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ABSTRACT OF THE DISSERTATION 

Illuminating Biology With Engineered Fluorescent Proteins 

by 

Zhijie Chen

Doctor of Philosophy, Graduate Program in Chemistry 
University of California, Riverside, June 2016 

Dr. Huiwang Ai, Chairperson 

Fluorescent proteins (FPs) emerged in the mid-90s as a powerful tool for life 

science research. Among its numerous applications, FPs is best known as reporter genes 

to study the localization and dynamics of proteins. In this dissertation, we explore new 

uses of FPs as genetically encoded fluorescent probes to image cellular chemical species.  

In chapter 2, we incorporated of p-azidophenylalanine (pAzF) into circularly 

permuted GFP (cpGFP), which gave rise to the first genetically encoded fluorescent 

probe for H2S. Further engineering of the cpGFP scaffold, followed by directed 

evolution, has resulted in an improved fluorescent probe for H2S–hsGFP.  

In chapter 3, we incorporated p-boronophenylalanine (pBoF) into different cpGFP 

templates, which serendipitously resulted in pnGFP, the first genetically encoded 

fluorescent probe for the selective detection of peroxynitrite (ONOO–).  
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In chapter 4, we examined the molecular mechanism underlying the unusual 

chemoselectivity of pnGFP towards ONOO– over H2O2 by using site-directed 

mutagenesis, X-ray crystallography, 11B NMR, and computational simulation studies. 

Surprisingly, the data collectively support an sp3-hybridized boron in pnGFP through a 

water bridge mediated N-B interaction between His 9 and the boronic acid moiety on the 

chromophore.  

In chapter 5, we described the engineering and biological application of “G-

CaMP”-type indicators for zinc ion (Zn2+). Insertion of a naturally evolved zinc-binding 

domain into the β-barrel of single green or red FP, followed by directed protein evolution 

and functional screening, we identified single-FP based green and red Zn2+ indicators, 

ZnGreen and ZnRed. These optically compatible indicators enabled dual color imaging of 

Zn2+ at single cell resolution. We further demonstrated the use of ZnGreen1 in imaging of 

glucose-stimulated Zn2+ secretion in pancreatic β cells.   

Finally, in chapter 6, we laid out challenges in the field and provide future 

outlooks on possible new directions.  
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Chapter 1 

Introduction 

1.1 The Phenomenon of Fluorescence  

The process of fluorescence involves the absorption of a relatively higher energy, 

shorter wavelength light to enable an emission of a lower energy, longer wavelength 

light. This process is observed with fluorophores, which typically have distinct molecular 

structures that are commonly polyaromatic hydrocarbons or heterocycles.1, 2 Except for 

these highly conjugated organic molecules, other common fluorophores include 

fluorescent proteins, semiconductor crystals, and lanthanides.3, 4 The mechanism 

underlying the fluorescence process can be interpreted as three stages. In the first stage, a 

photon from an excitation light source is absorbed by the fluorophore, which increases 

the electron’s energy level and brings it from the ground state to an excited state. In the 

second stage, the excited state electron interacts with its molecular environment and 

quickly dissipates some of this energy into heat. Finally, the electron relaxes back to the 

ground state by emitting the remaining energy as a photon.2 Because energy was partially 

converted to be heat during the transition, the emitted light is always of a lower energy 

(longer wavelength) compared to the excitation light. This wavelength difference is 

known as the Stokes shift. Most fluorophores can be repeatedly excited many times 

before being irreversibly damaged or photobleached—an intrinsic trait that depends on a 

fluorophore’s lifetime. Another defining feature of fluorescence technology is its high 
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sensitivity, which is attributable to the fact that thousands of photons can be generated 

from a single fluorophore, and the excitation and emission light can be well-separated 

and efficiently collected by using optical fluorescence instrumentations.1 

1.2 Fluorescent Proteins 

In the mid-90s, Fluorescent proteins (FPs) emerged as a powerful tool for life 

science research. The field was distinguished with the 2008 Nobel Prize to Tsien, 

Shimumura, and Chalfie.5 Since its initial discovery, the structure and biophysical 

properties of the green fluorescent protein (GFP) have been extensively characterized and 

documented.6 Protein engineering and directed evolution efforts further diversified the 

gene family and created new FPs with distinct biochemical and photophysical attributes. 

In particular, FPs with hues that span the entire visible spectrum are now available for 

multicolor imaging7; photoswitchable FPs have found applications in super-resolution 

fluorescence microscopy.8 It is common practice to use FPs as reporter genes to study the 

localization and dynamics of proteins.4 In this regard, protein folding, chromophore 

maturation, pH-sensitivity, oligomerization state, brightness and photostability are of 

primary concerns to potential FP-users.9 As such, FP engineering is still an attractive 

research filed and a rich source from which new FPs with improved properties can be 

derived.  Of equal, if not greater significance, FPs can also serve as intriguing scaffolds in 

engineering genetically encoded fluorescent probes to monitor a variety of cellular 

parameters, such as pH, voltage, secondary messengers, neurotransmitters, and enzymatic 

activities.10 To this end, the function of FPs went far beyond serving as passive reporter 
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genes, but rather as powerful cell functions readers. Various design strategies, when 

coupled with protein engineering and functional screening have proven to be noticeably 

fruitful in developing new molecular tools that equip cell biologist to tackle unmet 

challenges.11 

1.3 Applications of Fluorescence Technology  

The discovery of fluorescence and the development of a wide variety of useful 

fluorophores have fueled astonishing research in fluorescence instrumentation and 

applications for biological chemistry and cell biology. Organic dyes were among the first 

fluorophores to be studied and applied into biological research.12 Their small molecular 

weight, reasonable quantum yield and photostability, and customizable photophysical 

performances have paved the way for organic fluorophores to pioneer the use of 

fluorescence in biochemical assays.13 Many organic dye derivatives, such as fluorescein 

isothiocyanate (FITC), can be conjugated to macromolecules—such as antibodies, for 

example.14 Most notably, the bioconjugation of organic dyes with primary or secondary 

antibodies has laid the foundation for immunofluorescence, which is now an 

indispensible technique in most biology labs.15 In contrast to being synthesized in vitro, 

biological fluorophores can be genetically encoded in virtually any type of aerobic cells, 

tissues, or organisms.16 Green fluorescent protein (GFP), originally isolated from the 

jellyfish Aequorea victoria, is most widely used as biological markers for gene 

expression and protein localization.6, 17 Roger Tsien and colleagues further engineered 

GFP derivatives with favorable photophysical properties for monitoring biological 
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events.18 These derivatives varied in hues that spanned the entire visible spectrum, 

thereby enabling multicolored imaging for simultaneously tracking multiple biological 

parameters. This is of particular importance because, for the first time, it allowed 

scientists to interpret cellular behaviors in an integrated perspective via direct monitoring 

of multiple labeled events.19 In addition to being capable of fusion to proteins of interest 

as a potent protein-labeling reagent, fluorescent proteins (FPs) can be engineered into 

genetically encoded biosensors that function beyond emitting fluorescence.10, 16, 20 These 

biosensors, when carefully designed and systematically optimized, have proven to be 

invaluable in monitoring a multitude of cellular parameters, such as pH,21, 22 

temperature,23 voltage,24 metal ions,25 reactive oxygen species,26 protein post-translational 

modifications,27 and enzymatic activities.28 The third type of fluorophore that is 

increasingly being employed in biological applications is the quantum dot.29 Developed 

in the 1980s, quantum dots are nanoscale-size (2-50 nm) crystals that serve as 

complements to other types of fluorophores.30 A unique feature of quantum dots is the 

proportionality of their emission properties relative to the particle size—i.e. the larger the 

particle, the longer the emission wavelength. By controlling the particle size, therefore, 

one could diversify a range of fluorescence emission particles.31 Quantum dots are 

becoming increasingly popular, due to their tunable fluorescence range and exceptional 

photostability, which allows fluorescent samples to be analyzed over an extended period 

of time.31-33 

The vast and versatile panel of fluorophores equip researchers to inevitably 

continue to revolutionize biotechnology platforms. For example, organic fluorophores 
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have been extensively used in gene sequencing projects to decode the genome of 

thousands of organisms.34 Flow cytometry, a high throughput, laser-based biophysical 

technology is another example that benefits from fluorescence principles. In flow 

cytometry experiments, a diverse group of cells are diluted in a stream of fluid and passed 

through an electronic detection apparatus that counts and sorts cells based on their 

fluorescence properties. Nowadays, flow cytometry is routinely used in basic research as 

well as clinical practices.35 These biotechnology applications of fluorescence technology 

have allowed research to be conducted in a more confident, efficient, and high-

throughput manner.  

1.4 Fluorescent Probes  

One of the most fascinating applications of fluorescence technology is the 

emerging development of fluorescent probes for the detection of biologically important 

molecules.16 Fluorescent probes are bioengineered fluorophores that report on cellular 

environmental statuses or specific analytes of interest. Since their initial development, 

fluorescent probes have gained extraordinary popularity among the biological community 

because information on invisible molecules can now be interpreted directly from the 

fluorescence of the corresponding fluorescent probes, which are so carefully designed 

that even nuanced alterations in target concentration or conformation could trigger 

fluorescence changes.4 This presents a stark contrast to traditional biochemical assays 

that are generally more time-consuming, laborious, and expensive. Moreover, fluorescent 

probes can be observed in live cells by fluorescence microscopy imaging, where high 
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spatial-temporal resolution can be obtained without having to sacrifice samples of 

interest.36 Furthermore, because the use of fluorescent probes introduces only minimal 

cellular perturbations, its use preserves the target molecules in their native environment 

to better-reflect the real underlying biology.37 Fluorescent probes can be categorized into 

several groups, depending on the nature of their targets: probes for cellular structures (ion 

channels, organelles, etc), cell functions (viability, pH, membrane potential, etc.), nucleic 

acids, proteins, lipids, and small molecules (metal ions, metabolites, reactive oxygen 

species, etc.). Among them, fluorescent probes for small molecules are of particular 

interest because very few other methods are established to detect, track, and quantify 

these molecules.38 Small molecule targets can change a probe’s fluorescence property via 

two discrete mechanisms: ligand binding or chemical reactions.39 Prototypical and 

pioneering examples of binding-based small molecule fluorescent probes are fluorescent 

calcium ion indicators that report on the concentration changes of calcium ion, which is 

an important secondary messenger for signal transduction pathways.25 Most organic dye-

based calcium indicators contain derivatives of metal ion chelator motifs that display 

unique spectral features upon calcium binding. For example, Fura and Indo fluorescent 

calcium indicators, upon calcium binding, shift their excitation and emission spectra, 

respectively, and are hence considered excitation-ratiometric. In contrast, Rhod and 

Calcium Green family indicators are intensiometric.40 An exciting advancement of 

fluorescent calcium indicators is the development of a family of genetically encoded FP-

based calcium probes, such as Fluorescence Resonance Energy Transfer (FRET)-based 

Cameleon indicators41 and single FP-based GCaMP-type indicators.42 These FP-based 
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indicators integrate the calcium-binding domain, Calmodulin (CaM), into fluorescent 

proteins, thereby allowing the resulting indicators to be genetically encoded into target 

cellular organelles or tissues of interest, which have found broad applications in cell 

biology and neuroscience.43, 44 In contrast to binding small molecules, fluorescent probes 

for redox active small molecules, such as hydrogen sulfide (H2S), rely on a reaction-

based detection mechanism.45 Chang and coworker were among the first researchers to 

incorporate an azide reactive functional group into their designs for H2S-responsive 

fluorescent probes. By masking a rhodamine with an azide group, they generated the first 

generation H2S turn-on probes—Sulfidefluor-1 (SF1) and Sulfidefluor-2 (SF2).46 H2S-

mediated reduction of aryl azide to a corresponding aniline elicits a dramatic fluorescence 

turn-on response in both aqueous solution and living HEK 293T cells. Akin to azide 

reduction for H2S detection, chemospecific boronate and ketoacid oxidation reactions 

were widely adopted for the design of an assortment of fluorescent probes for H2O2.46-48 

These reaction-based probes combine various fluorophore scaffolds with reactive 

functional groups, resulting in far-ranging types of fluorescent probes with high reactivity 

and sensitivity. Taken together, progress in the development of various types of 

fluorescent probes offers a promising approach for interrogating biological puzzles.38 

Together with seminal advancements of optical spectroscopy and fluorescence 

microscopy, the development of fluorescent probes shall continue to open new doors and 

opportunities for both industrial innovations and scientific breakthroughs.  

 



!

! 8 

References  

1. Albani, J. R. (2007) Principles and Applications of Fluorescence Spectroscopy, 
Principles and Applications of Fluorescence Spectroscopy, 1-255. 

2. Teale, F. W. J. (1984) Principles of Fluorescence Spectroscopy - Lakowicz,Jr, 
Nature 307, 486-486. 

3. Miyawaki, A., Sawano, A., and Kogure, T. (2003) Lighting up cells: labelling 
proteins with fluorophores, Nature Cell Biology, S1-S7. 

4. Giepmans, B. N. G., Adams, S. R., Ellisman, M. H., and Tsien, R. Y. (2006) 
Review - The fluorescent toolbox for assessing protein location and function, Science 
312, 217-224. 

5. Tsien, R. Y. (2009) Constructing and exploiting the fluorescent protein paintbox 
(Nobel Lecture), Angewandte Chemie 48, 5612-5626. 

6. Tsien, R. Y. (1998) The green fluorescent protein, Annu Rev Biochem 67, 509-
544. 

7. Shaner, N. C., Steinbach, P. A., and Tsien, R. Y. (2005) A guide to choosing 
fluorescent proteins, Nat Methods 2, 905-909. 

8. Ishitsuka, Y., Nienhaus, K., and Nienhaus, G. U. (2014) Photoactivatable 
Fluorescent Proteins for Super-resolution Microscopy, Methods Mol Biol 1148, 239-260. 

9. Chudakov, D. M., Matz, M. V., Lukyanov, S., and Lukyanov, K. A. (2010) 
Fluorescent Proteins and Their Applications in Imaging Living Cells and Tissues, Physiol 
Rev 90, 1103-1163. 

10. Frommer, W. B., Davidson, M. W., and Campbell, R. E. (2009) Genetically 
encoded biosensors based on engineered fluorescent proteins, Chem Soc Rev 38, 2833-
2841. 

11. Mehta, S., and Zhang, J. (2011) Reporting from the Field: Genetically Encoded 
Fluorescent Reporters Uncover Signaling Dynamics in Living Biological Systems, Annu 
Rev Biochem 80, 375-401. 

12. Sameiro, M., and Goncalves, T. (2009) Fluorescent Labeling of Biomolecules 
with Organic Probes, Chemical Reviews 109, 190-212. 



!

! 9 

13. van de Linde, S., Aufmkolk, S., Franke, C., Holm, T., Klein, T., Loschberger, A., 
Proppert, S., Wolter, S., and Sauer, M. (2013) Investigating Cellular Structures at the 
Nanoscale with Organic Fluorophores, Chemistry & Biology 20, 8-18. 

14. Kapanidis, A. N., and Weiss, S. (2002) Fluorescent probes and bioconjugation 
chemistries for single-molecule fluorescence analysis of biomolecules, Journal of 
Chemical Physics 117, 10953-10964. 

15. Odell, I. D., and Cook, D. (2013) Immunofluorescence Techniques, Journal of 
Investigative Dermatology 133, E1-E4. 

16. Zhang, J., Campbell, R. E., Ting, A. Y., and Tsien, R. Y. (2002) Creating new 
fluorescent probes for cell biology, Nature Reviews Molecular Cell Biology 3, 906-918. 

17. Chalfie, M., Tu, Y., Euskirchen, G., Ward, W. W., and Prasher, D. C. (1994) 
Green Fluorescent Protein as a Marker for Gene-Expression, Science 263, 802-805. 

18. Lippincott-Schwartz, J., and Patterson, G. H. (2003) Development and use of 
fluorescent protein markers in living cells, Science 300, 87-91. 

19. Shaner, N. C., Patterson, G. H., and Davidson, M. W. (2007) Advances in 
fluorescent protein technology, Journal of Cell Science 120, 4247-4260. 

20. Ibraheem, A., and Campbell, R. E. (2010) Designs and applications of fluorescent 
protein-based biosensors, Current Opinion in Chemical Biology 14, 30-36. 

21. Tantama, M., Hung, Y. P., and Yellen, G. (2011) Imaging Intracellular pH in Live 
Cells with a Genetically Encoded Red Fluorescent Protein Sensor, Journal of the 
American Chemical Society 133, 10034-10037. 

22. Johnson, D. E., Ai, H. W., Wong, P., Young, J. D., Campbell, R. E., and Casey, J. 
R. (2009) Red fluorescent protein pH biosensor to detect concentrative nucleoside 
transport, J. Biol. Chem. 284, 20499-20511. 

23. Kiyonaka, S., Kajimoto, T., Sakaguchi, R., Shinmi, D., Omatsu-Kanbe, M., 
Matsuura, H., Imamura, H., Yoshizaki, T., Hamachi, I., Morii, T., and Mori, Y. (2013) 
Genetically encoded fluorescent thermosensors visualize subcellular thermoregulation in 
living cells, Nat Methods 10, 1232-+. 

24. Hochbaum, D. R., Zhao, Y., Farhi, S. L., Klapoetke, N., Werley, C. A., Kapoor, 
V., Zou, P., Kralj, J. M., Maclaurin, D., Smedemark-Margulies, N., Saulnier, J. L., 
Boulting, G. L., Straub, C., Cho, Y. K., Melkonian, M., Wong, G. K. S., Harrison, D. J., 
Murthy, V. N., Sabatini, B. L., Boyden, E. S., Campbell, R. E., and Cohen, A. E. (2014) 



!

! 10 

All-optical electrophysiology in mammalian neurons using engineered microbial 
rhodopsins, Nat Methods 11, 825-833. 

25. Carter, K. P., Young, A. M., and Palmer, A. E. (2014) Fluorescent Sensors for 
Measuring Metal Ions in Living Systems, Chemical Reviews 114, 4564-4601. 

26. Belousov, V. V., Fradkov, A. F., Lukyanov, K. A., Staroverov, D. B., 
Shakhbazov, K. S., Terskikh, A. V., and Lukyanov, S. (2006) Genetically encoded 
fluorescent indicator for intracellular hydrogen peroxide, Nat Methods 3, 281-286. 

27. Neumann, H., Peak-Chew, S. Y., and Chin, J. W. (2008) Genetically encoding N-
epsilon-acetyllysine in recombinant proteins, Nature Chemical Biology 4, 232-234. 

28. Wouters, F. S., Verveer, P. J., and Bastiaens, P. I. H. (2001) Imaging 
biochemistry inside cells, Trends in Cell Biology 11, 203-211. 

29. Medintz, I. L., Uyeda, H. T., Goldman, E. R., and Mattoussi, H. (2005) Quantum 
dot bioconjugates for imaging, labelling and sensing, Nature Materials 4, 435-446. 

30. Michalet, X., Pinaud, F. F., Bentolila, L. A., Tsay, J. M., Doose, S., Li, J. J., 
Sundaresan, G., Wu, A. M., Gambhir, S. S., and Weiss, S. (2005) Quantum dots for live 
cells, in vivo imaging, and diagnostics, Science 307, 538-544. 

31. Jaiswal, J. K., and Simon, S. M. (2004) Potentials and pitfalls of fluorescent 
quantum dots for biological imaging, Trends in Cell Biology 14, 497-504. 

32. Strouse, G. F. (2010) Nanometals and Quantum dots as fluorecent molecular 
probes in cellular biology, Abstracts of Papers of the American Chemical Society 239. 

33. Alivisatos, A. P., Gu, W. W., and Larabell, C. (2005) Quantum dots as cellular 
probes, Annual Review of Biomedical Engineering 7, 55-76. 

34. Niedringhaus, T. P., Milanova, D., Kerby, M. B., Snyder, M. P., and Barron, A. E. 
(2011) Landscape of Next-Generation Sequencing Technologies, Analytical Chemistry 
83, 4327-4341. 

35. Tung, J. W., Heydari, K., Tirouvanziam, R., Parks, D. R., Herzenberg, L. A., and 
Herzenberg, L. A. (2007) Modern flow cytometry: A practical approach, Clinics in 
Laboratory Medicine 27, 453-+. 

36. Dean, K. M., and Palmer, A. E. (2014) Advances in fluorescence labeling 
strategies for dynamic cellular imaging, Nature Chemical Biology 10, 512-523. 



!

! 11 

37. Bastiaens, P. I. H., and Pepperkok, R. (2000) Observing proteins in their natural 
habitat: the living cell, Trends in Biochemical Sciences 25, 631-637. 

38. Chan, J., Dodani, S. C., and Chang, C. J. (2012) Reaction-based small-molecule 
fluorescent probes for chemoselective bioimaging, Nature Chemistry 4, 973-984. 

39. Wysocki, L. M., and Lavis, L. D. (2011) Advances in the chemistry of small 
molecule fluorescent probes, Current Opinion in Chemical Biology 15, 752-759. 

40. Dean, K. M., Qin, Y., and Palmer, A. E. (2012) Visualizing metal ions in cells: 
An overview of analytical techniques, approaches, and probes, Biochimica Et Biophysica 
Acta-Molecular Cell Research 1823, 1406-1415. 

41. Miyawaki, A., Llopis, J., Heim, R., McCaffery, J. M., Adams, J. A., Ikura, M., 
and Tsien, R. Y. (1997) Fluorescent indicators for Ca2+ based on green fluorescent 
proteins and calmodulin, Nature 388, 882-887. 

42. Nakai, J., Ohkura, M., and Imoto, K. (2001) A high signal-to-noise Ca2+ probe 
composed of a single green fluorescent protein, Nature Biotechnology 19, 137-141. 

43. Hires, S. A., Tian, L., and Looger, L. L. (2008) Reporting neural activity with 
genetically encoded calcium indicators, Brain Cell Biology 36, 69-86. 

44. Mank, M., and Griesbeck, O. (2008) Genetically encoded calcium indicators, 
Chemical Reviews 108, 1550-1564. 

45. Lin, V. S., and Chang, C. J. (2012) Fluorescent probes for sensing and imaging 
biological hydrogen sulfide, Current Opinion in Chemical Biology 16, 595-601. 

46. Lippert, A. R., De Bittner, G. C. V., and Chang, C. J. (2011) Boronate Oxidation 
as a Bioorthogonal Reaction Approach for Studying the Chemistry of Hydrogen Peroxide 
in Living Systems, Accounts of Chemical Research 44, 793-804. 

47. Miller, E. W., Albers, A. E., Pralle, A., Isacoff, E. Y., and Chang, C. J. (2005) 
Boronate-based fluorescent probes for imaging cellular hydrogen peroxide, Journal of the 
American Chemical Society 127, 16652-16659. 

48. Miller, E. W., Tulyanthan, O., Isacoff, E. Y., and Chang, C. J. (2007) Molecular 
imaging of hydrogen peroxide produced for cell signaling, Nature Chemical Biology 3, 
263-267. 

 

 



!

! 12 

Chapter 2 

Genetically Encoded Fluorescent Probes for Hydrogen Sulfide 

2.1 Abstract  

The discovery of hydrogen sulfide (H2S) as a novel gasotransmitter for cell 

signaling and other pathophysiological processes has spurred tremendous interest in 

developing analytical methods for its detection in biological systems. Although synthetic 

fluorophores for the detection of H2S have proven to be valuable, their limitations such as 

toxicity, ambiguous targeting and short in vivo half-life naturally call for novel 

alternatives. To this end, we developed genetically encoded fluorescent protein (FP)-

based probes that can selectively detect H2S. By expanding the genetic codes of E. coli 

and mammalian cells, FP chromophores were modified with the sulfide-reactive azide 

functional group. These structurally modified chromophores were selectively reduced by 

H2S, resulting in sensitive fluorescence enhancement detectable by spectroscopic and 

microscopic techniques. Exploration of different circularly permuted FP (cpFP) templates 

followed by functional screening, we identified a highly responsive and selective 

genetically encoded H2S probe, hsGFP, for the detection of H2S both in vitro and in living 

mammalian cells. hsGFP bestows a combination of favorable properties including large 

fluorescence responses, high efficiency in folding and chromophore formation, and 

excellent sensitivity and selectivity toward H2S. As a genetically encoded probe, hsGFP 

can be readily and precisely localized to subcellular domains such as mitochondria, cell 
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nuclei, and ion channels.  hsGFP was further utilized to image H2S enzymatically 

produced from L-cysteine in human embryonic kidney (HEK) 293T cells. 

