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Abstract

Boronic acid-containing fluorescent molecules have been widely used to sense hydrogen peroxide 

and peroxynitrite, which are important reactive oxygen and nitrogen species in biological 

systems. However, it has been challenging to gain specificity. Our previous studies developed 

genetically encoded, green fluorescent peroxynitrite biosensors by genetically incorporating a 

boronic acid-containing noncanonical amino acid (ncAA), p-boronophenylalanine (pBoF), into 

the chromophore of circularly permuted green fluorescent proteins (cpGFPs). In this work, we 

introduced pBoF to amino acid residues spatially close to the chromophore of an enhanced 

circularly permuted red fluorescent protein (ecpApple). Our effort has resulted in two responsive 

ecpApple mutants: one bestows reactivity toward both peroxynitrite and hydrogen peroxide, while 

the other, namely pnRFP, is a selective red fluorescent peroxynitrite biosensor. We characterized 

pnRFP in vitro and in live mammalian cells. We further studied the structure and sensing 

mechanism of pnRFP using X-ray crystallography, 11B-NMR, and computational methods. The 

boron atom in pnRFP adopts an sp2-hybridization geometry in a hydrophobic pocket, and 
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the reaction of pnRFP with peroxynitrite generates a product with a twisted chromophore, 

corroborating the observed “turn-off” fluorescence response. Thus, this study extends the color 

palette of genetically encoded peroxynitrite biosensors, provides insight into the response 

mechanism of the new biosensor, and demonstrates the versatility of using protein scaffolds to 

modulate chemoreactivity.

Graphical Abstract

INTRODUCTION

Peroxynitrite (ONOO–) is a highly reactive molecule formed by the reaction between 

nitric oxide (•NO) and superoxide anion (O2
•–) via a diffusion-controlled process.1,2 The 

decomposition of peroxynitrite can further produce secondary radicals.3,4 In biological 

systems, peroxynitrite and its derived radicals act through direct or radical-mediated 

oxidation and nitration of biomolecules.5–8 In particular, tyrosine nitration, which is 

the most representative post-translational protein modification caused by peroxynitrite, 

has been considered a maker of nitrosative stress.9 Peroxynitrite is thus recognized as 

an important pathogenic mediator for various diseases, such as cardiovascular diseases, 

neurodegeneration, inflammation, and cancer.10–12 Additionally, low levels of peroxynitrite 

may play signaling roles.13,14 Furthermore, peroxynitrite has been identified as a potent 

cytotoxic effector of macrophages, and due to its cell permeability, macrophage-induced 

peroxynitrite can kill surrounding target cells or invading pathogens.15,16

To better understand the pathophysiology of peroxynitrite and develop related therapies, 

it is crucial to track peroxynitrite in living systems.17 However, this is challenging due 

to peroxynitrite’s high reactivity, low steady-state concentration, and complex diffusion 

and reaction pathways in the cellular milieu. Fluorescent sensors have emerged as a 

promising approach for peroxynitrite detection, as they are sensitive, provide good signal-

to-background ratios, and can be used with widely available fluorescence microscopy 

platforms.18–21 However, these sensors often exhibit cross-reactivity with other reactive 

oxygen and nitrogen species (ROS/RNS), such as hydroxy radical (•OH), hypochlorite 
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(ClO−), and hydrogen peroxide (H2O2). Developing specific sensors for peroxynitrite 

remains a highly sought-after goal.

Fluorescent molecules containing boronic acid have been commonly used for detecting 

hydrogen peroxide and peroxynitrite.22–24 However, it is difficult to differentiate between 

the two using these molecules, because although arylboronic acid reacts with peroxynitrite 

more rapidly than hydrogen peroxide, hydrogen peroxide is more prevalent and abundant 

in biological systems. To address this issue, previous studies have created several boronic 

acid-based sensors that utilize N-B interactions to convert boronic acid into an sp3-

hybridized boron species, which reduces reactivity with hydrogen peroxide and increases 

specificity for peroxynitrite.19,25–27 In particular, we previously created genetically encoded 

fluorescent peroxynitrite sensors, such as pnGFP and pnGFP-Ultra, by introducing a 

noncanonical amino acid (ncAA), p-boronophenylalanine (pBoF), into the chromophores of 

circularly permuted fluorescent proteins (cpFPs).25–27 We utilized a genetic code expansion 

technology,28–32 which involves the expression of an engineered orthogonal tRNA and 

aminoacyl-tRNA synthetase pair, to incorporate ncAAs into proteins in a site-specific 

manner. cpFPs were employed in our studies due to their more accessible chromophores 

than fluorescent proteins (FPs) in the wild-type topology.24,33 The peroxynitrite-induced 

oxidation of boronic acid-derived chromophores generates tyrosine-derived phenolate 

chromophores (Figure 1a), resulting in drastic fluorescence turn-on responses. The genetic 

encodability of these sensors makes them compatible with directed evolution for response 

and specificity optimization,27 and it further allows for convenient dissemination and broad 

adaptation. In addition, signal sequences can be used to readily express the sensors in 

subcellular localizations.33 Mechanistic studies suggest that the boron atoms in these sensors 

were converted to be sp3-hybridized due to the N-B interaction with a nearby histidine 

residue through a polarized water bridge, leading to high specificity that can differentiate 

peroxynitrite from hydrogen peroxide.26

Herein, we present the development, characterization, and structural analysis of a 

genetically encoded red fluorescent peroxynitrite biosensor (pnRFP), which specifically 

detects peroxynitrite in vitro and in mammalian cells. Instead of incorporating pBoF 

into the chromophore of a circularly permutated red fluorescent protein (cpRFP), we 

replaced residues near the chromophore with pBoF, allowing modulation of chromophore 

fluorescence through the boronic acid oxidation reaction (Figure 1b). In addition, we studied 

the structures of pnRFP and relevant mutants using biophysical and computational methods, 

gaining insight into the response mechanism of this new sensor.

