
and NotI. Ligation into a peCALWY-1 vector [36] that was
digested with the same restriction enzymes resulted in pCMVMagFRET-1 (Figure S2). Mutations in metal binding loop I and
II of MagFRET-1 were introduced using site-directed mutagenesis
(QuikChange Multi Site-Directed Mutagenesis Kit for mutations
in loop I and QuikChange Site-Directed Mutagenesis Kit for
mutations in loop II), following the kit manufacturer’s (Qiagen)
instructions. Primers used to introduce these mutations are listed
in Table S1. To obtain the mammalian expression vector
encoding for a nuclear-targeted MagFRET-1 (MagFRET-1-NLS),
a pUC57 vector containing a synthetic gene encoding for the final
part of Citrine together with three PKKKRKV repeats was
digested using restriction enzymes HindIII and NotI, followed by
ligation into a pCMV-MagFRET-1 plasmid that was treated with
the same restriction enzymes (Figure S3). The correct open
reading frame of each sensor was confirmed by Sanger dideoxy
sequencing (Baseclear, Leiden, The Netherlands).

Protein expression and purification
E. coli BL21(DE3) cells were used for protein expression. A
single colony was used to inoculate 5 mL LB medium (10 g/L
NaCl, 10 g/L peptone, 5 g/L yeast extract) supplemented with
30 mg/mL kanamycin which was grown overnight at 225 rpm at
37uC. Overnight cultures were diluted in 500 mL LB medium
containing kanamycin (30 mg/mL) and grown until an optical
density of 0.6–0.8 was reached at 600 nm wavelength. Protein
expression was induced by the addition of 0.1 mM isopropyl b-D1-thiogalactopyranoside (IPTG, Sigma). Bacteria were cultured
overnight at 225 rpm at 25uC and harvested by centrifugation at
10,000 g for 10 minutes at 4uC. The cell pellets were lysed using
Bugbuster reagent (Novagen) according to the manufacturer’s
instructions. The resulting soluble protein fraction was used for
further purification. The expressed MagFRET proteins contain an
N-terminal hexahistidine-tag. Ni2+-NTA resin (His-bind, Novagen) was used for affinity chromatography following the manufacturer’s instructions. After elution of the protein using 0.5 M
imidazole, the protein was dialyzed overnight against 100 volumes
of 20 mM Tris-HCl (pH 8.4), 150 mM NaCl and 2.5 mM CaCl2
using a 12–14 kDa Molecular Weight Cut-Off (MWCO) dialysis
membrane (Spectropore) at 4uC. The hexahistidine-tag was
subsequently removed by the addition of 0.3 U thrombin protease
(Novagen) per mg protein at a 0.2 mg/mL protein concentration
and incubated for 24 hours at 4uC. His-tags and uncleaved
proteins were removed using Ni2+ affinity chromatography. The
flow-through was further purified using size exclusion chromatography (SEC) on a Sephacryl S-200 High resolution column (GE
Healthcare). Fractions containing pure proteins were pooled,
concentrated, frozen in liquid nitrogen and stored in aliquots at
280uC. The purity and correct molecular weight of the obtained
proteins was confirmed by sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE, with 12% acrylamide) analysis.
The protein concentration was determined using the absorption at
515 nm (ND-1000 Nanodrop) and a molar extinction coefficient
of 77,000 M21cm21 for Citrine [44].

Materials and Methods
Cloning of expression plasmids
DNA encoding the N-terminal fragment of HsCen3 (residues 23
to 98 [42]) was obtained as a synthetic pUC57 construct
(GenScript, USA). Restriction of this construct with restriction
enzymes NheI and NcoI yielded an insert fragment that was
compatible with a pET28a acceptor vector encoding for His6Cerulean-(GGS)18-Citrine [43] that had been treated with
restriction enzymes SpeI (creating an NheI-compatible cohesive
overhang) and NcoI. A ligation was carried out at equimolar
vector-to-insert ratio using T4 DNA ligase (TaKaRA Mighty Mix,
Takara, USA) at 16uC for 1 hour following the manufacturer’s
instructions, resulting in pET28a-MagFRET-1 (Figure S1). The
SpeI restriction site in the pET28a-His6-Cerulean-(GGS)18-Citrine
acceptor vector was located 8 residues upstream of the Cerulean
C-terminus, such that in the final MagFRET construct, the native
flexible C-terminus of Cerulean was deleted, resulting in tighter
allosteric coupling between changes in HsCen3 conformation and
changes in the fluorescent domains’ interchromophore distance.
PLOS ONE | www.plosone.org

