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 The GFP chemosensors performed a
ﬂuorescence light-up response to
Hg(II).
 The underlying mechanism was unveiled as a shift between two
ground-state populations of GFP.
 The light-up imaging of Hg(II) in
living cells was achieved.
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Hg(II) is well-known for quenching ﬂuorescence in a distance dependent manner. Nevertheless, when we
exposed the ﬂuorophore of a green ﬂuorescent protein (GFP) toward Hg(II), through H148C mutation, the
GFP ﬂuorescence could be “lighted up” by Hg(II) down to sub-nM level. The detection linear range is
0.5–3.0 nM for protein solutions at 8.0 nM. The GFPH148C protein displayed a promising selectivity
toward Hg(II) and also the cellular imaging capacity. Spectra measurements suggested that the groundstate redistribution of protein contributed to the ﬂuorescence enhancement, which was found not
limited to Hg(II), and thus presented an opening for building a pool of GFP-based chemosensors toward
other heavy metal ions.
ã 2015 Elsevier B.V. All rights reserved.
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1. Introduction
Hg(II) is an interesting metal ion since it is on one hand toxic,
and on the other hand employed in cinnabar (containing HgS) as a
traditional Chinese medicine for centuries [1]. It would therefore
be of great signiﬁcance to develop probes that are able to in vivo
trace Hg(II), for understanding of its toxicity and/or function.
Fluorescent chemosensors would naturally be excellent candidates
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for these purposes, as both high sensitivity and capacity of imaging
are possible. Indeed many synthetic ﬂuorescent chemosensors for
Hg(II) have been made available [2–5], e.g., chemosensors of
organic ﬂuorophores [6–12], oligonucleotide-based sensors
[13–17], and protein-based sensors [18]. Some of them exhibit
capacity for detection of Hg(II) in living cells or vertebrate
organisms. Yet designing single protein-based ﬂuorescent chemosensors would be more demanding since they can be targeted to
deﬁned domains of the protein in a noninvasive way, with the
expression level controlled by the inducible promoter.
Green ﬂuorescent proteins (GFPs) are, in this regard, ideal
candidates because of their stable ﬂuorescence in the absence of
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exogenous cofactors and substrates [19]. Genetically encoded
GFP-based chemosensors can be constructed and function with
little or reduced inﬂuence on the biological and physical properties
of most of the host proteins [20–22]. Since the ﬂuorophore in GFP is
well protected from the bulky phase by the 11 b-sheet barrel-like
structure [23], its accessibility by analytes and hence the
sensitivity are reduced. This is probably why GFPs have long been
employed as ﬂuorescent labels, whereas relatively limited in terms
of single GFP-based ﬂuorescent chemosensors [20–22]. Regarding
GFP-based metal ion chemosensors, the enthusiasm has been
further dampened, in that heavy metal ions like Hg(II) in the
vicinity of the ﬂuorophore is known to quench the ﬂuorescence.
Introduction of metal ion binding sites into the ﬂuorescent protein
barrel can recapitulate the modes of ﬂuorescent protein metal
chemosensors. Introducing histidines, cysteines, or acidic residues
[24–30], insertion of metal ion binding peptides or proteins
[31–33] have been utilized as strategies to alter the optical
property of the single protein in the presence of metal ions. Among
them, a Hg(II) quenching chemosensor was reported from the
S205C GFP-mutant, with a detection limit of 2 nM [26]. A
ﬂuorescence turn-off paper assay was created based on the
competitive binding of Hg(II) against the isolated ﬂuorophore
toward infrared ﬂuorescent protein [29]. Although turn-off
ﬂuorescent sensing dominates thus far, turn-on mode does not
have to be precluded. The chromophore imidazole of a blue
ﬂuorescent protein mutant BFPms1 was reported to be rigidiﬁed
by Zn(II), leading to an increase in ﬂuorescence quantum yield [34].
Inserting a copper regulatory protein into yellow ﬂuorescent
protein YFP-Ace1 enabled up to 40% ﬂuorescence increasing
response toward Cu(I) [33]. Herein we envisaged to construct the
GFP ﬂuorescent chemosensors with minimum protein structural
distortion. The strategy is to increase exposure of the ﬂuorophore
to the bulky solution by mutation of the residues at the “weak”
points of the barrel wall. The new amino acid residues would better
at the same time afford selectivity toward the analyte. We chose
histidine-148 (His148) in the domain of the irregularity of the
backbone hydrogen bonds (b-7 to b-8) [35,36]. Since His148 was
also reported to protect the chromophore from the solvent and
function as the primary acceptor for the protons to the chromophore by donating a hydrogen bond to the phenolic oxygen of the
chromophore [37]. Substitution of the imidazole moiety in
His148 with a less bulky aliphatic group would create a hole in
the b-barrel and enhances the accessibility of the analyte
[34,38,39], thereby the photophysics of the chromophore would
be inﬂuenced more. We established such an access for metal ions
to the ﬂuorophore via mutation of GFPxm (a variant protein
derived from the ﬂuorescent protein of Aequorea macrodactyla in
the East China Sea [40]) into H148C by replacing the His148 with a
cysteine, so that a sulphydryl group was introduced in the close
vicinity of the ﬂuorophore, expected to exhibit selective response
to the thiophilic Hg(II) ion. We found that the resultant protein did
exhibit a highly sensitive light-up ﬂuorescent response towards
Hg(II) selectively.