RESULTS

Engineering of pnRFP

To expand the color palette of genetically encoded peroxynitrite biosensors, we sought 

to introduce pBoF into cpRFPs. We selected cpmApple, a cpRFP variant previously 

used in the development of other biosensors,34,35 as the starting scaffold. Next, we used 

error-prone polymerase chain reactions (EP-PCRs) to randomize cpmApple. Screening 

the libraries for increased brightness at 37 °C led to the identification of an enhanced 

cpmApple mutant (ecpApple), which is three mutations (S9G, E135K, and M206V) away 
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from cpmApple (Figure S1).36 Next, taking inspiration from pnGFP and pnGFP-Ultra, we 

introduced pBoF to the chromophore-forming tyrosine residue of ecpApple via genetic 

code expansion. The codon of residue 176 of ecpApple was mutated to TAG (amber 

codon), and an amber suppression plasmid, pEvol-pBoF, which expresses orthogonal, pBoF-

specific tRNA and aminoacyl-tRNA synthetase in E. coli, was used to incorporate pBoF in 

response to the amber codon.37,38 Unfortunately, our prepared protein (ecpApple-Y176B) 

did not show robust fluorescence responses to peroxynitrite. After mixing peroxynitrite with 

ecpApple-Y176B, we observed a very slow development of red fluorescence. Because the 

chromophore maturation of red fluorescent proteins (RFPs) has to undergo a more complex 

process than green fluorescent proteins (GFPs),39 we reasoned that the introduction of 

pBoF to residue 176 of ecpApple disrupted the formation of a mature chromophore. We 

further performed random mutagenesis on ecpApple-Y176B but were unable to identify any 

improved mutants.

Because the fluorescence of FP chromophores is sensitive to the surrounding environment, 

we next investigated the possibility of replacing residues near the chromophore of ecpApple 

with pBoF. We selected residues 14, 28, 30, 48 and 66 (Figure S2a) and introduced pBoF 

to each of these residues. The variants were expressed and purified from E. coli and tested 

for fluorescence responses to 100 μM peroxynitrite (Figure 2a). To our delight, two of 

these variants, including ecpApple-S14B and ecpApple-K30B, showed turn-on and turn-off 

responses, respectively. The results suggest that the peroxynitrite-induced oxidation of the 

two residues, which are spatially close to the phenolate of the chromophore (Figure S2b), 

can modulate the fluorescence of the chromophore.

We further tested ecpApple-S14B and ecpApple-K30B in response to hydrogen peroxide. 

The fluorescence of ecpApple-S14B was sensitive to micromolar hydrogen peroxide, 

and 100 μM hydrogen peroxide increased the fluorescence of ecpApple-S14B similarly 

to 100 μM peroxynitrite (Figure S3). In contrast, the fluorescence of ecpApple-K30B 

was unaffected by 1 mM hydrogen peroxide (Figure 2b). Due to the selectivity of 

ecpApple-K30B toward peroxynitrite, we named this mutant “pnRFP”. Furthermore, we 

constructed a pnRFP-B30Y mutant (equivalent to ecpApple-K30Y, Figure S1), which is the 

expected major oxidation product of pnRFP (Figure 1a). pnRFP-B30Y was unresponsive 

to peroxynitrite (Figure 2a), confirming that the quenching of pnRFP by peroxynitrite was 

indeed caused by the reaction between the pBoF30 residue and peroxynitrite.

Further characterization of pnRFP in vitro

We examined the specificity of pnRFP against an expanded panel of redox-active molecules 

involved in cellular redox signaling. At physiologically relevant concentrations, only 

peroxynitrite caused notable fluorescence changes (Figure 2b), further confirming that 

pnRFP is a specific peroxynitrite sensor. pnRFP emitted strong red fluorescence with the 

excitation and emission peaks at 572 and 594 nm, respectively (Figure 2c). It reacted with 

peroxynitrite quickly, resulting in an ~ 5-fold fluorescence decrease, while a prolonged 

incubation of pnRFP with hydrogen peroxide did not cause notable fluorescence changes 

(Figure 2d). In addition, the incubation of pnRFP with SIN-1 (3-morpholinosyndnomine), 

a slow peroxynitrite-releasing molecule,40 led to a time-dependent fluorescence decrease 
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(Figure 2d). Furthermore, we mixed pnRFP with various concentrations of peroxynitrite or 

SIN-1, and the induced fluorescence changes were concentration-dependent (Figure 2e,f). 

