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Abstract

We demonstrated a general protection-deprotection strategy for the design of fluorescent protein
biosensors through the construction of a turn-on Hg2* sensor. A combination of fluorescent
protein engineering and unnatural amino acid mutagenesis was used. Unlike previously reported
fluorescent protein-based Hg2* sensors that relied on the binding of Hg?* to the sulfhydryl group
of cysteine residues, a well-established chemical reaction, oxymercuration, was transformed into
biological format and incorporated into our sensor design. This novel Hg?* sensor displayed good
sensitivity and selectivity both in vitro and in live bacterial cells. Over 60 folds change in
fluorescence signal output was observed in the presence of 10 uM Hg2*, while such change was
undetectable when nine other metal ions were tested. This new design strategy could expand the
repertoire of fluorescent protein-based biosensors for the detection of small-molecule analytes.
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In the past two decades, a large number of fluorescent protein (FP)-based biosensors have
been developed for various biological applications in live cells.1* These FP biosensors
provide real-time information of cellular activities with high spatial resolution. In
comparison to small-molecule-based sensors, FP biosensors can be introduced into live cells
in the form of DNA and become an intrinsic part of the cellular system. They are suitable for
applications in sub-cellular compartments, cells, tissues, or even whole animals. Both
protein directed evolution and rational design have been applied to the development of FP
biosensors.1=3 While the traditional strategies are based on the standard genetic code, recent
efforts have been made towards the incorporation of unnatural amino acids (UnAAs) into the
design of FP biosensors. This is mainly achieved by replacing the chromophore-forming
tyrosine residue with an unnatural analog.3-10 As the structure of the chromophore plays the
key role in defining the fluorescence signature of a FP, this approach strives to produce the
maximum signal output by directly modifying chemical compositions of the chromophore.
Prior efforts have been made to design sensors for Cu(ll),® H,0,,% H,S,” peroxinitrite,8:
and zZn(11).10

While the unAA mutagenesis enabled a straightforward adoption of several well-established
aqueous phase chemical reactions onto the design board, the construction of unAA-based FP
biosensor is still in its infancy and faces multiple challenges. 4 In seek of a general
principle to design unAA-based FP biosensors, we were inspired by the widely employed
functional group protection-deprotection strategy in the development of small-molecule
fluorescent probes.1! We envisaged that a blockage of the phenolate formation using a
protecting group could dramatically affect photophysical properties of the FP chromophore
(Figure 1). Upon deprotection, the wild-type chromophore can be recovered, which would
lead to a strong fluorescence change as the signal output. In this work, we exploited this
protection-deprotection strategy and constructed a FP-based turn-on probe for the detection
of Hg?*.

As one of the widespread heavy metal pollutants in the environment, mercury poses lethal
threats to the ecosystem and human health. Sensitive and selective detection of mercury in
both environmental and biological settings are highly desirable. Among a variety of
methods, fluorescent chemosensors have attracted considerable attentions due to their high
sensitivity, good selectivity, and simplicity.12-15 In general, a Hg?*-specific fluorescent
probe consists of a fluorescent reporter and a mercury responsive (e.g., chelating) unit,
which leads to changes in photophysical properties of the reporter upon its interaction with
Hg?*. Several of these probes can be used to detect Hg2* in live cells.12-15 Besides small-
molecule probes,12-17 protein-based,8: 19 in particular fluorescent protein (FP)-based,20-22
detection methods have been developed in recent years. The FP biosensors have the
advantages in its genetic encodability and the flexibility of facile targeting into different sub-
cellular compartments.l: 2 All previously reported designs rely on the specific and high-
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affinity binding of Hg2* to the sulfhydryl group of cysteine residues that are in close
proximity to the FP chromophore. Upon binding to Hg?*, the fluorescence of FP could be
either quenched?% 21 or moderately enhanced.22 In the present work, we devised a reaction-
based Hg2* FP sensor, which was highly selective and displayed a large fluorescence
enhancement in the presence of Hg2*.