488 dye was purchased from Life Tech. (Carlsbad, CA). Lab-Tek1
chambered #1.0 borosilicate coverglass was purchased from
Sanger Biotech. (Shanghai, China). Water from the Millipore
Milli-Q puriﬁcation system (18 MV cm1) was used throughout
experiments.
2.2. Instruments
Fluorescence and absorbance measurements were performed
on the Hitachi F4500 ﬂuorescence spectrophotometer, and the
Thermo Evolution 300 UV–vis spectrophotometer respectively.
Lifetime measurements were performed on the Horiba Fluoromax4 spectroﬂuorometer using time-correlated single-photon counting (TCSPC). The pulsed light emitting diode at 455 nm with a
repetition rate of 1 MHz and pulse durations <1.5 ns was employed
as excitation source. Jasco J-810 spectrometer was employed for
circular dichroism (CD) investigation. Fluorescence correlation
spectroscopy (FCS) results were obtained from Leica SP5 FCS.
2.3. Protein sensor preparation
Site-directed mutagenesis was introduced by overlap extension
polymerase chain reaction (PCR). After verifying the sequence of
expression cassette, the mutant cDNA was cloned into the
expression vector pTO-T7. The resultant recombinant plasmid
was transformed into competent cells of E. coli BL21 (DE3). Single
colonies were inoculated into LB broth supplemented with
kanamycin at 37  C. When optical density at 600 nm (OD600)
reached 0.8, isopropyl b-D-1-thiogalactopyranoside (IPTG) (ﬁnal
concentration 1 mM) was added and cells were further cultured at
22  C for 6 h. Harvested cells were disrupted through sonication.
Protein was ﬁrst puriﬁed by ammonium sulfate precipitation and
then ion exchange chromatography on DEAE-Sepharose column
(GE). The eluent was collected for further puriﬁcation via 10%
native polyacrylamide gel electrophoresis (Native PAGE). Final
purity was conﬁrmed by SDS-PAGE and MALDI-MS. Proteins were
dialyzed against 5 mM HEPES buffer (pH 7.4), 150 mM NaCl, 1 mM
EDTA, 1 mM DTT and concentrated for storage, and buffer
exchanged into respective conditions for following measurements.
Protein concentration was measured with the Bradford assay.
2.4. Spectroscopic measurements
All measurements were performed under room temperature.
Assay of metal ions were performed in 5 mM HEPES buffer (pH 7.4),
150 mM NaCl, unless otherwise noted. Protein samples titrated
with Hg(II) were allowed to reach equilibrium for 5 min gentle
stirring before measurements. Fluorescein was used as the
standard for protein quantum yields measurements. The pH
dependence of ﬂuorescence emission was ﬁtted to estimate pKa
using the following equation.
F ¼Aþ