In particular, pnRFP was quite sensitive to peroxynitrite, and the response was saturated by 

~5 μM peroxynitrite. A linear response was observed in the low micromolar concentration 

range (< 5 μM) with a limit of detection (LOD) of ~225 nM. The linear response range of 

pnRFP for SIN-1 was in the low millimolar range (< 2 mM). Collectively, the results suggest 

that pnRFP is a specific and sensitive red fluorescent peroxynitrite sensor.

Use of pnRFP to image peroxynitrite in live mammalian cells

To examine whether pnRFP could image peroxynitrite in mammalian cells, we co-

transfected human embryonic kidney (HEK) 293T cells with our constructed mammalian 

expression plasmid pMAH-pnRFP (Figure S4a), in addition to pMAH-POLY-eRF1(E55D) 

which expresses an orthogonal tRNA and aminoacyl-tRNA synthetase pair and a translation 

release factor mutant for efficient genetic encoding of pBoF in mammalian cells (Figure 

S4b).25,27 Cells were treated with the peroxynitrite donor SIN-1, and the fluorescence of 

pnRFP-expressing cells decreased as peroxynitrite was generated, causing a 22% (ΔF/F0) 

fluorescence decay within the monitoring period (Figure 3a–c). pnRFP-B30Y, whose 

fluorescence is insensitive to peroxynitrite, was expressed as a negative control. HEK 293T 

cells expressing pnRFP-B30Y showed negligible fluorescence changes under the SIN-1 

treatment. Next, we expressed pnRFP in mouse RAW264.7 macrophage cells. A plasmid 

(pAcBAC3-POLY-pnRFP, Figure S4c) containing the genes for pnRFP, the engineered 

aminoacyl-tRNA synthetase, and 20 copies of the amber suppression tRNA was used 

to boost protein expression.41 After transfection and pnRFP expression, RAW264.7 cells 

were pre-treated with lipopolysaccharide (LPS) and interferon-γ (INF-γ) to induce the 

expression of nitric oxide synthase. Next, phorbol 12-myristate 13-acetate (PMA) was added 

to activate NADPH oxidase, and cells were imaged simultaneously. We observed a 20% 

(ΔF/F0) fluorescence turn-off response in these activated pnRFP-expressing cells, while 

cells expressing the negative control, pnRFP-B30Y, showed no obvious fluorescence change 

(Figure 3d–f). Collectively, these results confirm that pnRFP is a reliable biosensor for 

monitoring chemically induced and physiologically relevant peroxynitrite generation in live 

mammalian cells.

Structural and mechanistic analysis

To gain more insights into the sensing mechanism of pnRFP, we obtained the monomeric 

crystal structure of pnRFP (PDB 7LQO) to 2.10-Å resolution through X-ray crystallography 

(Table S1). The structure displayed the typical architecture of a fluorescent protein, in which 

a chromophore was surrounded by an 11-β-strand barrel (Figure 4a). In the crystal structure, 

the chromophore (denoted as NRQ176) formed from M175, Y176, and G177 (Figure S1) 

perfectly fitted in the 2Fo-Fc electron density map, indicating a clear cis conformation 

(Figure S5). Its approximately planar conformation was stabilized by the joint effects of 

hydrogen bonds and hydrophobic interactions (Figure 4b). Two carbonyl oxygen atoms on 

the backbone and the imidazole ring of NRQ176 contacted with Q173, K179, R204, Q218, 

and S220 via direct or water-mediated hydrogen bonds. In the meantime, other surrounding 

residues, including pBoF30, hydrophobically interacted with NRQ176.
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The conformation of pBoF30 was described by the 2Fo-Fc electron density map at 1.0 

σ (Figure S6a). To further confirm the conformation of the dihydroxyl boron portion, we 

replaced pBoF with Phe in the model by Coot42 and recalculated electron density maps 

by Refmac5.43 The positive Fo-Fc difference density appeared in the map (shown as an 

orange meshed bubble in Figure S6b), suggesting that we initially assigned the correct pose 

to pBoF30. The boron atom in pnRFP seemed to be sp2-hybridized, and the backbone of 

pBoF30 was stabilized through hydrogen bonding to A42, while the conformation of the 

benzene ring and the slightly twisted boronic acid head appeared to be an outcome of the 

hydrophobic interaction with the chromophore (NRQ176) and other residues (Figure 4c).

We further performed 11B-NMR spectroscopy to confirm that the sp2-hybridized boron 

in pnRFP was not an artifact caused by crystallization. The recorded spectrum of the 

purified pnRFP protein displayed a single peak at 24.39 ppm (Figure 4d). We also recorded 

the 11B-NMR spectra of phenylboronic acid and phenylboronic acid in 1 M NaOH. A 

single sharp peak of sp2-hybridized boron (free phenylboronic acid) was observed at 28.53 

ppm, while sp3-hybridized boron (phenyl boronate anion) showed a peak at 2.78 ppm. 

Thus, the 11B-NMR spectra also support that the boron atom in pnRFP is sp2-hybridized, 

corroborating the X-ray crystallography result.