2.2 Introduction 

Hydrogen sulfide (H2S), a gaseous molecule with the unique foul odor of rotten 

eggs, has long been regarded as a toxicant.1 Naturally, H2S is primarily produced from 

geological activities such as volcanic eruptions, and from microbial breakdown of 

organic matter.2, 3 The major enzymatic sources for H2S production in mammals are 

cystathionine β-synthase (CBS), cystathionine γ-lyase (CSE), and 3-mercaptopyruvate 

sulfurtransferase (3-MST).4 In recent years, emerging evidence has suggested that H2S 

also serves as an important gasotransmitter in biological systems.4-7 H2S has been shown 

to participate in the post-translational modification of protein cysteine residues, leading to 

S-sulfhydration.8, 9 H2S also acts as a relaxant of smooth muscle and a regulator of 

cardiovascular and gastrointestinal systems.10, 11 In addition, H2S has been reported to 

modulate ATP-sensitive potassium (KATP) channels and some other potassium channels.12 

Aberrant production of H2S has been linked to serious pathological consequences, such as 

Alzheimer’s disease,13 Down syndrome,14 diabetes,15 hypertension,16 and liver cirrhosis.17 

There is thus a need to dissect the production, diffusion, signaling, and turnover of H2S in 

biological systems, using non-invasive detection methods.18, 19 

The detection of H2S, a prerequisite for understanding its diverse physiological 

and pathological roles, has long been challenging. Recently, a group of H2S-responsive 

fluorescent probes have been developed to partially relieve these problems. Particularly,  
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Figure 2.1. Sequence alignment of hsGFP and several other genetically encoded probes 
for H2S and ONOO−. Residues forming the chromophores are green-boxed. pAzF and 
pBoF are shown as Z and B (colored in magenta). The N- and C- terminal mutations of 
hsGFP are highlighted in blue. Residues are numbered according to the sequence of the 
wild-type GFP.  

!  
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copper sulfide precipitation,20-22 H2S trapping via nucleophilic addition,23-25 and H2S-

mediated reduction of azides to amines26-30 are examples of the most successful and 

prevailing strategies for designing H2S-reactive probes. While the ever-expanding set of 

synthetic H2S probes is gaining increasing popularity, numerous technical obstacles 

remain to be overcome. A diffusion-controlled delivery of synthetic H2S probes is 

unlikely to localize the dyes to a specific subtype of cells or tissues where H2S signaling 

events actually occur. Within a single cell, it is not straightforward to target synthetic H2S 

probes to subcellular domains to measure the generation, transport, and concentration of 

subcellular H2S. Even though certain functional groups can be utilized to derivatize these 

chemical probes and lead them to subcellular domains, these strategies have proven 

challenging and laborious, requiring extensive optimization for each case.31 To date, only 

a very few number of H2S probes have been reported to be capable of mitochondrial and 

lysosomal localization in mammalian cells.32, 33  

We previously reported a genetically encoded fluorescent probe for H2S,34 which 

has the potential to address some of the aforementioned problems. A genetic code 

expansion technology35, 36 was used to introduce the unnatural amino acid (UAA), p-

azidophenylalanine (pAzF), into a circularly permuted green fluorescent protein (cpGFP), 

thereby generating the first genetically encoded fluorescent H2S sensor, cpGFP-pAzF. It 

reacts with H2S to form a fluorescent p-aminobenzylideneimidazolidone chromophore. 

However, this proof-of-concept sensor suffers from poor sensitivity and signal-to-noise 

ratio. Only an ~ 60% fluorescence increase in response to 100 μM H2S was observed. 
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Figure 2.2. Schematic representation of hsGFP activation. The original N- and C- termini 
of superfolder GFP were connected with a floppy peptide linker. The new N- and C- 
termini were fully randomized and screened for H2S-induced fluorescence changes. The 
chemical structures of the chromophore before (p-azidobenzylideneimidazolidone) and 
after (p-aminobenzylideneimidazolidone) conversion are also shown. The basic tertiary 
structure schematic was adapted from PDB 2B3P. 

  

!  
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The use of this sensor to detect small amounts of biologically generated H2S is thus 

technically challenging and may even be impractical. Herein, we present our efforts in 

engineering a significantly enhanced, genetically encoded, fluorescent H2S probe, 

hsGFP. hsGFP has a large dynamic range, high specificity to H2S over other cellular 

redox signaling molecules, and an ability to efficiently fold and form the mature 

chromophore. These properties effectively enabled the use of hsGFP to sensitively and 

selectively detect H2S in vitro and in living cells. We also show that hsGFP can be easily 

targeted to subcellular domains, including mitochondria, cell nuclei, and KATP channels to 

efficiently respond to H2S. Moreover, hsGFP can also be used to image enzymatically 

produced H2S in HEK 293T cells. hsGFP is a highly robust genetic reporter for H2S that 

has opened new doors for dissecting the complex roles of H2S under diverse 

physiological and pathological conditions. 

2.3 Experimental Procedures  

2.3.1 Materials and General Methods 

Plasmids pSUR1-EYFP and pcDNA3.1-Kir6.2-GFP encoding KATP channels were 

kindly provided by Prof. Colin Nichols at Washington University in St. Louis.37 Sodium 

hydrosulfide (NaSH) in phosphate buffered saline (PBS, pH 7.4) was employed as the 

H2S donor throughout this work unless otherwise noted. Other materials and general 

procedures were acquired or performed as previously described.34, 38 
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2.3.2 Library Screening  

Previously, to engineer a selective peroxynitrite (ONOO−) probe, a superfolder 

GFP was utilized as the starting gene template to create a library of circularly permuted 

variants with randomized N- and C- termini.38 The same library was utilized to screen 

for mutants that responded to H2S. Briefly, the gene library in the pBAD/ His B plasmid 

was used to co-transform Escherichia coli DH10B competent cells with pEvol-pAzF 

byelectroporation.39, 40 Cells were grown on Luria-Bertani (LB) broth agar plates 

supplemented with 100 μg/mL ampicillin, 50 μg/mL chloramphenicol, 0.04% L-

arabinose and 1 mM pAzF. LB agar plates were incubated at 37°C for 36 hours. 

Subsequently, 5 mM NaHS in PBS (pH 7.4) were sprayed three times prior to selecting 

highly fluorescent colonies. Between each spray, plates were left at room temperature for 

1 hour. Selected colonies were grown in liquid LB media and induced with 0.04% L-

arabinose for protein expression. Crude proteins were extracted with B-PER Bacterial 

Protein Extraction Reagents (Pierce; Rockford, IL). NaHS in PBS (pH 7.4) was added to 

the crude mixtures for a final concentration of 1 mM and the fluorescence responses were 

monitored using a Synergy Mx Microplate Reader (BioTek; Winooski, VT). 

2.3.3 Protein Expression and Purification 

To express hsGFP, DH10B cells were co-transformed with pEvol-pAzF and 

pBAD-hsGFP by electroporation and grown on LB agar containing 100 μg/mL 

ampicillin, 50 μg/mL chloramphenicol at 37°C overnight. A single colony was grown in 

a starter culture of 5 mL LB with appropriate antibiotics at 37°C and 220 rpm overnight. 
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Saturated starter culture was diluted 100× into terrific broth (TB) media containing 

appropriate antibiotics, and grown under the same conditions. When OD600 reached 0.8, 

the expression culture was induced with 0.2% L-arabinose and 1 mM pAzF. Culture 

Flasks were wrapped with aluminum foil to avoid the light deactivation of pAzF. Cells 

continued to grow under the same conditions for 24 hours, and then in a shaking 30°C 

water bath for another 24 hours. Cells were then harvested and lysed. The 6×His-tagged 

hsGFP protein was affinity-purified with nickel-nitrilotriacetic acid (Ni-NTA) agarose 

beads under a native condition as previously described.38 The protein was concentrated 

and buffer-exchanged into 1× PBS using a 3K MWCO Amicon Ultra centrifugal filter 

(Millipore; Billerica, MA). Its concentration was determined with a Bradford assay by 

comparing to a series of bovine serum albumin (BSA) standards. 

2.3.4 In vitro characterization 

A final protein concentration of 0.5 μM was used for in vitro assays as previously 

described.38 All assays were performed in 1× PBS (pH, 7.4) at room temperature. 

Absorption, fluorescence excitation and fluorescence emission spectra were recorded 

before and after exposure of hsGFP to 5 mM NaSH in PBS (pH 7.4) for 30 minutes. 

Fluorescence kinetics assays were performed by measuring point fluorescence 

(excitation: 460 nm, emission: 500 nm) over 30 min at 2-min intervals. Fluorescent 

responses of hsGFP to H2S at low micromolar concentrations were carried out by mixing 

0.5 μM hsGFP protein with the indicated concentrations of H2S for one hour at room 

temperature. Data points were represented as averages from three independent 
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measurements ± standard deviation (SD). Fluorescence intensities were normalized to a 

control group with the addition of PBS. A linear calibration curve (y = 0.097x + 1.0155, 

R2 = 0.979) was obtained. The SD of the intercept and the slope (S) of the curve were 

used to calculate the limit of detection (LOD) as 3.3(SD/S). Selectivity assays were 

performed by incubating hsGFP with various redox-active molecules for 20 minutes at 

room temperature. Fluorescence intensities at 500 nm were quantified and represented as 

means ± SD from three independent measurements.  

2.3.5 Comparison of hsGFP and cpGFP-pAzF in E. coli  

E. coli cells were treated in parallel to express cpGFP-pAzF or hsGFP. Cells were 

pelleted, washed three times with PBS, and next re-suspended in PBS with the OD600 

adjusted to 0.8. 200 μM H2S were added, and the mixture were incubated for 1 hour at 

room temperature. Fluorescence intensities at 500 nm with a 460-nm excitation were 

quantified. Data were represented as mean ± s.d. from three independent measurements. 

2.3.6 Construction of mammalian expression plasmids 

The hsGFP gene in pBAD was amplified with oligonucleotides pCMV-hsGFP-F-

HindIII and pCMV-hsGFP-R-XhoI (see Appendix Table A1). After digestion with Hind 

III and Xho I, the product was ligated into a pre-digested pcDNA3-pnGFP plasmid,38 

resulting in pcDNA3-hsGFP for the mammalian expression of hsGFP. To construct 

pMito-hsGFP for mitochondrial matrix localization, a mitochondrial localization 

sequence (MLSLRQSIRFFKPATRTLCSSRYLL) derived from cytochrome oxidase 
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subunit IV was appended to the N-terminus of hsGFP using an overlap extension 

polymerase chain reaction (PCR) strategy with oligonucleotides pCMV-Mito-1F, pCMV-

Mito-2F, pCMV-Mito-3F, and pCMV-hsGFP-R-XhoI. To construct phsGFP-Nuc for the 

nuclear localization of hsGFP, pCMV-Nuc-F-NheI and pCMV-Nuc-R-XhoI were utilized 

to amplify hsGFP. The PCR product was digested with Nhe I and Xho I and ligated into a 

pre-digested pEYFP-Nuc plasmid (Clontech). To construct pSUR1-Kir6.2-hsGFP for the 

localization of hsGFP to KATP ion channels, pCMV-SUR1-F-EcoRI and pCMV-SUR1-R-

AgeI were utilized to amplify SUR1 (sulfonylurea receptor) from pSUR1-EYFP. 

Oligonucleotides Kir6.2-F-AgeI, Kir6.2-R-hsGFP, Kir6.2-F-hsGFP and pCMV-hsGFP-

R-XhoI were used to amplify the Kir6.2 KATP channel gene from pcDNA3.1-Kir6.2-GFP 

and the hsGFP gene from the pBAD plasmid. The Kir6.2 and hsGFP genes were fused in 

a second-step overlap extension PCR. The two DNA fragments containing genes for 

SUR1 or Kir6.2 and hsGFP were digested with EcoR I and Age I, or Age I and Xho I, 

respectively. A three-part ligation reaction was carried out to ligate the two digested 

pieces into a pcDNA3 vector treated with EcoR I and Xho I. Human CBS gene was 

requested from DNASU plasmid repository (Clone ID HsCD00002251) and cloned into 

pcDNA3 using two oligonucleotides pCMV-CBS-F and pCMV-CBS-R. 

2.3.7 Mammalian cell culture and imaging  

Culturing, transfection, and imaging of HEK 293T cells was performed as 

previously described.38 After transfection, cells were cultured in complete media 

containing 1 mM pAzF for 48 hours. Cells were further cultured in fresh complete media 
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without pAzF for additional 12 hours to deplete free pAzF. Time-lapse imaging 

experiments were performed by incubating cells with 50 μM H2S buffered in PBS (pH 

7.4). Images were taken every 30 seconds for a total duration of 40 minutes. Fluorescence 

images of hsGFP at subcellular domains were taken after incubating the cells with 100 

μM buffered H2S at 37°C for 1 hour in Dulbecco’s PBS (DPBS). To stimulate the 

enzymatic production of H2S in HEK 293T cells, cells were incubated in DPBS 

containing 1 mM L-cysteine at 37°C for 3 hours. Before imaging, cells were washed 

twice with DPBS containing 1 mM Ca2+ and 1 mM Mg2+. Next, cells in DPBS were 

imaged under either a Leica SP2 or a Leica SP5 confocal fluorescence microscope at the 

microscopy core of the UCR Institute for Integrative Genome Biology. The excitation 

laser was set at 488 nm and emission was collected between 500 nm and 600 nm. The 

Airy unit of the pinhole was set to 1. 

2.4 Results 

2.4.1 Laboratory engineering of hsGFP  

The first genetically encoded H2S probe, cpGFP-pAzF, was derived by replacing 

Tyr66 of a cpGFP with pAzF using a genetic code expansion technology (Figure 2.1).34 

Its fluorescence responded to H2S at a small magnitude. The formation of a pAzF-derived 

mature chromophore was also disfavored, by observing a large percentage of ribosomally 

synthesized peptides without underdoing chromophore maturation reactions. Even though 

this proof-of-concept probe has previously been demonstrated to be capable of detecting 

H2S in vitro and in live cells, broader applications require a more robust probe. 
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We recently also developed a fluorescent probe pnGFP for the detection of 

peroxynitrite (ONOO−).38 We circularly permuted a superfolder GFP.41 The new N- and 

C- terminal amino acid residues were fully randomized and the resulting library was 

screened for selective responses to ONOO−. The probe pnGFP was identified to show a 

large fluorescence enhancement in response to ONOO− in vitro and in live cells. pn GFP 

is also efficient in protein folding and chromophore maturation. We reasoned that these 

favorable properties of pnGFP are likely associated with the new superfolder GFP 

template, so we hypothesized that pAzF could also be introduced into this new template 

to derive H2S sensors with improved properties to achieve sensitive detection of H2S. To 

test this notion, we screened the same library used to derive pnGFP, but for H2S-induced 

fluorescence changes (Figure 2.2). pAzF was utilized to replace p-boronophenylalanine 

(pBoF) in pnGFP to synthesize pAzF-containing proteins in bacterial colonies. These 

bacterial colonies were challenged with H2S. We first selected highly fluorescent colonies 

after reaction with H2S. Next, we cultured these colonies in liquid media for protein 

expression. Crude proteins were prepared and used for the secondary screening. Their 

fluorescence intensities before and after reaction with H2S were quantitatively measured. 

At this stage, the ratios of the two intensities were used as our selection criterion. 

Through this process, we identified a very promising mutant showing > 20× enhancement 

in fluorescence intensity in response to 1 mM H2S. We named it hsGFP and carried out 

further work to characterize it in vitro and in living cells. 
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Figure 2.3. Spectroscopic responses of hsGFP to H2S. (A) Absorption spectra of hsGFP 
before (black) and after (gray) 5 mM H2S treatment, with arrows indicating an 
absorbance decrease at ~ 391 nm and a concomitant increase at ~ 452 nm upon H2S 
addition. (B) Excitation and emission spectra of hsGFP before and after 5 mM H2S 
treatment with arrows indicating the increase in excitation and emission at ~ 454 nm and 
~ 500 nm, respectively. (C) Fluorescence changes of hsGFP (0.5 μM) in response to 
various concentrations of H2S (from top to bottom, H2S concentrations are: 1 mM, 100 
μM, 50 μM, 10 μM and 1 μM and 0 μM). (D) Fluorescent responses of hsGFP (0.5 μM) 
to H2S at low micromolar concentrations. A linear calibration curve (y = 0.097x + 
1.0155, R2 = 0.979) was obtained and the LOD was determined to be 435 nM.  
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2.4.2 Spectroscopic responses of hsGFP to H2S  

We examined the optical properties of hsGFP before and after addition of 

buffered H2S (pH 7.4). The absorbance spectrum of hsGFP showed a major peak at 391 

nm, corresponding to a p-azidobenzylideneimidazolidone chromophore (Figure 2.3A). 

After adding H2S, the absorbance peak at 452 nm increased at the expense of the 

absorbance at 391 nm, indicating the formation of a new p-

aminobenzylideneimidazolidone chromophore. Addition of H2S caused a dramatic 

increase to both the fluorescence excitation and emission signals (with peaks at 454 nm 

and 500 nm, respectively), suggesting that the reduced p-aminobenzylideneimidazolidone 

product is highly fluorescent (Figure 2.3B). The basal fluorescent signal before reaction 

was likely due to the background formation of a tyrosine-derived chromophore and the 

pre-reduction of an azide-derived chromophore to an amine-derived chromophore. 

To determine the sensitivity of hsGFP to H2S, we measured the fluorescence 

responses of hsGFP to various concentrations of H2S. We found that fluorescence 

changes often completed within the first 20-30 mins (Figure 2.3C). When incubated with 

100 μM or 1 mM H2S, the green fluorescence of hsGFP increased by ~ 5.5- or 23-fold, 

respectively. Considering these large fold changes, we suspected that hsGFP could detect 

H2S at low physiological concentrations. To test this, we measured the response of hsGFP 

to H2S at low micromolar concentrations (Figure 2.3D). The limit of detection (LOD)  

!  
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Figure 2.4. (A) Chemoselectivity of hsGFP against a panel of redox-active chemicals: 1, 
1 mM H2S; 2, 100 μM H2S; 3, 1 mM H2O2; 4, 5 mM reduced glutathione; 5, 5 mM L-
cysteine; 6, 100 μM HOCl; 7, 100 μM HOOtBu; 8, 100 μM O2

•–; 9, 20 μM ONOO–; 10, 
100 μM NOC-7 (NO• donor); 11, 1 mM DTT; 12, 1 mM vitamin C; 13, 1 mM 
homocysteine; 14, •OH (1 mM Fe2+ + 100 μM H2O2); 15, •OtBu (1 mM Fe2+ + 100 μM 
HOOtBu); 16, PBS. (B) Fluorescence intensities of E. coli cells expressing cpGFP-pAzF 
or hsGFP before (black bars) and after (red bars) reaction with 200 μM H2S. 

!  
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was determined to be 435 nM, making hsGFP one of the most responsive fluorescent 

probes, yet developed, for H2S detection (Figure 2.3D).42 Collectively, these data indicate 

that hsGFP is a robust and highly sensitive probe for H2S. 

Cells generate a variety of redox-active molecules under normal and stress 

conditions. To unambiguously detect H2S in such complex environment, fluorescent 

probes that are not responsive to other relevant redox-active molecules are required. To 

test the selectivity of hsGFP, we systematically measured its response to a range of 

redox-active molecules, including competing thiols, and reactive oxygen, nitrogen, and  

sulfur species, at physiologically relevant or higher concentrations (Figure 2.4A). 

Notably, except for H2S, all other tested molecules trigged no or limited fluorescence 

responses, suggesting that hsGFP is a highly selective fluorescent probe toward H2S. 

2.4.3 Comparison of hsGFP to cpGFP-pAzF  

Compared to the first-generation H2S probe cpGFP-pAzF, the most striking 

improvement of hsGFP was its large fluorescence response. At 100 μM and 1 mM H2S, 

cpGFP-pAzF showed a 0.6× and 1.5× fluorescence increase, respectively.34 Therefore, 

the magnitudes of hsGFP fluorescence changes under the same conditions have improved 

by 920% and 1530%, respectively (Table 2.1). We utilized electrospray time-of-flight 

mass spectrometry (ESI-TOF MS) to characterize freshly purified hsGFP (Appendix 

Figure A1). The major peak corresponded to a mature p-azidobenzylideneimidazolidone  
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Figure 2.5. (A) Live fluorescence imaging of HEK 293T cells expressing hsGFP before 
and after addition of 50 μM buffered H2S for 40 min. Scale bar: 50 μm. (B) Quantified 
fluorescence intensities of individual fluorescent cells shown in panel A (top cell: 
magenta; bottom left: cyan; bottom right: yellow). 

!  
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chromophore. In contrast, the main portion of freshly purified cpGFP-pAzF was the 

precursor peptide without undergoing chromophore maturation reactions.34 The improved 

folding and chromophore maturation, due to superfolder mutations, may partially explain 

the differences in fluorescence responses, because a portion of H2S-reacted cpGFP-pAzF 

may be trapped in an intermediate state and not form the mature p-

aminobenzylideneimidazolidone chromophore during the short period of fluorescence 

analysis. Furthermore, the post-reaction product of hsGFP was also considerably more 

fluorescent. We characterized the extinction coefficients (ε) and quantum yields (Φ) of 

hsGFP and cpGFP containing p-aminophenylalanine (pAmF) derived chromophores. 

hsGFP-pAmF is ~ 9× brighter than cpGFP-pAmF (Table 2.1). In addition, since the folds 

of enhancement at the two concentrations were not identical, there were likely to be 

differences in reaction kinetics as well. Additionally, the fluorescence excitation and 

emission peaks of hsGFP-pAmF were blue-shifted by ~ 29 nm and ~ 9 nm from the 

fluorescent peaks of cpGFP-pAmF, respectively. This was not surprising, because 

Phe203 of cpGFP can possibly induce a π-stacking interaction with the chromophore to 

shift the peaks toward the red end of the spectrum.43  

We also directly compared hsGFP with cpGFP-pAzF in living E. coli cells 

(Figure 2.4B). Cells were cultured and induced for protein expression under the same 

conditions. Higher fluorescence intensities were observed for hsGFP than for cpGFP-

pAzF, before and after H2S treatment. After adding 200 μM H2S to the cells, the 

fluorescence of cpGFP-pAzF expressing cells increased marginally, while the 

fluorescence increase of hsGFP-containing E. coli cells was dramatic. This result  
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Figure 2.6. Localization of hsGFP to subcellular domains of HEK 293T cells. HEK 293T 
cells expressing hsGFP individually fused with either mitochondrial targeting signal, 
nuclear localization signal, or Kir6.2 subunit, were treated with H2S, showing the 
localization of hsGFP to the (A) mitochondrial matrix, (B) cell nuclei, or around (C) KATP 
channels, respectively. (D-F) Corresponding bright field images of the cells in panels A-
C, respectively. Scale bar: 50 μm.   

!  
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indicated that hsGFP was highly expressed and was more responsive to H2S than was 

cpGFP-pAzF. It is interesting to note that, although the first generation H2S probe 

cpGFP-pAzF reacts more preferably with dithiothreitol (DTT), a common reducing 

reagent used in molecular biology, than with H2S,34 hsGFP has a lower reactivity toward 

DTT compared to H2S (Figure 2.4A). This phenomenon may be related to the tight 

packing of superfolder GFP, since DTT is a considerably larger molecule than H2S. In 

addition, the evolved hsGFP has a proline and a tryptophan at its N- and C- termini, 

respectively. Previous work suggested a strong stabilizing interaction between proline 

and tryptophan.44 Such interaction may also be important here, since it may help exclude 

the larger hydrophilic DTT molecules from the hsGFP chromophore. The data also 

support that the reactivity of a chemical functional group can be well modulated by its 

environment. In our case, “the environment” is the circularly permuted fluorescent 

protein scaffold, and the chemoselectivity of the chromophore could be modulated by 

directed protein evolution of the scaffold. Therefore, except for the ability to be 

genetically encoded, the unnatural fluorescent protein probes are advantageous in the 

sense that an effective method (i.e. directed protein evolution) is available to tune the 

reactivity and specificity of these fluorescent probes. 

2.4.4 Expression of hsGFP in live mammalian cells and subcellular domains  

Having confirmed that hsGFP is a robust, sensitive, and selective fluorescent 

probe to detect H2S in vitro, we sought to explore its applications for  imaging in live  



!

! 32 

 

Figure 2.7. Response of hsGFP to 1 mM L-cysteine in HEK 293T cells. 
Representative images of hsGFP expression in HEK 293T cells with (bottom row) or 
without (top row) CBS overexpression, in the absence (two left columns) or presence 
(two right columns) of L-cysteine. 

!  
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mammalian cells. Upon challenging transiently transfected hsGFP in HEK 293T cells 

with 50 μM H2S, we observed a large fluorescence increase (Figure 2.5A). We analyzed 

the time-dependent fluorescence change of single cells, and ~ 8 fluorescence increase was 

observed (Figure 2.5B). Compared to in vitro assays, this higher magnitude of H2S-

triggered fluorescence enhancement can be attributed to a better fidelity of pAzF 

incorporation and less pre-conversion of azide to amine in mammalian cells than in E. 

coli. The results demonstrate that hsGFP is highly responsive to H2S in living mammalian 

cells, consistent with our observations in vitro and in E. coli cells.  

