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Abstract

Fluorescent proteins of different colors are useful probes to study protein structure and
function, and to investigate cellular events and conditions. Large efforts have focused
on engineering new properties into fluorescent proteins via rational design and
directed evolution. In addition to applications in imaging of protein expression level
and subcellular localization, fluorescent proteins have been increasingly engineered
to act as biosensors to track concentrations of small-molecule metabolites, enzyme
activities, and protein conformational changes in living cells. Unlike small-molecule fluo-
rescence biosensors, fluorescent proteins are genetically encodable, and thus can be
expressed inside living cells. Attachment of organelle-specific signals to the proteins
allows their localization to be specified. Recently, a new class of fluorescent protein bio-
sensors has been developed to include unnatural amino acids as the sensing element.
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The unique chemical and physical properties of the unnatural amino acids enable sen-
sor designs that cannot be realized by using the standard genetic code with the
20 canonical amino acids. In this chapter, we detail the general procedure for the
genetic incorporation of unnatural amino acids. We further present two protocols for
the in vitro and in vivo detection of hydrogen peroxide (H2O2) using a fluorescent pro-
tein biosensor that contains an unnatural amino acid, p-boronophenylalanine.

1. INTRODUCTION

Fluorescent proteins are useful probes that have greatly facilitated the

study of biological molecules and processes (Chudakov, Matz, Lukyanov, &

Lukyanov, 2010; Frommer, Davidson, & Campbell, 2009; Newman,

Fosbrink, & Zhang, 2011; Tsien, 1998; Wang, Nakata, & Hamachi,

2009; Zimmer, 2002). One important application of fluorescent proteins

is to tag and visualize target proteins in living systems under physiological

conditions using fluorescence microscopy (Chudakov et al., 2010;

Frommer et al., 2009; Newman et al., 2011; Shaner et al., 2004; Tsien,

1998; Wang et al., 2009; Zimmer, 2002). In order to monitor multiple bio-

molecules simultaneously, many variants of fluorescent proteins with differ-

ent emission spectral profiles have been isolated or engineered (Matz et al.,

1999;Miyawaki, Shcherbakova, & Verkhusha, 2012; Shaner et al., 2004). In

addition, fluorescent proteins with photocontrollable properties have been

used in superresolution microscopy (Chi, 2009). Fluorescent proteins have

also been employed as biosensors to actively track changes in concentrations

of small-molecule metabolites, enzyme activities, protein conformations,

and signaling pathways in living cells (Frommer et al., 2009; Newman

et al., 2011). The beauty of fluorescent protein biosensors lies in their genetic

encodability, which allows the easy introduction into biological subjects,

including cells, tissues, or whole animals, and the facile targeting into differ-

ent cell organelles.

The traditional design of fluorescent protein biosensors is restricted to

the standard genetic code of the common 20 amino acids. The side-chain

functional groups of these amino acids, which are key elements in bio-

sensing, are limited to amine, amide, acid, alcohol, thiol, thioether, and

alkyl/aryl groups. Consequently, the genetic incorporation of amino acids

containing unnatural functional groups with novel chemical and/or physical

properties can potentially enhance one’s ability to engineer novel biosensors.

This notion is demonstrated by several recent examples in which fluorescent
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protein engineering is combined with powerful unnatural amino acid muta-

genesis methodologies (Ayyadurai et al., 2011; Chen, Chen, Ren, & Ai,

2012; Chen, Ren, Wright, & Ai, 2013; Groff, Wang, Jockusch, Turro, &

Schultz, 2010; Liu et al., 2013; Niu & Guo, 2013; Wang, Niu, Guo, &

Schultz, 2012).

2. SITE-SPECIFIC INCORPORATION OF UNNATURAL
AMINO ACIDS INTO PROTEINS IN LIVE CELLS

A number of methods have been reported for the introduction of

unnatural amino acids into proteins in living cells (Budisa et al., 1999;

Datta, Wang, Carrico, Mayo, & Tirrell, 2002; D€oring et al., 2001;

Dougherty, 2000; Hohsaka & Sisido, 2002; Liu & Schultz, 2010). One of

the most widely used approaches was developed in the laboratory of

Dr. Peter G. Schultz at the Scripps Research Institute (Liu & Schultz,

2010). This general approach has been employed to site-specifically incor-

porate unnatural amino acids into proteins in living bacterial, yeast, and

mammalian cells. The incorporation system features the introduction of

two new components into the endogenous protein biosynthetic machinery,

including an orthogonal tRNA-codon pair and an aminoacyl-tRNA

synthetase that together specifically charge the orthogonal tRNA with

the desirable unnatural amino acid.

The orthogonal tRNA must not be recognized by the native

aminoacyl-tRNA synthetases of the host cell. In the meantime, after the

aminoacylation by its cognate tRNA synthetase, the aminoacylated orthog-

onal tRNA can function efficiently in translation. This orthogonal tRNA

should also be able to decode a noncoding codon (also called “blank

codon,” which does not encode a natural amino acid). The most utilized

noncoding codon in this system is the amber nonsense codon (UAG), which

is the least utilized stop codon in both Escherichia coli and in Saccharomyces

cerevisiae. Introduction of the amber suppression system, which consists of

an engineered aminoacyl-tRNA synthetase and amber suppressor

tRNACUA pair that can decode the amber codon with an unnatural amino

acid, does not significantly affect cell growth. In fact, several common lab

E. coli strains (e.g., DH5α and XL-1 blue) contain natural amber suppressors.

On the other hand, overexpression of amber suppressor tRNACUA from a

plasmid containing multiple copies of tRNACUA genes could lead to notable

slow cell growth and, in some cases, the loss of tRNACUA genes from the

plasmid. In order to improve amber suppression efficiency and to reduce
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potential adverse effects of tRNACUA expression, efforts have been made to

further engineer tRNACUA (Guo, Melancon, Lee, Groff, & Schultz, 2009).