Next, we crystalized pnRFP-B30Y (a.k.a. ecpApple-K30Y, see Figure S1), which is the 

expected major oxidation product of pnRFP. The crystallization condition was identical 

to that used for pnRFP. The structure of pnRFP-B30Y, which was refined to a 1.95 Å 

resolution (PDB 7LUG), could superimpose on pnRFP with a 0.75 Å RMSD across C⍺ 
carbon atoms, showing a high degree of conformational similarity between the two proteins. 

In pnRFP-B30Y, two carbonyl oxygen atoms of the chromophore (NRQ176) connected to 

the surrounding residues through an almost identical hydrogen bonding network (Figure 

4e). Meanwhile, two additional hydrogen bonds were formed between Y30 and the oxygen 

on the phenolic ring of the chromophore, and between Q82 and a nitrogen atom on the 

imidazole ring of the chromophore (Figure 4e). Three hydrogen bonds on the imidazole ring 

could limit the dynamics of the chromophore in space, while the phenolic rings of Y30 

and the chromophore shifted closer to each other due to the new hydrogen bond between 

them. The combined forces disfavored the maintenance of the co-planar conformation of 

the chromophore. Subsequently, the bending of the chromophore (Figure 4f) reduced the 

conjugation effect through the π system, thereby leading to the diminished fluorescence of 

pnRFP-B30Y compared to pnRFP. Together, the structural results explain how peroxynitrite 

turns off the fluorescence of pnRFP.

Finally, we built a homology model for ecpApple-S14B, which was responsive to both 

peroxynitrite and hydrogen peroxide (Figure S3). We used the pnRFP structure (PDB 
7LQO) as the scaffold and substituted pBoF30 with K with an extended side-chain 

conformation towards the phenolic ring of the chromophore. We also substituted S14 with 

pBoF in Coot42 with the side chain buried in the β-barrel. Next, the model was then 

subjected to a 131-ns length molecular dynamics (MD) simulation with the AMBER14 

force field in YASARA (Figure S7).44,45 The average model indicated the dominant 

conformations of residues during the simulation, so we used it for further analysis. 

In this model (Figure 5), ecpApple-S14B well maintained a typical β-barrel structure 
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resembling other fluorescent proteins. Also, pBoF14 π-stacks with the phenolic ring of 

the chromophore, and K30 interacts with the backbone of pBoF14 through a hydrogen 

bond. E82 further interacts with the hydroxyl group of pBoF14 through hydrogen bonding. 

Compared with pBoF30 in pnRFP (Figure 4c), the boronic acid-head group of pBoF14 

in ecpApple-S14B stays in a more hydrophilic pocket (Figure 5 and Figure S8), which 

favors the polarization of the group. Moreover, the negative charge carried by E82 drives 

electrons to move from pBoF14 to E82 through the hydrogen bond. We further used the 

AM1 semi-empirical method in YASARA to assign charges to the boron atoms, and the 

charges of the boron atoms in pnRFP and ecpApple-S14B were +0.3562 and +0.4998, 

respectively, supporting that that boron in pnRFP is less positively charged. Since the 

oxidation of phenylboronic acid started with the nucleophilic attack by anionic species (e.g., 

ONOO– or HOO–),26 the result is aligned with the observed, much-reduced reactivity of 

pnRFP, compared to ecpApple-S14B, with HOO–. Meanwhile, because ONOO– is more 

electronegative than HOO–, ONOO– can still retain good reactivity with pnRFP. Overall, the 

modeling results further confirm that protein scaffolds can offer unique local environments 

to modulate the reactivity of boronic acid.

DISCUSSION

Starting from a cpRFP mutant, we developed a genetically encoded red fluorescent 

peroxynitrite biosensor (pnRFP) by site-specifically introducing a boronic acid-containing 

ncAA into a residue close to the chromophore. This effort expands not only the color of 

genetically encoded peroxynitrite biosensors from green to red but also how ncAA-base 

FP biosensors could be designed. In addition to directly using ncAAs to modify the 

chromophores of FPs,24,33,46–48 modifying chromophore-surrounding residues with ncAAs 

has now proven to be another viable strategy for developing ncAA-base FP biosensors.

pnRFP were discovered from site-directed mutagenesis of a cpRFP mutant derived from the 

Ca2+ sensor, R-GECO1.34 We introduced pBoF to several residues around the chromophore 

and gained responsive mutants at two locations (residues 14 and 30). This observation 

is not surprising, since these two residues have strong effects on the fluorescence of 

the chromophore. The crystal structure of R-GECO1 at the Ca2+-bound state was solved 

previously (PDB 4I2Y).49 The K78 residue of R-GECO1 (equivalent to residue 30 

in ecpApple or pnRFP) forms an ionic interaction with the phenolated oxygen of the 

chromophore, while S62 (equivalent to residue 14 in ecpApple or pnRFP) further stabilizes 

this interaction via a hydrogen bond (Figure S2b).