Fluorescent redox probes that can be localized to subcellular domains are 

particularly invaluable for measuring the dynamics of locally produced reactive 

molecules, such as H2S. To generate subcellular domain-associated H2S probes, we 

individually fused hsGFP to a mitochondrial targeting signal, a nuclear localization  

signal, or the Kir6.2 subunit of the KATP channel. These constructs were expressed in 

HEK 293T cells. Upon treatment of these recombinant probes with H2S, we were able to 

confirm the localization of the recombinant hsGFP probes at the predicted subcellular 

locations (Figure 2.6), suggesting that hsGFP is a robust and versatile fluorescent probe 

that provides a convenient approach for future investigations on H2S signaling with 

subcellular resolution. 
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Figure 2.8. Average fluorescence intensities of individual hsGFP-expressing HEK 293T 
cells, with or without CBS over-expression, in the absence (gray bars) or presence (green 
bars) of L-cysteine. 10 individual cells were analyzed for each group. Data is shown as 
means ± SD (**P < 0.01, two-tailed Student's t test). 

!  
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2.4.5 Detection of biologically generated H2S  

After confirming the capacity of hsGFP to detect exogenous H2S, we next sought 

to determine whether hsGFP could detect enzymatically produced H2S in live mammalian 

cells. L-cysteine, a non-essential amino acid and an important sulfide source in human  

metabolism, is a major precursor for the enzymatic production of H2S in mammals.4 

Endogenously, HEK 293T cells express H2S-generating enzymes such as CSE.45 Upon 

stimulating hsGFP-expressingHEK 293T cells with 1 mM L-cysteine, we observed a 

prominent fluorescence enhancement when compared to the negative control group, 

which was not supplemented with L-cysteine (Figure 2.7). Further more, over-expressing 

an H2S-generating enzyme, CBS, in HEK 293T cells increased the basal fluorescence 

intensities of both L-cysteine-stimulated and unstimulated groups. HEK 293T cells that 

were over-expressing CBS and stimulated by L-cysteine, showed a synergistic increase in 

fluorescence intensities, over groups that were singly either over-expressing CBS or 

stimulated by L-cysteine, suggesting that CBS overexpression leads to a larger L-

cysteine-induced fluorescence enhancement in hsGFP-expressing HEK 293T cells. We 

also quantified the fluorescence intensities of single cells and significant differences were 

identified between groups with two-tailed Student's t-test (Figure 2.8). It is worthwhile to 

note that the typical cell culture media contain ~ 0.3 mM L-cysteine, which may have 

contributed to the basal fluorescence. Nevertheless, the stimulation with 1 mM fresh L-

cysteine was able to induce the production of additional H2S and trigger the fluorescence 

response of hsGFP. This experiment further confirmed that hsGFP is a highly responsive 
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and selective H2S probe and can be utilized to detect H2S under biologically relevant 

conditions. 

2.5 Discussion  

By introducing pAzF into a new superfolder cpGFP template followed by 

fluorescence screening of a randomized library, we identified hsGFP as a dramatically 

enhanced, genetically encoded fluorescent probe for H2S. hsGFP has an unusually large 

response to H2S, allowing sensitive and selective detection of H2S, both in vitro and in 

living cells. Moreover, for the first time, we showed that hsGFP can be precisely 

localized to subcellular domains by creating genetic fusions with targeting signal peptides 

or other cellular proteins. Since this approach is general, it may be adapted to address the 

technical challenges of monitoring H2S at various subcellular locations. This method may 

also be utilized to deliver other similar fluorescent probes, such as the recently reported 

ONOO− probe, pnGFP.38 Although various synthetic H2S probes have been developed, 

only a small percentage have been tested near physiological conditions. We performed 

fluorescence imaging of H2S production in HEK 293T cells stimulated with L-cysteine, 

and showed that the fluorescence of hsGFP reflected the relative amount of enzymatically 

generated H2S in live cells. With these results, it is convincing that hsGFP is a highly 

robust fluorescent probe for H2S that has the potential to facilitate a broad spectrum of 

research on the biochemistry and cell biology of H2S signaling. Additionally, we expect 

that hsGFP may be used to develop fluorescent assays for screening inhibitors and 
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activators of H2S-producing enzymes, potentially leading to important new 

pharmacological tools and drug candidates. 

!  
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Table&2.1& Fluorescent!properties!of!hsGFP!and!the!first4generation!H2S!probe!
cpGFP4pAzF.!
!

! H2S!

λabs!(nm)!
wit��ε!

(mM41!cm41)!
in!

parenthesis!

λem!(nm)!
wit��Φ!in!
parenthesi

s!

Brightness!
(mM41!cm4

1)!

Fold!of!intensity!
enhancement!at!the!

indicated!H2S!
concentration!

100!μM! 1!mM!
hsGFP! −! 391!(66)! ND! ND! 5.5×! 23×!+! 452!(53)! 500!(0.1)! 5.3!
cpGFP4
pAzF!

−! 375!(13)! ND! ND! 0.6×! 1.5×!+! 481!(20)! 509!(0.03)! 0.6!
!
ND,!not!determined.!!
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Appendix Materials 

Sequences of oligonucleotides used in this study; ESI-TOF MS analysis of 

hsGFP. This material can be found in Appendix A.  

!  
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Chapter 3 

Genetically Encoded Fluorescent Probe for the Selective Detection of Peroxynitrite 

3.1 Abstract 

Peroxynitrite is a highly reactive mole-cule involved in cell signaling and 

pathological processes. We hereby report a novel genetically encoded probe, pnGFP, 

which can selectively sense peroxynitrite. A boronic acid moiety was site-specifically 

introduced into circularly permuted fluorescent proteins. By examining different 

fluorescent protein templates followed with site-targeted random mutagenesis, we 

identified a selec-tive peroxynitrite sensor, which is essentially unrespon-sive to other 

common cellular redox signaling mole-cules. The new probe has been genetically 

introduced into cultured mammalian cells to image peroxynitrite at physiologically 

relevant concentrations. 

3.2 Introduction  

Cellular redox-active molecules play important roles in redox homeostasis and 

signaling.1, 2 Peroxynitrite (ONOO−) is a redox signaling molecule, which can form in 

vivo from a diffusion-controlled reaction between O2•− and NO• (k =6.7x109 M-1 s-1).3-5 At 

physiological pH, ONOO− equilibrates with ONOOH (pKa = 6.8).3 ONOO− is a potent 

oxidant. Early studies focused on its oxidative damage to biomolecules and the resulting 

cytotoxicity.6, 7 Recently, ONOO− has also been indicated to modulate cell signal 

transduction pathways.8, 9 For example, reactive cysteine residues in proteins can be 
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oxidized by ONOO− and may also be further derivatized by other intracellular modifiers, 

resulting in the deactivation or activation of the proteins.10, 11 On the other hand, ONOO− 

is also an efficient nitration reagent. For example, tyrosine residues can react with 

ONOO− to form nitrotyrosine.12 Proteins may be nitrated for the purposes of signal 

transduction and immunogenic response.13, 14 Similar to oxidation, misregulated nitration 

is detrimental and has been linked to Alzheimer's, arthritis, cancer, autoimmune and 

inflammatory diseases, and other disorders.4, 9, 12 In this context, it has attracted great 

interest to investigate the dynamics of ONOO− in cells and how it is regulated to achieve 

biological functions. Currently, however, there are limited research tools for studying 

ONOO−. 

Due to its very short lifetime (~ 10 ms) under physiological conditions,3 it is not 

possible to directly measure ONOO− in processed cell or tissue samples. Fluorescent 

probes can be introduced into cells, and thus, represent a promising strategy for detecting 

this highly reactive molecule. Reduced nonfluorescent leuco dyes such as 

dihydrorhodamine are frequently used, but in general, these molecules have little 

selectivity among various reactive oxidative species (ROS).15, 16 Recent research has 

generated probes based on other chemical transformations, affording fluorescent dyes for 

ONOO− with various degrees of selectivity and sensitivity.17-23 Prominent examples are a 

group of boronate organic dyes, which can respond to ONOO− and hydrogen peroxide 

(H2O2).24-26 Effort has been invested in the modification of those boronate-derived probes 

for subcellular localization in mammalian mitochondria and nuclei.27, 28 In addition, an 

elegant method has been developed to conjugate synthetic boronate probes with proteins 
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of interest through a SNAP peptide tag for precise intracellular direction.29 Despite the 

progress, no genetically encoded probe is available for the direct imaging of intracellular 

ONOO−. Moreover, it remains a great challenge to distinguish ONOO− from other ROS 

(e.g. H2O2 and ClO−),20, 26 and selectively detect ONOO− in the presence of reducing 

molecules such as hydrogen sulfide (H2S) and glutathione (GSH).22 Herein we present a 

novel genetically encoded probe for ONOO− based on a boronic acid-derived circularly 

permuted green fluorescent protein (cpGFP). A special protein scaffold was identified 

and engineered to achieve excellent chemoselectivity and sensitivity, so that ONOO− at 

physiological concentrations could be selectively imaged in the presence of a variety of 

common cell-generated redox-active molecules. 

3.3 Experimental Section  

3.3.1 General method and materials  

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

Aldrich (St. Louis, MO). Peroxynitrite was purchased from Cayman Chemical (Ann 

Arbor, MI). It was received as a solution in 0.3 M NaOH. The actual concentration of 

peroxynitrite was measured from the absorbance at 302 nm, at which wavelength the 

extinction coefficient of peroxynitrite is known to be 1670 M-1cm-1. 3- 

morpholinosydnonimine (SIN-1) was purchased from MP Biomedicals (Solon, OH). 

Synthetic DNA oligonucleotides were purchased from Integrated DNA Technologies 

(San Diego, CA). Restriction endonucleases were purchased from New England Biolabs 
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(Ipswich, MA). PCR products and products of restriction digestion were purified by gel 

electrophoresis and extracted using the Syd Labs Gel Extraction kit (Malden, MA). 

Plasmid DNA was purified using the Syd Labs Miniprep kit. DNA sequence analysis was 

performed by the Genomics Core at the University of California, Riverside (UCR). 

Protein mass spectrometry was performed at the UCR High Resolution Mass 

Spectrometry Facility. Live-cell microscopic imaging was carried out at the UCR 

Microscopy Core at the Institute for Integrative Genome Biology (IIGB).  

3.3.2 Procedures for protein engineering  

cpGFP has been previously described. To improve its brightness and maturation 

rate at 37°C, error-prone PCR (EP-PCR) was used to randomize its DNA sequence. 

Briefly, the gene of cpGFP was amplified with primers cpGFP2-F and cpGFP2-R and 

inserted into a modified pBAD/HisB plasmid between Xho I and Hind III restriction 

sites. The resulting plasmid pBAD-cpGFP was used as the template for EP-PCR in the 

presence of pBAD-F and pBAD-R, two primers binding to the upstream and downstream 

of the cpGFP reading frame. The reaction was carried out with Taq DNA polymerase for 

38 cycles in the presence of 200 μM MnCl2, by following a previously described 

protocol. The mixture was separated on an agarose gel by electrophoresis. The band with 

the right size was excised for gel extraction, and the resulting DNA was digested with 

Xho I and Hind III restriction enzymes. The fragment was inserted into a pre-digested 

compatible pBAD/HisB plasmid. Electroporation was used to generate ~ 20,000 E. coli 

colonies on LB agar plates supplemented with 100 μg/ml ampicillin and 0.02% L-
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arabinose. After transformation, the plates were incubated at 37°C for 24 hours, and then 

excited with a light source emitting 460-500 nm blue light. The brightest (top 0.1%) 

colonies were selected and grown overnight in 5 mL Luria Broth (LB) media containing 

100 μg/ml ampicillin and 0.02% L-arabinose. Cells were pelleted, and B-PER II protein 

extraction reagent (Pierce) was added, followed by a centrifugation step to remove cell 

debris. Fluorescence emission of the clear cell lysates at 510 nm (excitation at 460 nm) 

was quantified using a monochromator- based Synergy MxMicroplate Reader (BioTek, 

Winooski, VT). Three clones with the highest fluorescence intensity were minipreped 

and sequenced. The DNA mixture of the three top clones was subjected to the next round 

of random mutagenesis. The procedure was repeated twice. After the third round, the 

identified brightest clone was named cpGFP2.  

A plasmid containing the superfolder GFP gene was utilized as the starting point 

to create cpsGFP. Primers cpsGFP1 and cpsGFP-NNK-R, or cpsGFP2 and cpsGFP-

NNK-F were used to amplify superfolder GFP fragments in two separate PCR reactions. 

The resulting two fragments were joined together in an overlap PCR reaction using the 

two primers cpsGFP-NNK-F and cpsGFP-NNK-R. The product was purified, digested 

with Hind III and Xho I, and ligated into a compatible pBAD/HisB plasmid. The 

resulting gene library contains cpsGFP variants with randomization at the N- and C- 

terminal residues. The library was screened for fluorescence brightness, and the identified 

brightest colony was designated cpsGFP.  

Next, cpsGFP was used to derive pnGFP. To allow the incorporation of the 
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unnatural amino acid pBoF, an overlap PCR strategy was used to change the codon for 

the chromophore Tyr to TAG. pBAD-F and cpsGFP-TAG-R, or cpsGFP-TAG-F and 

pBAD-R were used in two separate PCR reactions to produce two fragments. Next, 

pBAD-F and pBAD-R were used to join the two fragments and create a mutated gene 

containing the TAG codon. The gene was inserted into a pBAD/HisB plasmid to generate 

pBAD-cpsGFP- Tyr66TAG. cpsGFP-NNK-F and cpsGFP-NNK-R were again used to 

amplify the cpsGFP-Tyr66TAG fragment to generate a DNA library with randomized 5' 

and 3' bases. The product was digested with Hind III and Xho I, and ligated into a 

compatible pBAD/HisB plasmid. The resulting mixture was used to transform DH10B E. 

coli electrocompetent cells containing a pEvol-pBoF plasmid. The resulting cells were 

allowed to grown on LB agar plates containing 100 μg/mL ampicillin and 50 μg/ml 

chloramphenicol at 37°C for 24 hours. Individual colonies were randomly picked and 

cultured in 1 mL 2YT media containing 100 μg/mL ampicillin, 50 μg/ml 

chloramphenicol, 0.2% L-arabinose and 1 mM pBoF. They were shaken at 250 rpm and 

37°C for 24 hours, before transferred to room temperature for continuing 24-hour culture. 

Cells were pelleted and lysed in 100 μL B-PER II reagent. Clear cell lysates were 

obtained after centrifugation at 18,000 rpm for 10 min at 4°C. Each sample was equally 

split and loaded into two separate wells in a 96-well plate. In each well, an additional 50 

μL buffer (150 mM Tris-HCl, 150 mM NaCl, pH 7.4) was added for dilution. Next, 4 μL 

of 500 μM ONOO− or 25 mM H2O2 were added to either of the two wells. The mixtures 

were incubated at RT for 15 min. Fluorescence emission at 510 nm (excitation at 460 nm) 

before and after addition of ONOOH or H2O2 was recorded. We used this method to 
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screen ~ 300 colonies to identify a mutant, which showed large fluorescent response to 

ONOO−, but not to H2O2. The mutant was designated pnGFP.  

3.3.3 Construction of the mammalian reporter plasmid  

To insert the pnGFP gene into the mammalian expression vector pcDNA3, 

primers pnGFP-F and pnGFP- R were used to amplify the gene and install Hind III and 

Xho I restriction sites at its N- and C- termini. The pnGFP-F primer also includes a 

Kozak sequence and a start codon for efficient translational initiation. The PCR product 

was digested with Hind III and Xho I, and inserted into a pre-treated compatible pcDNA3 

plasmid. Next, primers WPRE-F and WPRE-R were used to amplify a woodchuck 

hepatitis post- transcriptional regulatory element (WPRE) from the plasmid pCMV-

EGFP-T2A-ACREB-WPRE (Addgene Plasmid # 40867). The fragment was digested 

with Xho I and Xba I, and inserted to the previous pnGFP- containing pcDNA3 plasmid. 

The resulting plasmid, pcDNA3-pnGFP, contains a WPRE sequence at the C- terminus of 

the pnGFP gene.  

3.3.4 Protein expression and purification in E. coli  

To express unnatural amino acid (UAA)-containing proteins, pBAD plasmids 

harboring cpGFP2- Tyr66TAG, cpsGFP-Tyr66TAG or pnGFP were used to co-transform 

DH10B E. coli cells with pEvol-pBoF plasmid. Cells were grown on LB agar plates 

containing 100 μg/mL ampicillin and 50 μg/ml chloramphenicol at 37°C overnight. A 

single colony from the co-transformation was grown overnight at 37°C in 5 ml LB media 
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supplemented with appropriate antibiotics. Saturated overnight cultures were then diluted 

by 100-fold and grown in 2YT media to OD600 = 0.6. L-arabinose (final conc. 0.2%) and 

pBoF (final conc. 1 mM) were added to express the full-length proteins. Growth 

continued with vigorous shaking at 37°C for 24 hours, and next, at room temperature for 

additional 24 hours. Cells were harvested and lysed by sonication. The His-tagged 

proteins were purified using Ni-NTA agarose beads (Qiagen) according to the 

manufacturer’s instruction. The protein were next concentrated in Tris buffer (30 mM 

Tris-Cl, pH 7.4) using Amicon Ultra Centrifugal Filter Units (3,000 Da cutoff). Bradford 

Assays were performed to determined protein concentrations by comparing with a set of 

BSA standards.  

3.3.5 Spectroscopic characterization  

A monochromator-based Synergy MxMicroplate Reader (BioTek, Winooski, VT) 

was used to record all spectra. To record the fluorescence excitation spectra, the emission 

wavelength was set at 540 nm, and the excitation scanned from 360 nm to 520 nm. To 

record the emission spectra, the excitation was set at 440 nm, and the emission scanned 

from 460 nm to 600 nm. Unless otherwise noted, excitation at 490 nm and emission at 

510 nm were used for other single-point measurement. Absorbance spectra were recorded 

by scanning from 230nm to 600 nm, and a blank solution was used to subtract the 

background.  
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3.3.6 Selectivity assays  

To test protein responses to various redox-active chemicals, concentrated protein 

stock solutions were diluted into 1x PBS to gain a final concentration of 500 nM or 1 μM. 

The following methods were utilized to supply individual redox-active species. They 

were added into proteins, followed with incubation at room temperature. Excitation at 

490 nm and emission at 510 nm were used for measurement on a monochromator-based 

Synergy MxMicroplate Reader.  

Nitric oxide (NO•): 1-Hydroxy-2-oxo-3-(N-methyl-3-aminopropyl)-3-methyl-1-

triazene (NOC-7) stock solution (100 mM) was prepared in 0.3 M NaOH. An appropriate 

amount of the stock solution was added to generate NO•. The final mixtures were 

confirmed to have no notably pH change from 7.4.  

Hydrogen sulfide (H2S/HS−): Solid NaHS was dissolved in PBS to afford a 100 

mM stock solution, whose pH was adjusted to 7.4. An appropriate amount of a freshly 

prepared stock solution was added. At physiological pH, H2S and HS− are in 

equilibrium.  

tert-butyl hydroperoxide (HOOtBu): 70% solution in H2O was purchased from 

Sigma-Aldrich (St. Louis, MO). It was diluted with PBS to gain a 100 mM stock 

solution. An appropriate amount of a freshly prepared stock solution was used.  

Hydrogen Peroxide (H2O2): 30% solution in H2O was purchased from Fisher 
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(Hampton, NH). It was diluted with PBS to gain a 100 mM stock solution. An 

appropriate amount of a freshly prepared stock solution was added.  

Hyperchlorite (ClO−/HOCl): 5% NaOCl solution was purchased from Fisher 

(Hampton, NH). It was diluted with PBS to gain a 100 mM stock solution. The pH was 

adjusted to 7.4. An appropriate amount of a freshly prepared stock solution was added. At 

physiological pH, ClO− and HOCl are in equilibrium.  

Superoxide (O2•−): solid KO2 was suspended in DMSO by sonication. An 

appropriate amount was directly added to a protein in aqueous buffer. Please note that 

superoxide decomposes quickly to form H2O2 in aqueous solution.  

Peroxynitrite (ONOO−/ONOOH): Purchased as a solution in 0.3 M NaOH (stored 

at -80°C). Concentration was determined before use by measuring absorbance at 302 nm. 

A 100 mM fresh stock solution was made by dilution using cold 0.3 M NaOH. An 

appropriate amount was utilized to provide ONOO−. The final mixtures were confirmed 

to have no notably pH change from 7.4. At physiological pH, ONOOH and ONOO− are 

in equilibrium.  

Hydroxy Radical (•OH): Generated by Fenton reaction between Fe2+ and H2O2. 

Fresh FeCl2 and H2O2 stock solutions were prepared for dilution.  

tert-butoxy radical (•OtBu): Generated by Fenton reaction between Fe2+ and 



!

! 54 

HOOtBu. Fresh FeCl2 and HOOtBu stock solutions were prepared for dilution.  

3.3.7 Determination of the limits of detection (LODs)  

To determine the LOD for the bonus addition of ONOO−, 95 μl cpGFP protein 

(500 nM) was mixed with 5 μl ONOO− at different concentrations. The concentration of 

the ONOO− stock in 0.3 M NaOH was determined right before use. To minimize the pH 

change after NaOH addition and maintain a stable ionic strength, the mixtures also 

contained 150 mM Tris-HCl and 150 mM NaCl (pH 7.4). Fluorescence intensity was 

determined at 15 min after mixing.  

To determine the LOD for SIN-1, 95 μl cpGFP protein (500 nM) was mixed with 

5 μl SIN-1 at different concentrations. The SIN-1 stock was freshly made by dissolving 

quantified SIN-1 in DMSO. 1x PBS was used as the solvent to dilute cpGFP and SIN-1. 

The mixtures were incubated at RT for 1 hour before measurement.  

Data were recorded as mean ± standard deviation based on three independent 

measurements. The linear response range was determined and used to derive LOD. The 

LOD was calculated based on the standard deviation of the response (SD) and the slope 

of the calibration curve (S) according to the formula: LOD = 3.3(SD/S). The values of 

SD and slope was obtained from the LINEST function by creating a calibration curve in 

the Microsoft Excel.  



!

! 55 

3.3.8 Mammalian cell culture and imaging  

Human Embryonic Kidney (HEK) 293T cells were cultured in Dulbecco’s 

Modified Eagle’s Medium (DMEM) supplemented with 10% fetal bovine serum (FBS). 

Cells were incubated at 37°C with 5% CO2 in humidified air. HEK 293T cells in each 

35-mm plastic culture dish were co-transfected with 1.5 μg pMAH- POLY, and 1.5 μg 

pcDNA3-pnGFP, in the presence of 6 μg PEI (polyethyleneimine, linear, M.W. 25 kDs). 

Transfected cells were then cultured in complete media containing 2 mM racemic pBoF 

for 32 hours. Before imaging, the cells were switched into fresh DMEM containing 10% 

FBS but no pBoF for another 16 hours to deplete the intracellular free pBoF amino acid. 

The media were next replaced with Dulbecco’s Phosphate Buffered Saline (DPBS) 

containing 1 mM Ca2+ and 1 mM Mg2+. Cells were treated with various chemicals. 

After 90-min incubation at 37°C, cells were imaged under a Leica SP2 confocal 

fluorescence microscope. The excitation laser was set at 488 nm, and emission was 

collected above 500 nm.  

