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ABSTRACT OF THE DISSERTATION 

 

 Genetically Encoded FRET-Based Probes for Live Cell Imaging 

 
 

 

by 
 

 

Suzan Ali Youssef 

 

Doctor of Philosophy, Graduate Program in Chemistry 
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Dr. Huiwang Ai, Chairperson 

 

 

 

          Biosensors based on the principle of Förster resonance energy transfer (FRET) 

have proven to be powerful tools for biological research. Aided by the plethora of color 

variants to green fluorescent proteins, numerous FRET-based probes have been 

developed for study of molecular interactions, enzyme activities, and small molecules in 

live mammalian cells with high spatial and temporal resolution. In this dissertation, I 

focus on the development of genetically encoded FRET-based probes for cellular 

processes related to hydrogen sulfide and hypoxic signaling.  

          Hydrogen sulfide (H2S) has been recently identified as an important 

gasotransmitter playing crucial roles in cell signaling. We developed the first genetically 

encoded FRET-based biosensor, hsCY, for live-imaging cellular H2S. We utilized blue 

and fluorescent proteins (EBFP and cpGFP, respectively), and genetically modified the 

cpGFP with p-azidophenylalanine as the H2S-sensory element. We validated hsCY in 

vitro and mammalian cells and demonstrated the use of hsCY for selective, ratiometric 



 vii 

imaging of H2S. hsCY thus represents a valuable addition to the toolbox for H2S 

detection and imaging. 

          Oxygen is vital for all aerobic life forms. Oxygen-dependent hydroxylation of 

hypoxia-inducible factor (HIF)-1α by prolyl hydroxylase domain enzymes (PHDs) is an 

important step for controlling the expression of oxygen-regulated genes in metazoan 

species, thereby constituting a molecular mechanism for oxygen sensing and response. 

Herein, we report a genetically encoded dual-emission ratiometric fluorescent sensor, 

ProCY, which responds to PHD activities in vitro and in live cells. We demonstrated that 

ProCY could monitor hypoxia in mammalian cells. By targeting this novel genetically 

encoded biosensor to the cell nucleus and cytosol, we determined that the HIF-prolyl 

hydroxylase activity was mainly confined to the cytosol of HEK 293T cells under 

normoxic conditions. The results collectively suggest broad applications of ProCY on 

evaluating cellular hypoxia and PHD activities and understanding of pathways for the 

control of hypoxic responses. 

          As HIF-prolyl hydroxylases have emerged as promising drug targets for a variety 

of diseases, such as myocardial infarction, stroke, cancer, diabetes, and severe anemia, 

we also explored the use of ProCY in high-throughput assays to identify inhibitors or 

activators of PHDs. Our preliminary study supports the feasibility of this approach. A 

lentiviral system has been developed for transduction of HEK 293T and establishment of 

ProCY-expressing stable cells. 
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Chapter 1 

 

 

Introduction  

 

 

          Recent advancements in fluorescence microscopy coupled with fluorescent 

proteins have transformed Fluorescence (Förster) Resonance Energy Transfer (FRET) 

into a powerful technique to study the dynamics of signaling molecules with high spatial 

and temporal resolution. Unlike single intensity-based probes, FRET-based sensors 

provide a signal that is not sensitive to fluctuations in sensor concentration, optical path 

length or excitation intensity. FRET between two fluorescent proteins can be exploited to 

create fully genetically encoded sensors and thus subcellularly targetable sensors for the 

study and evaluation of cell signaling biomolecules such as hydrogen sulfide and prolyl 

hydroxylase domains. Since cell signaling is the basis of development, tissue repair, 

immunity and normal tissue homeostasis, sensors that targets cell signaling molecules are 

important to understand cell signaling pathways and to treat diseases effectively.  

 

1.1. Theory of FRET 

          Fluorescence resonance energy transfer (FRET) is an important physical 

phenomenon describing energy transfer between two light-sensitive fluorophores. It was 

first described over 50 years ago and it is being used to study important biological events 

such as protein-protein interactions, conformational changes in soluble and membrane-
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associated complexes, cellular and molecular imaging, DNA analysis, to name a few.  