Fluorescence spectroscopy
Unless otherwise mentioned, magnesium and calcium titrations
were performed in 150 mM Hepes (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) (pH 7.1), 100 mM NaCl, 10% (v/v)
glycerol. Fluorescence emission spectra were recorded between
450 and 600 nm at a 0.2 mM protein concentration on a Varian
Cary Eclipse fluorometer with an excitation wavelength of
2
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for FRET measurements was performed on an Axio observer D.1
(Zeiss) equipped with an Axiocam MRm monochrome digital
camera (Zeiss) using Axiovision 4.7 software. Samples were excited
using a HXP 120 Mercury lamp (Zeiss) and Cerulean and Citrine
emission was recorded sequentially using filter set 47 (excitation
BP 436/20, dichroic 455, emission BP 480/40) and 48 (excitation
BP 436/20, dichroic 455, emission BP 535/30) (Zeiss) in a
motorized filter turret. Emission of Oregon Green-BAPTA was
recorded using filterset 38 HE (excitation 470/40, dichroic 495,
emission BP 525/50) (Zeiss). Images were acquired using an
apochromat 406objective, with an exposure time of 200–300 ms.

420 nm. MgCl2 and CaCl2 (both from Sigma) were added at
increasing concentrations from a concentrated stock solution in
water. To determine the MagFRET-1 dissociation constant (Kd)
for Mg2+, the emission ratio (R) as a function of MgCl2
concentration ([Mg2+]) was fit to equation 1,


DR: Mg2z
R~Rs z
Kd z½Mg2z 

ð1Þ

where RS is the starting emission ratio in absence of Mg2+ and DR
the difference in emission ratio between the Mg2+-free and Mg2+saturated form of MagFRET-1. To determine the MagFRET Kd1
and Kd2 values associated with the first and second Ca2+-binding
events respectively, the emission ratio (R) as a function of CaCl2
concentration ([Ca2+]) was fit to a double binding event using
equation 2,




DR1 : Ca2z
DR2 : Ca2z
R~Rs z
z
Kd1 z½Ca2z  Kd2 z½Ca2z 

Imaging of response to changes in intracellular Mg2+
Prior to addition of Mg2+ or EDTA, cells were permeabilized by
a 6 minute incubation of HEK293 cells in 400 mL intracellular
buffer (IB) containing 10 mg/ml digitonin (Sigma). IB comprised
20 mM Hepes (pH 7.05), 140 mM KCl, 10 mM KH2PO4,
100 mM ATP, 2 mM Na+ succinate and 5.5 mM glucose. After
6 minutes, recordings were started and buffers containing
increasing concentrations of EDTA or MgCl2 were added as
stated in the main text. When adding MgCl2, KCl concentrations
were reduced accordingly to maintain the Cl2 concentration at
140 mM. Imaging frequency was 0.1 Hz.

ð2Þ

where RS is the starting emission ratio in absence of Ca2+, DR1 is
the difference between the emission ratio in the Ca2+-free state and
the state in which a single Ca2+ ion has bound to the first metal
binding loop of HsCen3, DR2 the difference between the latter
state and the state in which a second Ca2+ ion has bound to EFhand II. For the metal specificity measurements, either BaCl2,
NiSO4, CuSO4, ZnCl2 or FeCl3 was added from 10006
concentration stock solutions to a final concentration of 10 mM,
followed by addition of 1 mM MgCl2. For titrations (with MgCl2,
NaCl and ammonium acetate) testing the effect of ionic strength
on the sensor, a low salt buffer was used, consisting of 20 mM
Hepes (pH 7.1), 10 mM NaCl and 10% (v/v) glycerol. To test for
pH sensitivity of MagFRET-1, MgCl2 and CaCl2 titrations were
carried out in buffers where Hepes was replaced with either MES
(2-(N-morpholino)ethanesulfonic acid) or Tris (tris(hydroxymethyl)aminomethane) in the standard measurement buffer. The MEScontaining buffer was prepared at pH 6 while the Tris-containing
buffer was prepared at pH 8.

Intracellular Ca2+ specificity
Intracellular calcium specificity measurements were performed
on HEK293 cells transfected as described above. Modified Krebsbicarbonate buffer was used, consisting of 10 mM Hepes (pH 7.4),
140 mM NaCl, 3.6 mM KCl, 0.5 mM NaH2PO4, 1.5 mM
CaCl2, 25 mM NaHCO3 and 3 mM glucose. Where indicated,
PAR-1 agonist peptide (sequence SFLLRN, Genscript, USA) or
ATP (Sigma) were added to a final concentration of 50 mM.
Control experiments were performed using non-transfected
HEK293 cells that were loaded with 10 mM Oregon GreenBAPTA-AM (Life Technologies, Netherlands) in phosphate
buffered saline (PBS) with 0.01% (w/v) Pluronic F-127 (Life
Technologies) for 30 minutes. At the end of each experiment in
which Oregon Green-BAPTA-AM was used, 20 mM of calcium
ionophore A23187 (Sigma) was added. Imaging frequency was
0.2 Hz.