In recent years, quadruplet codons have also been used to encode unnatural

amino acids (Anderson et al., 2004; Neumann,Wang, Davis, Garcia-Alai, &

Chin, 2010; Niu, Schultz, & Guo, 2013; Rodriguez, Lester, & Dougherty,

2006; Taki, Matsushita, & Sisido, 2006; Wang et al., 2014). In order to

employ quadruplet codons in protein biosynthesis, tRNAs need to be

engineered to bear extended anticodon loops (8-nucleotide instead of nor-

mal 7-nucleotide loop) and to form apparent quadruplet anticodons

(Neumann et al., 2010; Niu et al., 2013; Wang et al., 2014; Wang,

Shang, Cerny, Niu, & Guo, 2016).

An engineered orthogonal aminoacyl-tRNA synthetase is the other

essential component of the system. The orthogonal synthetase should only

aminoacylate the orthogonal tRNA, its cognate partner, but not any of the

endogenous tRNAs. In addition, the aminoacylation reaction should only

use the desired unnatural amino acid as the substrate, but not any of the

20 common amino acids. Likewise, the unnatural amino acid should not

be utilized by any of the endogenous aminoacyl-tRNA synthetases.

The above methodology has enabled high-efficiency incorporations of

over 100 unnatural amino acids with a variety of side-chain structures

and functions, including spectroscopic probes (Cellitti et al., 2008;

Deiters, Geierstanger, & Schultz, 2005; Groff, Thielges, Cellitti,

Schultz, & Romesberg, 2009; Jackson, Hammill, & Mehl, 2007; Schultz

et al., 2006; Wang, Xie, & Schultz, 2006), metal chelators (Lee,

Spraggon, Schultz, & Wang, 2009; Liu et al., 2013, 2012; Xie, Liu, &

Schultz, 2007; Ye et al., 2008), posttranslational modification analogs

(Guo, Wang, Lee, & Schultz, 2008; Liu & Schultz, 2006;

Xie, Supekova, & Schultz, 2007), redox-active groups (Alfonta, Zhang,

Uryu, Loo, & Schultz, 2003; Seyedsayamdost, Xie, Chan, Schultz, &

Stubbe, 2007; Tippmann & Schultz, 2007), and probes with unique chem-

ical reactivities (Brustad, Bushey, Brock, Chittuluru, & Schultz, 2008;

Brustad, Lemke, Schultz, & Deniz, 2008; Chen et al., 2014; Chin et al.,

2002; Lang, Davis, Torres-Kolbus et al., 2012; Lang, Davis, Wallace

et al., 2012; Wang, Zhang, Brock, & Schultz, 2003; Xiang et al., 2014;

Zhang, Wang, Brock, & Schultz, 2002). One example to demonstrate

the utility of the incorporated unnatural amino acid is the genetic incorpo-

ration of sulfotyrosine into proteins in live cells. In nature, sulfotyrosine is

formed through posttranslational modification of tyrosine residues in
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proteins. The introduction of negatively charged sulfate group plays crucial

roles in extracellular biomolecular interactions that dictate various cellular

processes including cell adhesion, leukocyte trafficking, hormone activities,

and immune responses (Huttner, 1988; Stone, Chuang, Hou, Shoham, &

Zhu, 2009). The ability to site-specifically incorporate sulfotyrosine residues

into proteins of interest greatly facilitates biochemical studies of protein

tyrosine sulfation (Ju et al., 2013; Ju, Niu, & Guo, 2016; Liu, Brustad,

Liu, & Schultz, 2007). More commonly, the incorporated unnatural amino

acid serves as a chemical handle in protein-labeling experiments. An exciting

recent development is to achieve the fluorogenic protein labeling through

bioorthogonal reactions enabled by genetically incorporated unnatural

amino acids, such as ones bearing alkene groups (Shang et al., 2017;

Song,Wang, Qu, Madden, & Lin, 2008). Alkenes can specifically react with

either tetrazole (Song et al., 2008) or tetrazine (Shang et al., 2017) to gen-

erate fluorescent products. The fluorogenic property of these reactions leads

to low background fluorescence interference, which is more desirable in

studies of protein folding and function under physiological conditions. In

recent years, efforts have also been made to further improve the efficiency

and fidelity of unnatural amino acid mutagenesis through optimizing prop-

erties of the aminoacyl-tRNA synthetase-tRNACUA pair (Amiram et al.,

2015; Wang, Ju, Niu, & Guo, 2015).

A general scheme for the genetic incorporation of unnatural amino

acids into proteins in live E. coli cells is shown in Fig. 1. All genetic compo-

nents are encoded on plasmid(s). Commonly, a two-plasmid system (Fig. 2)

is employed. Strains that are able to naturally suppress amber codons

should not be used, e.g., XL1-Blue or DH5α. Suitable and nonamber sup-

pressor strains include BL21, BL21(DE3), GeneHogs, DH10B, and TOP10.

After transforming the two plasmids into a proper E. coli host strain, cells

are grown and selected using two compatible antibiotic markers. The

protein expression is induced at the exponential phase of cell growth

(OD600¼0.6–1.0). The desirable unnatural amino acid can either be incl-

uded in the initial culture media or be added to the media together

with the induction reagent for protein expression. In general, a chemically

and metabolically stable unnatural amino acid is preferably included in

initial media in order to suppress the residual misincorporation of natural

amino acids by engineered aminoacyl-tRNA synthetase. On the other

hand, a relatively unstable unnatural amino acid should be added at the

induction step.
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Fig. 2 General plasmid pairs for unnatural amino acid mutagenesis. (A) The pEVOL and
pET system. (B) The pBK and pLei system.