Today, FRET is used more and more in biomedical research and drug discovery.
1 

FRET 

involves a transfer of energy from a donor chromophore in its excited state to a nearby 

acceptor chromophore in a non-radiative fashion through long-range dipole-dipole 

interactions. The donor molecule is the molecule that initially absorbs energy upon 

irradiation and the acceptor chromophore is the molecule to which the energy is 

subsequently transferred. This energy transfer causes a reduction in the donor’s 

fluorescence intensity and excited state life time, and a subsequent increase in the 

acceptor’s fluorescence emission intensity. In theory, the excited fluorophore can be 

treated as an oscillating dipole that can undergo an energy transfer with a second dipole 

having a similar oscillating frequency. For FRET to occur, some conditions need to be 

met; First, the donor and acceptor molecules must be in close proximity (10-100 A). 

Second, the absorption or excitation spectrum of the acceptor must overlap the 

fluorescence emission spectrum of the donor. Also, the orientation of the donor and 

acceptor transition dipoles should be approximately parallel.
2
 Therefore, FRET is a 

sensitive phenomenon that is capable to inform us whether the donor and the acceptor 

molecules are close to one another on a molecular scale (usually within 1-10 nm), and 

whether they are moving relative to each other.  

 

 1.2. Why Fluorescent Protein-FRET Based Sensors?  

          Fluorescence resonance energy transfer between two differently colored 

fluorescent proteins have gained popularity because of the ease of GFP targeting. Two 

fluorescent proteins of different hues are used as the donor and acceptor fluorophores in 
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the design and construction of FRET-based biosensors for a variety of biologically 

relevant ions, molecules, and specific enzymatic activities to answer numerous questions 

in cell biology.
3 

While intensity-based FP sensors highly depend on the excitation source 

and sensor concentration, FP-FRET can eliminate or reduce the effect of these factors by 

self-calibration of the two emission bands. Two different types of FP-FRET have been 

utilized. The first type is based on intramolecular FRET between FPs fused to opposite 

ends of an environmentally sensitive peptide or protein. Such sensors have been 

developed to measure intracellular metal ions such as Ca
2+

,
 
and Zn

2+
, study of cAMP 

activity, protease activity and many other cellular events. The second type is based on 

intermolecular FRET between two FP-labeled proteins and is mainly used to study 

protein-protein interactions.
4
 Choosing a donor/acceptor pair for fluorescent protein-

based FRET applications is facile due to the plethora of color variants reported that show 

improved spectral properties and have good overlap. Yet, the critical and challenging 

element for high FRET efficiency is the proximity of the pairs. One pair of fluorescent 

proteins originally used for FRET was a blue fluorescent protein (BFP) donor and a GFP 

acceptor. The BFP donor is a GFP mutant with a Tyr66His mutation. BFP initially used 

had a low quantum yield and bleaches easily.
5
 Improved versions of BFP have been 

reported that were brighter than BFP. However, EBFP2, one of the improved versions of 

BFP, have been proved to be the blue FP of choice for use in live cell fluorescence 

imaging due to its higher photostability.
6 

Therefrom, in Chapter 2 of this dissertation, we 

utilized EBFP2 as the FRET donor along with a circularly permutated green fluorescent 

protein (cpGFP) originally derived the Ca
2+

 sensor, inverse pericam, and further 
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improved in our laboratory by mutagenesis methods
7,8 

for designing a FP-Based sensor 

for H2S imaging. Another FP-FRET pair widely used for a variety of applications 

involves the cyan-(Tyr66Trp-based chromophore) and the yellow-(Thr203Tyr-based 

substitution) emitting variants of GFP as the FRET donor and acceptor, respectively. 

ECFP and YPet, the improved versions of the cyan and the yellow FPs respectively, have 

been proved to remarkably enhance the sensitivity of the different ECFP/YPet FRET 

biosensors reported. Thus, we utilized ECFP/YPet pair in chapter 3 of this dissertation to 

design our FP-FRET sensor for hypoxia and prolyl hydroxylases. To quantify FRET in 

FP-FRET probes such as the sensors we developed in this thesis, the ratio change of 

fluorescence emission intensity of the acceptor to the donor is measured. Such 

quantification method is simple and ideal for FP-FRET sensors when appropriate controls 

are used since the fluorescence intensity signal is collected using emission filters chosen 

for both the donor and the acceptor fluorescence.  

 

1.3. Genetically Encoded Fluorescent Sensors 

          Genetically encoded fluorescent protein probes are sensors that are encoded by a 

nucleic acid sequence and are synthesized entirely by a cell.
9
 These sensors are 

incorporated into the cell or organism as plasmid DNA, and expressed into a functional 

sensor by the cell machinery. Once the sensor is incorporated into the system of interest, 

a long-term optical signal is generated in response to a cellular event, such as binding of a 

molecule to a sensing domain or change in protein conformation which can then be 

detected by a microscope (Figure 1.1).
10

 Genetically encoded fluorescent sensors are 
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attractive tools because they provide an insight into the real-time biochemistry of living 

cells and organisms. 