B
½1 þ 10nH ðpK a pHÞ 

(1)

2. Experimental
2.1. Chemicals and materials
Chemicals were purchased from Sinopharm Chem. Reagent
(Shanghai, China) or Sangon Biotech. (Shanghai, China), unless
otherwise noted. Restriction endonucleases and Escherichia coli
competent cells BL21 (DE3) were purchased from Promega
(Madison, USA). The gel extraction kits were purchased from
Watson Biotech. (Shanghai, China). The pTO-T7GFPxm plasmid
encoding the sequence of GFPxm was generously provided by Prof.
Xia [40]. Metal ions were used as their perchlorates. Alexa Fluor1

F denotes the ﬂuorescence intensity, A and B are the values of the
parameters at acidic and basic pH values. nH is the Hill coefﬁcient.
For FCS measurements, the 488 nm line of an argon ion laser
was used with a 5% of the maximum illumination intensity
(i.e. 5 mW according to the manufacturer’s instructions). The laser
was focused by a 1.2 NA/63 water immersion objective onto the
sample held in eight-chamber wells with 600 mL well1 and
#1.0 borosilicate coverglass. The diameter of pinhole was set to one
airy in front of the avalanche photodiode detectors (APD). The
acquired G(t ) was ﬁtted using the ISS VISTA software, according to
one component two relaxations function of type [41],
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N denotes the mean number of ﬂuorescent molecules diffusing in
the excitation volume; F is the average fraction of molecules in
nonﬂuorescent state; z0/w0 represents the length-to-diameter
ratio of the three dimensional Gaussian volume; t C and t D are the
chemical and diffusion relaxation time respectively. In this study,
chemical relaxation time means the characteristic relaxation time
of dark state in protein. Alexa 488 dye with known diffusion
constant was used for calibration, and the value of z0/w0 was ﬁtted
to be 6.8 with a ca. 0.2 fL focal volume.
3. Results and discussion
3.1. Sensor performance
Fluorescence spectrum of the mutant protein was found the
same in shape as that of GFPxm (Fig. S1). Mutation, however,
changes the absorption spectrum in that the absorbance at 393 nm
of the protonated form (form A) of the chromophore increases
dramatically at the expense of that of the deprotonated form (form
B) (Fig. S2) [42,43]. This change reﬂects the sensitivity of the
chromophore toward the mutation of the surrounding amino acid
residues that alter the ionization state of the chromophore in the
ground state [44]. Increased pKa of the mutant H148C (7.44)
compared to that of GFPxm (5.74) also suggests the stabilization of
form B in H148C (Fig. S3).
A screening of the ﬂuorescent response of H148C and its parent
protein GFPxm toward metal ions showed that only with Hg(II), a
substantial enhancement in the ﬂuorescence of the mutant H148C
by 152  9% was observed by adding 600 nM Hg(II) in 1 mM protein
solutions (Figs. 1 and S4). The ﬂuorescence quenching of GFPxm by
Cu(II) is also reduced via H148C mutation. With the rest of the
tested thiophilic metal ions and with GFPxm the ﬂuorescent
response is much weaker (<3% quenching). Competitive assays
support the selectivity for Hg(II) (Fig. 2), yet partially reduced
ﬂuorescence response was observed with Cu(II) and Ag(I) of more
than ﬁve times the concentration of protein, likely due to the
structural disturbance of protein under high metal ion concentrations, and their competitive binding to —SH of 148-cysteine
residue in H148C. It is hence conﬁrmed that introducing a cysteine
residue at position 148 renders the mutant H148C a selective
ﬂuorescent response toward Hg(II).

Fig. 1. Change in ﬂuorescence intensity of GFPxm and its mutant H148C at 1 mM as
a function of individual metal ions at 600 nM (maximal enhancement for Hg(II)). All
measurements were carried out in pH 7.4 HEPES buffer r.t. Error bars represent the
standard deviations of three independent measurements.