Fig. 1 A general scheme of genetic incorporation of unnatural amino acids into proteins
in bacteria.
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2.1 Materials
– 37°C and/or 30°C incubator

– 37°C and/or 30°C shaker

– 42°C water bath

– UV–vis spectrophotometer

– Refrigerated centrifuge

– Autoclave for sterilization

– pEVOL plasmid containing genes encoding amber suppressor tRNA and

aminoacyl-tRNA synthetase (available from Professor Peter G. Schultz,

The Scripps Research Institute, La Jolla, CA)

– pBK plasmid containing the gene encoding aminoacyl-tRNA synthetase

(available from Professor Peter G. Schultz, The Scripps Research Insti-

tute, La Jolla, CA)

– pET30 (Invitrogen) or similar expression plasmid containing the

encoding gene of the target protein

– pLei plasmid containing the encoding gene of the target protein and the

gene of amber suppressor tRNA (Vector is available from Professor Peter

G. Schultz, The Scripps Research Institute, La Jolla, CA)

– High-fidelity DNA polymerase (New England Biolabs)

– Antarctic phosphatase (New England Biolabs)

– T4 DNA ligase (New England Biolabs)

– Restriction enzymes (New England Biolabs)

– Chemically competent DH5α (Thermo Fisher Scientific) or similarE. coli

hosts for plasmid propagation and isolation

– Chemically competent BL21(DE3) (Thermo Fisher Scientific), Gen-

eHogs (Thermo Fisher Scientific), DH10B (Thermo Fisher Scientific),

or other similarE. coli strains that can be used for the expression of recom-

binant proteins

– Chloramphenicol (Cm), 34 mg/mL (1000�) stock solution in ethanol,

stored at –20°C
– Ampicillin, sodium salt (Amp), 100 mg/mL (1000�) stock solution in

sterile H2O, stored at –20°C
– Kanamycin sulfate (Kan), 50 mg/mL (1000�) stock solution in sterile

H2O, stored at –20°C
– LB liquid medium

– LB Agar plates

– p-Azido phenylalanine hydrochloride (pAzPhe) (Bachem)

– p-Nitro phenylalanine hydrochloride (pNitroPhe) (Bachem)
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– p-Boronophenylalanine hydrochloride (pBoPhe) (Sigma-Aldrich)

– Isopropyl β-D-1-thiogalactopyranoside (IPTG), 1 M (1000�) stock solu-

tion in H2O, sterile filtered through a 0.2-μmmembrane, stored at –20°C
– L-(+)-Arabinose, 20 mg/mL (100�) stock solution in H2O, sterile fil-

tered through a 0.2-μm membrane, stored at –20°C
– Ni Sepharose 6 Fast Flow resin (GE Healthcare) and buffers for protein

purification

– Fluorometer or fluorescence plate reader

– Home-made or commercial SDS-PAGE gel (e.g., NuPAGENovex 4%–
12% SDS gels from Thermo Fisher Scientific)

2.2 Plasmids for Protein Expression
Two general plasmid systems are commonly used (Fig. 2).

2.2.1 The pEVOL and pET Combination
The pEVOL plasmid contains genes that encode amber suppressor tRNA

and aminoacyl-tRNA synthetase (aaRS). There are two copies of aaRS gene

on the pEVOL plasmid. One aaRS gene is under the control of the consti-

tutive glnS promoter and the second one is under the control of the

arabinose-inducible PBAD promoter and the rrnB terminator. Simultaneous

overexpression of both copies of aaRS gene enhances the production of the

full-length target protein (Cellitti et al., 2008). The expression of amber sup-

pressor tRNA is under the control of a proK promoter and terminator. The

pEVOL plasmid also contains a chloramphenicol acetyltransferase marker

(CmR), an araC repressor gene, and the p15A origin of replication (Fig. 2A).

The target protein is encoded by a pET plasmid. The expression of the

target protein is under the control of an inducible T7 promoter and the T7

terminator. The pET30 plasmid contains a pBR322 origin of replication and

a kanamycin resistance gene (KanR). The expressed target protein contains a

C-terminal His6 tag for detection and purification. Other similar vectors can

be used to encode the target protein of interest. The target protein vector

should have compatible replication origin and selection maker to the

pEVOL plasmid so that these two plasmids can be simultaneously

maintained in the E. coli host. Typical hosts for the pEVOL-pET system

are BL21(DE3) or other similar strains that express the T7RNA polymerase.

A C-terminal His6 tag is typically employed for unnatural amino acid

incorporation using the amber suppression approach. Such design simplifies

the purification process, since only full-length target protein, which contains

the unnatural amino acid of interest, has a His6 tag. Inability to decode the
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amber stop codon leads to translational termination, which produces trun-

cated proteins without a His6 Tag. On the other hand, if the His6 tag is fused

to the N-terminus of the protein of interest, truncated protein can be

copurified with the full-length protein.

2.2.2 The pBK and pLei Combination
The pBK plasmid contains the aaRS gene, under the control of a constitu-

tive glnS promoter and terminator. The pBK plasmid also encodes a kana-

mycin resistance protein (KanR) and a ColE1 origin of replication (Fig. 2B).