3.4 Results  

3.4.1 Engineering of pnGFP  

We previously inserted an unnatural amino acid p-azidophenylalanine (pAzF) into 

a cpGFP to create an encoded sensor for H2S.30 Along this line, we introduced p-

boronophenylalanine (pBoF) into the same cpGFP by expanding the genetic code of E. 

coli.31 It is worth nothing that Wang et al. also reported the insertion of pBoF into GFP in 
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E. coli and the response of their protein to H2O2.32 However, the reactivity was poor. A 

similar problem was observed when we developed our H2S sensor, and a strategy to use 

circularly permuted fluorescent proteins was identified to address the problem.30 We first 

prepared cpGFP-Tyr66pBoF (numbered according to the wild-type GFP sequence; 

Figure B1 in Appendix B) from E. coli, but the yield was quite low, indicating that pBoF 

may negatively impact the folding and solubility of cpGFP. To solve the problem, we 

performed three cycles of error prone polymerase chain reaction (EP-PCR) based direct 

evolution to improve cpGFP. The enhanced mutant was name cpGFP2, which showed 

brighter fluorescence and faster maturation at 37°C. At the same time, we also directly 

converted a superfolder GFP, whose folding has been extensively optimized previously,33 

to a circularly permuted topology (designated cpsGFP). Both cpGFP2-Tyr66pBoF and 

cpsGFP-Tyr66pBoF were initially nonfluorescent, but turned highly fluorescent after 

reaction with H2O2 or ONOO− (Figure B2 in Appendix B). The response induced with 

H2O2 is much slower than with ONOO−, but sufficiently dramatic to complicate the 

selective detection of ONOO−.  
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Figure 3.1. (a) Fluorescence response of pnGFP (0.5 μM) after 20-min incubation with 
various redox-active chemicals (1: 100 μM H2S; 2: 1 mM dithiothreitol; 3-4: 5 mM 
cysteine or glutathione; 5-8: 100 μM HOCl, HOOtBu, O2

•−, or NOC-7 (NO• donor); 9: 
•OH (1 mM Fe2+ + 100 μM H2O2); 10: •OtBu (1 mM Fe2+ + 100 μM HOOtBu); 11-12: 
100 μM or 1 mM H2O2; 13-14: 20 μM or 100 μM ONOO−; 15: PBS)  (b) Fluorescence 
excitation (left) and emission spectra (right) of pnGFP before (black) and after (green) 
reaction with ONOO−.  
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This observation also corroborates the previous findings that boronate-containing small 

molecules react with ONOO− nearly a million times faster than with H2O2.24 To better 

distinguish ONOO− from H2O2, a site-directed random mutagenesis strategy was 

undertaken. We fully randomized each of the residues extending from the new N- and C- 

termini of cpGFP2 and cpsGFP, and the codons for the chromophore tyrosines were 

remained as TAG (amber codon). The gene libraries were introduced into E. coli cells 

containing an amber suppression plasmid pEvol-pBoF.34 Bacterial colonies were 

randomly picked and grown in the media supplemented with pBoF. Crude proteins were 

extracted and tested for ONOO− or H2O2-induced fluorescence changes. After screening a 

few hundred colonies, we were able to identify a mutant (designated pnGFP) derived 

from cpsGFP, which responded to ONOO− (20 μM), but not to H2O2 at a 50-fold higher 

concentration (1 mM). 

3.4.2 In vitro characterization of pnGFP  

To further verify the selectivity, we purified the protein and tested its fluorescence 

changes against a large panel of redox signaling molecules (Figure 3.1a). Notably, except 

for ONOO−, all other tested reducing or oxidizing reagents at physiologically relevant 

concentrations triggered no or very limited fluorescence response. Interestingly, glucose 

and glycerol, which contain boronic acid-interacting cis-diols, showed no effect on the 

sensor’s respone to ONOO− (Figure B3 in Appendix B). Although the mechanism for the 

selectivity is not yet elucidated, the N- and C- terminal residues (N-1 and C+1 in Figure 

B1 in Appendix B) of pnGFP were found to be Thr. Presumably, the two Thr residues 
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may interact with the boronic acid group of the chromophore to tune its chemoreactivity 

(Figure B4 in Appendix B).  

Next, we examined the spectral changes of pnGFP before and after reaction with 

ONOO−. Its absorption band shifted from 375 nm to 480 nm (Figure B5a in Appendix B). 

Initially, the protein was barely fluorescent, but the product emitted strong fluorescence 

with its excitation maximum at 484 nm and emission maximum at 508 nm (Figure 3.1b). 

The spectral profiles are similar to those of the pnGFP protein containing a natural 

tyrosine-derived chromophore (Figure B5b in Appendix B). These results are aligned 

with our mass spectrometry (MS) characterization (Figure B6 in Appendix B) and 

previous studies about small boronate molecules,35 supporting that the main oxidation 

product induced by ONOO− are likely to have a tyrosine-derived chromophore structure. 

We also investigated the fluorescence response of pnGFP to different 

concentrations of ONOO− (Figure B7 in Appendix B). The limit of detection was 

determined to be a bolus addition of 553 nM ONOO− under our experimental condition. 

Because ONOO− itself has a short lifetime in neutral aqueous solution,3 a slow ONOO−-

releasing molecule, 3-morpholinosyndnomine (a.k.a. SIN-1),36 was utilized to follow 

fluorescence changes over time (Figure B8 in Appendix B). Fluorescence intensity was 

measured after incubating the pnGFP protein with SIN-1 for 1 hour. A good linear 

relationship between the fluorescence intensity and the SIN-1 concentration from 1 μM to 

100 μM was observed (Figure 3.2), and the limit of detection was calculated to be 3.38  
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Figure 3.2. Fluorescence response of pnGFP to SIN-1. The mixtures were incubated at 
RT for 1 hour before fluorescence measurement. Linear regression (R2= 0.9995) was 
applied to the data set (1-100 μM SIN-1) to derive the limit of detection (LOD).  
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μM SIN-1. The maximal ONOO− production rate from SIN-1 was reported to be ~ 1.4% 

of the SIN-1 concentration,36 so the detection limit is equivalent to an influx of ONOO− at 

the speed of several tens of nM/min. Furthermore, we utilized a previously established 

method36 to generate continuous and stable influxes of ONOO− (100 nM/min to 1 

μM/min). Gradual and drastic fluorescence enhancement was observed at all conditions 

(Figure B8c in Appendix B). The steady-state concentration of ONOO− in cells 

isestimated in the nanomolar to low micromolar range,37 and the basal production rate has 

been estimated to be 0.1-1 μM/min,3, 38 and up to 50-100 μM/min under certain conditions 

or in confined microdomains (e.g. inflammatory macrophage or cell phagosome).3, 4 In 

biological systems, the production of NO• and O2•− many result in continuous formation 

of ONOO− up to several hours.3, 4 Taken together, our data collectively support that the 

reaction between pnGFP and ONOO− is efficient enough to compete with other ONOO−-

quenching pathways, and pnGFP is a promising probe for the detection of biological 

ONOO−. 

3.4.3 Incorporation of pBoF into proteins in mammalian cells   

To express pnGFP in mammalian cells, it is necessary to identify an orthogonal 

aminoacyl tRNA and synthetase (tRNA/aaRS) pair for the genetic encoding of pBoF in 

mammalian cells. Previous research only established a pBoF-specific tRNA/aaRS pair for 

E. coli.39 The pair was derived from the archaebacterial M. jannaschii tyrosyl tRNA and 

synthetase, and cannot be used in mammalian cells. We employed a mammalian 

fluorescent assay to screen existing tRNA/aaRS pairs orthogonal in mammalian cells. 
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These pairs were initially developed for the mammalian encoding of tyrosine analogues 

such as p-azidophenylalanine, p-iodophenylalanine, and p-methoxyphenylalanine.40 We 

constructed a series of mammalian suppression plasmids expressing one synthetase copy 

and four copies of the corresponding tRNA suppressor.30, 41 These plasmids were used to 

co-transfect human embryonic kidney (HEK) 293T cells along with another reporter 

plasmid encoding an EGFP gene with a Tyr39TAG mutation.42 We found that a 

tRNA/aaRS pair engineered from the E. coli tyrosyl tRNA and synthetase for the genetic 

encoding of p-iodophenylalanine,43 in the presence of pBoF (2 mM), was able to suppress 

the TAG codon to synthesize the full-length EGFP protein (Figure B9a in Appendix B). 

The His-tagged EGFP protein was purified using Ni-NTA agarose beads and subjected to 

matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) mass 

spectrometry, and the observed protein molar mass correlated well with the calculated 

molar mass of the pBoF-containing protein (Figure B9b in Appendix B). The suppression 

plasmid was named pMAH-POLY (synthetase mutations from E. coli tyrosyl synthetase: 

Y37I/D182S/F183M/D265R) and utilized in our following studies to express pnGFP in 

mammalian cells. 

3.4.4 Mammalian cell imaging of peroxynitrite using pnGFP   

To validate the use of pnGFP in mammalian cells, we constructed a pcDNA3-

pnGFP plasmid containing the pnGFP reporter gene under the control of an enhanced 

human cytomegalovirus (CMV) promoter. To further boost the expression, a woodchuck 

hepatitis virus post-transcriptional regulatory element (WPRE) was inserted downstream  
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Figure 3.3. Live-cell imaging of HEK 293T cells transiently transfected to express 
pnGFP. Cells were treated with the indicated chemicals before imaging. 
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to the pnGFP reading frame. Both pcDNA3-pnGFP and pMAH-POLY were introduced 

into HEK 293T cells, which were cultured in media supplemented with pBoF for 36 

hours. Before imaging, the cells were switched into fresh media containing no pBoF for 

another 24 hours to deplete the intracellular free pBoF amino acid. Next, SIN-1 was 

added to generate a ONOO− influx. The cells were imaged at 90 min after stimulation, 

and prominent fluorescence enhancement was observed (Figure 3.3). In parallel, cells in 

the control groups were stimulated with H2O2 (1 mM) or HClO (100 μM), and no 

fluorescence increase was detected. These data further support the notion that pnGFP is a 

selective probe for intracellular ONOO−.  

3.5 Discussion   

In summary, we have engineered a novel fluorescent probe for ONOO−. The 

probe combines excellent selectivity and sensitivity, and can detect ONOO− at 

biologically relevant concentrations with minimal interference from other cell-generated 

redox-active molecules. In addition, by exploring the polyspecific properties of the 

existing orthogonal tRNA/aaRS pairs, we report here for the first time, the genetic 

encoding of the unnatural amino acid pBoF in mammalian cells. With these new 

developments, we were able to genetically express the pnGFP probe in mammalian cells 

to image ONOO−. This first genetically encoded ONOO− probe is expected to enable new 

studies about the dynamics of ONOO−, leading to a positive impact in a broad area to 

accelerate our understanding of redox chemistry and biology. 
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Appendix Materials  

Protein sequencing alignment, additional spectroscopic and mass spectrometric 

characterizations and confirmation of mammalian encoding of pBoF. This material is in 

Appendix B.  
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 Chapter 4 

The N–B Interaction through a Water Bridge: Understanding the Chemoselectivity 

of a Fluorescent Protein Based Probe for Peroxynitrite 

4.1 Abstract 

Boronic acid and esters have been extensively utilized for molecular recognition 

and chemical sensing. We recently reported a genetically encoded peroxynitrite 

(ONOO−)-specific fluorescent sensor, pnGFP, based on the incorporation of a boronic 

acid moiety into a circularly permuted green fluorescent protein (cpGFP) followed by 

directed protein evolution. Different from typical arylboronic acids and esters, the 

chromophore of pnGFP is unreactive to millimolar concentrations of hydrogen peroxide 

(H2O2). The focus of this study is to explore the mechanism for the observed unusual 

chemoselectivity of pnGFP toward peroxynitrite over hydrogen peroxide by using site-

directed mutagenesis, X-ray crystallography, 11B NMR, and computational analysis. Our 

data collectively support that a His residue on the protein scaffold induces the formation 

of an sp3-hybridized boron in the chromophore, thereby tuning the reactivity of pnGFP 

with various reactive oxygen and nitrogen species (ROS/RNS). Our study demonstrates 

the first example of tunable boron chemistry in a folded nonnative protein, which offers 

wide implications in designing selective chemical probes. 
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4.2 Introduction 

Boronic acids and esters are widely used chemical moieties for assembling 

organic molecules,1, 2 inhibiting serine proteases,3, 4 and sensing vicinal diol-containing 

molecules (e.g. saccharides, nucleosides, and catecholamines) based on reversible 

covalent associations.5-8 Recently, ortho- ketone or aldehyde substituted arylboronic acids 

have been shown to undergo rapid conjugation with hydrazines or alkoxyamines at 

neutral pH, which reaction has been utilized for biolabeling. Moreover, arylboronates 

have been utilized to sense reactive oxygen and nitrogen species (ROS/RNS), such as 

hydrogen peroxide (H2O2) and peroxynitrite (ONOO−).9, 10 In particular, peroxynitrite, a 

highly reactive oxidative and nitrosative species with a very short half-life (< 10 ms) in 

biological systems, plays important roles in cell signaling, stress response, and 

pathogenesis.11 Peroxynitrite can mediate protein nitration to modulate enzymatic activity 

and protein stability,12-14 increase immunogenicity of modified proteins,15 induce protein-

protein interaction by mimicking phosphotyrosine,16 and cross-talk with tyrosine kinases 

and phosphatases by altering their substrate structures.13, 17 As a strong oxidant and an 

excellent nucleophile, peroxynitrite and its secondary metabolites, such as hydroxyl 

radical (•OH), carbonate radical (CO3
•−), and nitric dioxide radical (•NO2) can also induce 

DNA damage, lipid peroxidation, and protein oxidation and nitration, thereby leading to 

deregulated signal transduction, impaired physiological function, and cell death.18 

Moreover, peroxynitrite plays protective roles against invading pathogens in the immune 

system.19 
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There is a high demand for reliable and sensitive analytical methods to elucidate 

this signal/stress dichotomy of peroxynitrite, among other roles.20 Accordingly, a growing 

list of fluorescent probes for peroxynitrite has recently emerged,10, 21-34 with some of 

which proven promising for use in biological contexts.23, 34-36 In particular, arylboronates 

have been shown to quickly react with peroxynitrite, and the reaction has been utilized to 

develop a number of fluorescent sensors for peroxynitrite.33, 37 Although their reactivity 

toward peroxynitrite is nearly a million times faster than their reaction with hydrogen 

peroxide, these arylboronate fluorescent probes nevertheless also respond to hydrogen 

peroxide.38 Considering that hydrogen peroxide is normally generated at markedly higher 

concentrations and with a much longer half-life in vivo, Chang et al. have utilized 

arylboronates for detection of hydrogen peroxide in living cells and animals.9, 39, 40 

Our laboratory recently reported pnGFP, the first and the only existing genetically 

encoded fluorescent probe for peroxynitrite.21 pnGFP was developed by site-specific 

incorporation of p-boronophenylalanine (pBoF), in place of Tyr, at the chromophore of a 

circularly permuted green fluorescent protein (cpGFP). Engineering of the cpGFP 

scaffold containing the nonnative chromophore led to a hybrid protein, whose 

fluorescence could be selectively activated by peroxynitrite, but not by hydrogen 

peroxide at low millimolar concentrations. Mass spectrometry analysis suggested that the 

boronic acid-derived chromophore was mainly oxidized into a phenolate form by 

peroxynitrite, accompanied by a drastic fluorescence enhancement.21 Like small 

molecule-based arylboronate probes, most parental mutants of pnGFP, including 

cpGFP2-Tyr66pBoF, responded to both peroxynitrite and hydrogen peroxide. We 
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previously attributed the mysterious chemoselectivity of pnGFP to interactions between 

the boronic acid-derived chromophore and hydroxyl groups of Ser or Thr residues on the 

protein scaffold. We now have re-investigated this problem using site-directed 

mutagenesis, X-ray crystallography, 11B NMR, and computational analysis. Our major 

finding is that an unexpected N-B interaction through a polarized water molecule 

converts the boron atom of the pnGFP chromophore to be sp3-hybridized, leading to the 

structural basis for the unprecedented chemoselectivity of pnGFP. With this study, we 

present a unique example of the N-B interaction in an engineered protein modulating the 

chemoreactivity of an aryl boronate moiety. Future studies focusing on development of 

aryl boronate-based sensors or tuning of chemical reactions using protein cages should 

also greatly benefit from the mechanistic details revealed in this study. 

4.3 Experimental Procedures  

4.3.1 General Method and Materials 

 The amino acid, pBoF, was purchased from Synthonix (Wake Forest, NC). 

Synthetic DNA oligonucleotides were purchased from Integrated DNA Technologies 

(San Diego, CA). Restriction endonucleases were purchased from Thermo Fisher 

Scientific (Waltham, MA). PCR and restriction digestion products were purified by gel 

electrophoresis and extracted using the Syd Labs Gel Extraction kit (Malden, MA). 

Plasmid DNA was purified using the Syd Labs Miniprep kit (Malden, MA). DNA 

sequence analysis was performed by Retrogen (San Diego, CA). 11B NMR spectroscopy 
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was conducted on a Bruker Avance 600 at the UCR Analytical Chemistry 

Instrumentation NMR Facility.  

4.3.2 Site-Directed Mutagenesis  

An overlap extension PCR strategy was used to create most pnGFP mutants. The 

sequences of all used oligonucleotides are shown in Table C1 in Appendix D. Briefly, 

two complementary mutagenic oligonucleotides were paired with either N- (pnGFP-F) or 

C- (pnGFP-R) terminal flanking primer to amplify fragments of pnGFP in two separate 

PCR reactions. Products were purified by gel electrophoresis and extraction, and mixed 

together as the templates in a subsequent PCR reaction with both N- and C- terminal 

flanking primers to generate full-length fragments of pnGFP mutants. To create a pnGFP-

His9Thr mutant, a mutation-containing primer, pnGFP-H9T-F, was paired with pnGFP-R 

to directly amplify pnGFP, because His9 is close to the N-terminus. The final PCR 

products were then digested with Xho I and Hind III, and ligated into a predigested 

compatible pBAD-pnGFP plasmid. DNA sequencing with oligonucleotides pBAD-F or 

pBAD-R confirmed the sequences of all pnGFP mutants. 

4.3.3 Protein Expression and Purification  

To express pnGFP in a large quantity, pBAD-pnGFP was used to co-transform 

C321.∆A.exp E. coli cells along with pEvol-pBoF. A single colony was chosen to grow 

at 37°C in 20 mL LB medium supplemented with 100 μg/mL ampicillin and 50 μg/mL 

chloramphenicol. Saturated overnight cultures of cells were then diluted by 100-fold into 

2 L Terrific Broth (TB) and grown to OD600 = 0.6 when L-arabinose (final conc. 0.2%) 
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and pBoF (final conc. 1 mM) were added to induce the expression of pnGFP. Growth 

continued with vigorous shaking at 37°C for 24 hours, and next at room temperature for 

another 72 hours with additional 0.2% L-arabinose added every other day. Cells were 

harvested and lysed by sonication. His6-tagged proteins were purified by Ni-NTA affinity 

chromatography according to the manufacture’s instructions (Thermo Fisher Scientific, 

Waltham, MA), dialyzed into Tris-HCl buffer (30 mM, pH 7.4) using Thermo Scientific 

Snakeskin dialysis tubing (7,000 Da cutoff), and concentrated using Amicon Ultra 

Centrifugal Filter Units (3,000 Da cutoff). Bradford Assays were performed to 

determined protein concentrations by comparison to a set of bovine serum albumin 

(BSA) standards. In our study, we also utilized a further enhanced pnGFP variant, 

pnGFP1.5, of which the engineering and detailed characterization will be described 

elsewhere. By following the same procedure for the preparation of pnGFP, we prepared 

pBoF-containing pnGFP1.5 in a large quantity. The procedures to express, purify, and 

quantify other pBoF-containing pnGFP mutants were identical to the procedures detailed 

above, except that 50 mL TB was used for each mutant. Moreover, we utilized a 

pnGFP1.5 variant, pnGFP1.5-Y.Cro, which contains a Tyr-derived chromophore. The 

gene fragment was cloned into a pCDF-1b vector (Novagen, Madison, WI). We used the 

plasmid to transform BL21(DE3) E. coli cells, which were next selected against 50 

μg/mL spectinomycin on LB agar plates. Saturated overnight culture from a single 

colony was then diluted 100-fold with fresh 2YT medium supplemented with 50 μg/mL 

spectinomycin. Protein expression was induced at OD600 = 0.8 with 1 mM IPTG, 

followed by continuous growth at 37°C for 24 hours and at room temperature for another 
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24 hours. Cells were harvested. The pnGFP1.5-Y.Cro protein was purified with Ni-NTA 

affinity chromatography, dialyzed into a buffer containing 50 mM HEPES (pH 7.5), 3 M 

NaCl, and 1 mM β-mercaptoethanol, and concentrated to an absorbance of 52 at 280 nm 

for crystallization setup.  

4.3.4 Fluorescence Spectroscopic Characterization  

A monochromator-based Synergy Mx Microplate Reader (BioTek, Winooski, 

VT) was used for all fluorescence measurements. For single-point fluorescence 

measurements, excitation was set at 480 nm and emission was set at 510 nm. A final 

protein concentration of 0.5 μM was used in all assays. To perform time-lapse 

measurements, pnGFP or mutant proteins were diluted with an aqueous buffer containing 

150 mM Tris-HCl and 150 mM NaCl (pH 7.4). The mixtures were next incubated with 

peroxynitrite (100 μM) or hydrogen peroxide (100 μM) in individual wells of 96-well 

plates, and monitored for one hour at room temperature. The fold of fluorescence 

enhancement was defined as the ratio of the fluorescence intensity after treatment with 

peroxynitrite or hydrogen peroxide to the fluorescence intensity before any treatment. 

Data were given as mean ± standard deviation based on three independent measurements. 

4.3.5. 11B NMR Characterization  

pnGFP and pnGFP1.5 proteins were purified as described above, concentrated 

using Amicon Ultra Centrifugal Filter Units (3,000 Da cutoff), exchanged into 20 mM 

phosphate (pH 7.4, D2O (v): H2O (v) = 1:1) to final concentrations of 18.4 and 24.1 

mg/mL, respectively. 11B NMR spectra were acquired on a Bruker Avance 600 
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spectrometer operating at 192.507 MHz using a 5 mm Broadband Observe (BBO) probe. 

To minimize background signal from glass, samples were placed in quartz NMR tubes 

and an echo sequence employed (d1-90x-tau-180x-tau-acquire, tau = 100 μs). Spectra 

were collected as the average of 320,000 scan, 16,384 complex data point FIDs with a 

200 ppm sweep width. To further remove background signal due to glass, back linear 

prediction within the topspin software was used (ME_mod = LPbc, NCOEF = 8, LPBIN 

= 256, TDoff = 64). Data were then processed in the normal manner with 100 Hz line 

broadening applied. Chemical shifts were referenced to external boron trifluoride etherate 

(BF3�Et2O, d = 0 ppm). For comparison, we also recorded 11B NMR spectra for the 

following samples: phenylboronic acid (20 mM) in the 20 mM phosphate buffer (pH 7.4, 

D2O (v): H2O (v) = 1:1), phenylboronic acid (20 mM) and imidazole (1 M) in deuterated 

chloroform (CDCl3), and phenylboronic acid (20 mM) in 1 M sodium hydroxide (NaOH) 

aqueous solution (D2O (v): H2O (v) = 1:1). 

4.3.6 Protein Crystallization and Structure Determination  

Initial crystallization screens were carried out in Axygen 96-Well Sitting-Drop 

Crystallography Plate using the TTP Labtech Mosquito (TTP Labtech, Cambridge, MA). 

The screen conditions were PEG/Ion, PEG/Ion II, and the Index screen from Hampton 

Research (Aliso Viejo, CA). Large single crystals of pnGFP1.5-Y.Cro were obtained 

after optimization of condition 14 of PEG/Ion to 20% w/v polyethylene glycol 3350, 0.25 

M Potassium thiocyanate, and 1 M Tris�HCl (pH 8). The cryoprotectant was 20% 

ethylene glycol in the crystal mother liquor. Diffraction data from two crystals were 
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collected on Beamline 5.0.1 at the ALS (Advanced Light Source, Lawrence Berkeley 

Laboratory, Berkeley, CA). The structure was solved by molecular replacement from 

wild-type GFP (starting model PDB ID 1EMB), followed by model building and 

crystallographic refinement using the programs HKL2000, CCP4, EPRM, Coot, and 

Phenix.41-46 

4.3.7 Computational Analysis  

Density functional theory (DFT) calculations were performed with the Gaussian 

09 software package.47 A fragment approach was used to examine the chemistry between 

pnGFP and peroxynitrite or hydrogen peroxide whereby the reactive residues of the 

protein were model with phenylboronic acid and imidazole (the Lewis base). Geometries 

were optimized at the DFT M06-2x level with the 6-31+G(d) basis set.48 Bonding 

strength between the boric species and the Lewis base was evaluated based on the 

binding energy, Eb = EComplex + BSSE – EBoric Species – ELewis Base, where BSSE is the 

correction from the basis set superposition error. To simulate the 11B NMR spectra, we 

used the hybrid DFT functional B3LYP with a larger 6-311++G(2d,p) basis set and the 

Gauge-Independent Atomic Orbital (GIAO) method.49 Natural bond orbital (NBO) 

analysis50 was employed to calculate atomic partial charges of the involved molecules. 
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Figure 4.1. Sequence alignment of pnGFP, pnGFP1.5 and cpGFP2-pBoF. The 
chromophore-forming residues (including B representing pBoF at residue 174) are 
highlighted in a green box. Residues 9, 64, 66, and 173, which are either structurally 
close to residue 174 or the only variable chromophore-forming residue, are highlighted in 
yellow. 
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4.4 Results 

4.4.1 Reactions of pnGFP and Its Mutants with Peroxynitrite or Hydrogen Peroxide  

We originally considered that Thr5 and Thr253 of pnGFP (Figure 4.1) interact 

with the boron atom of the chromophore to confer the unusual chemoselectivity.21 We 

soon realized that the two residues are not determining factors, because we engineered 

further improved mutants of pnGFP, which retain reasonable chemoselectivity with other 

amino acid residues at these two positions. We next compared pnGFP with an earlier 

mutant, cpGFP2-Tyr66pBoF, which responded to both peroxynitrite and hydrogen 

peroxide. Sequence alignment (Figure 4.1) revealed a few mutations within pnGFP that 

attracted our attention. Based on the structural information on the wild-type GFP, we 

located residues His9, Thr64, and Ser66 of pnGFP, which are expected to be close to the 

boron atom of the chromophore. We hypothesized that His9, Thr64, or Ser66 might 

interact with the empty p orbital of boron, and that Thr64 or Ser66 might even form a 

boric ester bond with the pBoF-derived chromophore. Additionally, we selected the first 

chromophore-forming residue (Thr173 in pnGFP) because of its potential to affect the 

electron distribution of the pBoF-derived chromophore. Accordingly, we performed site-

directed mutagenesis on pnGFP to independently mutate these residues back to their 

counterparts on cpGFP2-Tyr66pBoF, namely His9Thr, Thr64Phe, and Thr173Gly. 