Cell culturing and transfection
HEK293 cells were grown in Dulbecco’s modified Eagle
medium (DMEM, Sigma) containing 10% (vol/vol) fetal bovine
serum (FBS, Life Technologies), 3 mM glucose, 2 mM glutamine,
100 units mL21 penicillin and 100 mg mL21 streptomycin at 37uC
and 5% CO2. Cells were plated on poly-L-lysine (Sigma) treated
glass coverslips and transfected with 1.5 mg of plasmid DNA and
5 mg polyethyleneimine (PEI). Cells were imaged for transient
expression 2 days after transfection. In addition to the pCMVMagFRET-1 and pCMV-MagFRET-1-NLS constructs described
above, cells were also transfected with peZinCh-NB [36], which
encodes for the Cerulean-linker-Citrine protein that was used as a
negative control. Details of the Western blot procedure are
provided in Method S1.

Results
Sensor design
The construction of a FRET sensor for Mg2+ requires the
availability of a metal binding domain that undergoes a large
conformational change and displays a relatively high affinity for
Mg2+ compared to Ca2+. Cox and coworkers previously reported
that a truncated version of HsCen3 containing the first two of its
four native EF-hand metal binding sites, undergoes a dramatic
change in conformation upon metal binding from a molten
globular (MG) state to a compact, natively-folded state [42].
Unlike most other EF hand-like proteins, which typically bind
Ca2+ orders of magnitude more strongly than Mg2+, HsCen3’s first
EF hand is a high-affinity mixed Mg2+/Ca2+ binding site, with a
reported Kd for Mg2+ of 10–28 mM and a Kd for Ca2+ of 1.5–
8 mM. The second metal binding site was reported to bind only
Ca2+, but with a much weaker affinity (Kd = 140 mM). HsCen3 is
one of the four isoforms of human Centrin, a family of proteins
that is involved in centriole duplication. We based our design on
the structure of HsCen2, which shows high homology to HsCen3
and is the only isoform for which an X-ray structure has been
determined (Figure 1A). The 11 kDa N-terminal fragment
studied by Cox and coworkers contained the complete a-helix

Fluorescence microscopy
To demonstrate correct localization and subcellular targeting of
MagFRET-1, confocal microscopy (Leica TCS SP5 X) was used to
image the sensor with high spatial resolution. Samples were
excited using a 405 nm laser and emission was detected using a
hybrid APD/PMT detector (HyD, Leica). Spectral emission
windows were set to 460–490 nm for the Cerulean channel and
510–550 nm for the Citrine channel, using an acousto optical
beam splitter (AOBS, Leica). Widefield fluorescence microscopy
PLOS ONE | www.plosone.org
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connecting the 2nd and 3rd EF hand sites. To decrease the distance
between the N- and C-termini of the receptor part in the Mg2+bound state, we decided to truncate this helix to approximately
half its size (aa 23–98) and fuse it to the fluorescent proteins
Cerulean and Citrine (Figure 1B). To ensure that a conformational change of the HsCen3 domain in MagFRET-1 was
translated to a maximal change in relative orientation of the
fluorescent domains, the final 8 amino acids from the flexible Cterminus of Cerulean were removed.

was fitted to a 2:1 binding model (Figure 2C). Binding of Ca2+ to
the high affinity site showed a Kd of 1064 mM and resulted in a
19% increase in emission ratio. An additional 20% increase in
emission ratio was observed at Ca2+ concentrations above 1 mM,
but the low affinity for this site precluded accurate determination
of its Kd. While the absolute affinity of MagFRET-1 for Ca2+ is
higher than for Mg2+, the sensor would not be expected to be
sensitive to normal fluctuations in bulk cytosolic Ca2+ concentrations, which range between 0.1 and 1 mM [45]. No increase in
emission ratio was observed upon addition of 10 mM Ba2+, Ni2+,
Cu2+ or Fe3+, while only a very small increase was seen for 10 mM
Zn2+ (Figure 2D), a concentration that is 10,000-fold higher than
the free Zn2+ concentration found in the cytosol [36]. Another
important aspect of sensor performance is pH sensitivity. Ca2+ and
Mg2+ titrations performed at pH 6 and pH 8 showed that metal
binding affinities were unaffected within this pH range (Figure
S4A–D). As expected, the absolute emission ratios where
somewhat lower at pH 6, due to the pH sensitivity of Citrine,
which has a pKa of 5.7 [44]. Finally, we noticed that the emission
ratio of the apo form of the sensor is dependent on the ionic
strength of the buffer (Figure S5A). When the Mg2+ titration was
repeated in a low ionic strength buffer, the emission ratio of the
apo form decreased to 2.2, whereas the emission ratio in the Mg2+bound state was the same (Figure S5B) and the Mg2+ affinity
remained mostly unaffected (Kd = 231610 mM). This ionic
strength dependence most likely reflects the influence of ionic
strength on the compactness of the molten globule structure of
HsCen3. Although the effect is less pronounced at physiologically
relevant salt concentrations, it does mean that large changes in
ionic strength should be avoided when applying MagFRET-1 in
situ.