 

 

 

 

Figure 1.1. Steps involved in engineering of a genetically encoded fluorescent sensor by    

the cell machinery. 

 

 

          Many genetically encoded fluorescent probes that utilize single fluorescent proteins 

and fluorescence resonance energy transfer (FRET) have been developed to address the 

spatiotemporal regulation of various biological processes in cells. Examples include 

sensors for ions,
11,12

 molecules,
13,14

 enzymatic activities,
15,16

 oxidation-reduction events,
17 

changes in membrane potential and channel conformation,
18

 and other events. One of the 

major advantages of genetically encoded sensors is that they can be targeted to 

subcellular compartments by fusing them to a signal sequence or protein that localizes to 
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a specific region in the cell.
19 

This approach enables the analysis of many proteins and 

cellular signals occurring at different locations within the complex cell while preserving 

the spatiotemporal control of protein function and signaling cascades. Another important 

advantage is that these sensors do not require cell-invasive procedures and can be easily 

incorporated into cells, tissues, and even organisms by transfection of plasmid DNA or 

transgenic technologies. Moreover, genetically encoded sensors can be easily modified 

through mutagenesis and directed evolution approaches.
20

  

 

1.4. Green Fluorescent Proteins and Evolution 

1.4.1. The Green Fluorescent Protein  

          Genetically encoded fluorescent sensors use the Green Fluorescent Protein (GFP) 

from the jellyfish Aquorea victoria, its siblings from other organisms, and engineered 

variants of the members of the “GFP-family” as autofluorescent proteins.
21

 GFP and its 

related variants have become an important tool as genetic tags to monitor gene 

expression, protein localization and dynamics, protein-protein interactions, intracellular 

transport pathways, cell division and other phenomena in living cells and organisms.
22

 

The wild-type GFP from the jellyfish Aequorea Victoria is a monomeric protein 

composed of 238-amino acid residues (26.9 kDa) which exhibit green fluorescence when 

exposed to light in the blue to ultraviolet range. The excitation spectrum of this protein 

has a major maximum at about 395 nm and a significantly smaller peak at about 475 nm 

due to the neutral and anionic chromophores, respectively. The emission spectrum has a 

sharp maximum at about 505 nm and a shoulder around 540 nm.
23-25

 The anionic 
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chromophore is generated from the neutral chromophore through an exited-state proton 

transfer mechanism when irradiated. Crystal structure of GFP shows a barrel formed by 

11-stranded  sheets that accommodates an internal distorted helix with the chromophore 

located in the center of this barrel (Figure 1.2). The fluorescent chromophore of the wild-

type GFP is generated spontaneously by peptide cyclization of residues Ser65 and Gly67 

to form a five-membered imidazolinone ring, followed by oxidation and dehydration of 

the - bond of Tyr66. Two mechanisms have been proposed for the maturation process 

that differ in the order of the oxidation and hydration steps as seen in Figure 1.3.
26

 The 

barrel structure, and the mechanism of chromophore formation is thought to be similar in 

all fluorescent proteins, regardless of the source. Gene sequences of the now over 100 

naturally available FPs show that only four amino acid residues are absolutely conserved. 

The first residue is the Tyr66 which can be replaced with any aromatic residue by 

mutagenesis methods. This finding led to the discovery of the widespread blue (BFP) and  

cyan (CFP) variants which involve the Tyr66His and Tyr66Trp mutations, respectively. 

The second residue is the Gly67 that is essential for cyclization of the chromophore. The 

last two conserved amino acid residues are Arg96 and Glu222 that are positioned near the 

chromophore and play an important catalytic role in chromophore maturation.
27,28

 Studies 

also showed that although the chromophore is formed by the aforementioned three amino 

acid residues, nearly the entire sequence is required to generate a functional chromophore 

as it protects the chromophore from the surrounding environment. Because it is a protein,   
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Figure 1.2. Structure of the Green Fluorescent Protein from the jellyfish Aequorea 

Victoria. GFP has a beta barrel structure consisting of 11- sheets, with an -helix 

containing the covalently bonded chromophore located in the middle. The cylinder has a 

diameter of about 3 nm and a length of about 4 nm.  
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FP gene sequence, and therefore its structure and properties, can be conveniently 

manipulated using standard molecular biology tools. These techniques led to the 

development of a wide color palette that span the entire visible spectrum from deep blue 

to deep red, providing a wide choice of genetically encoded markers to be used 

simultaneously when coupled with the advanced imaging instruments.
29

 GFP and its 

variants are important tools not only because they are fluorescent, but also due to their 

high stability to thermal and chemical denaturation resistance to proteolysis, and the fact 

that chromophore maturation does not require cofactors or enzymes (only molecular 

oxygen).
30-32 

 