The target protein is encoded by the pLei plasmid. The expression of the

target protein is under the control of an inducibleT5 promoter and a lambda

t0 transcriptional terminator. The pLei plasmid also encodes the amber sup-

pressor tRNA that is under the control of a constitutive lpp promoter and

rrnC terminator. This plasmid contains a p15A origin of replication and a

chloramphenicol acetyltransferase marker (CmR).

The expressed target protein contains a C-terminal cleavable His6 tag

and S-tag for detection and purification. Other similar vectors can be used

to encode the target protein of interest. Such vector should have a compat-

ible replication origin and selection marker to the pBK plasmid so that these

two plasmids can be simultaneously maintained in the E. coli host. Typical

hosts for the pBK-pLei system include DH10B and GeneHogs.

2.3 Expression of Fluorescent Proteins Containing Unnatural
Fluorophores

2.3.1 Mutagenesis and Verification
In order to generate an unnatural fluorophore, the fluorophore-forming

tyrosine (e.g., Tyr66 in GFP) residue can be replaced with an unnatural

amino acid of one’s interest. To this end, the codon (TAC) of Tyr66 needs

to be mutated into an amber nonsense codon (TAG). Two general methods

can be employed for the site-directed mutagenesis. One is the QuikChange

(Agilent Technologies) method, which uses a pair of complementary muta-

genic primers to amplify the entire plasmid in a thermocycling reaction.

A free online program can facilitate the primer design (http://www.

genomics.agilent.com/primerDesignProgram.jsp). The second method uses

overlapping PCR where a specific primer is designed to contain the desir-

able amber mutation. After the mutagenesis experiment, the presence of the

amber TAG mutation in the gene of interest should be verified by DNA

sequencing.
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2.3.2 Cotransformation of Host E. coli Cells
Standard transformation protocols can be used in this step. If the pEVOL and

pET combination is used, the transformants are plated onto LB-Agar plates

containing Cm (34 μg/mL) and Amp (100 μg/mL). If the pBK and pLei

combination is used, the transformants are plated onto LB-Agar plates con-

taining Kan (50 μg/mL) and Cm (34 μg/mL).

2.3.3 Protein Expression
A single colony from the Agar plate is used to inoculate 5 mL LB liquid

media containing appropriate antibiotics at 37°C. The seed culture

(1 mL) is used to inoculate fresh LB media (50 mL) containing appropriate

antibiotics at 37°C. For the pBK and pLei system, the protein expression is

induced at OD600 of 0.6–1.0 by the additions of IPTG (0.2–0.5 mM) and

unnatural amino acid of interest (1 mM). For the pEVOL and pET system,

the protein expression is induced at OD600 of 0.6–1.0 by the additions of

IPTG (0.2–0.5 mM), L-arabinose (0.2% (w/v)), and unnatural amino acid

of interest (1 mM). Following an additional 4–12 h of cultivation, cells

are collected by centrifugation at 5000 g and 4°C for 15 min. Harvested cells

are resuspended in lysis buffer containing potassium phosphate (20 mM, pH

7.4), NaCl (150 mM), and imidazole (10 mM). Cells are subsequently

disrupted by sonication. Cellular debris is removed by centrifugation

(21,000� g, 30 min, 4°C). The cell-free lysate is applied to Ni Sepharose

6 Fast Flow resin (GE Healthcare). Protein purification follows the manu-

facturer’s instructions. Protein concentrations are determined by Bradford

assay (Bio-Rad). Purified protein can be used directly or desalted prior to

next step.

The expression of the target protein using the pLei system is leaky.

Significant amounts of protein can be obtained without the addition of

IPTG. The optimal IPTG concentration is usually between 0.2 and

0.5 mM. If tight control of protein expression is needed (e.g., the target

protein is toxic to the host), a host strain that overexpresses the LacI protein

can be used. Besides LB, minimal medium, such as GMML (1�M9, 1 mM

MgSO4, 0.1 mM CaCl2, 8.5 mM NaCl, 5 μM FeSO4, 1% glycerol), can be

used. If the host is a nutrient auxotroph, appropriate supplements need

to be included. In general, higher fidelity can be achieved in minimal

medium, but lower protein yield is also observed in some cases due to

low cell density. When high cell density is desirable, media that are rich

in nutrients, such as 2YT medium, can also be used in the incorporation

experiments.
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The solubility of some unnatural amino acids is quite low in water. To

solve this problem, a proper amount of unnatural amino acid of interest is

first dissolved in a small amount of water by adjusting the pH value of

the solution. Either base (e.g., 1M NaOH in water) or acid (e.g., 1 M

HCl in water) can be used depending on the pH stability of the unnatural

amino acid of interest. Examples of basic pH-sensitive amino acids include

3-amino-L-tyrosine and 4-borono-L-phenylalanine. An examples of acidic

pH-sensitive amino acid is Nε-(tert-butyloxy-carbonyl)-L-lysine. The

unnatural amino acid solution is subsequently added into the culture media,

followed by the addition of an equimolar amount of base or acid to adjust the

pH back to the original value.

To improve the yield of protein expression, an E. coli strain (C321.ΔA)
can be used (Lajoie et al., 2013). This strain lacks amber nonsense codons and

does not express release factor 1 (RF1; RF1 decodes UAG nonsense codon

as the termination signal of protein translation). Such modifications abolish

amber nonsense codon-mediated translation termination in this strain. The

benefits of using RF1-minus strain in the production of unnatural amino

acid-containing proteins have been reported (Chatterjee, Lajoie, Xiao,

Church, & Schultz, 2014; Johnson et al., 2011; Wang et al., 2016).