Because cpGFP2-Tyr66pBoF and pnGFP share the same Ser66 residue, we mutated it to 

a nonpolar Ala, which is expected to disrupt the H-bond network around the  
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Figure 4.2. Fluorescence responses of pnGFP and pnGFP mutants to hydrogen peroxide 
and peroxynitrite. Panels A and C show the fold of fluorescence enhancement (F/F0) 
induced by hydrogen peroxide (100 μM) or peroxynitrite (100 μM), respectively. The 
measurement was performed 1 h post mixing. Panel B shows the kinetics of the reactions 
between hydrogen peroxide (100 μM) and pnGFP (black) or pnGFP mutants, including 
pnGFP-H9T (red), pnGFP-T64F (green), pnGFP-S66A (blue), and pnGFP-T173G 
(magenta). The fluorescence intensities are normalized to intensity values at 0 min. Panel 
D shows the ratios of peroxynitrite-induced fluorescence enhancement (Fperoxynitrite − F0) 
to hydrogen peroxide-induced fluorescence enhancement (Fhydrogen peroxide − F0). The ratio 
for pnGFP-T64F is not shown in Panel D, since pnGFP-T64F has very low fluorescence 
before and after treatment with either hydrogen peroxide or peroxynitrite.  
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chromophore. To examine the reactivity and selectivity of these mutants, we prepared 

each of these pBoF-containing proteins and characterized their responses to both 

hydrogen peroxide and peroxynitrite. When incubated with 100 µM hydrogen peroxide 

for 1 hour, pnGFP-His9Thr showed an 11.5-fold fluorescence enhancement, whereas 

pnGFP and all other mutants were virtually nonresponsive (Figures 4.2A and 4.2B). All 

mutants except for pnGFP-Thr64Phe reacted robustly with 100 µM peroxynitrite, as 

indicated from their significant fluorescence increases (Figure 4.2C). 

The peroxynitrite-induced fluorescence enhancement of pnGFP-His9Thr was 2.6-

fold higher than that of pnGFP, suggesting that pnGFP-His9Thr is more reactive toward 

both peroxynitrite and hydrogen peroxide, compared to pnGFP. pnGFP-Thr64Phe has 

very low fluorescence before and after treatment with either hydrogen peroxide or 

peroxynitrite, presumably because this mutation is not tolerable to the protein. We also 

derived the ratios of peroxynitrite-induced to hydrogen peroxide-induced fluorescence 

enhancements (Figure 4.2D), which show that pnGFP-His9Thr has the lowest selectivity 

in terms of its reaction toward peroxynitrite over hydrogen peroxide. Nevertheless, the 

low selectivity of pnGFP-His9Thr and its high reactivity with hydrogen peroxide suggest 

that His9 plays a vital role in making pnGFP selective for peroxynitrite. 

4.4.2 Optimization of Conditions for the Biological Preparation of pnGFP  

To further our understanding of the unusual chemoselectivity of pnGFP, a large 

amount of the protein was needed. We tested various conditions (e.g. bacterial strains, 

inducer concentrations, temperature, induction time, and the culture medium) in order to 



!

! 83 

identify an optimized condition for the preparation of pnGFP (Figure C1 in Appendix C). 

By using a nutritionally rich TB medium and a genomically altered bacterial strain, 

C321.∆A.exp,51 we were able to purify ~ 12 mg of pnGFP from each liter of cell culture. 

C321.∆A.exp contains a recoded E. coli genome, in which all 321 TAG stop codons was 

replaced with TAA and release factor 1 (RF1)—the only release factor recognizing the 

amber TAG codon, was deleted.51 Therefore, C321.∆A.exp can be utilized to re-assign 

TAG codons for highly efficient incorporation of nonnative amino acids. Using a similar 

condition, we also prepared pnGFP1.5, an enhanced mutant of pnGFP still showing 

excellent selectivity toward peroxynitrite. The sequence of pnGFP1.5 is presented in 

Figure 4.1, and the details for its engineering, characterization, and application will be 

described elsewhere. The expression level of pnGFP1.5 was ~ 50% higher than that of 

pnGFP under our optimized conditions. 

4.4.3 X-Ray Crystallography  

We used a wide range of conditions in the attempt to crystallize pBoF-containing 

pnGFP1.5, but all experiments were unsuccessful. However, pnGFP1.5-Y.Cro, which is 

identical to pnGFP1.5 except for that Tyr replaces pBoF at residue 174 to form a wild-

type GFP-like chromophore, crystallized readily in space group P43212, with one 

monomer in the asymmetric unit. The atomic model was refined at 2.75 Å resolution to a 

final R-factor of 0.203 (Table C2 in Appendix C). As one would predict on the basis of 

the structures of other fluorescent proteins in the native and circularly permuted 

topologies, pnGFP1.5-Y.Cro forms a typical “β-can” structure shared by all GFP  
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Figure 4.3. Structural comparison of pnGFP1.5-Y.Cro (green) and a circular-permutated 
EGFP (PDB 3EVP; red). In panel A is an overlay of the overall X-ray crystal structures 
shown in cartoon presentation, except for the chromophores in ball presentation. The gay 
dash lines represent floppy peptides unobserved by X-ray crystallography. Panel B shows 
the chromophore environment of the circular-permutated EGFP emphasizing H-bond 
partners and the water bridge adjacent to the chromophore. Panel C shows the 
chromophore environment of pnGFP1.5-Y.Cro. All H bonds are represented with black 
dashed lines. 

! !
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homologs. We compared the structure of pnGFP1.5-Y.Cro with the crystal structure of a 

circular-permutated EGFP (PDB ID 3EVP). Both share 90% sequence identity and a 0.36 

Å rmsd (root mean square deviation) over 190 aligned atoms. The major differences are 

on the positions of several N-terminal residues that are also close to the chromophores 

(Figures 4.3A). In 3EVP, the oxygen atom of the phenolate chromophore forms an H-

bond with a water molecule that in turn forms three H-bonds with the side chains of 

Ser59 and Ser118 and the backbone carbonyl oxygen of Thr116 (Figure 4.3B). In 

pnGFP1.5-Y.Cro, the position of the water molecule is slightly shifted to form four H-

bonds with the phenolate of the chromophore, the side chains of His9 and Ser66, and the 

backbone carbonyl oxygen of Thr64 (Figure 4.3C).  Thr64 and Ser66 of pnGFP are 

structurally aligned with Thr116 and Ser118 in 3EVP, respectively. However, His9 of 

pnGFP is not structurally aligned with Ser59 in 3EVP, but rather occupies a similar 

position to that of Glu61 in 3EVP. The direct distance between the phenolate oxygen and 

the π-N of His9 is 4.0 Å, whereas the distances between the phenolate oxygen and the 

oxygen of the bound water and between the oxygen of the bound water and the π-N of 

His9 are 3.0 Å and 2.8 Å, respectively. 

4.4.4 11B NMR Characterization Supporting an sp3-Hybridized Boron in pnGFP 

Our site-directed mutagenesis study supports that His9 plays an important role in 

modulating the reactivity of the pBoF-derived chromophore. Since His9 is spatially close 

to the boron atom, as indicated by the crystal structure of pnGFP1.5-Y.Cro, we postulate 

that the side chain of His9 may chemically interact with the pBoF-derived chromophore  
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Figure 4.4. Chemical structures showing potential interactions between His9 and the 
pBoF-derived chromophore, including a direct N-B dative bond (A) or bonding through a 
polarized water bridge (B). 
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in pnGFP or pnGFP1.5. When the boronic acid functional group replaces the phenolate 

oxygen in the pnGFP or pnGFP1.5 chromophore, the resulting unusual local environment 

may promote the formation of a dative bond between the empty boron p orbital and the π-

N of His9 (Figure 4.4A), or between the empty boron p orbital and a bound water 

molecular polarized by His9 (Figure 4.4B). This will convert the boron atom from sp2 

into sp3 hybridization. Therefore, we next utilized 11B NMR spectroscopy to investigate 

the bonding characteristics of the boron atom in the chromophore. We prepared pnGFP 

and pnGFP1.5 in large quantities, and recorded their 11B NMR spectra in a neutral 

phosphate buffer containing 50% D2O (v/v). A sharp single peak was observed for either 

pnGFP or pnGFP1.5 at 2.28 ppm or 2.24 ppm (Figure C2 in Appendix C and Figure 4.5), 

respectively, in reference to boron trifluoride etherate (BF3�Et2O). In the meanwhile, we 

also recorded 11B NMR spectra for phenylboronic acid, phenylboronic acid mixed with 

imidazole in deuterated chloroform (CDCl3), and phenylboronic acid in 1 M sodium 

hydroxide (NaOH). The free phenylboronic acid, which is expected to be sp2-hybridized, 

showed a single 11B NMR peak at 29.13 ppm, whereas the mixture of phenylboronic acid 

and imidazole in the aprotic environment resulted in a peak at 6.42 ppm. The phenyl 

boronate anion, which has an sp3-hybridized boron, produced a sharp peak at 2.56 ppm. 

We also performed the 11B NMR titration experiment with phenylboronic acid and 

imidazole (Figure C3 in Appendix C). When the imidazole concentration increased from 

0 to 10 mM, the chemical shift reduced from 28.17 to 6.38 ppm. Fitting the data with a 

logistic model, we derived the chemical shift for the stable phenylboronic acid/ imidazole 

complex to be 5.7 ± 0.9 ppm. On the basis of on our measurements and previous  
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Figure 4.5. 11B NMR spectra for the indicated species (from top to bottom: pnGFP1.5, 
phenylboronic acid, phenylboronic acid mixed with imidazole in CDCl3, and 
phenylboronic acid in 1 M NaOH). 
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literature reports,52-55 the 11B NMR peaks for pnGFP and pnGFP1.5 were assigned to the 

fully hydrated sp3-hybridized boronate anion (Figure 4.4B). This assignment is well 

aligned with a previous study by Anslyn et al. stating that sp3-hybridized boronate with a 

direct N-B bond was ~ 4 ppm downfield from the fully hydrated species, and that in 

protic media, solvent insertion between N and B atoms was prevalent to form tetrahedral 

sp3-hybridized boronate anion.56 Moreover, our assignment corroborates the crystal 

structure of pnGFP1.5-Y.Cro, in which a His9-bound water molecular was observed 

(Figure 4.3C). Compared to pnGFP1.5-Y.Cro, only a minimal structural rearrangement 

around the chromophore is needed to form an sp3-hybridized hydrated boronate in 

pnGFP1.5. 

4.4.5 Computational Analysis 

 To verify if the proposed formation of sp3 boron in Figure 4.4 is viable, we 

performed electronic-structure calculations based on density functional theory (DFT) of 

the molecular models from Figures 4.4A and 4.4B without explicitly including the whole 

protein or the solvent. His9 was simplified to imidazole, while the pBoF-derived 

chromophore to the phenyl boronic acid. Geometry optimization showed that imidazole 

and phenyl boronic acid spontaneously combine to form a dative bond of 1.632 Å with a 

bonding energy (Eb) of -11.3 kcal/mol (Figure 4.6A), in consistent with previous studies 

on B-N bonds.57 In contrast, we found that water itself cannot spontaneously form a 

stable B-O dative bond with the phenyl boronic acid. However, in the presence of an 

imidazole group to polarize water, a stable B-O dative bond can form with a bond length  
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Figure 4.6. Computational structures of the complexes between imidazole and 
phenylboronic acid, through either a B-N dative bond (A) or a polarized water-bridge 
(B). 

! !



!

! 91 

of 1.661 Å (Figure 4.6B). Although this bond is longer than the normal covalent B-O 

bond in boronic acid (1.372 Å), Eb of this B-O bond (-10.9 kcal/mol) is comparable to 

that of a B-N dative bond. In this imidazole-water-boronic acid complex, the distance 

between nitrogen and boron is 3.557 Å, close to that between N in His9 and O in Tyr66 

in the crystal structure of cpGFP (3.9 Å in Figure 4.3C). This implies that, in pnGFP, the 

His9-bound water molecule may readily combine with the pBoF-derived chromophore to 

form an sp3-hybridized boronate without causing significant distortion to the protein 

backbone. In addition, we simulated the 11B NMR chemical shift of the imidazole-water-

boronic acid complex using the Gauge-Independent Atomic Orbital (GIAO) method;49 

the predicted chemical shift of 3.95 ppm is close to our experimental data of 2.28 ppm for 

pnGFP (Figure 4.5).  

All of our experiments combined with the computational verification support that 

the boron in pnGFP is in an sp3-hybridized form, due to the interaction between His9 and 

the pBoF-derived chromophore. We further postulated that the formation of the 

tetrahedral sp3-hybridized boronate chromophore might be the key for the observed 

unusual chemoselectivity of pnGFP. We assume that the oxidation of boronates mainly 

processes via three steps (Figure 4.7). In the first step, nucleophilic groups, such as 

peroxynitrite (ONOO−), attack the boron atom. A subsequent cleavage of a weak O-O 

bond induces the bond arrangement to insert an oxygen atom between the boron and the 

aryl carbon atom. In the last step, the boronic ester is hydrolyzed to form a phenol and 

boric acid.  
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Figure 4.7. A proposed reaction mechanism between sp2-or sp3- hybridized boronates 
with peroxynitrite or hydrogen peroxide. 
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For an sp2-hybridized boronic acid, nucleophilic attack by either ONOO− or HOO− 

is expected to be highly effective, due to the existence of an empty p-orbital of boron. 

Again, using DFT calculations without explicitly including the protein or the solvent, we 

found that the reaction between the sp2-hybridized phenylboronic acid and ONOO− or 

HOO− is thermodynamically very favorable (by -31.4 or -59.3 kcal/mol, respectively) and 

kinetically facile (essentially no activation energy). However, we found no binding 

between the neutral hydrogen peroxide (H2O2) and the sp2-hybridized phenyl boronic 

acid. Once boron is converted from sp2 to sp3, nucleophilic attack on sp3-hybridized 

boron has to undergo an SN2-like process. Indeed, our computed charge distribution 

showed that the sp2-hybridized boron in the boronic acid has a more positive charge 

(+1.183) than the sp3-hybridized boron of the imidazole-water-boronic acid complex 

(+1.127 charge). The formation of a new B-O bond between the sp3 phenyl boronate and 

ONOO− or HOO− is accompanied with the cleavage of the existing B-O dative bond 

through a high-energy transition state along the reaction path. Thus, the reactivity with 

either ONOO− or HOO− is reduced, as evidenced by the higher activation energies (15.5 

kcal/mol for ONOO− and 14.8 kcal/mol for HOO−). Since the reaction is expected to 

proceed via the anionic or base form of hydrogen peroxide or peroxynitrite, the reaction 

between hydrogen peroxide and the sp3-hybridized boronate is expected to be much 

slower than the reaction between peroxynitrite and boronate. This is because the pKa of 

H2O2 (pKa = 11.6) is significantly higher than that of ONOOH (pKa = 6.8), and hence at 

neutral pH, the portion of HOO− is much lower than the portion of ONOO−. This analysis 
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is consistent with experimental observations that peroxynitrite is several orders of 

magnitude more reactive with aryl boronate than with hydrogen peroxide.58 

4.5 Discussion 

A large group of arylboronic acid- or ester- based molecules have been developed 

for sensing ROS/RNS, such as hydrogen sulfide and peroxynitrite. One fundamental 

challenge and long sought-after problem in the filed of ROS/RNS sensing and imaging 

lies in how to develop highly selective chemical probes (i.e. probes that detects a 

particular ROS/RNS without interference from other species). We recently reported a 

highly selective fluorescent biosensor for peroxynitrite, which contains a boronic acid-

derived chromophore in a cpGFP scaffold. To decipher the observed unusual 

chemoselectivity, we have utilized an array of experimental and computational methods 

to investigate the molecular mechanism. Site-directed mutagenesis identified a critical 

His9 residue, which is in close proximity to the boronic acid-derived chromophore of 

pnGFP. A single His9Thr point mutation converted pnGFP to become highly reactive 

toward hydrogen peroxide. The X-ray crystal structure of cpGFP1.5-Y.Cro was 

determined at 2.75 Å resolution, indicating that His9 interacts with the chromophore of 

cpGFP1.5-Y.Cro via H-bond bridges through a bound water molecule. Our 11B NMR 

studies further confirmed a fully hydrated sp3-hybridized boronate anion in the 

chromophore of pnGFP. Computational analysis suggests that the N-B interaction 

through a water bridge is reasonable, and the resultant B-O dative bond has a bonding 

energy of -10.9 kcal/mol.  Our data also suggest that, only the anionic portions of 
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hydrogen peroxide (HOO−) and peroxynitrite (ONOO−) can combine with either sp2- or 

sp3- hybridized boronic acids; the reactions with sp3-hybridized boronic acids are 

thermodynamically and kinetically less favored than the reactions with sp2-hybridized 

boronic acids. Because the pKa of hydrogen peroxide (H2O2) is several units higher than 

that of peroxynitrous acid (ONOOH), pnGFP is essentially unreactive with low 

millimolar hydrogen peroxide under physiological pH (~7.4), which is in contrast with 

much elevated reactivity as observed in that of pnGFP-His9Thr.  

In summary, our results collectively support that a His residue on the pnGFP 

protein scaffold forms H-bonds with the boron atom in the chromophore through a bound 

water molecule and converts the boron atom to be sp3-hybridized, which reduces the 

reactivity of pnGFP with ROS/RNS. That only a tiny portion of hydrogen peroxide will 

be anionic at neutral pH and that sp3-hybridized boron-containing chromophore is 

thermodynamically less reactive with hydrogen peroxide render pnGFP a highly selective 

fluorescent probe for peroxynitrite. Our study unveils the first example of tunable boron 

chemistry in a folded nonnative protein, which shall facilitate future development of 

highly selective aryl boronate-based sensors and inspire the tuning of chemical or 

biochemical reactions in protein cages for a multitude of research and therapeutic 

purposes. 
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Appendix Materials 

The sequences of oligonucleotides used in this study, crystallographic data, 

refinement and atomic model statistics, optimization of pBoF incorporated protein 

expression, and 11B NMR spectra for pnGFP. The Supporting Information is in Appendix 

C.  
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Chapter 5 

Single Fluorescent Protein-Based Indicators for Zinc Ion (Zn2+) 

5.1 Abstract 

Genetically encoded fluorescent Zn2+ indicators (GEZIs) are highly attractive 

research tools for studying Zn2+ homeostasis and signaling in mammalian cells. Most 

current GEZIs are based on Förster resonance energy transfer (FRET) between a select 

pair of fluorescent proteins (FPs) fused with Zn2+-binding motifs. One drawback of such 

FRET-based GEZIs is their broad spectral profile bandwidths, creating challenges when 

monitoring multiple targets or parameters. To address this issue, we have engineered a 

group of intensiometric GEZIs based on single teal and red FPs that can be utilized to 

monitor subcellular Zn2+ diffusion and glucose-induced Zn2+ secretion in pancreatic INS-

1E β-cells. These GEZIs offer the simplicity of intensiometric measurements, 

compatibility in multicolor imaging, large dynamic ranges, and relatively small molecular 

sizes, making them valuable additions to the molecular toolbox for imaging Zn2+.  

5.2 Introduction 

Zinc ion (Zn2+) is one of the most abundant transition metal ions in living 

organisms and plays critical roles in maintaining and regulating protein structure, 

function, and dynamics1. As an essential element, Zn2+ can exert its biological functions 

as an enzyme cofactor1, signaling mediator2, and regulator of fundamental cellular 
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processes, such as gene transcription, apoptosis, adaptive immunity, and 

neurotransmission3. Approximately 3,200 proteins (~10% of the human proteome) 

require Zn2+ to function properly4. Zn2+ deficiency has been linked to compromised 

immunity, impaired cognition, diarrhea, and abnormal brain development5; whereas Zn2+ 

overabundance potentially leads to cytotoxicity6. Moreover, the interplay between Zn2+ 

and other cellular components has implications in the pathogenesis of a variety of 

diseases, such as type I diabetes7, cancer8, and neurodegeneration9. Cells have evolved 

delicate systems to maintain Zn2+ homeostasis, including Zn2+-buffering metallothioneins 

and Zn2+-storing vesicles or granules10,11.  

Fluorescent Zn2+ indicators have played pivotal roles in understanding the 

biological roles of Zn2+. The past two decades have witnessed the development of a large 

array of small molecule-based fluorescent Zn2+ indicators12-15. With diverse colors, 

response mechanisms, kinetics, and binding affinities, these synthetic Zn2+ indicators 

have proven to be invaluable tools16,17. While the development of novel synthetic Zn2+ 

indicators is still an attractive research field, a new focus on genetically encoded 

fluorescent Zn2+ indicators (GEZIs) has emerged. These genetically encoded indicators 

generally bestow a number of favorable features, such as high affinity and specificity 

obtained from naturally evolved Zn2+-binding domains, a capacity for precise subcellular 

localization, and the convenient choice of stable or transient transfection. In the past few 

years, these GEZIs, notably the eCALWY18 and ZapCY19 families, have been 

instrumental for elucidating steady-state Zn2+ concentrations and intracellular Zn2+ 
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dynamics, such as those between the cytoplasm, mitochondria, endoplasmic reticulum 

(ER), and Golgi apparatus in a variety of cell lines. These GEZIs are typically based on 

Förster resonance energy transfer (FRET) between a cyan fluorescent protein (CFP) and a 

yellow fluorescent protein (YFP) linked by Zn2+-binding motifs16,20,21, resulting in 

ratiometric signal outputs in response to Zn2+ concentration changes. Recently, Merkx 

and co-workers created a de novo Cys2His2 Zn2+-binding pocket on the surfaces of CFP 

and YFP and directly fused the two to derive an alternative FRET-based Zn2+ sensor22. 

Despite the progress, these FRET-based indicators have relatively large molecular sizes, 

modest dynamic ranges (i.e. changes of FRET ratios for ratiometric sensors), and broad 

fluorescence excitation and emission profiles that increase the technical difficulty to 

preform multicolor or/and multiplex imaging experiments. More recently, FRET-based 

GEZIs derived from fluorescent proteins spectrally compatible with CFP and YFP have 

been reported and used for dual-parameter imaging, but these indicators still suffer from 

significant spectral bleed-through and/or much reduced dynamic range23,24.  

Our initial inspiration for this work was the tremendous success of developing 

single-FP based Ca2+ indicators, such as GCaMP25, Pericam26, and GECOs27. Compared 

to FRET-based GEZIs, common single-FP based Ca2+ sensors have a larger dynamic 

range (i.e. changes of fluorescent intensities for intensiometric sensors), an increased 

signal-to-noise ratio, and a narrower spectral profile better suited for multiparameter 

imaging. Although early studies created artificial Zn2+-binding sites28 or inserted zinc 

fingers29 into single fluorescent proteins, these constructs were not subjected to much 
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optimization and only showed modest intensity changes and Zn2+ affinities. Herein, we 

report our efforts in designing, engineering, and characterizing several fluorescent GEZIs 

based on single-FP domains. We fused Zn2+-binding motifs with either teal or red FPs, 

followed by directed evolution to optimize their fluorescence responses to Zn2+. In 

particular, we have derived two green fluorescent Zn2+-turn-off sensors, ZnGreen1 and 

ZnGreen2, showing 26.3-fold and 8.7-fold Zn2+-induced fluorescence decreases, 

respectively. Additionally, we developed one red fluorescent turn-on sensor, ZnRed, 

showing a 3.8-fold fluorescence enhancement by Zn2+. To our knowledge, the dynamic 

range of ZnGreen1 is the largest among known FP-based probes excluding those well-

optimized calcium indicators. The use of these sensors to image Zn2+ in cultured 

mammalian cells has also been demonstrated. This work may serve as the foundation for 

developing additional single-FP based GEZIs, which may complement existing FRET-

based GEZIs and expand the fluorescent toolbox to accelerate our understanding of Zn2+ 

biology. 