RESULTS AND DISCUSSION

General design strategy

In order to apply the protection-deprotection strategy to the design of a FP-based Hg%*
sensor, we examined the highly specific and Hg2*-promoted hydrolysis of a vinyl ether
(Figure 1).23-25 |n this design, the hydroxyl group of the chromophore-forming Tyr66 is
protected as a vinyl ether (Figure 1). The protecting group can be indirectly installed by the
genetic incorporation of p-vinyloxy-L-phenylalanine (ViP) at position Tyr66 of the FP. We
hypothesized that the resulting unnatural chromophore should display a different
fluorescence property from that of the wild-type FP. After the deprotection of the phenolic
hydroxyl group through oxymercuration reaction in the presence of HgZ*, the wild-type FP
chromophore can be restored (Figure 1).

Genetic incorporation of ViP

To implement the above design, we have synthesized ViP (Figure 2A) and observed a fast
deprotection rate in the presence of Hg (1) at room temperature. After deprotection, the
formation of tyrosine from ViP was confirmed by NMR (Figure S1). In order to achieve
selective incorporation of ViP into proteins using the amber suppression strategy,26 a library
of previously reported aminoacyl-tRNA synthetase (aaRS) mutants were screened. In such
screening, the amber suppression efficiency was directly linked to the expression level of a
superfolder GFP mutant (SFGFP-Asn149TAG) that has an amber nonsense codon at position
Asn149.27.28 Among all the aaRS variants examined, mutant PrFRS (Tyr32Ala, Glu107Pro,
Asp158Ala, and Leu162Ala)2° supported an efficient synthesis of full-length sfGFP (Figure
2B). This synthetase also displayed the best fidelity towards ViP and was chosen for the
following sensor construction.

We next examined the efficiency and fidelity for the genetic incorporation of ViP into the
chromophore of a SFGFP mutant (SFGFP-Tyr66 TAG)20 that contains an amber (TAG)
nonsense mutation at position Tyr66. Protein expression was conducted in £. coli in the
presence of 1 mM ViP. A yield of 15.5 mg/L of protein was obtained after a purification
using affinity chromatography. The purity of the protein sample was estimated to be higher
than 90% (Figure S13; The impurities were mainly £. colinative proteins that bind to Ni-
NTA resin.). Mass spectrometry analyses (Figure 2D) of the purified protein (SfGFP-
Tyr66ViP) confirmed that ViP was site specifically incorporated at position 66 of sSfGFP
with high fidelity. The mass spectrometry data also indicated that the chromophore is
matured or partially matured (expected mass for a fully matured sfGFP-Tyr66ViP: 27446.7
Da; observed mass: 27446.6). This observation is consistent with prior reports of FPs
containing unnatural chromophores.: 9. 10
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Detection of Hg2* using purified sensor protein

We demonstrated that sSFGFP-Tyr66ViP could change its fluorescence emission profile in
response to Hg2*. As shown in Figure 3, before the addition of Hg2*, a very weak
fluorescence signal was detected. The fluorescence quantum yield (¢) of SFGFP-Tyr66ViP
was measured as 0.07 (Table S1). After the addition of 10 uM Hg2* and 90 min of
incubation, a strong fluorescence signal (¢ = 0.58) that was identical to that of the wild-type
sfGFP was observed, which indicated that the vinyl ether was hydrolyzed and the wild-type
sfGFP chromophore was restored. This notion was further confirmed by the mass
spectrometry analysis (Figure S12). As a control, no increase of fluorescence intensity was
observed when wild-type sfGFP was incubated with a range of different concentrations of
Hg?* under the same conditions (Figure S2). Next, we investigated the Hg?*-induced
fluorescence changes of sSfGFP-Tyr66ViP at different concentrations of Hg?*. As shown in
Figure S3B, the magnitudes of the fluorescence changes were proportional to the
concentration of Hg?*. Significant fluorescence signal increase could be detected when Hg2*
concentration was as low as 5 UM. Little time-dependent fluorescence increase of sfGFP-
Tyr66ViP was observed when Hg?* concentration was 2.5 pM or lower. This likely resulted
from the shielded chromophore that could not be easily accessed by Hg?*.