To estimate the fidelity of unnatural amino acid incorporation into a

fluorescent protein of interest, two parallel protein expression experiments

are commonly conducted. In one experiment, the expression of the target

fluorescent protein is carried out in the presence of the unnatural amino acid.

In a second experiment, the expression is conducted in the absence of the

unnatural amino acid. A good fidelity of incorporation is obtained if

full-length fluorescent protein can only be detected when protein expression

is conducted in the presence of unnatural amino acid.

2.3.4 Protein Purification and Characterization
Proteins can be purified by commonly used procedures, such as affinity

chromatography using Ni-NTA resin. Generally, unnatural amino acids

are stable under the affinity purification conditions. If needed, imidazole

and salts in the solution of purified protein can be removed using a desalting

column or by dialysis. The protein concentration can be quantified by Brad-

ford assay (Bio-Rad). The purified protein can be analyzed by SDS-PAGE.

To further confirm the site-specific incorporation of unnatural amino acid

into the fluorescent protein of interest, mass spectrometry analysis is com-

monly conducted. The analysis can be based on the full-length protein or

on protein fragments from trypsin digestion. The data of a typical analysis
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of full-length protein are shown in Fig. 3. In a typical analysis of

trypsin-digested fragments, the band of the fluorescent protein of interest

is cut from SDS-PAGE, then subjected to in-gel digestion with trypsin

(in 50 mM ammonium bicarbonate, pH 8.0) overnight at 37°C. The

resulting peptide fragments are extracted with 0.1% formic acid in 75% ace-

tonitrile, and then analyzed by LC/MS/MS. Database searches are subse-

quently performed.

The fluorescence property of the unnatural amino acid-containing fluo-

rescent proteins can be examined by a fluorometer or a fluorescence plate

reader. The unnatural amino acid-containing fluorescent proteins may have

similar or very different emission and excitation wavelength in comparison

to their parent fluorescent proteins (Fig. 4).

Fig. 3 Mass spectra of GFP mutant that contains p-boronophenylalanine (pBoPhe) at
position 66. Expected mass: 27,738 Da (without N-terminal methionine) and 27,869 Da
(with N-terminal methionine); observedmass: 27,736 Da (without N-terminal methionine)
and 27,867 Da (with N-terminal methionine).
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3. AN UNNATURAL FLUORESCENT PROTEIN BIOSENSOR
FOR HYDROGEN PEROXIDE

3.1 General Design Principles
Since the report of a green fluorescent protein (GFP) biosensor for Ca2+ in

1997 (Miyawaki et al., 1997), more than 100 fluorescent protein biosensors

have been developed to enable the monitoring of intracellular pH, redox

potential, enzyme activities, and concentrations of small molecules

(Frommer et al., 2009; Newman et al., 2011).

Several design approaches (Fig. 5) have been developed to engineer fluo-

rescent protein biosensors. The first design (Fig. 5A) focuses on the proton-

ation state of the chromophore. Under different pH, chromophores of

fluorescent proteins can adopt altered protonation states, which makes fluo-

rescent proteins naturally sensitive to pH changes (Bizzarri, Serresi, Luin, &

Beltram, 2009). While four protonation states (protonated/deprotonated

phenol group and alpha nitrogen from Tyr66) can exist in the GFP chromo-

phore, the proton exchange reaction of the phenol group is the main factor

in the design of pH sensors that work under physiological conditions. In the

model chromophores, the pKa values of the imidazolinone ring nitrogen

(N66; Fig. 5A) and the phenolic hydroxyl group are in the range of

Fig. 4 Fluorescence excitation (Ex) and emission (Em) spectra of wild-type GFP and GFP
mutants containing unnatural amino acids at position 66. Fluorescence spectra were
measured in phosphate buffer (50 mm, pH 7.4). The emission spectra were recorded
with maximum excitation wavelengths of each fluorescent proteins.
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1.8–2.4 and 8.1–8.5 (Bizzarri et al., 2009), respectively. The estimated pKa

value of the phenolic hydroxyl group of the chromophore in the folded pro-

tein is around 5.2–7.5 (Bizzarri et al., 2009). With a protonated phenol

group of Tyr66, GFP absorbs at 398 nm and emits at 508 nm. On the other

hand, GFP containing a deprotonated phenol group on Tyr66 absorbs at

475 nm and emits at 503 nm (Tsien, 1998).

The second general design is also a class of single fluorescent

protein-based biosensors (Fig. 5B) (Frommer et al., 2009; Newman et al.,

2011; Wang et al., 2009). It is known that the surrounding molecular envi-

ronment of a fluorescent protein’s chromophore defines its fluorescence sig-

nature. Therefore, chemical and/or physical changes to nonchromophore

Fig. 5 General design principles of fluorescent protein biosensors. (A) Single fluorescent
protein pH sensors that are based on the protonation state of the chromophore.
(B) Sensors that are based on conformational change of circularly permuted fluorescent
proteins (cpFP). (C) FRET-based fluorescent protein biosensors. (D) Biosensors that are
based on bimolecular fluorescence complementation (BiFC).
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residues can affect the optical properties of a fluorescent protein. For exam-

ple, the reversible formation of a disulfide bond between two cysteine res-

idues can influence the fluorescence signals of fluorescent proteins. This

strategy has been employed to monitor redox potential changes in living

cells (Hanson et al., 2004; Ostergaard, Tachibana, & Winther, 2004). In

another example, a fluorescent protein, usually a circularly permuted fluo-

rescent protein (cpFP), is fused to a protein scaffold(s) that act as a sensing

domain. Upon recognition of the target, the sensing domain causes a con-

formational change of cpFP and leads to a shift in the fluorescence intensity

or the fluorescence hue. This strategy was demonstrated by a genetically

encoded hydrogen peroxide (H2O2) sensor, Hyper (Belousov et al.,

2006), which is based on a cpYFP and the prokaryotic H2O2-sensing tran-

scription regulator, OxyR.