In vitro characterization of MagFRET-1
To allow characterization of MagFRET-1 in vitro, a His-tagged
sensor construct was expressed in good yield in E. coli BL21(DE3)
and purified using Ni2+-affinity and size exclusion chromatography. A relatively high ratio of Citrine to Cerulean emission of 3.6
was observed in the absence of Mg2+, indicating that the molten
globule state of the metal binding domain is relatively compact
bringing the fluorescent domains close together (Figure 2A). As
expected, a further increase in emission ratio of 50% was observed
upon addition of Mg2+, which is consistent with the formation of a
more compact metal-bound, native state. The increase in emission
ratio could be fitted using a 1:1 binding model, yielding a Kd for
Mg2+ of 148623 mM (Figure 2B). Fortunately, this affinity is in
the (lower) range of the cytosolic [Mg2+]free reported by previous
methods, and 10-fold weaker than that reported by Cox et al. for
their N-terminal variant of HsCen3 [42]. Since HsCen3 was
reported to not only bind Mg2+ but also contain two Ca2+ binding
sites [42], the Ca2+ response of MagFRET-1 was also tested.
Addition of Ca2+ led to a biphasic increase in emission ratio, which

Tuning metal binding affinities
To test whether we could further tune the metal affinity and
specificity of the MagFRET sensor we explored several mutations
in both metal binding sites. Targeting key residues in the 1st EF
hand (D1A, D3E, A7D and D5E/A7E) resulted in a reduction of
both the Mg2+ and Ca2+ affinity to the millimolar regime,
indicating that these residues are indeed directly involved in high
affinity metal binding (Table 1, Figure 3C–F). Only a single
Ca2+ binding event was observed for these mutants, suggesting
that the two EF hands in MagFRET-3-6 have a similar Ca2+
affinity, making the two binding events indistinguishable. Interestingly, an E6D substitution (MagFRET-2) did not alter the
affinity for Mg2+ or Ca2+ (Figure 3B, Table 1), showing that the
presence of a glutamic acid at this position is not essential for high
affinity metal binding. Although the change in emission ratio for
binding Mg2+ is attenuated to 33% in this variant, the response to
Ca2+ binding is almost absent for the high affinity site (3%),
rendering this variant effectively Ca2+ insensitive. In an effort to
abolish Ca2+ binding to the weakly Ca2+-binding EF hand II, we
replaced aspartic acid 1 (MagFRET-7) and glycine 6 (MagFRET8) at that site by positively charged lysine residues. Surprisingly,
upon titration of Ca2+, both sensor variants still displayed the same
biphasic response as seen with MagFRET-1 (Figure 3A, G, H),
showing that neither of these residues is essential for the low
affinity Ca2+ binding event in EF hand II. Interestingly, both the
D1K and the G6K mutation subtly attenuated the high affinity
mixed Ca2+/Mg2+ site in EF-hand I, leading to a 6- and 5-fold
decrease of the Mg2+ affinity and a 6- and 4-fold decrease in Ca2+
affinity, respectively (Figure 3G, H). The somewhat weaker
affinities for both Mg2+ and Ca2+ observed for MagFRET-7 and
MagFRET-8 could prove beneficial for imaging Mg2+ homeostasis

Figure 1. Design of the genetically encoded magnesium FRET
sensor MagFRET. (A) Crystal structure (PDB code 2GGM) of HsCen2 in
the calcium-bound, compact state. The typical helix-loop-helix structure
can be observed, with EF-hands indicated by Roman numerals. The
dotted lines indicate the N-terminal truncated part of the domain used
in the sensor. In HsCen3, the high-affinity Mg2+/Ca2+ binding site is in
loop I, and a much weaker Ca2+-binding site is found in loop II. (B)
Schematic representation of MagFRET, where the N-terminal truncation
of HsCen3 is flanked by Cerulean and Citrine. In absence of Mg2+, the
HsCen3 domain is in a molten globule-like state, with little tertiary
structure and a relatively large average distance between the
fluorescent domains. Mg2+-binding induces a compact, well-defined
tertiary structure, resulting in increased energy transfer between
Cerulean and Citrine.
doi:10.1371/journal.pone.0082009.g001
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Figure 2. Metal binding properties of MagFRET-1. (A) Normalized fluorescence emission spectra of MagFRET-1 at 0 and at 16 mM Mg2+ after
excitation at 420 nm. (B, C) Emission ratio (Citrine to Cerulean) of MagFRET-1 as a function of the Mg2+ (B) or Ca2+ (C) concentration. Solid lines
indicate a fit to a single (B) or a double (C) binding event, yielding a Kd of 0.1560.02 mM for Mg2+ and Kd’s of 1064 mM and ,35 mM for Ca2+,
respectively. (D) Emission ratios of MagFRET-1 in absence of metal, in the presence of 10 mM Ba2+, Ni2+, Cu2+, Zn2+ or Fe3+, and in the presence of the
same metals and 1 mM Mg2+. Measurements were performed in triplicate, error bars indicate SEM. All measurements were performed in 150 mM
Hepes (pH 7.1), 100 mM NaCl and 10% (v/v) glycerol with 0.2 mM sensor protein.
doi:10.1371/journal.pone.0082009.g002

under conditions where the intracellular Mg2+ concentrations are
higher.