To further improve the Hg2* sensing kinetics as well as the detection limit, we explored a
circularly permuted sfGFP (cpsfGFP-Tyr66ViP; (¢ = 0.02) variant in which the original N-
and C-termini of the sSfGFP were connected through a flexible peptide linker and the new N-
and C-termini were formed by introducing a terminal break between residues 144 and 145 of
the parent protein.1? The new N- and C-termini were spatially close to the chromophore of
cpsfGFP-Tyr66ViP to enable a potentially better access by Hg?*. In comparison to sfGFP-
Tyr66ViP (Figures S3B), a much improved sensing kinetics of cpsfGFP-Tyr66ViP was
observed (Figures S3C). By using 5 pM Hg?2*, a 4.5-fold increase in fluorescence intensity
was observed at 60 min for cpsfGFP-Tyr66ViP (Figure 4A). As a comparison, the sfGFP-
Tyr66ViP displayed a 1.7-fold increase in fluorescence intensity under the same conditions
(Figure S3A). The cpsfGFP-Tyr66ViP also displayed a lower detection limit. A 5-fold
increase in fluorescence intensity could be detected when 0.8 uM of Hg2* was incubated
with cpsfGFP-Tyré6ViP (Figure 4B). To ensure that the observed fluorescence increases of
the sensors are not derived from a UV-associated deprotection of vinyl ether, we conducted
photostability studies on the two sensors. As shown in Figure S11, no obvious fluorescence
increase was observed under UV irradiation, indicating that both sfGFP-Tyr66ViP and
cpsfGFP-Tyr66ViP have good photostability.

Next, we examined the selectivity of sSfGFP-Tyr66ViP (Figure S4) and cpsfGFP-Tyr66ViP
(Figure 5) towards Hg?* over other common metal ions. No significant fluorescence
enhancement of the two sensors was observed in the presence of 100 uM of ZnZ*, Mg?*,
FeZ*, Mn2*, Cu2*, Co?*, Pd2*, Cr3*, or Pb2* (Figures 5, S4). On the other hand, over 20-
fold enhancement in fluorescence intensity was observed (Figure S4) when sfGFP-Tyr66ViP
was incubated with 100 uM of Hg?*. Over 60-fold enhancement was observed for cpsfGFP-
Tyr66ViP with 10 pM of HgZ* (Figure 5). In comparison, a previously reported GFP-based
Hg?* sensor showed a maximal fluorescence enhancement of ~1.6 fold /n vitro.22 The
significantly higher fold of fluorescence enhancement of our sensors benefited from the
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novel design principle, which targets direct changes in the chemical composition of the
chromophore upon its reaction with the analyte, Hg?*.

Detection of Hg2" in live cells

Conclusion

Finally, we demonstrated that both sSfGFP-Tyr66ViP and cpsfGFP-Tyr66ViP could be used
to detect Hg2* in live cells. As shown in Figure 6, a drastic increase in fluorescence intensity
was clearly observed when E. coli cells expressing either sSFGFP-Tyr66ViP (Figures 6B) or
cpsfGFP-Tyr66ViP (Figure 6D) were incubated in PBS buffer containing 100 uM Hg?2*.
Fluorescence of sfGFP was undetectable when Hg2* was not included in the solution
(Figures 6A and 6C). In addition, no fluorescence of sSfGFP was detected when E. coli cells
cultured in the absence of either ViP (Figure S5A) or PrERS (Figure S5B) were incubated
with Hg?*. Again, faster kinetics and higher sensitivity was observed in cells expressing the
circular permutated sensor, cpsfGFP-Tyr66ViP (Figure S6). However, a relatively lower
expression level did lead to smaller change in absolute fluorescence in cpsfGFP-Tyr66ViP-
expressing cells than that of the sfGFP-Tyr66ViP-expressing cells (Figure S7). We also
measured fluorescence intensity of live cells in the presence of different concentrations of
Hg?* in the buffer. A clear concentration dependency was observed (Figure S10). It should
be noted that the intracellular concentrations of Hg2* could be much lower than those
calculated values in the imaging buffer. As Hg2* transport into and out of bacteria has not
been fully understood, this FP-based sensor could be applied to the study of transport and/or
detoxification mechanisms in live cells.