In pnRFP-B30Y, a hydrogen bond is formed between Y30 and the phenolated oxygen of 

the chromophore. A similar hydrogen bond exists between K78 and the chromophore of 

R-GECO1 at the Ca2+-bound state. However, the location of Y30 of pnRFP-B30Y has 

been shifted from that of K78 in R-GECO1 (Figure S9). The outcome is that K78 helps 

to maintain a largely co-planar conformation of the chromophore of R-GECO1, while 

Y30 contributes to bending the chromophore of pnRFP-B30Y. Therefore, R-GECO1 at the 

Ca2+-bound state is quite fluorescent, while pnRFP-B30Y shows reduced fluorescence.
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Normally, arylboronic acid can be oxidized by both hydrogen peroxide and peroxynitrite 

to generate the phenol product. Previous studies used N-B interactions to generate sp3-

hybridized boron species for enhanced specificity toward peroxynitrite.19,25–27 This study 

derived pnRFP, which still has an sp2-hybridized boron atom, as confirmed by the X-ray 

crystal structure and 11B-NMR spectra (Figure 4). Although further research is still needed 

to pinpoint the mechanism, our results here indicate that hydrophobicity and hydrogen 

bonding patterns in the local environment and the charge distribution of the boron atom may 

be factors contributing to the high specificity of pnRFP. Collectively, pnRFP and ecpApple-

S14B, as well as pnGFP and pnGFP-Ultra, offer a series of examples that demonstrate the 

versatility of using protein scaffolds to tune chemoselectivity.

Peroxynitrite reacts rapidly with carbon dioxide (CO2) to form nitrosoperoxycarbonate 

((ONOOCO2
−),50 which may be a competitive pathway for the reaction between 

peroxynitrite and the pnRFP sensor. In this study, we imaged live cells in either PBS 

(which does not contain HCO3
−) or HBSS (which contains 4 mM HCO3

−) and observed 

peroxynitrite-induced fluorescence changes of pnRFP. These results are consistent with a 

previous study on the reaction between peroxynitrite and a synthetic boronate,51 indicating 

that while CO2 or HCO3
− may negatively affect the response of the pnRFP sensor, the 

boronic acid-containing sensor still displays adequate reactivity to detect peroxynitrite even 

in the presence of millimolar HCO3
−.

This study has several limitations regarding its methodology and results. Firstly, predicting 

the outcome of replacing residues near the chromophore is a challenging task. Several 

ecpApple mutants tested in this study, except for pnRFP and ecpApple-S14B, were found 

to be non-responsive. Furthermore, ecpApple-S14B exhibited turn-on responses to both 

peroxynitrite and hydrogen peroxide, while pnRFP showed a specific turn-off response 

to peroxynitrite. These results could not be rationally predicted beforehand. It is also 

worth noting that pnRFP is a turn-off sensor, which makes it more susceptible to artifacts 

than fluorescence-turn-on sensors. We recommend future users to carefully control the 

photobleaching factor and use the negative control (pnRFP-B30Y) in parallel.

In summary, we have developed a genetically encoded red fluorescent peroxynitrite 

biosensor and characterized it in vitro and for imaging chemically induced and 

physiologically relevant peroxynitrite generation in live mammalian cells. We further used 

structural, biophysical, and computational methods to study the response mechanism of this 

new sensor. Our results may provide inspiration to further biosensor development and the 

turning of chemoreactivity.

METHODS

Sources of Key Reagents.

The amino acid p-borono-DL-phenylalanine (pBoF) was purchased from Synthonix (Wake 

Forest, NC). Synthetic DNA oligos were purchased from Integrated DNA Technologies 

(Coralville, IA). Restriction endonucleases or other molecular biology reagents were 

purchased from Thermo Fisher Scientific (Waltham, MA) or New England Biolabs 

(Ipswitch, MA). Plasmid pCMV-R-GECO1 (Addgene Plasmid # 32444) and pAcBac3 were 
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gifts from Robert E. Campbell (University of Alberta) and Abhishek Chatterjee (Boston 

College), respectively.34,41

Mutagenesis and Biosensor Engineering.

The generation of ecpApple from R-GECO1 was described elsewhere.36 Next, overlap 

extension polymerase chain reactions (PCRs) were used to introduce the TAG amber codon 

to specific residue positions of ecpApple. To introduce the TAG codon to residue 14, 

oligos ecpApple-S14TAG-F and cpRFP_R (Table S2) were first used to amplify a fragment 

from ecpApple; next, oligos cpRFP_F and cpRFP_R were used to further amplify and 

extend the fragment recovered from the previous reaction. The PCR product was then 

digested with Hind III and Xho I and ligated with a predigested, compatible pBAD vector. 

To introduce the TAG codon to residue 30, oligos cpRFP_F and ecpApple-K30TAG-R, 

and ecpApple-K30TAG-F and cpRFP_R were used in two separate PCRs to amplify two 

separate fragments from ecpApple. The two fragments were used as templates in an overlap 

extension PCR with oligos cpRFP_F and cpRFP_R. The full-length product was generated, 

digested with Hind III and Xho I, and inserted into a pBAD vector. A similar procedure was 

used to derive other ecpApple mutants, and the sequences of the corresponding oligos are 

presented in Table S2. Ligation products were used to transform E. coli DH10B competent 

cell, which was next plated on LB agar plates supplemented with ampicillin (100 μg/mL). 