(Figure S7A), while cells loaded with Oregon Green-BAPTA
showed a clear response to the same treatment (Figure S7B).
Having established that MagFRET-1 could be targeted and that
it was insensitive to normal cytosolic Ca2+ fluctuations, we next
characterized MagFRET-1’s ability to report on changes in
cytosolic [Mg2+]free. Surprisingly, attempts to perturb the free
concentration of Mg2+ in the cytosol of intact HEK293 cells using
previously reported procedures did not induce a significant
ratiometric response in HEK293 cells transfected with MagFRET-1 (not shown). These protocols included incubation of the
cells in 50 mM MgCl2 [29], exposure to the Mg2+ competitor Li+
[53] and varying of the sodium concentration to affect the Mg2+/
Na+ exchanger [54]. To verify that the transiently expressed sensor
is still responsive, we permeabilized HEK293 cells transfected with
MagFRET-1 using 10 mg/mL digitonin and exposed them to
buffers with different Mg2+ or EDTA concentrations (Figure 4G–
J). Addition of 2 mM Mg2+ resulted in an increase in emission
ratio for MagFRET-1, indicating metal binding to this sensor
(Figure 4G). Subsequent addition of increasing Mg2+ concentrations did not result in a further increase in emission ratio up to
10 mM, while rounding of cells was observed at concentrations of
15 and 30 mM Mg2+ (not shown). To verify that the sensor could
also monitor a decrease in cytosolic Mg2+ levels, the metal chelator
EDTA was added to permeabilized cells expressing MagFRET-1.
Upon addition of EDTA, cells expressing MagFRET-1 showed a
decrease in emission ratio that is consistent with a decrease in
cytosolic Mg2+ levels (Figure 4H). Importantly, no changes in
emission ratio were observed upon addition of Mg2+ or EDTA to
digitonin-treated cells expressing a negative control construct
consisting of Cerulean, a flexible linker and Citrine but lacking any
metal binding sites (Figure 4I, J). These results exclude the
possibility that changes in emission ratio observed in MagFRET-1expressing cells may have resulted from changes in the fluorescent

In situ characterization of MagFRET-1 in HEK293 cells
To assess the sensor properties of MagFRET-1 in situ, CMV
vectors were constructed to allow transient expression of
MagFRET-1 in HEK293 cells. Fluorescence microscopy images
revealed homogeneous expression of the sensor in the cytosol
(Figure 4A, B) and Western blot analysis showed a single band
corresponding to the full-length protein (Figure S6). In addition,
transfection of cells with a construct containing three repeats of the
nuclear localization sequence PKKKRKV [46,47] at the Cterminus of the sensor protein (MagFRET-1-NLS), resulted in a
clear cyan and yellow emission in the nucleus (Figure 4C, D),
which demonstrates the ability to target MagFRET-1 to a specific
location in the cell. Although the Kd of MagFRET-1 for Ca2+
determined in vitro is an order of magnitude higher than the
maximum Ca2+ concentration that is typically observed in the
cytosol during signaling, it was still important to verify that the
MagFRET-1 sensor does not respond to stimuli that are known to
transiently induce increases in cytosolic Ca2+ concentrations. Ca2+
signaling in HEK293 cells was activated via addition of 50 mM of
the protease activated receptor-1 (PAR-1) agonist peptide [48,49].
No changes in the emission ratio of MagFRET-1 were observed
after addition of this stimulant (Figure 4E). Cells loaded with the
synthetic Ca2+ dye Oregon Green-BAPTA did show a transient
increase in fluorescence upon addition of PAR-1 agonist peptide,
confirming that the expected increase in intracellular Ca2+
concentration was induced under these conditions (Figure 4F).
Similar results were obtained with ATP, another commonly used
stimulant for Ca2+ signaling [50–52]. Addition of 50 mM ATP did
not affect the emission ratio of MagFRET-1 in HEK293 cells
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domains’ properties due to their sensitivity to pH or [Cl2] and
confirm that MagFRET-1 is capable of responding to changes in
intracellular Mg2+ levels.