In conclusion, we demonstrated a new strategy for the design of unAA-based FP sensor by
implementing the widely used protection-deprotection approach in small-molecule sensors.
We rationally designed and successfully constructed a Hg?* sensor, in which the hydroxyl
group of the sfGFP chromophore was protected as a vinyl ether. The sensing element was
installed using a genetically encoded unnatural amino acid (ViP). In the presence of Hg2",
the vinyl ether side chain was hydrolyzed and led to a drastic increase of fluorescence signal.
This new class of FP-based Hg?* sensor possesses excellent selectivity and high sensitivity.
It is also anticipated that the protection-deprotection strategy, with a genetically encoded
unnatural amino acid as the sensing element, could be applied to the creation of FP-based
chemosensors for other analytes.

METHODS

Materials and general methods

Unless otherwise noted, starting materials, solvents and reagents for chemical synthesis were
obtained from commercial suppliers (Acros, Alfa Aesar, Sigma-Aldrich, Chem-impex) and
used without further purification. Dry solvents were either freshly distilled by following
standard methods or directly purchased from Acros. Deuterated solvents were obtained from
Sigma-Aldrich. Flash chromatography (FC) was carried out using SiliaFlash P60 (0.04—
0.063 mm, 230-400 mesh) from Silicycle or Amberlite XAD4 from Sigma-Aldrich. Thin
layer chromatography (TLC) was performed on glass-backed, precoated silica gel plates
(Analtech). NMR spectra were recorded at 25 °C using a Bruker Advance I111-HD 400 MHz
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NMR. Chemical shifts were reported in ppm with deuterated solvents as internal standards
(CDCl3, H 7.26, C 77.16; D20, 4.79). Multiplicity was reported as follows: s = singlet, d =
doublet, t = triplet, g = quartet, m = multiplet, b = broad. Sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) was performed on Bio-Rad mini-
PROTEAN electrophoresis system using 15% or 18% homemade SDS-PAGE gels. Bio-Rad
Prestained Protein Ladder was applied to at least one lane of each gel for the estimation of
apparent molecular weights. Protein gels were stained by Coomassie Brilliant Blue staining
solution and visualized under Bio-rad Molecular Imager ChemiDoc XRS+ System. Anti-
hisg tag antibody was used in Western blot. Fluorescence characterization was performed on
BioTek Synergy H1 Hybrid Multimode Monochromater Fluorescence Microplate reader.
Live cells were imaged on Olympus FV500 inverted (Olympus 1X-81) confocal microscope.

Screening of aminoacyl-tRNA synthetase variants for the genetic incorporation of ViP

A plasmid encoding an aminoacyl-tRNA synthetase (PyIRS or TyrRS) mutant of interest
was co-transformed with either plasmid pGFP,,-N149TAG?28 or plasmid psfGFP-
N149TAG?8 into £. coli GeneHogs. The resulting strains were inoculated into 5 mL of
GMML media containing kanamycin (Kan, 50 mg/L) and chloramphenicol (Cm, 34 mg/L).
The cultures were incubated at 37 °C with shaking until ODggg reached 0.6, and then protein
expression was induced by the addition of 0.5 mM IPTG and 1 mM ViP (control cultures
were only induced with 0.5 mM IPTG). After being incubated at 37 °C with shaking for 54
hours, cells (1 mL) from of each culture were then pelleted down and washed with PBS
buffer (1x). The cell pellet was re-suspended with 1 mL PBS buffer for fluorescence and
ODggg measurements using a Synergy H1 Hybrid plate reader. The fluorescence of GFP,
was monitored with Agy =390 nm and Ag, = 510 nm. The fluorescence of sSfGFP was
monitored with Agy = 485 nm and Ag, = 515 nm. The cell density was estimated by
measuring the sample absorbance at 600 nm. Fluorescence intensities were normalized to
cell growth. An aaRS variant that could lead to the synthesis of full-length GFPy,,, or sSfGFP
only in the presence of ViP was considered as a hit.