Plasmids were minipreped from liquid cell culture inoculated with single colonies, and the 

sequences of the variants were confirmed with Sanger Sequencing (Eurofins Genomics, 

Louisville, KY).

Protein Purification and Characterization.

The pBAD plasmid harboring the gene of each ecpApple mutant was used along with the 

pEvol-pBoF plasmid37,38 to con-transform E. coli DH10B cells, which were next grown on 

LB agar plates supplemented with ampicillin (100 μg/mL), chloramphenicol (50 μg/mL), 

and L-arabinose (0.02% w/v) at 37 °C overnight. A single colony was used to inoculate 

2×YT liquid culture with 100 μg/mL ampicillin and 50 μg/mL chloramphenicol. After 

growth overnight at 37 °C and 250 rpm, the saturated cell culture was diluted 100-fold with 

2×YT with 100 μg/mL ampicillin and 50 μg/mL chloramphenicol. When the optical density 

at 600 nm (OD600) reached 0.6, 0.2% (w/v) L-arabinose and 2 mM racemic pBoF were 

added. Cells were grown at 30 °C, 250 rpm for another 48 h, before being harvested by 

centrifugation and lysed by sonication. His-tagged proteins were purified using Pierce Ni-

NTA agarose beads according to the manufacturer’s instructions. The buffer was switched 

to 1× phosphate-buffered saline (PBS, pH 7.4) via dialysis, and protein concentrations 

were determined with Bradford assays. To prepare in vitro assays, peroxynitrite was freshly 

prepared and diluted with 0.3 M ice-cold NaOH, while SIN-1 was freshly dissolved in 

DMSO. The preparation of other redox-active species was performed as described,25 and 1× 

PBS was used to dilute proteins and reagents. To record fluorescence excitation spectra, the 

emission wavelength was set at 620 nm, and the excitation was scanned from 450 to 600 

nm. To record the emission spectra, the excitation was set at 540 nm, and the emission was 

scanned from 560 to 700 nm. Other intensity measurements typically used 560 nm excitation 

and 610 nm emission. To examine responses to various redox-active chemicals, protein 

stock solutions were diluted with 1× PBS to gain a final concentration of 1 μM. Individual 
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redox-active molecules (5 μL) were added to proteins (95 μL) in individual wells of a 

96-well plate sitting on ice. The mixtures were moved to room temperature and incubated 

for 20 min before fluorescence recording. To examine time-dependent responses, 95 μL of 

the protein in 1× PBS was mixed with 5 μL of each reagent, and the kinetics was monitored 

at room temperature for 1 h. To test concentration-dependent responses, the pnRFP protein 

was mixed with peroxynitrite or SIN-1 at the indicated concentrations in individual wells 

of a black 96-well plate. The mixtures were incubated at room temperature for 1 h before 

end-point measurements were performed. All fluorescence signals were recorded with a 

monochromator-based BioTek Synergy Mx Microplate Reader.

Mammalian Expression and Live-Cell Imaging.

To construct mammalian expression plasmids, oligos pnRFP_F and pnRFP_R were used to 

amplify the gene fragment of pnRFP or pnRFP-B30Y from corresponding pBAD plasmids. 

The resultant PCR product was digested with Hind III and Apa I and inserted into a 

pre-digested pMAH-POLY plasmid. The resultant pMAH-pnRFP or pMAH-pnRFP-B30Y 

plasmid was used along with pMAH-POLY-eRF1(E55D) to co-transfect human embryonic 

kidney (HEK) 293T cells by following a described procedure.27 The pBoF amino acid 

was added to the cell culture medium to a final concentration of 2 mM at 18 h after 

transfection. Next, the culture was kept in a 37 °C, 5% CO2 incubator for another 48 

h, before being transferred into a fresh medium with no pBoF. Cells were imaged 16 h 

later in Dulbecco’s phosphate-buffered saline (DPBS) supplemented with 1 mM Ca2+ and 

Mg2+ on a Leica DMi8 inverted fluorescence microscope. To express pnRFP in mouse 

RAW 264.7 macrophage cells, oligos pBac3-F and pBac3-R were used to amplify the 

gene from pMAH-pnRFP, and the PCR product was inserted into a compatible pAcBac3 

vector predigested with Xho I and EcoR I, resulting in pAcBAC3-POLY-pnRFP. The 

control plasmid pAcBAC3-POLY- pnRFP-B30Y was created similarly. RAW 264.7 cells 

were cultured in Dulbecco’s Modified Eagle Medium (DMEM) with GlutaMAX (Gibco) 

supplemented with 10% fetal bovine serum (FBS). 3 μg pAcBAC3 plasmid was used 

to transfect RAW 264.7 cells by mixing the DNA with 6 μg X-tremeGENE HP DNA 

Transfection Reagent (Roche) according to the manufacturer’s instruction. At 20 h after 

transfection, 1 mM pBoF was added dropwise. After another 24 h, the pBoF-containing 

medium was replaced with fresh DMEM with GlutaMAX and 10% FBS but no pBoF. After 

pBoF depletion, RAW 264.7 cells were incubated with 1 μg/mL LPS and 100 ng/mL IFN-γ 
for 15 h. Next, the culture media was replaced with a HEPES-buffered Hank’s Balanced 

Salt Solution (HBSS), and cells were treated with 100 nM/mL PMA and imaged on a Leica 

DMi8 inverted fluorescence microscope. A Leica EL6000 light source, a TRITC filter cube 

(545/25 nm bandpass excitation and 605/70 nm bandpass emission), and a Photometrics 

Prime 95B sCMOS camera were used for the imaging experiments.