[56]. In addition, ligand binding domains can be intentionally
destabilized to turn conformationally silent ligand binding
domains into attractive input domains for FRET sensor design
[57]. This work revealed that ligand-induced folding of intrinsically-disordered proteins is an attractive mechanism for FRET
sensor design. However, it also identified a potential disadvantage
as we observed that the conformation and thus the amount of
energy transfer of the ligand-free state is sensitive to ionic strength.
Although this effect is most apparent below physiologically
relevant salt concentrations, it is important to be aware of this
phenomenon and use these sensors under conditions of constant
ionic strength or use appropriate control sensors that have a
strongly attenuated Mg2+ affinity, such as e.g. MagFRET-6.
The Mg2+ and Ca2+ affinity of MagFRET-1 were found to be
attenuated compared to the affinities previously reported for the
N-terminal domain of HsCen3 (Kd = 10–28 mM for Mg2+;
Kd = 1.5–8 and 140 mM for Ca2+). The difference in metal binding
affinity might be explained by the fact that the central a-helix that
connects the 2nd and 3rd EF hands in HsCen3 was reduced to half
its length in MagFRET-1, possibly further destabilizing the Nterminal domain, resulting in a net decrease in Mg2+ affinity.
Fortunately, in this case the attenuation yielded a sensor that is
sensitive to physiologically relevant Mg2+ concentrations, and
insensitive to normal cytosolic Ca2+ concentrations. The limited
number of metal binding domain mutations that were explored in
this study revealed that mutations in the first EF hand typically
result in strongly attenuated metal binding affinities. A more
subtle, 4–6 fold attenuation of metal binding affinity was obtained
after introduction of positively charged amino acids in the 2nd EF
hand. These effects could be due to direct allosteric coupling
between the two EF hands in the metal-bound state, but
alternatively could also result from further stabilization of the
molten globule state. An important goal is to develop sensor
variants that are less sensitive to Ca2+ yet retain affinity for Mg2+,
as this would allow targeting to organelles known to have much
higher resting levels of Ca2+. The similar coordination chemistries
of Ca2+ and Mg2+ make rational design of such variants
challenging, although mutations in an EF-hand-like protein have
been reported that decreased the Ca2+ affinity 100-fold while
simultaneously doubling the Mg2+ affinity [58]. Further optimization of metal binding affinity and specificity, but also the sensor’s
dynamic range, may benefit from directed evolution approaches

Discussion
To the best of our knowledge, this work represents the first
report of a genetically encoded fluorescent sensor for Mg2+. The
new sensor principle of metal-induced folding of an EF-hand
protein was used to create a FRET-based sensor protein that
combines a physiologically relevant Mg2+ affinity with a 50%
increase in emission ratio upon Mg2+ binding. Mutations
introduced in the metal binding domains yielded sensor variants
with different degrees of attenuation in Mg2+ affinity, generating a
toolbox of MagFRET variants for different applications. Unlike
most synthetic fluorescent Mg2+ probes reported so far, MagFRET-1 allows emission ratiometric detection of Mg2+ and is thus
less sensitive to fluctuations in sensor concentration or background
fluorescence. A general advantage of genetically encoded sensors is
that their subcellular localization can be easily controlled, as we
demonstrated by targeting MagFRET-1 to the cytosol and nucleus
of HEK293 cells. Importantly, while MagFRET-1 is also sensitive
to Ca2+, its Ca2+ affinity is sufficiently attenuated to make the
sensor effectively unresponsive to the Ca2+ levels reached during
signaling. Although MagFRET-1 was clearly responsive to
changes in Mg2+ in permeabilized HEK293 cells, we did not
observe similar changes in emission ratio for intact cells. A lack of
selective Mg2+ ionophores and chelators is a fundamental problem
in the Mg2+ imaging field [4] and prevented us from calibrating
the sensor’s resting emission ratio by depleting and saturating the
sensor in situ, as is commonly done for genetically encoded Ca2+
and Zn2+ sensors.
Despite the intrinsically large conformational change associated
with protein folding, surprisingly few examples of FRET sensors
exist where ligand-induced folding of a partially unfolded receptor
domain is employed in FRET sensor design. Most FRET sensors
developed so far either use ligand binding domains that are known
to undergo significant conformational changes upon ligand
binding (e.g. the periplasmic binding proteins [55]), or receptor
domains that undergo a ligand-induced interaction with another
peptide/protein domain (e.g. Cameleons [32]). Ligand-induced
folding is believed to occur for intrinsically-disordered proteins,
which may account for 35–51% of all eukaryotic protein domains
Table 1. Sensor properties of the different MagFRET variants.