1.4.2. Circular Permutation of the Green Fluorescent Protein 

          The vast majority of GFP mutants generated were the result of mutagenesis 

methods performed on the natural, linear genetic sequence of GFP. Circular permutation 

of GFP is an alternative method of protein engineering compared to these standard 

mutagenesis procedures. It involves linking the original N- and C- terminal ends directly, 

or through a short linker and subsequently generating new termini at sites within the 

folding of FPs.
33

 In practice, this is performed on the genetic sequence encoding the 

corresponding protein using polymerase chain reaction (PCR) technology. Due to its tight 

interwoven three-dimensional structure, and the fact that the chromophore is formed after 

a series of posttranslational modification (Figure 1.3), one may expect that circular 

permutation of GFP would prevent fluorescence. In fact, circular permutation of GFP 

have been extensively studied for its impact on chromophore maturation. Baird et al.
34 
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have showed that several circularly permutated GFPs are still fluorescent despite 

rearrangement. For example, by linking the original N- and C- termini with a hexapeptide 

linker and generating a new N-terminal at Y145 site so that the fluorescent protein 

sequence begins at Y145, the fluorescence intensity was not affected. The generated N- 

and C- termini are close to the chromophore, and therefore the chromophore would be 

more accessible to small molecules such as hydrogen sulfide. For this reason, we utilized 

a circularly permutated GFP that starts at Y145 to develop the hydrogen sulfide sensor 

described in Chapter 2.    

 

1.5. The Genetic Code and Expansion  

1.5.1. The Genetic Code   

          The genetic code is a set of rules that defines how information encoded within 

DNA or RNA is translated into the 20-letter code of amino acids that constitute the 

building blocks of proteins. The sequence of the bases or nucleotides in the gene 

determines the sequence and the content of those amino acids in proteins. With some 

exceptions,
35 

each codon, represented by a three-nucleotide sequence, is specific for only 

one amino acid, while a single amino acid may be coded for by more than one codon. 

There are four different nucleotides allowing for 64 possible combinations of codons to 

be made. Of these 64 possible codons, 61 represent the 20 natural amino acids, while the 

rest three codons are stop signals. Decoding of the genetic message occurs in the 

ribosome and depends on the presence of an aminoacyl-tRNA whose anticodon matches 

the mRNA codon, with the cognate amino acid esterified to the tRNA’s 3’- terminal 
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adenosine. Ribosomal protein synthesis also depends on the aminoacyl-tRNA synthetase 

(aaRSs); an enzyme responsible for the esterification of the cognate amino acid to the 

corresponding tRNA species. Once the codon in an mRNA is recognized by a specific 

tRNA anticodon that is aminoacylated with the appropriate amino acid, a new amino acid 

is added into the peptide chain. A chain of amino acids is formed as the ribosome moves 

along the mRNA which is released once a stop codon that is not recognized by any tRNA 

is encountered.
36,37

  

 

1.5.2. Genetic Code Expansion 

          With few exceptions, such as selenocysteine
38 

and pyrrolysine,
39 

the genetic code is 

preserved in all known organisms and encodes the same 20 amino acids. The biosynthesis 

of proteins containing modified amino acids has long been a subject of interest as it helps 

manipulating protein structures and functions. Site-directed mutagenesis methodology is 

a powerful conventional method used by researchers to explore protein structures and 

roles by replacing amino acid residues in proteins of interest.
40,41

 However, the number of 

mutations that can be made using site-directed methods are limited. An alternative 

approach involves developing methods to incorporate unnatural amino acids into proteins 

to precisely alter their steric and electronic properties, or introduce spectroscopic probes, 

posttranslational modifications, metal chelators, photoaffinity labels, or other chemical 

functional groups. Such methods enable the evolution of proteins with new or enhanced 

properties and allows to explore protein structure and function both in vitro and in vivo.
42 