Fig. 2. Changes in the ﬂuorescence intensity of H148C at 1 mM in the presence of
competing metal ions in pH 7.4 HEPES buffer. White bar represents the addition of
the competing metal ion to the H148C solution at 3 mM of K(I), Ca(II), Na(I), Mg(II),
Zn(II), Cd(II), Pb(II), Co(II), Ni(II), and 600 nM of Cu(II) and Ag(I). Black bar represents
the co-existence of 600 nM Hg(II) with the respective competitive metal ion
mentioned above. Buffer without metal ion was added as the positive control. Ag(I)
and Cu(II) at concentration 5 times that of Hg(II), 40–50% of the H148C ﬂuorescence
response toward Hg(II) was reduced.

Detailed survey showed that for diluted H148C protein solution
at 8 nM, only 0.5 nM Hg(II) could already lead to 12% enhancement
in the ﬂuorescence of H148C in buffered solution (Fig. 3),
indicating the high sensitivity down to sub-nM level. Excitation
spectrum (ﬂuorescence at 508 nm) exhibits a variation proﬁle
toward Hg(II) similar to those in the absorption and CD spectra
(discussed later), suggesting that Hg(II) populates the “bright”
deprotonated form B of H148C even in buffered solutions, that
leads to an apparent enhancement in the ﬂuorescence. Adding
2-mercaptoethanol caused ﬂuorescence decrease of H148C mixed
with Hg(II) until reaching the starting intensity of H148C.
2-Mercaptoethanol was believed to competitively bind to Hg(II)
and take off bound Hg(II) (Fig. S5).

Fig. 3. Detection sensitivity of H148C. (a) Excitation and (b) emission spectra of
H148C at 8 nM with varying Hg(II) concentration in pH 7.4 HEPES buffer. Inset in (b)
shows change in ﬂuorescence versus [Hg(II)]. Fluorescence spectrum and intensity
of H148C with 0.5 nM Hg(II) are indicated by dashed arrows.
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Fig. 4. Confocal ﬂuorescence images of H148C-overexpressing bacteria (a) in the
absence of Hg(II), and (b) incubated with 10 mM Hg(II). Samples were excited by
488-nm laser of 1.5 mW.

The capacity in in vivo imaging was tested on E. coli cells that
overexpress the protein (Fig. 4). To quantify the in vivo sensing, the
ﬂuorescence response of whole cell suspensions toward added Hg
(II) was investigated (Fig. S6). Upon incubation with Hg(II), a
signiﬁcant light-up by up to 720%, in the ﬂuorescence relative to
that of the untreated cells was observed. Such a higher
enhancement in complicated and crowed in vivo intracellular
environment implies the difference in the process of mercury
sensing, which merits further investigation.
3.2. Mechanism investigations
Interaction of Hg(II) with H148C was next investigated for
understanding the ﬂuorescence enhancement. Variations in the
absorption spectrum of H148C (Fig. 5) suggest that the groundstate populations depends strongly on Hg(II) concentration. After
adding up to 30 mM Hg(II) to proteins solutions at 67 mM, the
absorbance at 488 nm of form B undergoes a 2-fold increase at the
expense of that of form A at 393 nm with an isosbestic point at
420 nm, which indicates a clean ground-state interaction of Hg(II)
with H148C. The two corresponding negative peaks in the near-UV
range of the CD spectrum of H148C displays a transition proﬁle
similar to that seen in the absorption spectrum, suggesting that
Hg(II) changes the symmetry of the environment of the chromophore. In the far-UV range (190–240 nm), practically no change in

Fig. 5. (a) CD and (b) absorption spectra of H148C at 67 mM with varying Hg(II)
concentration (0–30 mM) in pH 7.4 HEPES buffer.