In the third design strategy, two fluorescent proteins with overlapping

excitation and emission spectra are, respectively, fused to the N- and the

C-terminus of a protein scaffold of interest that acts as a sensing domain

for the target recognition (Fig. 5C). The sensing domain undergoes a con-

formational change in response to the target, which leads to the change in

the relative distance between the two fused fluorescent proteins. As a con-

sequence, the efficiency of F€orster resonance energy transfer (FRET) chan-

ged, which often results in the shift in emission (Frommer et al., 2009;

Newman et al., 2011; Wang et al., 2009). A well-known example is the

“cameleon” class of Ca2+ sensors (Mank & Griesbeck, 2008; Miyawaki

et al., 1997), in which the fluorescent protein FRET pair is fused to a sensing

domain containing calmodulin and a peptide that binds to calmodulin in the

presence of Ca2+ ions.

The fourth design strategy is based on bimolecular fluorescence comple-

mentation (BiFC; Fig. 5D) (Cabantous et al., 2005; Wang et al., 2009),

which is commonly known as “split” fluorescent protein. This approach

entails the coexpression of two fusion proteins. Each of them contains

one fragment of the split fluorescent protein and a part of sensing domains.

Association of the sensing domains in the presence of target analyte brings

the complementary fragments of the fluorescent protein reporter within

proximity, which promotes the reconstitution of the reporter into its native

or near native three-dimensional structure and the emission of fluorescence

signal. A classic example of such a split fluorescent protein biosensor is the

split-pericam (Nagai, Sawano, Park, & Miyawaki, 2001). The association of

calmodulin and the M13 peptide in response to Ca2+ leads to the formation

of an intact GFP.

205Novel Fluorescence Protein-Based Biosensors



3.2 General Design Principles for Unnatural Amino
Acid-Containing Fluorescent Protein Biosensors

While design principles in the above section have led to the construction of

many useful biosensors, significant challenges remain to improve the perfor-

mance and to expand the diversity of fluorescent protein biosensors. Sensing

elements of current fluorescent protein biosensors are either naturally exis-

ting proteins, such as transcription factors, or engineered sensing segments

derived from natural amino acid (e.g., cysteine residues for disulfide bond

formation), which not only limit the specificity and the affinity of fluores-

cent protein biosensors but also restrict the types of analytes that can be effec-

tively detected. Recently, efforts have been made to develop a new group of

fluorescent protein biosensors with expanded chemical/structural space

through the incorporation of genetically encoded unnatural amino acids

with unique chemical and/or physical properties.

The main focus of above engineering efforts is the chromophore of fluo-

rescent proteins, such as GFP. Since the chemical properties and the struc-

ture of the chromophore are the major factors that define the photophysical

properties of GFP, a maximum signal output may be achieved by directly

modifying the composition of the chromophore. The chromophore of

GFP is derived from a tripeptide sequence through the spontaneous post-

translational cyclization of the three consecutive amino acid residues

(Ser65-Tyr66-Gly67), followed by a dehydration reaction to form an

imidazolin-5-one intermediate, and a final dehydrogenation reaction to

yield the chromophore (Barondeau, Putnam, Kassmann, Tainer, &

Getzoff, 2003; Chalfie, Tu, Euskirchen, Ward, & Prasher, 1994; Cubitt

et al., 1995; Pouwels, Zhang, Chan, Dorrestein, & Wachter, 2008; Rao,

Kemple, & Prendergast, 1980; Shu, Shaner, Yarbrough, Tsien, &

Remington, 2006; Tsien, 1998; Verkhusha & Lukyanov, 2004; Zhang,

Patel, Lappe, &Wachter, 2006). This process is self-catalyzed by the protein

fold in the presence of molecular oxygen. As Tyr66 forms the major part of

the chromophore, the replacement of Tyr66 with an unnatural analog gen-

erates an artificial chromophore that cannot be realized in nature. It has been

shown previously that these unnatural chromophores displayed altered fluo-

rescent properties from that of the wild-type GFP (Wang et al., 2012;Wang,

Xie, et al., 2003).

A general approach to design fluorescent protein biosensors that contain

unnatural amino acids is to replace Tyr66 by an unnatural tyrosine analog

with a side chain that either selectively reacts with or has high affinity toward
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the analyte of interest (Fig. 6). The chromophore of the fluorescent protein

biosensor changes after the desirable reaction or binding event with the ana-

lyte, which leads to fluorescence property changes of the biosensor. These

unnatural amino acid-containing fluorescent protein biosensors can gener-

ally lead to a large signal output. In order to be highly specific, these unnat-

ural amino acids should only react or bind with the analyte of interest and are

chemically orthogonal to other biomolecules in a living cell. Several unnat-

ural amino acid-containing fluorescent protein biosensors have been

Fig. 6 Basic design principles of green fluorescent protein biosensors containing unnat-
ural amino acid at position 66. (A) Chemical reaction-based biosensors. (B) Affinity/
chelation-based biosensors.
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developed by following above design principles. These include a transition

metal (Cu2+ and Zn2+) sensor (Ayyadurai et al., 2011; Liu et al., 2013), a

hydrogen peroxide (H2O2) sensor (Wang et al., 2012), a peroxynitrite sensor

(Chen et al., 2013), a hydrogen sulfide (H2S) sensor (Chen et al., 2012), and

a light sensor (Groff et al., 2010).