Protein Crystallization and Structure Determination.

22 mg/mL of the purified pnRFP in 20 mM Tris, pH 8.0 was crystallized by sitting-drop 

method with vapor diffusion against the crystallization reagent (0.1 M Na2HPO4: citric acid 

pH 4.2, 40% (v/v) PEG 400). A liquid drop at pH 6.0 was prepared by mixing 0.6 μL 

of protein solution with 0.6 μL of the crystallization reagent. It was equilibrated against 

400 μL of the crystallization reagent to accomplish crystallization. To obtain high-quality 
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crystals, microseeding was applied under the same crystallization condition. The mutant 

pnRFP-B30Y was crystallized at 8 mg/mL under the same process mentioned above without 

microseeding operation. X-ray diffraction data for the pnRFP crystal was collected by the 

SIBYLS beamline of the Advanced Light Source at Lawrence Berkeley National Lab, and 

the pnRFP-K30Y crystal was collected by the beamline 23-ID-D of the Argonne Photon 

Source, Chicago. Both data were processed by X-ray Detector Software (XDS)52 and 

reduced by POINTLESS53, AIMLESS54 and TRUNCATE55 in the CCP4 suite. Molecular 

replacement was applied to the reduced data with Phaser56 for building structure models. 

The models were then refined by Coot 0.8.9-pre EL42 and Refmac5.43 Crystal structures 

of pnRFP and pnRFP-B30Y were performed via the PyMOL Molecular Graphics System, 

Version 1.8 Schrödinger, LLC. The protein-ligand 2D interaction diagrams were built via 

LigPlot+ version 1.4.5.57 The RMSD between the structures was calculated by YASARA.44

11B-NMR Characterization.

The pnRFP protein was purified as described above, concentrated using Amicon Ultra 

Centrifugal Filter Units (3000 Da cutoff), and exchanged into 20 mM phosphate (pH 7.4, 

D2O (v): H2O (v) = 1:1) to final concentrations of 15.6 mg/mL. 11B NMR spectra were 

acquired on a Varian VNMRS 600 spectrometer operating at 192.439 MHz using a 5 mm 

AutoXDB probe. Samples were placed in quartz NMR tubes. Protein spectra were collected 

with single pulse excitation (45 degree pulses were used, 90 degree pulse width = 13 μsec). 

The sweep width was 200 ppm and the total acquisition time was 24 h (scan = 1.4 million, 

delay before pulse = 10 msec, single FID acquisition time = 52 msec). To further remove 

the background signal, back linear prediction within the MestReNova software was used 

(Method = Toeplitz, COEF = 32, Base points = 256, from 0 to 46). Data were then processed 

in the normal manner with 100 Hz line broadening applied. Chemical shifts were referenced 

to external 15% boron trifluoride etherate in CDCl3 (BF3·Et2O, δ = 0 ppm). For standard 

comparisons, we recorded 11B NMR spectra for both of phenylboronic acid (20 mM) in the 

20 mM phosphate buffer (pH 7.4, D2O (v): H2O (v) = 1:1), and phenylboronic acid (20 mM) 

in 1N NaOH aqueous solution (D2O (v): H2O (v) = 1:1).

Computational Modeling.

The crystal structure of pnRFP was used as a template. At position 30, pBoF was substituted 

by Lys with an extended side-chain conformation towards the phenyl ring of NRQ. At 

position 14, Ser was substituted by pBoF. pBoF was adjusted in COOT to adopt a 

conformation with the side chain buried in the barrel. The homology model was further 

conformationally adjusted by MD simulations The model was then subjected to a 131-ns 

length molecular dynamics (MD) simulation with the AMBER14 force field in YASARA 

version 19.12.14.L.64. The system was performed with explicit solvent in a cube box with 

a 60.83-Å side length, containing 6,437 water molecules. The default parameter settings 

were used in the MD run with the pressure at 1 bar, the temperature of 298 K, pH 7.4, 

1-fs time steps, and snapshots taken at every 100-ps interval. The trajectory was analyzed, 

and the simulated model was considered in the equilibrium state. The partial atomic charges 

assigned to boron and other atoms were calculated by the AM1 semi-empirical methods.58
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Figure 1. 
Mechanisms of protein-based, noncanonical amino acid (ncAA)-containing peroxynitrite 

biosensors. (a) Previous work (pnGFP & pnGFP-Ultra): pBoF was introduced to the 

chromophore of pnGFP or pnGFP-Ultra, which could further react with peroxynitrite to 

form a tyrosine-derived chromophore for enhanced fluorescence. (b) This work (pnRFP): 

pBoF is introduced to an amino acid residue in proximity to the chromophore, and the 

reaction of pBoF with peroxynitrite forms a tyrosine residue, which reduces fluorescence by 

bending the chromophore via hydrogen bonding.
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Figure 2. In vitro characterization of pnRFP and relevant mutants.
(a) Relative fluorescence intensities of pnRFP and other relevant variants (1, ecpApple; 2, 

ecpApple-S14B; 3, ecpApple-I28B; 4, pnRFP (a.k.a. ecpApple-K30B); 5, ecpApple-Y48B; 