the CD spectrum was induced by Hg(II), implying that Hg(II) does
not bring appreciable change in the secondary structure (Fig. S7).
In contrast, the absorption spectrum of the parent GFPxm is
insensitive to Hg(II) until Hg(II) concentration is 4 times that of the
protein, when a transformation of the chromophore form B to form
A was identiﬁed in a manner opposite to that observed with H148C.
Therefore, variation in the H148C ﬂuorescence led by Hg(II) is
attributed to the extent to which Hg(II) alters the equilibrium of
the two forms (A and B) of the ground-state protein. The
introduced cysteine residue at position 148 of H148C appears to
facilitate the interaction of Hg(II) with its chromophore within the
b-sheet barrel, making the ﬂuorescence of the mutant H148C more
sensitive to Hg(II) than that of the parent GFPxm.
Decay of ﬂuorescence at 508 nm of H148C was found to be
double exponential, a major component (f1 = 82%) of t 1 = 3.14 ns
and a faster component of t 2 = 0.74 ns, with an average lifetime of
2.72 ns. The decay heterogeneity is due to multiple excited states,
with the faster component relating to the protonated chromophore
[45]. At the strongest ﬂuorescence of H148C with of Hg(II), t1
decreased to 2.75 ns with a slightly increased f1 of 86% while t 2
increased to 0.85 ns, resulting in a slightly shortened average
lifetime (2.48 ns). The quantum yield of form B of the chromophore
slightly dropped from 0.74 to 0.67. The light-up ﬂuorescence
response of H148C was therefore assigned to the increased
population of its bright form in the ground state.
Fluorescence correlation spectroscopy was employed to probe
the inﬂuence of Hg(II) on the radiationless pathway of H148C by
examining the internal photodynamics of single H148C molecules
(Figs. 6 and S8). Fig. 6 shows that in the presence of 5 nM Hg(II)
when the strongest ﬂuorescence of the protein (8 nM) was
observed, an increased population of the nonﬂuorescent state
(the dark state) was observed within the photodynamic time
window (<80 ms), from 8  4% without Hg(II) to 20  1%, with a
relaxation time of 38  11 ms. This fraction of the dark state was
found to rise when the excitation was increased. No aggregation of
the protein led by Hg(II) was noted since the ﬁtted diffusion
coefﬁcient of H148C remained unchanged. In contrast, fraction of
the dark state of GFPxm (18  4%) was found almost the same as
that (17  2%) in the presence of 5 nM Hg(II), in agreement with the
facts that the ﬂuorescence quantum yield and lifetime of GFPxm
are not inﬂuenced by Hg(II). The dark state of H148C was proposed
to be a triplet-state that was reported to have a relaxation time of
ca. 30 ms [43]. It hence follows that Hg(II) slightly enhances the
transition of the ﬂuorescent protein H148C into dark state,

Fig. 6. Normalized autocorrelations G(t ) of ca. 8 nM (a) H148C and (b) GFPxm in the
absence and presence of 5 nM Hg(II) in pH 7.4 HEPES buffer at 23  1  C. Samples
were excited by 5 mW 488-nm laser for 10  50 s measurements. Fits are given in
solid lines.
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probably due to its high spin–orbit coupling effect, which explains
the minor drops in the lifetime and quantum yield of H148C in the
presence of Hg(II).
Identiﬁcation of Hg(II) binding sites was difﬁcult to deconvolute
due to the absence of structural information at atomic-level
resolution. We believe there are multiple Hg(II) binding sites on
the surfaces of GFP proteins. Based on the data of spectroscopic
measurements, we propose that Hg(II) lights up the ﬂuorescence of
H148C protein at 148 position on surface, instead of directly
coordinating with chromophore. Upon 148 cysteine-Hg(II) binding, Hg(II) probably resembles the parent 148 histidine residue in
stabilizing the deprotonated phenoxy of the chromophore,
promoting the transformation of chromophore form A to form B.
4. Conclusion
In summary, a rationally designed GFP mutant exhibited a lightup ﬂuorescent response toward Hg(II), with a sub-nM detection
limit. The ﬂuorescence enhancement was shown to arise from an
increased ground-state population of the deprotonated form that
contributes most to the emission of the GFP. Hg(II) is suggested to
interact with the chromophore to a higher extent through the
access to the cysteine residue that replaces the bulky and
chromophore-linked 148-histidine residue. This mechanism involving variation in the ground-state population of the chromophore applies well with our other GFP mutants. For example, Cd(II)
can induce the rise of deprotonated form of a H148G mutant
(Fig. S9). It is expected that this protocol holds promise for creating
GFP-based ﬂuorescent chemosensors sensitive for other heavy
metal ions.
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