5.3 Experimental Procedures   

5.3.1 General Materials and Methods  

All chemicals were purchased from Sigma Aldrich (St. Louis, MO) or Fisher 

Scientific (Hampton, NH) and used directly. Glucose for cell stimulation during 

mammalian cell imaging was purchased as a 45% solution from Corning Cellgro 

(Manassas, VA). Synthetic DNA oligonucleotides and the Zap1 gene block were 
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purchase from Integrated DNA Technologies (San Diego, CA). Restriction 

endonucleases were purchased from New England Biolabs (Ipswich, MA) or Thermo 

Scientific Fermentas (Vilnius, Lithuania). PCR and restriction digested DNA products 

were purified using Syd Laboratories Gel Extraction columns (Malden, MA). DNA 

sequences were analyzed by Retrogen (San Diego, CA). Absorbance and fluorescence 

spectroscopy data were collected on a monochromator-based BioTek Synergy Mx 

Microplate Reader (BioTek, Winooski, VT). 

5.3.2 Engineering of a Circularly Permuted Teal Fluorescent Protein (cpTFP)  

To engineer an mTFP1 scaffold tolerable to β-barrel insertion, a cpTFP was 

created by connecting the original N- and C- termini and splitting mTFP1 at residue 147. 

The initial assembly and cloning of cpTFP was similar to a previously described 

cpsGFP30. The gene library for screening enhanced cpTFP mutants was constructed by 

extending the N- and C-termini of cpTFP with oligos cpTFP-F-NNK and cpTFP-R-NNK 

(Table D4 in Appendix D), and was cloned into a pBAD vector. Recombinant colonies 

were grown on LB agar plates and selected based on colony fluorescence using a 

laboratory-customized Dolan-Jenner MH-100 Metal Halide Illuminator and imaging 

system31. Selected colonies were cultured in 1 mL 2YT medium and crude proteins were 

extracted from E. coli with 100 μL B-PER Bacterial Protein Extraction Reagent (Thermo 

Fisher Scientific, Hampton, NH). Fluorescence intensities were then quantified on a 

fluorescence microplate reader and the DNA from the brightest mutants were collected 

and combined to serve as templates for error-prone PCR (EPP) based next-round directed 
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evolution. Random mutagenesis libraries were screened in the same way as described 

above. The plasmid DNA from the top 0.1 % colonies of each round were collected and 

combined to serve as the template for the next round EPP. After five consecutive rounds 

of screening, the brightest clone was identified, sequenced, and named as cpTFP1. 

5.3.3 Construction of Zn2+ Sensor Libraries  

To construct gene libraries to screen for Zn2+-responsive fluorescent indicators, 

cpTFP1 was first switched back to its normal topology and the Zap1 domain was then 

inserted into its β-barrel at split sites where the initial circular permutation was 

performed. To assemble the fusion protein, the sequences corresponding to cpTFP1 1-

147 and 151-236 (mTFP1 numbering) were amplified from cpTFP1 using oligos 

ZnGreen-F and ZnGreen-0R, ZnGreen-0F and ZnGreen-R, respectively; the sequence 

corresponding to Zap1 was amplified from a mammalian codon optimized Zap1 gene 

block using oligos Zap-ZnGreen-F and Zap-ZnGreen-R. The resultant three fragments 

bear overlapping sequences, and were assembled and cloned into a pTorPE vector27 

between restriction sites Sal I and Hind III to obtain ZnGreen0.1, which served as the 

template for subsequent rounds of linker optimization. The two linkers flanking the Zap1 

domain of ZnGreen0.1 were subjected to comprehensive optimizations by randomizing 

linker length and/or composition. Mutagenesis primers bearing NNK degenerate codons 

were paired with ZnGreen-F or ZnGreen-R for PCR amplification. The information on 

their sequences is provided in Table D1 and Table D4 in Appendix D. The assembly and 

cloning of the gene libraries were similar to that of ZnGreen0.1 detailed above. For all 
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libraries, at least 3 times of the theoretical number of variants were obtained to ensure 

complete coverage. 

To develop ZnGreen2, one copy of zinc hook peptide (AKGKCPVCGAELTD) 

was fused to both of the N- and C-termini of cpTFP1 to derive a zinc hook based 

ZnGreen template. The zinc hook peptide sequence was added to the termini of cpTFP1 

by primer overlapping and extension strategies. Briefly, oligos ZnGreen2-F0 and 

ZnGreen2-R0 were used to amplify cpTFP1 and add part of the zinc hook peptide 

sequence to each end. The resultant PCR product then served as the template for oligos 

ZnGreen2-F and ZnGreen2-R to further extend cpTFP1 to include the full sequence of 

the zinc hook peptide. Construction of gene libraries was carried out by randomizing 

linker residue sequences on oligos ZnGreen2-F0 and ZnGreen2-R0. To minimize 

promiscuity during PCR reactions due to sequence similarities of the extended N- and C-

termini, different DNA codons were assigned to the N- and C-terminal zinc hook peptide 

sequences. The information on their sequences is provided in Table D2 and Table D4 in 

Appendix D. 

To develop ZnRFP, similar strategies of fusion protein assembly, library 

construction and screening were employed. A cpmApple red fluorescent protein template 

from an optimized, genetically encoded red fluorescent calcium indicator R-GECO127 

was used. The information on linker peptide and oligonucleotide sequences is provided in 

Table D3 and Table D4 in Appendix D. 
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5.3.4 Library Screening for Zn2+ Sensors  

To screen for mutants with Zn2+-induced fluorescence changes (ΔF/F), DH10B 

electrocompetent cells were transformed with the aforementioned gene libraries and 

plated on LB agar plates supplemented with 100 μg/mL ampicillin and 0.0008% (w/v) L-

arabinose. The plates were incubated at 37°C overnight and then at room temperature for 

an additional 24-hour before fluorescence of individual colonies was examined. A pair of 

forensic yellow goggles, with a cutoff wavelength at ~ 480 nm or ~ 590 nm, was used to 

observe dim colony fluorescence without optical magnification. For each library, we 

screened approximately 2-fold more colonies than the expected library diversity. 

Typically, colonies with mediocre to moderately high brightness were selected and 

cultured in 1 mL liquid 2YT media supplemented with 100 μg/mL ampicillin and 

0.0016% (w/v) L-arabinose in 96-well bacterial culture plates. The plates were incubated 

at 37°C, 250 rpm overnight and then at a 30°C water bath shaker for additional 24 hours. 

To extract crude proteins, the 96-well culture plates were centrifuged at 4000 rpm for 10 

mins and pellets from each well were lysed with 100 μL of B-PER Bacterial Protein 

Extraction Reagents (Pierce, Rockford, IL). The plates were vortexed and incubated at a 

rocker-shaker platform on ice bath for 1 hour. Cell lysates were centrifuged at 4000 rpm 

for 30 min to pellet cell debris, and 80 μL of clear supernatants from each 96-well culture 

plate were transferred to two identical 96-well fluorescence assay plates (40 μL each). To 

evaluate Zn2+ responsiveness of each mutant, 60 μL of Zn2+ buffer (100 mM Tris-HCl, 

200 μM ZnCl2, pH 7.4) or EDTA buffer (100 mM Tris-HCl, 200 μM EDTA, pH 7.4) 
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were added to the two replicate 96-well plates and fluorescence intensities from each well 

were quantified. Mutants showing large fluorescence changes between the Zn2+-treated 

and EDTA-treated plates were chosen. Plasmids of these mutants were isolated from the 

remaining cell lysates. Finally, the selected mutants from different libraries were cultured 

in parallel and their Zn2+ responsiveness was compared using the above method to 

finalize the best mutant.  

5.3.5 Protein Purification and Zn2+ Titration  

To purify protein for in vitro spectroscopic characterizations and Zn2+ titration, 

plasmids harboring the mutants of interest were used to transform DH10B E. coli cells 

and a single colony was isolated and inoculated in 5 mL LB medium supplemented with 

100 μg/mL ampicillin. The starter culture was allowed to grow at 37°C, 250 rpm 

overnight and was then diluted 100-fold into 2YT media supplemented with 100 μg/mL 

ampicillin. To induce protein expression, a final concentration of 0.0016% (w/v) L-

arabinose was added at OD600 = 0.6. Cell growth continued at 30°C, 200 rpm for 40 h. 

Bacterial cells were harvested by centrifugation (4700 rpm for 15 min), resuspended in 

30 mM Tris-HCl buffer (pH 7.4), lysed by sonication, and clarified by centrifugation at 

20,000 x g for 20 min at 4°C. Hexa-histidine tagged proteins were affinity purified with 

Ni-NTA affinity chromatography (Pierce, Rockford, IL) under native conditions, 

according to the manufacturer’s instructions. To remove the hexa-histidine tag, proteins 

were incubated with TEV protease at room temperature overnight and further purified 

with a HiPrep Sephacryl S-200 HR gel filtration column. Purified sensor proteins were 
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then reduced in 300 mM dithiothreitol (DTT), dialyzed into HEPES buffer (150 mM 

HEPES, 100 mM NaCl and 10% glycerol, pH 7.4) supplemented with 0.5 mM tris(2-

carboxyethyl)phosphine (TCEP) using Snakeskin dialysis tubing (Thermo Scientific, 

7,000 molecular weight cutoff), and concentrated using Amicon Ultra Centrifugal Filter 

Units (3,000 molecular weight cutoff). Bradford Assays were performed to determine 

protein concentrations by comparing with a set of diluted bovine serum albumin 

standards. Purified proteins were freshly used or stored in small aliquots at – 80°C.  

Zn2+ titrations were performed in HEPES buffer (150 mM HEPES, 100 mM 

NaCl, 0.5 mM TCEP and 10% glycerol, pH7.4) by mixing 0.2 µM sensor protein with 

various buffered Zn2+ solutions. Solutions with free Zn2+ concentrations from nanomolar 

to micromolar were prepared by a “pH titration method” 32 by using EGTA as Zn2+ 

chelator and Mg2+, Ca2+, or Sr2+ as competing ions. Free Zn2+ concentrations were 

obtained as reported19. Fluorescence emission intensities were obtained at 500 nm with 

excitation of 470 nm for ZnGreen1 and ZnGreen2, and at 594 nm with excitation of 572 

nm for ZnRed, respectively. 

5.3.6 In vitro Characterizations  

Absorbance and fluorescence spectra of sensor proteins were recorded on a 

BioTek Synergy Mx Microplate Reader. To measure protein absorbance, 20 µM protein 

was incubated with 50 µM Zn2+ or EDTA buffered solutions. Unless otherwise noted, 

final protein concentrations for all other assays were kept at 0.2 µM. 
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To determine the excitation spectra, we fixed the emission wavelength at 540 or 

620 and scanned the excitation spectra from 360 to 520, or from 500 to 600, respectively. 

Similarly, we determined the emission spectra by fixing the excitation wavelength at 440 

or 540 and scanned the emission spectra from 460 to 600, or from 560 to 700, 

respectively. For each spectra, Zn2+-saturated (pre-incubated with 100 µM ZnCl2) or Zn2+-

depleted proteins (pre-incubated with 100 µM EDTA) were measured in parallel.   

To determine the pH-dependence of protein fluorescence, a series of buffered 

solutions containing 200 mM sodium phosphate and 200 mM citric acid with pH values 

ranging from 3 to 10 were used to dilute proteins to a final concentration of 0.2 µM. 

Fluorescence emission intensities at 500 nm for ZnGreen1 and ZnGreen2 and at 594 nm 

for ZnRed, for all pH intervals, were measured on the microplate reader with excitation at 

460 nm for ZnGreen1 and ZnGreen2 and 572 nm for ZnRed. Fluorescence intensities 

were normalized and represented as mean ± SD from three independent measurements.  

To determine the metal selectivity of ZnGreen1, ZnGreen2 and ZnRed, various 

metals were incubated with equal amounts of sensor proteins and the fluorescence 

intensities were quantified on the microplate reader with the same settings as above. 

Except for Zn2+ (20 µM), the final concentrations for all other metals were kept at 100 

µM.  
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5.3.7 Construction of Mammalian Expression Plasmids  

To construct mammalian expression vectors, the full-length genes of the 

ZnGreen1, ZnGreen2, and ZnRed sensors were amplified from their corresponding E. 

coli expression vectors with oligo pairs pCMV-ZnGreen1-F and pCMV-ZnGreen1-R, 

pCMV-ZnGreen2-F and pCMV-ZnGreen2-R, and pCMV-ZnRed-F and pCMV-ZnRed-

R, respectively. The amplified PCR products were digested with Hind III and Xho I and 

ligated into a pre-digested pcDNA3-pnGFP-WPRE plasmid33. To construct vectors with 

nuclear localization, oligos pNuc-ZnRed-F and pNuc-ZnRed-R were used to amplify the 

ZnRed gene from plasmid pTorPE-ZnRed. PCR products were then digested with Nhe I 

and Xho I, and ligated into a predigested phsGFP-Nuc plasmid 30 to create pNuc-ZnRed, 

which contains three copies of the nuclear localization signal (NLS) sequence 

(DPKKKRKV) at its C-terminus. To localize ZnGreen1 sensor to the extracellular cell 

surface, a modified pDisplay vector (Life Technologies, Carlsbad, CA) was first 

amplified with primers pDisplay-Vector-F and pDisplay-Vector-R. The ZnGreen1 gene 

was then amplified with primers ZnGreen1-Display-F and ZnGreen1-Display-R, and 

inserted into the pDisplay vector by the Gibson Assembly Cloning method34 to create 

pDisplay-ZnGreen1. Plasmid identities were verified by DNA sequencing. Sensor 

localizations were confirmed by fluorescence microscopy of transfected cells.   
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5.3.8 Mammalian Cell Culture, Transfection, and Imaging  

Human Embryonic Kidney (HEK) 293T cells were cultured in Dulbecco’s 

Modified Eagle’s Medium (DMEM) supplemented with 10% fetal bovine serum (FBS). 

Rat insulinoma INS-1E cells were cultured in Roswell Park Memorial Institute (RPMI) 

1640 Medium supplemented with 10% FBS, 10 mM HEPES, 2 mM L-glutamine, 1 mM 

sodium pyrurate and 0.05 mM 2-mercaptoethanol. All cells were incubated at 37°C with 

5% CO2 in humidified air. HEK 293T cells were split into 35 mm Petri dishes with glass 

bottom coverslips pretreated with poly-lysine and transfected at 70% confluency with 3 

μg of plasmid DNA and 10 μg of PEI (polyethylenimine, linear, 25 kDa) for two hours. 

Transfected HEK293T cells were then cultured in complete DMEM medium for an 

additional 48-hour. INS-1E cells were split and seeded similarly to HEK293T cells. At 

50% confluency, INS-1E cells were transfected with jetPRIME transfection reagent 

(Polyplus-transfection SA, France) according to the manufacturer’s instructions. INS-1E 

cells were incubated in the transfection mixture for 3 hours and further cultured in 

complete RPMI 1640 medium for another 3 days before imaging. Cells were imaged in 

modified Krebs-Hepes-bicarbonate buffer (KHB) containing 140 mM NaCl, 3.6 mM 

KCl, 0.5 mM NaH2PO4, 0.5 mM MgSO4, 1.5 mM CaCl2, 10 mM Hepes, 2 mM NaHCO3 

and 3 mM glucose. Before imaging, KHB buffer was pre-equilibrated with 95:5 air:CO2. 

Transfected cells were washed three times with KHB buffer and were imaged on a Leica 

SP5 confocal fluorescence microscope with a 40× objective lens. The Leica SP5 

microscope was equipped with an argon-ion laser with 488 nm to excite ZnGreen, and a 



!

! 116 

HeNe laser with 543 nm to excite ZnRed. Fluorescence emission was collected with a 

highly sensitive prism spectral detector, and 495–540 nm and 580–650 nm were utilized 

to collect fluorescence emission for ZnGreen1 and ZnRed, respectively.  

To test sensor responses to Zn2+, time-lapse fluorescence imaging was performed 

with images acquired every minute and stimulating chemicals added between 

acquisitions. The Zn2+ chelator TPEN (N,N,N',N'-tetrakis(2-pyridylmethyl)ethane-1,2-

diamine) and pyrithione ionophore were freshly prepared from DMSO stock solutions 

and diluted with KHB buffer to desired concentrations. ZnCl2 was prepared as a stock 

solution in slightly acidic pure water and was diluted in KHB buffer upon usage. 50 μM 

Zn2+ and 5 μM pyrithione was used to load cells with Zn2+ and 200 μM TPEN was used 

to deprive free Zn2+. 

Dual color imaging was performed on the SP5 confocal microscope. Before 

imaging, cells were washed three times with and then maintained in KHB buffer. 

ZnGreen1 was excited with a 488 nm argon-ion laser, and the green fluorescence 

emission was collected between 495-540 nm with a PMT (photomultiplier tube) detector. 

ZnRed was excited with a 543 nm HeNe laser, and the red fluorescence emission was 

collected between 560-700 nm with a hybrid detector (HyD). Time-lapse series was 

acquired at 1 min interval and fluorescence emissions from both channels were scanned 

sequentially with the “between lines” mode. Following a few initial image acquisitions, 

Zn2+/ pyrithione/KHB (50 μM Zn2+ and 5 μM pyrithione) solution was added and the time 

series continued for another 10 min.  
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To stimulate zinc release in INS-1E cells, transfected cells expressing pDisplay-

ZnGreen1 were first incubated with 10 μM EDTA/KHB solution for 15 min to remove 

pre-bound metals. Cells were then washed three times with and then maintained in KHB 

buffer to remove EDTA before imaging. Cells were imaged on the confocal SP5 

microscope. ZnGreen1 was excited with a 488 nm argon-ion laser and green fluorescent 

emission was collected between 495-600 nm with a hybrid detector (HyD). Following the 

initial four image acquisitions, INS-1E cells were stimulated with 35 mM glucose/KHB 

solution and time-lapse fluorescence imaging continued for another 20 min.  

All images and videos were processed and rendered with ImageJ.  

5.4 Results  

5.4.1 Development of Green Fluorescent Zn2+ Indicators  

The first and second zinc fingers of Saccharomyces cerevisiae transcription 

factor, Zap1, is an ideal proteinaceous, Zn2+-binding domain for constructing GEZIs due 

to their small size, high Zn2+-binding affinity, and Zn2+-induced conformational change, 

and it has been successfully exploited to derive FRET-based GEZIs.19,35 In a similar 

strategy to the insertion of a Ca2+-binding calmodulin domain into a FP, as in 

“Camgaroo” indicators29, we reasoned that inserting Zap1 zinc fingers into FPs would be 

a promising strategy to create GEZIs. For the fluorescent element, we selected 

monomeric teal fluorescent protein (mTFP1) because of its high fluorescence brightness, 

excellent photostability, and efficient chromophore maturation at 37°C36. Directly 
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inserting Zap1 into the β-barrel nearest the phenolate chromophore of mTFP1 would 

disrupt the chromophore folding and subsequently complicate attempts to rescue 

fluorescence loss caused by this insertion. Thus, to make the β-barrel more tolerable to 

modifications, we first created an efficiently folded, highly fluorescent circularly 

permutated version of mTFP1. We fused the original N- and C-terminal ends with a 

GGTGGS hexapeptide linker and split mTFP1 near the phenolate chromophore between 

residues 144 and 145 (Figure 5.1A). Because the resultant recombinant cpFP (circularly 

permuted FP) was essentially non-fluorescent, we then used degenerate codons to extend 

both the new N- and C-termini in order to improve the fluorescence. Screening the 

resultant library yielded a moderately improved fluorescent clone, cpTFP0.5, which 

harbored extra N- and C- terminal extensions (Figure D1 in Appendix D). We next 

performed five successive rounds of directed evolution by using error-prone PCR-

generated libraries and screened the resultant bacterial colonies after over-night 

incubation at 37°C for improved fluorescence brightness. This effort led to cpTFP1, 

which harbors five additional mutations (N42H, N81D, S146P, R149K, and E168K; 

residues numbered according to the numbering of mTFP1 in PDB 2HQK; Figure D1 in 

Appendix D) and shows bright fluorescence with fast chromophore maturation (Figure 

5.1A). Next, we connected the N- and C-termini of cpTFP1 with Zap1 zinc fingers, and 

converted cpTFP1 back to the wild-type topology to re-establish its original N- and C-

termini (ZnGreen0.1). ZnGreen0.1 expression in Escherichia coli yielded very dim 

fluorescence with poor Zn2+-dependent fluorescence decrease (20-30%). As such, we 
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Figure 5.1. Engineering of single-FP based GEZIs. (A) Domain arrangements of various 
constructs. Important linker sequences are shown in individual boxes, and mutations 
within the FP scaffold are also indicated. The full amino acid sequences of these 
constructs are available in Figures S1 and S2. (B-D) Fluorescence excitation (open circle) 
and emission (filled circle) spectra of ZnGreen1 (B), ZnGreen2 (C) and ZnRed (D), in the 
presence (gray line, treated with 100 μM ZnCl2) and absence (black line, treated with 100 
μM EDTA) of Zn2+. 
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conducted systematic optimization of the two peptide linkers flanking the Zap1 domain 

and screened for mutants exhibiting larger Zn2+-dependent responses. The two linkers are 

important for tuning the responses, because of their structural proximity to the 

chromophore to participate in the intricate protonation network of mTFP1 and their direct 

roles in transducing conformational changes from fused domains to the chromophore 

environment, as suggested by similar work in genetically encoded Ca2+26,27,37 and 

glutamate38 indicators. To optimize the two linkers in ZnGreen0.1, we built nine gene 

libraries that harbored randomized sequences in the two linkers (Table D1 in Appendix 

D). The libraries were used to transform E. coli and fluorescent colonies were then 

cultured in 96-well plates to harvest crude protein extracts for responses to Zn2+ compared 

to EDTA, a potent Zn2+ chelator. The dynamic range, expressed as the fluorescence ratio 

of EDTA- to Zn2+-treated crude protein extracts, was scored for each variant, with 

variants showing dynamic ranges at the extremes being processed for further analysis. 

These efforts led to ZnGreen1, a variant showing 26.3-fold fluorescence decrease upon 

Zn2+ binding (Figure 5.1B), which has a significantly greater absolute dynamic range than 

those of current FRET-based GEZIs18 and is comparable to commonly used small 

molecule-based Zn2+ probes15. Most clones in the libraries were not or only slightly 

responsive to Zn2+. Among the variants showing response to Zn2+, both turn-on and turn-

off type variants were observed. Those fluorescent turn-on mutants were not further 

pursued due to their relatively small dynamic ranges. We randomly selected a Zn2+-

irresponsive mutant and named it ZnGreen-N as a potential control probe in future 

experiments. ZnGreen-N is identical to ZnGreen1, except for two residues in one of the  
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Figure 5.2. In vitro characterizations of engineered Zn2+ sensors. (A) Zn2+ titration curves 
for ZnGreen1 (gray, filled circle), ZnGreen2 (gray, open circle) and ZnRed (black, filled 
circle). Curves were fit according to the Hill equation, assuming a single-binding mode 
for ZnGreen1 and ZnGreen2 and a double-binding mode for ZnRFP. (B) Fluorescence 
responses of ZnGreen1 (black bar), ZnGreen2 (white bar) and ZnRed (gray bar) to 
various metal ions, showing excellent selectivity toward Zn2+. The final metal 
concentrations were 20 μM for Zn2+ and 100 μM for all other metals. Fluorescence 
intensities were normalized to blank samples (BLK, no metal ion added). 

 

  



!

! 122 

two linkers (Figure D1 in Appendix D). 

Because of the successful examples of genetically encoded Ca2+ indicators, such 

as GCaMP39 and GECO27 families, we also created single-FP based GEZIs based on 

cpFPs. We chose a minimal zinc hook peptide from Pyrococcus furiosus Rad50, which is 

known to undergo Zn2+-mediated homodimerization40. We fused one copy of this peptide 

to each of the two termini of cpTFP1 and performed optimization on both linkers based 

on Zn2+-induced responses using a strategy similar to that of ZnGreen1 screening (Table 

D2 in Appendix D). We eventually derived ZnGreen2, with a 8.7-fold fluorescence turn-

off response to Zn2+ (Figures 5.1A and 5.1C). 

5.4.2 Development of Red Fluorescent Zn2+ Indicators  

Narrow photoemission bandwidth is another important feature of genetically 

encoded single-FP based indicators because it enables visualization of multiple 

concurrent biological processes with spectrally compatible indicators. Multiple indicators 

can be employed in the same live cell to independently and simultaneously detect distinct 

cellular species, be anchored to different subcellular compartments, and be detected by 

compatible fluorescence emission. With many well-optimized green hue indicators being 

available, there has recently been a push toward developing red-shifted indicators with 

longer (red-shifted) wavelengths to facilitate multiplex imaging of biological events. 