To construct this class of fluorescent protein biosensors, an unnatural

amino acid of interest is genetically incorporated in response to an amber

nonsense codon. Since the chromophore of a fluorescent protein is buried

at the center of the β-barrel, it can only be accessed by analytes of small sizes.

To enable the analysis of larger analytes and to improve the kinetics of detec-

tion, cpFP variants can be employed. Circular permutation is achieved by

connecting the original N- and C-termini of fluorescent proteins through

flexible peptide linkers and introducing new N- and C-termini at sites in

close proximity to the chromophore (Baird, Zacharias, & Tsien, 1999;

Nagai et al., 2001). While we discussed GFP specifically here, the above

approach can be applied to other fluorescent proteins by replacing function-

ally equivalent Tyr residues.

3.3 Reaction-Based Fluorescent Protein Biosensor for
Hydrogen Peroxide

Reactive oxygen species such as hydrogen peroxide (H2O2) acts as a second

messenger that selectively modifies cysteine residues on target proteins and,

therefore, participates in the control of many intracellular events in response

to external stimuli (Paulsen & Carroll, 2010; Poole & Nelson, 2008; Rhee,

2006; Stone & Yang, 2006; Veal, Day, & Morgan, 2007). A prominent

example is the reversible inactivation of protein tyrosine phosphatases in

receptor tyrosine kinase signaling (Denu & Tanner, 1998; Lee, Kwon,

Kim, & Rhee, 1998). Given the importance of H2O2 in biology, methods

that can be used to selectively image the intracellular concentrations of

H2O2 and do not interfere with cellular redox events in living systems

are highly desirable. A few small-molecule fluorescent probes have been

designed based on the chemoselective reaction of arylboronates with

H2O2 (Lippert, Van de Bittner, & Chang, 2011). These probes are highly

specific for H2O2 and are bioorthogonal to most cellular processes. In order

to generate intracellular H2O2 biosensors that have good spatial resolution, a

family of genetically encoded H2O2 sensor, Hyper (Belousov et al., 2006),

Hyper-2 (Markvicheva et al., 2011), and Hyper-3 (Bilan et al., 2012) were

constructed by fusing the regulatory domain of bacterial H2O2-sensing pro-

tein (OxyR) with a circularly permuted yellow fluorescent protein (cpYFP)
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variant. The output signal is produced through the conformational change

of cpYFP, which is induced by the intramolecular disulfide bond formation

between two cysteine residues of OxyR in the presence of H2O2. A second

class of genetically encoded H2O2 sensor, roGFP2-Orp1, is based on

peroxidase-roGFP2 relay, in which the peroxidase Orp1-mediated oxida-

tion of roGFP2 by H2O2 results to signal output (Gutscher et al., 2009).

Both the Hyper and roGFP2-Orp1 families of sensors selectively respond

to H2O2 with very good sensitivity, but lead to less than a fivefold signal

enhancement. These hydrogen peroxide sensors are reversible due to the

reversibility of disulfide bond formation. Therefore, they can be potentially

affected by the redox state of cells, and thus cannot accurately image the

accumulated H2O2 signal over time.

Here we present a single GFP-based H2O2 sensor, in which the Tyr66 is

replaced with pBoPhe. The GFP mutant (GFP-Tyr66pBoPhe) is not fluo-

rescent. Based on the crystal structure of GFP-Tyr66pBoPhe (Wang et al.,

2012), the –B(OH)2 group forms hydrogen bonds with the backbone nitro-

gen of His148 and the hydroxyl side chain of Ser205, which affects the pla-

narity of the chromophore. In addition, the bulky –B(OH)2 side chain

pushes His148 away from the chromophore (Fig. 3A). The dislocation of

His148 (Seifert et al., 2003) may also account for the lack of any observed

fluorescence of GFP-Tyr66pBoPhe. In the presence of H2O2, arylboronate

is oxidized into phenol to restore the native chromophore of GFP (Fig. 7A).

Fig. 7 A fluorescent protein-based H2O2 sensor. (A) Fluorescence of GFP-Tyr66pBoPhe
before (red trace) and after (blue trace) H2O2 treatment. (B) Changes in fluorescence of
GFP-Tyr66pBoPhe after the incubation with different concentrations of H2O2.
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Therefore, GFP-Tyr66pBoPhe can be used as an H2O2 sensor. Since the

oxidation of an arylboronate-based fluorescent protein biosensor by

H2O2 is irreversible, the output signal of the sensor is insensitive to the rap-

idly recovered cellular redox state after a transient H2O2 burst. Therefore,

the arylboronate-based fluorescent protein biosensor can be applied to mon-

itoring the cumulative H2O2 signal in biological systems.

3.4 Materials
– Fluorescence plate reader

– Inverted confocal fluorescence microscope

– Refrigerated microcentrifuge

– Purified GFP-Tyr66BoF

– Purified wild-type GFP

– E. coli cells expressing GFP-Tyr66BoF

– E. coli cells expressing wild-type GFP

– 30% H2O2 (Sigma)

– PBS buffer

– Assay buffer (50 mM phosphate buffer, pH 7.4, containing 10% glycerol)

– 96-Well fluorescence plate (polystyrene plate, black, flat bottomed, and

nontransparent; Costar 3915)

– Glass slides for imaging

3.5 Sample Preparation
3.5.1 With Purified Protein
After the purification by affinity chromatography, the isolated protein,

GFP-Tyr66BoF (the Tyr66 of GFP is replaced by BoF), is dialyzed against

the assay buffer (50 mM phosphate buffer, pH 7.4; 10% glycerol).