Variant

1st EF-h and sequence1

2nd EF-hand sequence1

Kd Mg2+/mM ±
SE2

D.R. Mg2+
binding
event3

Kd,1 Ca2+/mM ±
SE2

D.R. 1st Ca2+
binding
event3

MagFRET-1

DTDKDEAIDYHE

DREATGKITFED

0.1560.02

49%

1063.7

19%

MagFRET-2

DTDKDDAIDYHE

DREATGKITFED

0.3560.03

33%

1569.8

3.1%
66%

MagFRET-3

ATDKDEAIDYHE

DREATGKITFED

9.260.7

58%

45006243

MagFRET-4

DTEKDEAIDYHE

DREATGKITFED

8.560.5

62%

45006311

64%

MagFRET-5

DTDKDEDIDYHE

DREATGKITFED

7.460.5

74%

16006116

49%

MagFRET-6

DTDKEEEIDYHE

DREATGKITFED

1560.8

50%

79006786

55%

MagFRET-7

DTDKDEAIDYHE

KREATGKITFED

0.7860.04

38%

5765

23%

MagFRET-8

DTDKDEAIDYHE

DREATKKITFED

0.8960.06

56%

3665

25%

1

Mutations introduced in the first or second 12-residue metal binding loops of HsCen3 are indicated in bold and are underlined.
The dissociation constant (Kd) for each variant’s Mg2+ and first Ca2+ binding event is indicated, together with the standard error (SE).
A binding event’s dynamic range (D.R.) is defined as the difference in emission ratio between the unbound and fully metal bound form divided by the emission ratio in
the unbound form, multiplied by 100%.
doi:10.1371/journal.pone.0082009.t001

2
3
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Figure 3. Mg2+/Ca2+ titrations of MagFRET variants with mutations in metal binding sites. (A–H) Emission ratio (Citrine to Cerulean) of
MagFRET variants as a function of the Mg2+ (black circles) or Ca2+ (grey triangles) concentration. Solid black traces indicate a fit to a Mg2+-binding
event, while grey traces indicate a fit to either double Ca2+-binding events (A, B, G, H) or a single Ca2+-binding event (C–F). Results of the titrations are
summarized in Table 1. Measurements were performed in 150 mM Hepes (pH 7.1), 100 mM NaCl and 10% (v/v) glycerol and 0.2 (A) or 1 (B–H) mM
protein.
doi:10.1371/journal.pone.0082009.g003

HEK 293 cells. This result was expected based on the affinity of
MagFRET-1 that was determined in vitro (Kd = 10 mM) and
previous reports that show that bulk cytosolic Ca2+ concentrations
typically reach a maximum of 1 mM during signaling [45]. In
contrast, synthetic Mg2+ dyes with similar affinity to Ca2+ as
MagFRET-1 have been reported to respond to Ca2+. This may be
explained by the fact that MagFRET-1 is exclusively localized in

similar to the ones that were recently applied to develop new color
variants of the Ca2+ sensor GECO [34,59].
In situ characterization of MagFRET-1 in HEK293 cells
revealed that the sensor is readily expressed in the cytosol and
can be targeted to the nucleus. Two ligands that are known to
induce Ca2+ signaling in cells, PAR-1 agonist peptide and ATP,
did not affect the emission ratio of the MagFRET-1 sensor in
PLOS ONE | www.plosone.org
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Figure 4. In situ characterization of MagFRET-1 in HEK293 cells. (A–D) Confocal fluorescence microscopy images showing HEK293 cells
expressing MagFRET-1 (A, B) and MagFRET-1-NLS (C, D) showing Cerulean (A,C) or Citrine emission (B, D). (E, F) Investigation of MagFRET-1’s in situ
Ca2+ sensitivity. (E) Emission ratio over time of intact HEK293 cells expressing MagFRET-1 measured by widefield fluorescence microscopy. At
t = 120 s, 50 mM of PAR-1 agonist peptide was added to activate Ca2+ signaling. (F) To confirm Ca2+ signaling took place in stimulated cells, the
fluorescence intensity of intact HEK293 cells loaded with Ca2+-dye Oregon Green–BAPTA was followed. At t = 120 s, 50 mM of PAR-1 agonist peptide
was added to activate Ca2+ signaling, and at t = 240 s, 20 mM A23187 was added. In E and F, each trace represents the response of an individual cell,
with ratio (E) or intensity (F) normalized to the value at t = 0 s. (G, H) Response of MagFRET-1 expressed in permeabilized HEK293 cells to changes in
[Mg2+]. MagFRET-1 emission ratio was followed over time as the concentration of MgCl2 (G) or EDTA (H) was increased, as indicated on the panels. (I,
J) Response of negative control construct Cerulean-linker-Citrine expressed in permeabilized HEK293 cells to changes in [Mg2+]. To maintain an
isotonic solution, the increase in Cl2 concentration due to addition of MgCl2 was compensated for by reducing the KCl concentration in the buffer.
Prior to imaging, cells were permeabilized using 10 mg/mL digitonin. Traces in G to J represent averages of at least 9 cells, error bars indicate SEM,
ratios were normalized to the emission ratio at t = 0.
doi:10.1371/journal.pone.0082009.g004

substantial and physiologically relevant fluctuations in Mg2+
concentration could still occur locally, e.g. at the plasma
membrane near Mg2+-specific ion channels. Although MagFRET-1 responded to changes in Mg2+ concentration in the
order of seconds both in vitro and in cells, protein-based sensors
often display slower kinetics than small molecule sensors, so that
MagFRET-1 might fail to respond to extremely fast Mg2+
transients, should they occur. In addition, overall Mg2+ levels
could change over longer periods of time, e.g. as a function of the
cell cycle. These changes may be more reliably monitored using
lifetime imaging, which might also be the preferred method to
allow quantification of intracellular Mg2+ concentrations. Although we confirmed that MagFRET-1 is responsive to changes in
Mg2+ concentration in permeabilized cells, we cannot completely