Compared to a green indicator, a red indicator offers the advantage of increased tissue 

penetration, reduced photodamage upon imaging, and minimized background 
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autofluorescence. Using the same strategy to create ZnGreen1, we developed a single red 

FP (RFP)-based GEZI. We first utilized Zap1 to link the N- and C-termini of a circularly 

permuted mApple (cpmApple) from a red fluorescent Ca2+ indicator, R-GECO127, and re-

established the original N- and C-termini of mApple, thereby creating a chimeric protein 

template, ZnRed0.1. Next, similar linker optimization and screening procedures, as in 

ZnGreen1 development, were applied to four different libraries (Table D3 in Appendix 

D) from which a fluorescent turn-on sensor with 3.8-fold dynamic range was derived—

designated as ZnRed (Figures 5.1A, 5.1D, and Figure D2 in Appendix D). The creation 

of ZnRed has not only expanded the palette of GEZIs, but is also suggestive that our 

approach to indicator design and screening can be transferred to other FP templates to 

further derive indicators with distinct photophysical properties41,42. 

5.4.3 Characterization and Initial Validation of Zn2+ Indicators 

We next characterized the aforementioned indicators in vitro and validated their 

use in live mammalian cells using fluorescence microscopy. Titrating ZnGreen1 and 

ZnGreen2 with buffered Zn2+ solutions revealed apparent binding affinities (Kd’s) of 705 

± 146 nM and 20 ± 2.3 μM, respectively, whereas plotting ZnRed fluorescence intensities 

versus Zn2+ concentrations revealed two different Zn2+-interacting modes showing 

apparent binding affinities of 127 ± 26 nM and 20 ± 2.7 μM (Figure 5.2A). The affinities 

we obtained here are significantly lower than the reported values for the corresponding 

free Zn2+-binding domains 40,43. To assure our procedure was properly carried out, we also 

measured the Zn2+ affinity of eCLAWAY1 and were able to derived a Kd value similar to  
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Figure 5.3. Responses of ZnGreen1 and ZnGreen-N to Zn2+ in HEK 293T cells. (A) 
Fluorescence and brightfield images of cells expressing ZnGreen1 before and after 
treatment of Zn2+ or TPEN (scale bar: 20 µm). (B) Representative traces demonstrating 
intensity changes of ZnGreen1 in HEK 293T. The black line shows the average and 
standard deviation of seven cells. The gray lines show the traces for individual cells. The 
arrows indicate the time points for addition of Zn2+/pyrithione or TPEN. (C, D) Data for a 
control experiment in which ZnGreen-N expressing HEK 293T cells were similarly 
treated.  
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the reported.44 It is important to note that these apparent Kd values do not directly reflect 

the absolute Zn2+-binding affinity, but rather only the Zn2+-induced conformational 

changes in the chimeric proteins that were able to result in fluorescence changes. Such 

discrepancies are attributable to protein fusions that could possibly rigidify the domains 

and affect Zn2+ binding, as was analogously observed in previously reported “camgaroo” 

type Ca2+ indicators 29, and the FRET-based GEZI employing a canonical Cys2His2 zinc 

finger from the mammalian transcription factor, Zif26845. Upon Zn2+ chelation, the 

absorbance of ZnGreen indicators decreases at 470 nm and concurrently increases at 400 

nm, corresponding to the transformation of deprotonated to protonated chromophores 

(Figures D3 in Appendix D). Other highly abundant cellular metals, including Mg2+, Ca2+, 

K+, and Na+, triggered little to no fluorescence response of ZnGreen1, ZnGreen2, and 

ZnRed (Figure 5.2B), confirming the Zn2+-specific responses of our newly engineered 

GEZIs. 

Since ZnGreen1 has a larger dynamic range and higher Zn2+-affinity than 

ZnGreen2, we utilized ZnGreen1 as the green fluorescent GEZI in all further experiments 

with live mammalian cells. When expressed in live HEK 293T cells, ZnGreen1 showed 

dramatic fluorescence decrease upon addition of ZnCl2 and a pyrithione ionophore which 

facilitates the delivery of Zn2+ into cells.  Subsequent addition of a cell-permeable zinc 

chelator, TPEN (N,N,N',N'-tetrakis(2-pyridylmethyl)ethane-1,2-diamine), rescued the 

fluorescence (Figures 5.3A and 5.3B). The fluorescence of some cells even reached a 

level higher than the initial intensity. The heterogeneity of the response could originate  
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Figure 5.4. Responses of ZnRed Zn2+ in HEK 293T cells. (A) Fluorescence and 
brightfield images of cells expressing ZnRed before and after treatment of Zn2+ or TPEN 
(scale bar: 20 µm). (B) Representative traces demonstrating intensity changes of ZnRed 
in HEK 293T. The black line shows the average and standard deviation of seven cells. 
The gray lines show the traces for individual cells. The arrows indicate the time points for 
addition of Zn2+/pyrithione or TPEN. 
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from different sensor expression levels caused by transient plasmid expression, and the 

affinities of our indicators may also be altered when placed in a complex cellular milieu. 

Nevertheless, a large dynamic range of the ZnGreen1, as revealed in the time-lapse 

fluorescence imaging and single cell fluorescence analysis, is consistent with our in vitro 

characterization. To further assure that the changes were not caused by pH fluctuations, 

we treated HEK 293T cells expressing the Zn2+-irresponsive control probe, ZnGreen-N, 

with ZnCl2/pyrithione and TPEN, and observed no obvious fluorescence response 

(Figures 5.3C and 5.3D). Because ZnGreen-N and ZnGreen1 respond to a similar range 

of pH changes (Figure D4 in Appendix D), the results further support that our observed 

fluorescence responses of ZnGreen1 were caused by changes in Zn2+ concentrations in 

HEK 293T cells. Similar validation experiments were carried out with ZnRed in 

HEK293T, and time-lapse fluorescence imaging further confirmed its Zn2+-dependent 

fluorescence turn-on response (Figure 5.4). 

5.4.4 Dual-color Imaging of Zn2+ Uptake in Live Mammalian Cells  

Multicolor imaging has proven to be indispensable in pushing the boundaries of 

what fluorescence microscopy can ultimately achieve. Optically compatible ZnGreen and 

ZnRed indicators have enabled us, at great convenience, to image Zn2+ dynamics at 

distinct subcellular locations within a single cell. Compared to other alternatives, such as 

dual FRET imaging24 and possibly a linear unmixing system of overlapping spectra46, 

ZnGreen and ZnRed, which utilize less photoemission bandwidth, can greatly simplify 

experiments. To perform dual-color imaging of Zn2+ dynamics in live mammalian cells,  
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Figure 5.5. Fluorescence monitoring of Zn2+ diffusion in HEK 293T cells. (A) 
Fluorescence and brightfield images of cells expressing ZnGreen1 at cell surface and 
ZnRed in the nucleus before and after addition of Zn2+/pyrithione (scale bar: 20 µm). (B) 
Represented traces (n = 6 cells) for intensity changes, showing Zn2+-induced decrease of 
ZnGreen1 fluorescence (extracellular) and increase of ZnRed fluorescence (nuclear). 
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we localized ZnGreen1 to the cell surface with a pDisplay vector (pDisplay-ZnGreen1) 

and co-transfected HEK293T cells with a nuclear localized ZnRed plasmid, pNuc-ZnRed. 

Soon after Zn2+ addition, the membrane fluorescence from ZnGreen1 decreased 

dramatically, followed by an increase of nuclear red fluorescence from ZnRed, 

suggesting Zn2+ translocation from the extracellular space to nucleus (Figure 5.5). 

Overall, the large dynamic ranges of these GEZIs, especially that of ZnGreen1, make the 

tracking of Zn2+ dynamics in live cells far less challenging and with high spatiotemporal 

resolution.  

5.4.5 Live-Cell Imaging of Glucose-Stimulated Zn2+ Secretion in Pancreatic β-Cells  

While high affinity Zn2+ indicators, such as eCALWY and ZapCY118,19, have 

proven to be instrumental in gauging free Zn2+ concentrations in mammalian cells, their 

high-affinity Zn2+ binding raises concerns of perturbing intracellular Zn2+ homeostasis 

when expressed at high concentrations. Additionally, they are not suitable for use in 

certain biological contexts, such as in insulin-secreting pancreatic β-cells47,48, and 

synaptic vesicles of certain glutamatergic axon terminals49, which all feature fluctuations 

of relatively high Zn2+ concentrations. For example, it is estimated that Zn2+ released from 

vesicles of hippocampal mossy fiber synapses can reach to ~100 μM50. Our single FP-

based GEZIs, although not suitable for measuring steady-state free intracellular Zn2+ 

concentrations due to their relative low affinity and intensiometric nature, would, 

however, fill an important technical gap to permit monitoring of the dynamics of Zn2+ in 

the high nanomolar to micromolar range. These new probes complement current FRET-  
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Figure 5.6. Fluorescence monitoring of glucose-induced Zn2+ release in pancreatic INS-
1E β-Cells. (A) Fluorescence and brightfield DIC images of cells expressing ZnGreen1 at 
cell surface before and after addition of glucose (scale bar: 20 µm). (B) Representative 
traces demonstrating intensity changes of ZnGreen1 induced by glucose. The black line 
shows the average and standard deviation of seven cells. The gray lines show the traces 
for individual cells. The arrows indicate the time points for addition of glucose. 
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based indicators18, thereby enabling imaging of Zn2+ in a large array of biological 

conditions. To validate this application, we localized ZnGreen1 to the extracellular 

membrane of INS-1E β-cells, a rat insulinoma cell line with enhanced sensitivity to 

glucose51. In pancreatic β-cells, Zn2+ is required for the biosynthesis and secretion of 

insulin. Typically, Zn2+ forms co-crystals with insulin in vesicular granules to aid their 

storage. During insulin secretion, Zn2+ and insulin are co-released to the extracellular 

space. These storage and secretion events are tightly regulated, with deregulation 

contributing to the pathogenesis of diabetes52. To image Zn2+ secretion, INS-1E cells 

transfected with pDisplay-ZnGreen1 was transiently stimulated with high concentrations 

of extracellular glucose. As expected, we observed a drastic fluorescence decrease from 

the plasma membrane (Figure 5.6A), indicating activation of Zn2+ release to the 

extracellular space, which is consistent with previous reports using small molecule 

probes53,54. As secreted Zn2+ diffuses into the extracellular milieu55, ZnGreen1 

fluorescence gradually recovers (Figure 5.6B). Localizing pDisplay-ZnGreen1 to the 

extracellular membrane of HEK293T resulted in no fluorescence signal change upon high 

glucose stimulation (Figure D5 in Appendix D), suggesting that ZnGreen1 specifically 

detects intracellular Zn2+ release from pancreatic β-cells. Unlike most other small 

molecule probes, such as FluoZin-355 and a recently reported ZIMIR-HaloTag54 for 

imaging of Zn2+ secretion, ZnGreen1 is fully genetically encoded, and therefore, may be 

used in live cells, tissues, or disease models for long term monitoring of Zn2+ dynamics, 

which will undoubtedly facilitate mechanistic understanding of paracrine signaling and 

diabetes.    
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5.5 Discussion 

We have engineered novel GEZIs by screening and developing green and red 

GEZIs based on single fluorescent proteins. ZnGreen1 and ZnGreen2 are two green 

fluorescent turn-off probes with 26.3-fold and 8.7-fold dynamic ranges, respectively, 

whereas ZnRed is a red fluorescent probe with a 3.8-fold turn-on response. These new 

GEZIs have many attractive features, including a relatively small molecular size, large 

dynamic range, narrow emission bandwidth, and spectrally compatible fluorescence. 

When expressed in live mammalian cells, these GEZIs can monitor transient, cellular 

Zn2+ dynamics. We have shown that ZnGreen1 and ZnRed could be utilized for dual-

color imaging of Zn2+ diffusion with a relatively simple experimental setup. Furthermore, 

given than the estimated zinc concentrations in biological systems, which span several 

orders of magnitude, from 1-10 mM in zinc granules to micromolar in synapse, and down 

to nanomolar and picomolar under rest conditions, GEZIs with various binding affinities 

are needed for different biological applications (i.e. high affinity probes are suited for use 

under rest conditions, and low affinity probes are suited for use in zinc vesicles or under 

stimulated conditions).18 Our new sensors, which have high nanomolar to micromolar 

affinities to Zn2+, fill this unique technical gap to complement existing eCALWY and 

ZapCY sensors. We have demonstrated that ZnGreen1 can readily detect glucose-

stimulated Zn2+ secretion in insulin-secreting pancreatic β-cells. The availability of these 

new probes not only creates new opportunities for multicolor, multiplex imaging, but also 

fills the gap in the current toolbox for Zn2+ imaging in living cells, tissues, and other 
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disease models. Considering the importance of Zn2+ in the brain, these GEZIs may be 

useful for dissecting neural circuits and understanding neuronal disorders. Moreover, the 

probes reported here may serve as intriguing templates for further engineering of next-

generation GEZIs or other types of FP-based biosensors. 

Appendix   

Supplemental Information includes the sequences of oligonucleotides used in this 

work, sequence alignments of sensor proteins, amino acid sequences of the linkers of 

libraries, additional characterization and images of sensors, and videos showing time-

lapse fluorescence responses of sensors. This material is in Appendix D.  
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Chapter 6 

Concluding Remarks and Future Directions 

Progress in development of novel fluorescent probes cellular chemical species has 

patently revolutionized our ability to dissect the intricate role that these species play in a 

complex cellular milieu. The inextricably linked relationship of reactive chemical species 

and Zn2+ to a variety of disease phenotypes, such cancer, diabetes, stroke, chronic heart 

failure, and neurodegenerative disorders, further provides compelling motivation for 

devising novel tools to monitor its production, trafficking, transformation, and 

detoxification in live cells or disease models. Fluorescent probes responsive to a 

particular chemical species offer an appealing, non-invasive approach to visualizing and 

interrogating the underlying biology because of their exceptional sensitivity, specificity, 

and biocompatibility. As the list of analyte-specific fluorescent probes continues to 

accumulate, we can envision that novel probes with enhanced properties will emerge and 

become widely adopted by the scientific community, facilitating deeper insights into cell 

signalling/stress responses and inspiring new pharmacological strategies toward many 

related diseases.  

Despite the exciting progress accomplished thus far, novel fluorescent probes 

with new and/or enhanced properties await further exploration. To make full use of these 

probes and achieve a greater biological impact, further developments on probe 

brightness, photostability, sensitivity, and biocompatibility is constantly needed to 
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enhance signal-to-noise ratios and spatial-temporal imaging resolution. Equally important 

in terms of probe design is the probe’s selectivity. Aside from tests conducted in aqueous 

solutions, probes are constantly challenged by a complex molecular environment (high 

ionic strength, neutral pH, etc.) as well as an overwhelming class of biological molecules, 

including reactive oxygen, nitrogen, and sulphur species, millimolar GSHs, metal ions, 

proteins, lipids, metabolites, etc. Hence, probes need to be designed and tested against a 

wild array of biologically relevant molecules in vitro before applying to live cell samples 

to ensure signal fidelity. In most cases, this can be achieved via exploration of novel 

chemoselective reaction schemes that exclude possible interfering molecules from 

reacting. Alternatively, molecular evolution efforts combined with customized screening 

assays might also be feasible to derive the desired specificity, although such efforts are 

more formidable. Notwithstanding, relevant control experiments remain a crucial 

component in evaluating a probe’s performance and the underlying biology its findings 

implies, in order to achieve unambiguous conclusions. In addition to probe selectivity, 

probes with distinct and orthogonal spectral properties will be of great value, since they 

complement current probe sets. For example, the majority of current analyte-specific 

probes are intensiometric and the measurements with which are qualitative or semi-

quantitative at best. To gauge reactive chemical species or metal ion levels at a more 

quantitative level, probes responding with ratiometric changes in excitation or emission 

profiles are likely to yield more precise measurements. This can be accomplished by 

making compound fluorescent probes that incorporate two spectrally compatible 

fluorophores. The analyte induced changes of the interaction between the two 
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fluorophores, either in the form of reciprocal quenching or FRET, can then be quantified 

and converted to concentration changes. Furthermore, a host of opportunities in 

developing genetically encoded fluorescent probes of different colors, and for many other 

species such as neurotransmitters in the brain awaits. These probes are desirable because 

they are genetically encodable, targetable to specific cell compartments or tissue types, 

and easily deliverable through DNA transfection. In addition, they hold the promise of 

being applied to transgenic animals and/or long-term monitoring of target analyte within 

desired cellular locals. However, the engineering of such probes with high selectivity and 

sensitivity requires experiences and painstaking efforts. Finally, fluorescent probes with 

reversible, yet chemoselective, responses shall be emphasized because they offer a 

dynamic perspective that is not possible with irreversible probes based on stoichiometric 

reactions. In terms of future developments, novel signal amplification systems or targeted 

delivery technologies could also be employed to establish more robust detection and 

imaging platforms. These enhanced probes and methodologies, together with our rapidly 

growing aspiration in reactive chemical species and metal ion biology, will paint us a 

colourful future for their detection and imaging.  

Aside from developing novel probes, it will also be interesting to apply the 

existing probes developed herein into relevant animal models to examine the underlying 

pathophysiological consequences of the production and misregulation of these chemical 

species, which have been largely overlooked in traditional protein-centric studies. Such 

efforts, as have exemplified by calcium imaging, will undoubtedly accelerate our 

understanding of the chemistry and biology of life.  
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APPENDIX A 

Supporting Information for Chapter 2 

“Genetically Encoded Fluorescent Probes for Hydrogen Sulfide” 
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Table A1. List of oligonucleotides used in this work  
&
pCMV-hsGFP-F-HindIII: 5’-ATACTAAAGCTTGCCGCCACCATGGGCTCC 
AGCCCGTACAAC-3’ 
pCMV-hsGFP-R-XhoI: 5’-TCGAGTCTCGAGTTAATGGTGATGGTGATGGTG-3’ 
pCMV-Mito-1F: 5’-CTAGGTAAGCTTGCCGCCACCATGCTATCACTGCGACAG 
TCAATACGATTCTTCAAGCCA-3’ 
pCMV-Mito-2F: 5’-TCAATACGATTCTTCAAGCCAGCAACGCGCACCCTGTGC 
TCATCGCGATACCTACTCGGA-3’ 
pCMV-Mito-3F: 5’-TCATCGCGATACCTACTCGGATCCATGGGCTCCAGCCCG 
TACAACAGCCACAAG-3’ 
pCMV-Nuc-F-NheI: 5’- AACTGAGCTAGCATGGGCTCAAGCCCGTAC-3’ 
pCMV-Nuc-R-XhoI: 5’- TCAGTTCTCGAGAATGGTGATGGTGATGGTG-3’ 
pCMV-SUR1-F-EcoRI: 5’- 
CTAGGTGAATTCGCCGCCACCATGCCCTTGGCCTTCTGCG 
GTACC-3’ 
pCMV-SUR1-R-AgeI: 5’- 
CCTCGCCCTTGCTCACCATGGTGGCGACCGGTGGATC-3’ 
Kir6.2-F-AgeI: 5’- 
GATCCACCGGTCGCCACCATGCTGTCCCGAAAGGGCATTATC-3’ 
Kir6.2-R-hsGFP: 5’- CATCCCGCCTCCCCCGCCGCCGGACAAGGAATC-3’ 
Kir6.2-F-hsGFP: 5’- 
TTGTCCGGCGGCGGGGGAGGCGGGATGGGCTCCAGCCCGTAC-3’ 
pCMV-CBS-F: 5’-
TCAGTAAGCTTGCCGCCACCATGCCTTCTGAGACCCCCCAGGCAGA 
AGTGGGG-3’ 
pCMV-CBS-R: 5’-
TCGATCTCGAGTTACTTCTGGTCCCGCTCCTGGGCGGCCACGAAGT 
TCAG-3’! !
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Figure A1. Mass spectrometry (MS) analysis of hsGFP on an Agilent ESI-TOF 
instrument. The major peak corresponds to hsGFP containing a mature p-
aminobenzylideneimidazolidone chromophore (calculated mass: 28849). The differences 
between the observed and calculated masses are within the expected error range of the 
instrument. 

!
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APPENDIX B 
 
!

Supporting Information for Chapter 3 

“Genetically Encoded Fluorescent Probes for the Selective Detection of 

Peroxynitrite” 

!
! !



!

! 145 

Table B1. List of oligonucleotides used in this work 

cpGFP2-F: 
ATATGTCTCGAGCGCAGGCTACAACAGCACCAACGTCTATATCACGGCCGAC  

cpGFP2-R: 
TAGACTAAGCTTAATGGTGATGATGGTGATGGTCGGTGCCGTTGTACTCCAG  

cpGFP2-TAG-F: CACCTTCGGCTAGGGCCTGAAG  

cpGFP2-TAG-R: CTT CAG GCC CTA GCC GAA GGT G pBAD-F: 
ATGCCATAGCATTTTTATCC*pBAD-R: GATTTAATCTGTATCAGG  

cpsGFP-NNK-F: AGTACTCGAGCNNKTACAACAGCCACAAGGTC  

WPRE-F: CGTAACTCGAGGTCGACAATCAACCTCTGGATT  

WPRE-R: TGCACTCTAGAGCGGGGAGGCGGCCCAAAGGGA  

cpsGFP-1: GGCGGATCCGGTGGCACCGGAGTGAGCAAGGGCGAGGAG cpsGFP-
2: GGTGCCACCGGATCCGCCGTCCACCTTGTACAGCTCGTCCAT  

cpsGFP-NNK-R: 
TATGCAAGCTTAATGGTGATGGTGATGGTGMNNGTTGTACTCCAGCTTGTG 
cpsGFP-TAG-F: GTGACCACCTTGACCTAGGGCGTGCAGTGCTTC * 

cpsGFP-TAG-R: GAAGCACTGCACGCCCTAGGTCAAGGTGGTCAC * 

pnGFP-F: 
ATACTAAAGCTTGCCGCCACCATGGGCTCCAGCACTTACAACAGCCAC  

pnGFP-R: TCGAGTCTCGAGTTAATGGTGATGGTGATGGTG  
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Figure B1. Sequence alignment of circularly permuted fluorescent proteins involved in 
this study. The residues forming the chromophores are green-boxed. The chromophore 
tyrosines (or pBoF in pnGFP) are red-colored. The residues are numbered according to 
the sequence of the wild-type GFP. Mutations accumulated during directed protein 
evolution are blue-colored. For pnGFP, the two critical Thr residues (positions N-1 and 
C+1) are highlighted.  
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Figure B2. Fluorescence changes (excitation 490 nm, emission 510 nm) of cpGFP2-
Tyr66pBoF (1 μM) in response to the indicated redox-active chemicals. In Panel a, 
ONOO– has a short lifetime in neutral aqueous buffer when diluted from 0.3M NaOH 
solution, so the increase was only observed for the first data points of all series. For Panel 
b, the protein was incubated with the indicated molecules for 20 min at room temperature 
before measurement. 300 μM each of neutral buffered NOC-7 (NO• donor), NaHS (H2S 
donor), tert-butyl hydroperoxide (HOOtBu), hyperchloric acid (HClO) and H2O2, and 20 
μM ONOO– were utilized. •OH and •OtBu were generated by reaction of 3 mM Fe2+ with 
300 μM H2O2 or HOOtBu. O2

•− was added as solid KO2 suspended in DMSO to a final 
300 μM equivalent, and it decomposes quickly to form H2O2 in aqueous solution (k = 
~1x105 M-1 S-1 pH 7). Data points are presented as averages of at least three replicate 
experiments ± standard deviation.  
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Figure B3. (a) Fluorescence changes (excitation 490 nm, emission 510 nm) of pnGFP in 
response to ONOO– in the presence or absence of glucose and glycerol. To pnGFP (500 
nM), added were glucose (1 mM) and ONOO– (20 μM), or glycerol (1 mM) and ONOO– 
(20 μM), or ONOO– (20 μM) only. The mixtures were incubated at room temperature for 
20 min before measurement. The experiment support that the probe’s response to ONOO– 
is not affected by cis-diols. (b) Fluorescence changes (excitation 490 nm, emission 510 
nm) of natural pnGFP containing a Tyr-derived chromophore in response to the indicated 
redox-active chemicals. The protein (1 μM) was incubated with the indicated molecules 
for 20 min at room temperature before measurement. 100 μM each of neutral buffered 
NOC-7 (NO• donor), NaHS (H2S donor), tert-butyl hydroperoxide (HOOtBu), 
hyperchloric acid (HClO) and ONOO–, 1 mM H2O2 or DTT, and 5 mM GSH or cysteine, 
were utilized. •OH and •OtBu were generated by reaction of 1 mM Fe2+ with 100 μM 
H2O2 or HOOtBu. O2