Protein expression and purification

The pEVOL plasmid harboring PrFRS gene was co-transformed into £. co/i BL21(DE3)
cells with plasmid psfGFP-Tyr66 TAG (or pcpsfGFP-Tyr66 TAG). Cells were grown on a LB
agar plate containing 100 mg/L ampicillin and 34 mg/L chloramphenicol at 37 °C overnight.
A single colony from co-transformation was inoculated into 5 mL LB media supplemented
with 100 mg/L ampicillin and 34 mg/L chloramphenicol. After incubation with shaking at
37 °C overnight, cells were pelleted down by centrifugation at 5000 gand 4 °C for 15 min
and washed once with PBS buffer. Subsequently, the washed cells were transferred into 50
mL GMML containing 100 mg/L ampicillin and 34 mg/L chloramphenicol, and grown with
shaking at 37 °C. The protein expression was induced at ODgqq of 0.8 by the additions of
IPTG (0.5 mM), arabinose (0.02%), and ViP (1 mM). After being cultivated at 37 °C (30 °C
for the expression of cpsfGFP) for an additional 16 h, cells were collected by centrifugation
at 5000 gand 4 °C for 15 min. Harvested cells were re-suspended in the loading buffer for
affinity chromatography and were lysed by sonication. After centrifugation (21000 g, 30
min, 4 °C) to remove cellular debris, the cell-free supernatant was applied to Ni Sepharose 6
Fast Flow resin (GE Healthcare) and the protein was purified by following the manufacture’s
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instruction. The purified protein was buffer exchanged into 10 mM PBS buffer prior to the
assays and MS analysis. Protein concentrations were determined by Bradford assay (Bio-
Rad).

Protein mass spectrometry

The sample was analyzed by a Q-Exactive HF mass spectrometer under the positive mode.

Characterization of spectroscopic properties

The fluorescence excitation spectra were scanned from 350 nm to 510 nm with the emission
wavelength set at 540 nm. The emission spectra were scanned from 470 nm to 630 nm at the
fixed excitation wavelength of 440 nm. For any single-point measurement of fluorescence
intensity, excitation at 485 nm and emission at 515 nm were used. The quantum yields of
sfGFP-Tyr66ViP and cpsfGFP-Tyr66ViP were calculated by comparison of the integrated
emission intensity of these two proteins with the known fluorescence quantum yield of
fluorescein (0.93).30

In vitro and In vivo kinetic study of the mercury biosensors

All of the /n vitro kinetic studies were performed on the Synergy H1 plate reader with slow
shaking at 30 °C. Fluorescence intensity was recorded as the single point measurement every
minute. A 150 uL of protein solution (500 nM) was immediately mixed with 1.5 uL of
different concentration of HgZ* stock solutions to obtain the indicated concentration before
the fluorescence readings were recorded.

A similar method was applied to the /n vivokinetic studies. After induction of protein
expression, £. coli BL21(DE3) cells expressing sSfGFP-Tyr66ViP (or cpsfGFP-Tyr66ViP)
were cultivated for 16 h and harvested by centrifugation at 4 °C. In order to remove free ViP,
cells were washed three time with PBS buffer, re-suspended in PBS buffer, and incubated at
37 °C for 30 minutes. Cells were then collected and re-suspended in PBS buffer. A 150 uL
of cell suspension was mixed with 1.5 L of different concentration of Hg2* stock solutions
to obtain the indicated concentration before the fluorescence readings were recorded.

Selectivity study of the Hg?* biosensors

Purified protein stock solution was diluted with PBS buffer to obtain a final concentration of
500 nM. Metal ion stock solutions (10 mM) was prepared from their corresponding chloride
salts; except for KoPdCly, FeSO4, and Pb(NO3),. Metal ion stock solutions were added to
the diluted protein solution at the ratio of 1 to 100 to afford the final concentration of 100
UM. For the blank control, the same volume of PBS buffer was added instead of metal ion
stock solutions. The metal ion and protein mixtures were then incubated at 30 °C or 37 °C
for indicated time. Fluorescence intensity was measured on the Synergy H1 plate reader.