3.5.2 With Live Cells
Cells (1 mL) expressing GFP-Tyr66BoF are collected using benchtop cen-

trifuge at 5000� g for 8 min. After removal of the supernatant, cells are

resuspended in 1 mL PBS buffer and collected by centrifugation. This pro-

cess is repeated for three times in order to remove residual culture media.

After the final washing step, cells are resuspended in 1 mL PBS buffer and

are ready for the next step of the experiment.

3.6 Biosensing
3.6.1 With Purified Protein
To a solution of GFP-Tyr66BoF (0.1–1 mg/mL) in assay buffer, a desirable

amount of H2O2 (0.01–10 mM) is added and the resulting mixture is
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incubated at room temperature for a desirable period of time (3–60 min).

As one control, the GFP-Tyr66BoF solution is incubated under the

same conditions without the addition of H2O2 (replaced with the same

amount of water). Fluorescence intensities of the above samples are then

measured using a fluorescence plate reader. As shown in Fig. 7A, strong

fluorescence can be only observed with the protein sample that is treated

withH2O2. The fluorescence properties of the H2O2-treated protein sample

is identical to those of the wild-type GFP λmax
em ¼ 508nm

� �
. In general, sig-

nificant fluorescence can be observed after 3 min of incubation with 1 mM

H2O2. Longer time is needed when H2O2 concentration is low.

To determine if the fluorescence intensity has a linear correlation

with the concentration of H2O2, GFP-Tyr66BoF samples are incubated

with a range of different concentrations of H2O2 (0.01–10 mM final

concentration). As shown in Fig. 7B, the fluorescence intensities of

H2O2-treated protein samples correlate well with the concentrations

(0.01–0.1 mM) of H2O2. The linear relationship is observed when H2O2

concentration is lower than 10 mM. Within a broader range of H2O2 con-

centration (0.01–100 mM), a biphasic curve of fluorescence vs H2O2

concentration is observed. This likely results from the oxidation of

wild-type GFP chromophore at high concentrations of H2O2. Indeed, a

decrease in fluorescence intensity can be observed when wild-type GFP

is incubated with 100 mM H2O2.

3.6.2 With Live Cells
The fluorescence intensity of washed cells expressing GFP-Tyr66BoF in

PBS buffer (100 μL with an OD600 of 0.5–1.0) is measured using a fluores-

cence plate reader. The observed fluorescence intensity is very low

(RFU¼�50–100) and is comparable to that of cells that do not express

GFP-Tyr66BoF. The same cell sample is incubated with 100 mM H2O2

at room temperature. The fluorescence intensity is monitored every minute

in a 15-min period. As shown in Fig. 8A, the fluorescence intensity of the

sample increases as the incubation time increases. In this experiment, a high

extracellular concentration of H2O2 is needed to attain a sufficient intracel-

lular H2O2 concentration. Degradation of H2O2 is observed (the appearance

of gas bubbles), likely due to the presence of catalase activity in the E. coli

host. E. coli cells are still viable after H2O2 treatment at 100 mM concentra-

tion. As a control, no fluorescence intensity change can be detected with the

host E. coli cells that are incubated with 100 mMH2O2 under the same con-

ditions (Fig. 8B).
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Fig. 8 Sensing H2O2 in live cells. (A) Oxidation of wild-type E. coli and E. coli expressing
GFP-Tyr66pBoPhe in the presence of 100 mM H2O2. (B) Overlapped bright-field and
fluorescence images of wild-type E. coli and E. coli expressing GFP-Tyr66pBoPhe in
the presence of 100 mM H2O2.
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In addition to fluorescence intensity measurement, cells can be visualized

using a confocal fluorescence microscope. In this set of experiments, a 50 μL
of washed cells (with an OD600 of one’s choice) expressing GFP-Tyr66BoF

are resuspended in PBS buffer and added to a glass slide, which is visualized

under a confocal fluorescence microscope. As shown in Fig. 8B, no fluores-

cent cells can be detected. The same batch of cell sample is then incubated

with 100 mM H2O2 at room temperature for 5 min and visualized again.

Strong fluorescent signals can be detected. The fluorescence is nicely local-

ized inside cells. Because GFP can be genetically encoded, this approachmay

allow spatial resolution of redox chemistry when fused to a target protein of

interest.

4. CONCLUDING REMARKS

In summary, we report the construction of a H2O2 biosensor that

combines the desirable properties of the arylboronate-based small-molecule

fluorescent probes and fluorescent protein-based biosensors. This new class

of H2O2 biosensor design aims to reach a maximum signal output by directly

modifying the chemical composition of the chromophore. A chemical

transformation of the unnatural amino acid (pBoPhe)-containing chromo-

phore leads to dramatic change in fluorescence intensity. The properties of

this H2O2 biosensor, such as the detection limit and the sensing kinetics, still

need to be further optimized in order to be applied to real biological studies.

Nevertheless, the construction of this H2O2 sensor and other unnatural

amino acid-containing fluorescent protein biosensors represent an impor-

tant step toward the generation of new sensors with high sensitivity and

selectivity. Introduction of additional functional groups into fluorescent

proteins allows one to explore new designs that are not possible by using

the 20 common amino acids. The integration of the two powerful method-

ologies, fluorescent protein and unnatural amino acid mutagenesis, should

lead to the design and construction of novel tools for biological studies in

living systems. The design principles of the reaction-based fluorescent pro-

tein biosensor for H2O2 can be generalized to the construction of other fluo-

rescent protein biosensors. We expect that many well-established aqueous

phase chemical reactions can be used for the design of fluorescent protein

biosensors and thus may expand the repertoire of analytes that can be

detected.
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