the cytosol, whereas synthetic dyes sometimes partially mislocalize
to Ca2+-rich organelles such as the ER or even leak into the
external buffer [60]. Surprisingly, HEK293 cells expressing
MagFRET-1 did not respond to procedures that were previously
reported to affect the intracellular Mg2+ concentration. A possible
explanation is that the free concentration of Mg2+ in the cytosol is
tightly buffered and controlled and not easily changed by external
stimuli. The free concentration of Mg2+ in the cytosol is at least
1000-fold higher than that of Ca2+ and 106-fold higher than that of
Zn2+. For this reason and because Mg2+ is essential to such a wide
variety of biological processes, it would not be surprising that
manipulation of intracellular free Mg2+ is much more difficult than
that of other metals. Nonetheless, it is conceivable that while the
overall free Mg2+ concentration in cells is relatively constant,
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rule out that for some unknown reason MagFRET-1 is less
responsive in intact cells. The potential and limitations of the
MagFRET sensors for intracellular Mg2+ imaging therefore
remain to be further established.

10% (v/v) glycerol. Fitting of the data using a single binding event
revealed a Kd for Mg2+ of 231610 mM.
(TIF)
Figure S6 Western blot analysis of MagFRET-1 expressing HEK293 cells. A molecular weight marker (Precision Plus
Protein Standards, Bio-Rad) was loaded in the left-hand lane.
Lane 1 displays the lysate of HEK293 cells transfected with a
vector encoding for MagFRET-1 under control of a CMV
promoter. The blotting membrane was incubated with mouse antiGFP (Ab3277, Abcam), followed by HRP-functionalized goat antimouse antibody (Dako). The calculated molecular weight for
MagFRET-1 is 62 kDa.
(TIF)

Supporting Information
Nucleotide sequence of bacterial expression
vector pET28a-MagFRET-1 ORF. The DNA sequence is
shown in lowercase, with the single letter amino acid code shown
beneath each codon in uppercase. The His-tag is highlighted in
bright green, the thrombin cleavage site in pink, Cerulean in
turquoise, HsCen3 in red and Citrine in yellow. The two EF-hand
motifs are underlined in white.
(PDF)

Figure S1

Figure S7 Investigation of MagFRET-1 response to
elevated cytosolic Ca2+ induced by ATP. (A) Emission ratio
over time of intact HEK293 cells expressing MagFRET-1
measured by widefield fluorescence microscopy. At t = 104 s,
50 mM ATP was added to activate Ca2+ signaling. (B) To confirm
Ca2+ signaling took place in stimulated cells, the fluorescence
intensity of intact HEK293 cells loaded with Ca2+-dye Oregon
Green–BAPTA was followed. At t = 104 s, 50 mM ATP was added
to activate Ca2+ signaling, and at t = 226 s, 20 mM of the Ca2+
ionophore A23187 was added. In A and B, each trace represents
the response of an individual cell, with ratio (A) or intensity (B)
normalized to the value at t = 0 s.
(TIF)

Nucleotide sequence of mammalian expression vector pCMV-MagFRET-1 ORF. The DNA sequence is
shown in lowercase, with the single letter amino acid code shown
beneath each codon in uppercase. Cerulean is highlighted in
turquoise, HsCen3 in red and Citrine in yellow. The two EF-hand
motifs are underlined in white.
(PDF)
Figure S2

Figure S3 Nucleotide sequence of mammalian expression vector pCMV-MagFRET-1-NLS ORF. The DNA
sequence is shown in lowercase, with the single letter amino acid
code shown beneath each codon in uppercase. Cerulean is
highlighted in turquoise, HsCen3 in red, Citrine in yellow and the
three PKKKRKV repeats in grey. The two EF-hand motifs are
underlined in white.
(PDF)

Method S1

Western blotting.

(PDF)
Table S1 Primers used for mutagenesis of HsCen3.

Effect of pH on MagFRET-1. To check for pH
sensitivity, the MagFRET-1 emission ratio was followed as a
function of Mg2+ (A, B) and Ca2+ (C, D) concentration, at pH 6
(A, C) and pH 8 (B, D). Fitting of the data revealed a MagFRET-1
Kd for Mg2+ of 230635 mM at pH 6 and 99618 mM at pH 8. The
sensor’s Kd for Ca2+ (first binding event) at pH = 6 was found to be
5.661.7 mM, while at pH 8 it was 5.961.9 mM. Buffers used were
150 mM MES (pH 6), 100 mM NaCl and 10% glycerol for pH 6
and 150 mM Tris (pH 8), 100 mM NaCl and 10% glycerol for
pH 8.
(TIF)
Figure S4

(PDF)
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