•− was added as solid KO2 suspended in DMSO to a final 100 μM 
equivalent. Data points are presented as averages of at least three replicate experiments ± 
standard deviation. The experiment indicates that the conditions for testing reactivity do 
not denature proteins.  
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Figure B4. (a) Pathways to form a boronic acid-derived chromophore in pnGFP and its 
reaction with ONOO–. Mass spectrometry (Figure B6) has confirmed a tyrosine-derived 
chromophore in the main oxidation product. (b) Potential interactions between the 
boronic acid-derived chromophore and protein hydroxyl functional groups. The boronic 
acid may convert between tetrahedral and triangle forms. Mass spectrometry cannot 
identify or exclude the conversion, since the equilibriums may quickly shift in the 
spectrometer. X-ray is planned to further investigate the reaction mechanism.  
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Figure B5. (a) Protein absorption spectra normalized at the peaks of the chromophore 
absorption bands. The oxidation product of pnGFP by 100 μM ONOO– (green line) has a 
similar visible band as the natural protein containing a Tyr-derived chromophore (orange 
line). In a previous study with small synthetic molecules, the yield of the phenolic 
product was determined to be ~ 85%. (b) Fluorescence excitation and emission spectra of 
pnGFP before and after treatment with 100 μM ONOO–, and the natural protein 
containing a Tyr-derived chromophore.  
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Figure B6. Mass spectrometry (MS) analysis of proteins on an Agilent ESI-TOF 
instrument. Panel a shows that the majority of freshly purified pnGFP may contain a 
mature boronic acid-derived chromophore (calculated mass: 28767). The boronic acid 
may convert between tetrahedral and triangle forms (Figure S4). Mass spectrometry 
cannot identify or exclude the conversion, since the equilibriums may quickly shift in the 
spectrometer. Panel b supports that the main oxidation product has a tyrosine-derived 
chromophore, identical to the natural tyrosine-derived pnGFP (calculated mass: 28739). 
ONOO– is also expected to oxidize or nitrate protein residues, so the peak in panel b is 
broad. The differences between the observed and calculated masses are within the 
expected error range of the instrument.  
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Figure B7. (a) Fluorescence response of pnGFP to different concentrations of ONOO–. 95 
μl of 0.5 μM pnGFP in a Tris buffer (150 mM Tris-HCl, 150 mM NaCl, pH 7.4) was 
mixed with 5 μl of 0, 2, 10, 20, 200, 400, 1000, or 2000 μM ONOO– in 0.3 M NaOH. For 
comparison, the same amount of protein was incubated with 5 μl 20 mM H2O2. The 
mixtures were incubated at RT for 15 min before fluorescence measurement. Data were 
given as mean ± standard deviation based on three independent measurements. (b) The 
linear range of fluorescence responses of pnGFP to ONOO–. At concentrations < 20 μM, 
a linear calibration curve was obtained. It was used to derive the standard deviation of the 
response (SD) and the slope of the calibration curve (S). LOD was determined as 
3.3(SD/S).  
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Figure B8. (a) Peroxynitrite production from SIN-1. (b) pnGFP fluorescence 
enhancement over an hour in response to SIN-1. 95 μl of 0.5 μM pnGFP buffered in PBS 
was mixed with 5 μl of 0, 20, 100, 600, 1400, and 2000 μM SIN-1 in DMSO. The 
mixtures were incubated at RT and fluorescence emissions were recorded every 5 
minutes for one hour. (c) Fluorescence responses of pnGFP to various levels of stable 
ONOO– influx. We followed a previously published paper to generate stable ONOO–

influx over 100 min. Briefly, 95 μl PBS was loaded into individual wells in a 96-well 
plate. Five sequential pulses of SIN-1 (3, 1, 1, 1.25, 1.25 μL of 2 mM SIN-1 stock 
solution) were applied at 0, 26, 53, 80, and 105 min to maintain a nearly constant 1 
μM/min ONOO– influx from 20 min to 130 min. 2 μL of 25 μM pnGFP protein was 
added at 25 min, and fluorescence intensity was recorded since then in every 5 minutes 
over a 100-min period. The figure shows the results from 25 min to 125 min (for 
fluorescence measurement, it was 0-100 min). ONOO– influx at other rates was generated 
by adjusting the concentration of each SIN-1 stimulation by corresponding factors (e.g. 
1/2 and 1/10). For comparison, DMSO or H2O2 was also applied to the same protein.  
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Figure B9. (a) Fluorescence imaging of HEK 293T cells transfected with pMAH-POLY 
and pcDNA3-EGFP39TAG. Top row: cells were cultured with 2 mM pBoF (racemic); 
Bottom row: cells were cultured without pBoF. Scale bar: 100 μm. (b) MALDI-TOF 
analysis of the protein purified from HEK 293T cells. Transfected cells were cultured in 
media containing 2 mM pBoF for 48 hours, and lysed with RIPA buffer. Ni-NTA agarose 
beads (Qiagen) were used to enrich the protein. Protein mass was determined using 
Voyager 5.01 DE-STR (Perspective Biosystems) in the positive mode. The calculated 
molar mass for EGFP-Tyr39pBoF is 29710 Da.  

!
! !
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Appendix C 

Supporting Information for Chapter 4 

“The N-B Interaction through a Water Bridge: Understanding the Chemoselectivity 

of a Fluorescent Protein Based Probe for Peroxynitrite” 
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Table C1.  Oligonucleotides used in this study. 
!

 

  

Primer 
name Nucleotide Sequence 

pnGFP-
F 5'- TTTTTGGGCTAACAGGAGGAATTAACCATG -3' 

pnGFP-
R 5'- CAGCCAAGCTTAATGGTGATGGTGATGGTG -3' 

pBAD-
F 5'- ATGCCATAGCATTTTTATCC -3' 

pBAD-
R 5'- GATTTAATCTGTATCAGG -3' 

pnGFP-
T173G-
F 

5'- CTCGTGACCACCTTGGGCTAGGGCGTGCAGTGC -3' 

pnGFP-
T173G-
R 

5'- GCACTGCACGCCCTAGCCCAAGGTGGTCACGAG  -3' 

pnGFP-
T64F-F 5'- CACTACCTGAGCTTCCAGTCCGTGCTG -3' 

pnGFP-
T64F-R 5'- CAGCACGGACTGGAAGCTCAGGTAGTG -3' 

pnGFP-
S66A-F 5'- CACTACCTGAGCACCCAGGCCGTGCTGAGCAAAGACCCC -3' 

pnGFP-
S66A-R 5'- GGGGTCTTTGCTCAGCACGGCCTGGGTGCTCAGGTAGTG -3' 

pnGFP-
H9T-F 

5'- TTTTTGGGCTAACAGGAGGAATTAACCATGGGCTCGAGCACTTACAACAGCA 
CCAAGGTC -3'  
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Table C2.  Crystallographic data, refinement and atomic model statistics. 
 
Protein  pnGFP-Tyr 

Total reflections 1,606,287 

Unique reflections observed 14,821 

Space Group P 43 21 2 

Cell dimensions (a, b, c) (Å) 57.26, 57.26, 185.39 

Resolution (Å)a 25.-2.75 (2.80-2.75) 

Completenessa (%) 99.9 (100.0) 

Average I/sa 80.4 (8.0) 

Rmerge
a,b 0.089 (0.926) 

Rpim, CC1/2, CC* (shell)c (0.129),(0.982),(0.995)  

Atomic model statistics  

Asymmetric unit 1 protein chain, 16 H2O 

Crystallographic R-factord (shell 3.17-2.75) 0.203 (0.249) 

R-free 0.293 (0.336) 

R-factor, all data combined 0.210 

Average B-factors, all atoms (Å2) 74.6 

rms bond lengths (Å) 0.010 

rms bond angles (degrees) 1.44 

a Values in parentheses indicate statistics for the highest resolution shell.  



!

! 158 

bRmerge = SiSj(Iij - <I>i)/SiSj<I>i, where Iij is the amplitude of the jth observation of  

reflection i and <I>i is the mean value of observations Iij. 

CFor definitions of these quantities see Karplus & Diederichs[1] 

dR-factor = S||Fo|-|Fc||/S|Fo|, where Fo and Fc are the observed and calculated structure 

amplitudes. 

[1].!Karplus,!P.!A.;!Diederichs,!K.,!Linking!Crystallographic!Model!and!Data!Quality.!
Science!2012,!336,!103041033.! !



!

! 159 

!
Figure C1. Optimization of conditions for preparation of pBoF-containing proteins. To 
optimize the expression condition, the plasmid pBAD-mCherry151TAG was used to co- 
transform DH10B or C321.∆A.exp E. coli cells along with the plasmid pEvol-pBoF. 
Cells were grown on LB agar plates containing 100 μg/mL ampicillin and 50 μg/ml 
chloramphenicol at 37°C overnight. Individual colonies from the plates were then 
inoculated in 2 mL TB containing 1 mM pBoF, 100 μg/mL ampicillin, 50 μg/ml 
chloramphenicol and various concentrations of L-arabinose (0.02–2%). Cells were next 
grown at 25°C or 37°C, and fluorescence intensities of corresponding cell lysates were 
quantified each day thereafter. To prepare cell lysate, 500 μL of cell culture was pelleted 
by centrifugation and lysed with 100 μL B-PER bacterial protein extraction reagent. 
Fluorescence emission intensities at 610 nm were then measured on a plate reader with 
excitation at 560 nm. Panel (A) shows the fluorescence of pBoF-containing mCherry 
expressed in DH10B (black) or C321.∆A.exp (red) E. coli cells with different amounts of 
L-arabinose at 37 °C. Panel (B) shows the fluorescence of pBoF-containing mCherry 
expressed in C321.∆A.exp, after varying the concentration of L-arabinose, induction 
temperature, and the length of induction period. 
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Figure C2. 11B NMR spectra for pnGFP.  
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Figure C3. 11B NMR chemical shifts for phenylboronic acid (20 mM) in 20 mM 
phosphate buffer (pH 7.4, D2O (v): H2O (v) = 1:1), titrated with 0 mM, 20 mM, 100 
mM, 500 mM, 2.5 M or 10 M imidazole. The data were fitted with the equation shown on 
the graph, which identified the extreme chemical shift for phenylboronic acid/imidazole 
complex to be 5.7 +/- 0.9 ppm.  

  



!

! 162 

 
Appendix D 

Supporting Information for Chapter 5 

“Single Fluorescent Protein-Based Indicators for Zinc Ion (Zn2+) ” 

 
! !
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&
Figure D1. Sequence alignment of ZnGreen1, ZnGreen-N, ZnGreen0.1 and mTFP1 (top), 
and sequence alignment of cpTFP0.5, cpTFP1, and ZnGreen2 (bottom). Residues are 
numbered according to the numbering of mTFP1 in PDB 2HQK. Mutations within the FP 
scaffold are highlighted in yellow. 
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Figure D2. Sequence alignment of ZnRed and R-GECO1. The N- and C- termini of each 
protein are labeled. For simplicity, the M13 and CaM sequences in R-GECO1 are not 
shown. Since the two proteins have different topology, black lines and arrows are used to 
show the direct link between “MDELYK” and “GGTGGSLVSK” of R-GECO1. 
Mutations within the linkers between the FP and the Zap1 zinc fingers are highlighted in 
yellow. 
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Figure D3. Absorption spectra of ZnGreen1 (A) and ZnGreen2 (B) in the absence (green 
line) or presence (black line) of Zn2+ (50 μM).  
 
 
 
 
 
 
 

 
Figure D4. pH-dependent fluorescence of ZnGreen1 (green) and ZnGreen-N (red) from 
pH 3.5 to pH 9.5. 
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Figure D5. Fluorescence monitoring of ZnGreen1 on the surface of glucose-treated HEK-
293T cells, showing no Zn2+ release. (A) Fluorescence and brightfield images of cells 
expressing ZnGreen1 at cell surface before and after addition of glucose (scale bar: 20 
µm). (B) Representative traces demonstrating no intensity change of ZnGreen1 was 
induced by glucose. The black line shows the average and standard deviation of five cells. 
The gray lines show the traces for individual cells. The arrows indicate the time points for 
addition of glucose.  
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Table D1. A list of mutants and libraries made to develop ZnGreen1 (X = all 20 amino 
acid residues). 

 

 

 

 

 

 

 

 
 
 

  

 1st linker sequence 2nd linker sequence 

ZnGreen0.1 QKKTTGWNDLKCKW NHINCQHDEKMYVR 

Library 1 QKKTTGWXXNDLKCKW NHINCQHDEKMYVR 

Library 2 QKKTTGXXDLKCKW NHINCQHDEKMYVR 

Library 3 QKKTTGXXNNDLKCKW NHINCQHDEKMYVR 

Library 4 QKKTTGWLGNDLKCK NHINCQHXXEKMYVR 

Library 5 QKKTTGWLGNDLKCK NHINCQHXXKMYVR 

Library 6 KKTTGWXXDLKCKW NHINCQHXXEKMYVR 

Library 7 QKKTTGWLGNDLKCK NHINCQHXXDEKMYVR 

Library 8 QKKTTGWLGNDLKCK NHINCQHRXXEKMYVR 

Library 9 QKKTTGWLGNDLKCK NHINCQHXPRDEKMYVR 

ZnGreen1 QKKTTGWLGNDLKCK NHINCQHPCDEKMYVR 
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Table D2. A list of mutants and libraries made to develop ZnGreen2 (X = all 20 amino 
acid residues). 

 
 
 
 
 
 
 
 
 
 
 
  

 1st linker sequence 2nd linker sequence 

Library 1 CGAELTDXEKMYV
RD KKTTGWLXAKGKCP 

Library 2 CGAELTDXKMYVR
D KKTTGWXAKGKCP 

ZnGreen2 CGAELTDSEKMYV
RD KKTTGWLGAKGKCP 
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Table D3. A list of mutants and libraries made to develop ZnRed (X = all 20 amino acid 
residues). 
 

 

 
 
 
 
 
 

 
 
 
 

 
 
  

 1st linker sequence 2ed linker sequence 

ZnRed0.1 KTMGWEADLKCKWK NHINCQHEERMYPE 

Library 1 KTMGWEAXDLKCKWK NHINCQHEERMYPE 

Library 2 KTMGWEARDLKCKWK NHINCQHGXEERMYPE 

Library 3 KTMGWEARDLKCKWK NHINCQHGXXSERMYPE 

Library 4 KTMGWEARDLKCKWK NHINCQHXXEERMYPE 

ZnRed KTMGWEARDLKCKWK NHINCQHWTEERMYPE 
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Table D4. Oligonucleotides used in this study. 

Primer name Nucleotide Sequence 
pBAD-F 5'- ATG CCA TAG CAT TTT TAT CC -3' 
pBAD-R 5'- CCT GAT ACA GAT TAA ATC -3' 

cpTFP-F1 5'- TAC ATC TCG AGC ACC GAG AGG ATG TAC GTG CGC 
GA -3' 

cpTFP-R1 5'- ACC ACG GAG CCT CCG GTG CCT CCC TTG TAC AGC 
TCG TCC AT -3' 

cpTFP-F2 5'- GTA CAA GGG AGG CAC CGG AGG CTC CGT GGT GAG 
CAA GGG CGA GGA GAC C -3' 

cpTFP-R2 5'- ATC TGA AGC CTT ACC AGC CGG TGG TCT TCT TCT 
GCA T -3' 

cpTFP-F-NNK 5'- GAC TAC TCG AGC NNK NNK TCC ACC GAG AGG ATG 
TAC -3' 

cpTFP-R-NNK 5'- GTT GCA AGC TTA ATG GTG ATG ATG GTG ATG GCC 
GGA MNN MNN CCA GCC GGT GGT CTT CTT -3' 

ZnGreen-F 5'- GCC ACA ATG GTC GAC GTG AGC AAG GGC GAG GAG 
ACC -3' 

ZnGreen-0R 5'- CTT GCA TTT CAG GTC ATT CCA GCC GGT GGT CTT 
CTT -3' 

ZnGreen-0F 5'- CGC ATC AAT TGT CAG CAC GAT GAG AAG ATG TAC 
GTG -3' 

ZnGreen-R 5'- CAG CCA AGC TTA CTT GTA CAG CTC GTC CAT -3' 

Zap-ZnGreen-F 5'- AAG AAG ACC ACC GGC TGG AAT GAC CTG AAA TGC 
AAG -3' 

Zap-ZnGreen-R 5'- CAC GTA CAT CTT CTC ATC GTG CTG ACA ATT GAT 
GCG -3' 

ZnGreen1-Lib-1F 5'- AAG AAG ACC ACC GGC TGG NNK NNK AAT GAC CTG 
AAA TGC AAG -3' 

ZnGreen1-Lib-
1R 

5'- CTT GCA TTT CAG GTC ATT MNN MNN CCA GCC GGT 
GGT CTT CTT -3' 

ZnGreen1-Lib-2F 5'- CAG AAG AAG ACC ACC GGC NNK NNK GAC CTG AAA 
TGC AAG TGG -3' 

ZnGreen1-Lib-
2R 

5'- CCA CTT GCA TTT CAG GTC MNN MNN GCC GGT GGT 
CTT CTT CTG -3' 

ZnGreen1-Lib-3F 5'- CAG AAG AAG ACC ACC GGC NNK NNK AAT AAT GAC 
CTG AAA TGC -3' 

ZnGreen1-Lib-
3R 

5'- GCA TTT CAG GTC ATT ATT MNN MNN GCC GGT GGT 
CTT CTT CTG -3' 

ZnGreen1-Lib-4F 5'- CAC ATC AAT TGT CAG CAC NNK NNK GAG AAG ATG 
TAC GTG CGC -3' 
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ZnGreen1-Lib-
4R 

5'- GCG CAC GTA CAT CTT CTC MNN MNN GTG CTG ACA 
ATT GAT GTG -3' 

ZnGreen1-Lib-5F 5'- CAC ATC AAT TGT CAG CAC NNK NNK AAG ATG TAC 
GTG CGC -3' 

ZnGreen1-Lib-
5R 

5'- GCG CAC GTA CAT CTT MNN MNN GTG CTG ACA ATT 
GAT GTG -3' 

ZnGreen1-Lib-6F 5'- AAG AAG ACC ACC GGC TGG NNK NNK GAC CTG AAA 
TGC AAG -3' 

ZnGreen1-Lib-
6R 

5'- CTT GCA TTT CAG GTC MNN MNN CCA GCC GGT GGT 
CTT CTT -3' 

ZnGreen1-Lib-7F 5'- ATC AAT TGT CAG CAC NNK NNK GAT GAG AAG ATG 
TAC GTG -3' 

ZnGreen1-Lib-
7R 

5'- CAC GTA CAT CTT CTC ATC MNN MNN GTG CTG ACA 
ATT GAT -3' 

ZnGreen1-Lib-8F 5'- ATC AAT TGT CAG CAC CGG NNK NNK GAG AAG ATG 
TAC GTG CGC -3' 

ZnGreen1-Lib-
8R 

5'- GCG CAC GTA CAT CTT CTC MNN MNN CCG GTG CTG 
ACA ATT GAT -3' 

ZnGreen1-Lib-9F 5'- AAC CAC ATC AAT TGT CAG CAC NNK CCG CGT GAT 
GAG AAG ATG TAC -3' 

ZnGreen1-Lib-
9R 

5'- GTA CAT CTT CTC ATC ACG CGG MNN GTG CTG ACA 
ATT GAT GTG GTT -3' 

ZnRed-F 5'- GAT GAT GAT AAG GAT CTC GCC ACA ATG GTC GAC 
GTG AGC AAG GGC GAG GAG GAT -3' 

ZnRed-0R 5'- CTT CCA CTT GCA TTT CAG GTC AGC CTC CCA GCC 
CAT GGT CTT -3' 

ZnRed-0F 5'- AAC CAC ATC AAT TGT CAG CAC GAG GAG CGG ATG 
TAC CCC GAG -3' 

ZnRed-R 5'- ATC TTC TCT CAT CCG CCA AAA CAG CCA AGC TTA 
CTT GTA CAG CTC GTC CAT GCC -3' 

Zap1-ZnRed-F 5'- AAG ACC ATG GGC TGG GAG GCT GAC CTG AAA TGC 
AAG TGG AAG -3' 

Zap1-ZnRed-R 5'- CTC GGG GTA CAT CCG CTC CTC GTG CTG ACA ATT 
GAT GTG GTT -3' 

ZnRed-Lib-1F 5'- AAG ACC ATG GGC TGG GAG GCT NNK GAC CTG AAA 
TGC AAG TGG AAG -3' 

ZnRed-Lib-1R 5'- CTT CCA CTT GCA TTT CAG GTC MNN AGC CTC CCA 
GCC CAT GGT CTT -3' 

ZnRed-Lib-2F 5'- CAC ATC AAT TGT CAG CAC GGC NNK GAG GAG CGG 
ATG TAC CCC GAG -3' 

ZnRed-Lib-2R 5'- CTC GGG GTA CAT CCG CTC CTC MNN GCC GTG CTG 
ACA ATT GAT GTG -3' 

ZnRed Lib-3F 5'- CAC ATC AAT TGT CAG CAC GGC NNK NNK TCG GAG 
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CGG ATG TAC CCC GAG -3' 

ZnRed-Lib-3R 5'- CTC GGG GTA CAT CCG CTC CGA MNN MNN GCC GTG 
CTG ACA ATT GAT GTG -3' 

ZnRed-Lib-4F 5'- AAC CAC ATC AAT TGT CAG CAC NNK NNK GAG GAG 
CGG ATG TAC CCC GAG GAC -3' 

ZnRed-Lib-4R 5'- GTC CTC GGG GTA CAT CCG CTC CTC MNN MNN GTG 
CTG ACA ATT GAT GTG GTT -3' 

ZnGreen2-F 5'- ACA ATG GTC GAC GCA AAG GGA AAA TGT CCA GTA 
TGC GGT GCT GAA TTA ACA GAT -3' 

ZnGreen2-R 5'- TCA GTA AGC TTA GTC AGT CAG CTC TGC TCC ACA 
CAC AGG GCA CTT GCC TTT AGC -3' 

ZnGreen2-F0 5'- AAA TGT CCA GTA TGC GGT GCT GAA TTA ACA GAT 
GAG AAG ATG TAC GTG CGC GAC GGC -3' 

ZnGreen2-R0 5'- CTC TGC TCC ACA CAC AGG GCA CTT GCC TTT AGC 
AAG CCA GCC GGT GGT CTT CTT CTG -3' 

ZnGreen2-Lib-F1 5'- AAA TGT CCA GTA TGC GGT GCT GAA TTA ACA GAT 
NNK GAG AAG ATG TAC GTG CGC GAC GGC -3' 

ZnGreen2-Lib-
R1 

5'- CTC TGC TCC ACA CAC AGG GCA CTT GCC TTT AGC 
MNN AAG CCA GCC GGT GGT CTT CTT CTG -3' 

ZnGreen2-Lib-F2 5'- AAA TGT CCA GTA TGC GGT GCT GAA TTA ACA GAT 
NNK AAG ATG TAC GTG CGC GAC GGC -3' 

ZnGreen2-Lib-
R2 

5'- CTC TGC TCC ACA CAC AGG GCA CTT GCC TTT AGC 
MNN CCA GCC GGT GGT CTT CTT CTG -3' 

pCMV-
ZnGreen1-F 

5'- ATA CGA CTC ACT ATA GGG AGA CCC AAG CTT GCC 
GCC ACC ATG  
GTC GAC GTG AGC AAG GGC -3' 

pCMV-
ZnGreen1-R 

5'- TAG CAA GCT TAA TGA TGG TGG TGA TGG TGT TGG 
TCA CGC GTA GCC TCC CA -3' 

pCMV-
ZnGreen2-F 

5'- CTG TAG AAG CTT GCC GCC ACC ATG GTC GAC GCA 
AAG GGA AAA TGT CCA -3' 

pCMV-
ZnGreen2-R 

5'- TCA TGA CTC GAG TTA GTC AGT CAG CTC TGC TCC 
ACA CAC AGG -3' 

pCMV-ZnRed-F 5'- GGA GAC CCA AGC TTG CCG CCA CCA TGG TCG ACG 
TGA GCA AGG GCG AG -3' 

pCMV-ZnRed-R 5'- GTC GAC CTC GAG TTA CTT GTA CAG CTC GTC CAT 
GCC GCC GGT -3' 

pNuc-ZnRed-F 5'- AAC TGA GCT AGC CGC CAC CAT GGT CGA CGT GAG 
CAA GGG CGA G -3' 

pNuc-ZnRed-R 5'- TCA GTT CTC GAG ACT TGT ACA GCT CGT CCA TGC C 
-3' 

pDisplay-Vector-
F 5'- GAA CAA AAA CTC ATC TCA GAA GAG GAT CTG -3' 

pDisplay-Vector- 5'- AGC ATA ATC TGG AAC ATC ATA TGG ATA GTC -3' 
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ZnGreen1-
Display-F 

5'- GAC TAT CCA TAT GAT GTT CCA GAT TAT GCT GCT 
AGC ATG GTC GAC GTG AGC AAG GGC GAG -3' 

ZnGreen1-
Display-R 

5'- ATT CAG ATC CTC TTC TGA GAT GAG TTT TTG TTC 
ACC GGT CTT GTA CAG CTC GTC CAT GCC -3' 