6, ecpApple-L66B; and 7, pnRFP-B30Y (a.k.a. ecpApple-K30Y) before (red) and after 

(blue) treatment with 100 μM peroxynitrite. (b) Fluorescence responses of pnRFP after 

20-min incubation with a series of redox-active chemicals: 1, PBS; 2, 5 mM GSH; 3, 

5 mM L-cysteine; 4, 1 mM DTT; 5, 1 mM H2O2; 6, 300 μM O2
•−; 7, 100 μM NaHS 

(H2S donor); 8, 100 μM ClO−; 9, 1 mM Fe2+ + 100 μM H2O2 (generation of •OH); 10, 

5 mM GSSG; 11, 5 μM ONOO−; 12, 100 μM ONOO−. (c) Excitation (dash line) and 

emission (solid line) spectra of pnRFP before (red) and after (blue) reaction with 100 

μM ONOO−. (d) Time-dependent responses of pnRFP to 100 μM ONOO− (blue), 10 mM 

SIN-1 (magenta), and 100 μM H2O2 (red). (e) Dose-dependent response of pnRFP (1 μM) 

to ONOO− at indicated concentrations. (f) Dose-dependent response of pnRFP (1 μM) to 

SIN-1 at indicated concentrations. The incubation was 1 h at room temperature. Represented 

spectra are shown in panel c, and data in all other panels are presented as mean ± s.d. of 

triplicates.
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Figure 3. Imaging peroxynitrite in mammalian cells using pnRFP.
(a) Representative pseudocolored fluorescence images of pnRFP- or pnRFP-B30Y-

expressing HEK 293T cells in response to SIN-1 (1 mM). Images were taken at 10 and 150 

min. Scale bar, 10 μm. (b) Time-lapse quantitation of fluorescence changes of HEK 293T 

cells expressing either pnRFP (red) or pnRFP-B30Y (black) in response to SIN-1. Intensities 

were normalized to the fluorescence signal of each cell at t = 0 min. Arrow indicates the 

time point for SIN-1 addition. (c) Comparison of total intensity changes for HEK 293T cells 

expressing pnRFP (red) or pnRFP-B30Y (black). Data represent mean ± s.e.m. of 9 cells 

from three technical repeats in each group (***P < 0.001, unpaired two-tailed t-test). (d) 

Representative pseudocolored fluorescence images of pnRFP- or pnRFP-B30Y-expressing 

RAW 264.7 cells in response to PMA (100 nM/mL). Images were taken at 5- and 40-min. 

Scale bar, 10 μm. (e) Time-lapse quantitation of fluorescence changes of RAW 264.7 cells 

expressing either pnRFP (red) or pnRFP-B30Y (black) in response to treatment of PMA 

followed 15 hr incubation in LPS/IFN γ. Intensities were normalized to the fluorescence 

signal of each cell at t = 0 min. Arrow indicates the time point for PMA addition. (f) 
Comparison of total intensity changes for RAW 264.7 cells expressing pnRFP (red) or 

pnRFP-B30Y (black). Data represent mean ± s.e.m. of 3 cells from three technical repeats 

(**P < 0.01, unpaired two-tailed t-test).
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Figure 4. Structural analysis of pnRFP.
(a) Side (left) and top (right) views of the X-ray crystal structure of pnRFP at 2.10 Å 

resolution (PDB 7LQO). (b) Interactions of the chromophore (NRQ176, purple) of pnRFP 

with surrounding residues through hydrogen bonds (green dash lines) and hydrophobic 

effects (red scattered lines). The conformation of the phenolic ring of the chromophore is 

stabilized by hydrophobic interactions with the surrounding residues, including pBoF30. 

(c) Interactions of pBoF30 in pnRFP with surrounding residues through hydrogen bonds 

(green dash lines) and hydrophobic effects (red scattered lines). (d) 11B-NMR spectra 

(from top to bottom: pnRFP, phenylboronic acid, and phenylboronic acid in 1 M NaOH), 

confirming an sp2-hybridized boron atom in pnRFP. (e) Interactions of the chromophore 

(NRQ176, purple) of the pnRFP-B30Y mutant (1.95 Å resolution, PDB ID 7LUG) with 

the surrounding residues, showing new hydrogen bonds including one between the phenolic 

ring of the chromophore and Tyr30. (f) Overlay of the structures of pnRFP (green) and the 

pnRFP-B30Y mutant (orange), highlighting out-of-plane distortion of the chromophore in 

pnRFP-B30Y.
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Figure 5. Computational modeling of ecpApple-S14B.
(a) Overlay of the pnRFP crystal structure (green) and the model structure of ecpApple-

S14B (magenta), highlighting the locations of pBoF30 and pBoF14 in relation to the 

chromophores. (b) Model structure of ecpApple-S14B, highlighting interactions (hydrogen 

bonds and π-π stacking) with pBoF14.
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