Fluorescent imaging of live E COLI cells

The E. coli cells expressing sSfGFP-Tyr66ViP (or cpsfGFP-Tyr66ViP) were collected by
centrifugation for 5 min at 21000 g and 4 °C. In order to remove free ViP, cells were washed
three time with PBS buffer, re-suspended in PBS buffer, incubated at 37 °C for 30 minutes.
The collected cells were resuspended in PBS buffer. Stock solution of Hg2* was added to
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reach the final concentrations of 100 pM. In the blank control, the same volume of PBS

bu

ffer was added. After incubation for 90 minutes at 37 °C, cells was immediately imaged

under Olympus FV500 inverted (Olympus 1X-81) confocal microscope. FITC channel was

ex

cited at 488 nm and imaged at 52525 nm.
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Figurel.
The construction of a green fluorescent protein (GFP)-based Hg2* sensor using a general

protection-deprotection design strategy.
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Figure 2.
Genetic incorporation of p-vinyloxy-L-phenylalanine (ViP). (A) The structure of ViP; (B)

SDS-PAGE analysis of sSfGFP-Asn149TAG mutant (arrow) expressed either in the absence
(lane 1) or in the presence (lane 2) of 1 mM ViP; (C) Fluorescence readings of cells
expressing PrFRS and sfGFP-Asn149TAG mutant. The expressions were conducted either in
the presence or in the absence of 1 mM ViP. Fluorescence intensity was normalized to cell
growth; (D) Deconvoluted ESI-MS spectra of the sSFGFP-Tyr66ViP mutant. Expected
masses: 27315.5 Da (without the N-terminal Met) and 27446.7 (with the N-terminal Met);
observed masses: 27315.4 Da (without the N-terminal Met) and 27446.6 Da (with the N-
terminal Met). The other signals do not correspond to sSfGFP mutant that contains tyrosine
(the major background incorporation; 27290.7 or 27421.7) or any other proteinogenic amino
acids at position Tyr66.
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Fluorescence excitation and emission spectra of sSfFGFP-Tyr66ViP before (black lines) and
after (green lines) the addition of Hg?*.

ACS Sens. Author manuscript; available in PMC 2018 July 28.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Shang et al.

Page 13
A. 12000
10000
2
2 8000
9
=
8 6000
C
[0]
[$]
3
5 4000
=)
(T
2000
52
B. 3000 -
— 0uM
2500 - — 0.6 uM
=2 — 0.8uM
(2]
$ 2000 A 1uM
g 2uM
8 3uM
£ 1500 - 4uM
o 5uM
[}
g 1000 -
2
[T
500 -
—_— =
0 T T T T T T T T T 1

Wavelength (nm)

Figure 4.
Fluorescence changes of cpsfGFP-Tyr66ViP in the presence of varied concentrations of

Hg?*. (A) Time courses monitored at A, = 485 nm and A, = 515 nm; (B) Emission
spectrum after 5 h of incubations. The protein concentration was 0.5 pM.
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Figure5.
Fluorescence changes of cpsfGFP-Tyr66ViP in response to different metal ions after 90

minutes of incubation. 1, blank (no metal ion added); 2, Zn?*; 3, Mg2*; 4, Fe2*; 5, Mn%*: 6,
Cu2*: 7, Co?*; 8, Pd2*; 9, Cr3+: 10, Pb2* (2-10, 100 pM); 11, 1 uM HgCly; 12, 10 pM
HgC|2.
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Figure 6.
Fluorescence imaging of live £. coli cells expressing sfGFP variants. (A) E. coli cells

expressing sfGFP-Tyr66ViP before the addition of Hg2*; (B) £. coli cells expressing SFGFP-
Tyr66ViP after the addition of Hg2*; (C) E. coli cells expressing cpsfGFP-Tyr66ViP before
the addition of Hg?*; (D) £. coli cells expressing cpsfGFP-Tyr66ViP after the addition of
Hg?*. Left-panels are fluorescent images of £. colicells in FITC channel (488 nm excitation
and 525+25 nm emission), middle panels are bright-field images of the same £. coli cells,
right panels are composite images of bright-field and fluorescent images. Scale bars, 10 um.
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