Multiple methods have been developed for this purpose, for example proteins can be 
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modified at their side chains,
43 

but this method can only be applied to certain amino acid 

residues and can lead to non selective and non-quantitative derivatization. Solid-phase 

peptide synthesis has also been developed to introduce unnatural amino acids or modify 

peptide/protein backbone. However, this method is best suited for peptides and small 

proteins.
44

 To produce larger proteins, chemical
45

, and intein-mediated peptide ligations 

can be utilized.
46

 In addition to the chemical methods used to incorporate unnatural 

unnatural amino acids into proteins, researchers have developed a general in vitro 

biosynthetic method which uses nonsense suppressor tRNA that are chemically 

misacylated with the amino acid.
47

 An alternative to the aforementioned methods is the 

incorporation of an unnatural amino acids directly at a defined site in proteins in living 

organisms. This methodology provides a powerful tool to study protein structure and 

function both in vitro and in vivo. It also overcomes the challenges with the above 

methods owing to its fidelity, higher yields and technical ease.
42

 In fact, Schultz and 

others developed a genetic code expansion method to site-specifically introduce a non-

canonical amino acid in proteins.
42,48

 The method requires an ‘orthogonal’ aminoacyl 

tRNA synthetase/tRNA pair, that is, a synthetase that aminoacylates the orthogonal tRNA 

but none of the endogenous tRNAs, and a tRNA that does not encode any of the 20 

canonical amino acids and only deliver the novel amino acid in response to a unique 

codon. In addition, an unnatural amino acid that is not identified by the endogenous 

synthetase is required (Figure 1.4). The unnatural amino acid should also be cell 

permeable, non-toxic, and stable to endogenous metabolic enzymes.  
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Figure 1.3. Steps involved in chromophore maturation of the GFP. Two proposed 

mechanisms for chromophore maturation from three residues in the wild-type GFP. After 

peptide cyclization, the five-membered imidazolinone intermediate then undergoes 

dehydration (left) or oxidation (right) followed by formation of an - double bond in 

Tyr66. The green anionic chromophore is generated from the neutral chromophore 

through an exited-state proton transfer when irradiated. 
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          In a typical experiment, a pre-engineered orthogonal tRNA with its anticodon 

complementary to a stop codon or a 4-based codon, and a pre-engineered aminoacyl 

tRNA synthetase that charges only the unnatural aminoacid to the orthogonal tRNA, are 

co-expressed in cells. The unnatural amino acid is added to the culture media. The host 

cells then use its protein synthesis machinery to link the amino acid with the suppressor 

tRNA and synthesize modified proteins containing site-specifically incorporated 

unnatural amino acids. 

          Methods are well established to identify the orthogonal synthetase-tRNA pair 

which involve a two-step procedure. In the first step, the synthetase-tRNA pair is isolated 

from an orthologues organism to the host of interest. In the second step, the specificity of 

the synthetase enzyme is altered to only recognize the unnatural amino acid. This can be 

achieved by a two-step positive and negative selection methods in which large libraries of 

mutations in the active site of the synthetase are created, and then synthetases that only 

identify the non-canonical amino acid are selected. Using this methodology, four 

synthetase-tRNA pairs have been developed and successfully used to incorporate more 

than 90 unnatural amino acids with distinct chemical reactive groups into the genetic 

codes of the Escherichia coli, yeast, mammalian cells, and C. elegans.
36,42,49

 For example, 

p-Azido-L-phenylalanine (pAzF) (Figure 1.5) was efficiently incorporated into proteins 

expressed in E. coli in response to the amber (TAG) codon with high translational fidelity 

using the Methanococcus jannaschii tyrosyl tRNA and tyrosyl-tRNA synthetase pair  
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Figure 1.4. Schematic diagram showing a general method for genetic incorporation of 

unnatural acids (UAAs) in live cells. The orthogonal synthetase is engineered to charge 

the desired UAA onto the orthogonal tRNA, and the tRNA decodes a unique codon (such 

as the amber stop codon UAG) to incorporate the UAA into proteins through translation. 
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(MjTyrRS/MjtRNACUATyr).
47 

The MjTyrRS/MjtRNACUATyr orthogonal pair was the first 

pair generated to introduce unnatural amino acids in E. coli. In Chapter 2 of this 

dissertation we incorporated pAzF into our probe to sense hydrogen sulfide (H2S), an 

important signaling molecule, in live mammalian cells using the above genetic code 

expansion strategy. The azido functional group in the unnatural amino acid pAzF acts as  

the recognition unit that is reduced to amino group in the presence of H2S. Consequently, 

by using the genetic code expansion method, we were able to monitor intracellular H2S.  

 

 

 

 

Figure 1.5. Chemical structure of p-Azido-L-phenylalanine (pAzF). 

 

 

1.6. Cell Signaling via Hydrogen Sulfide and HIF-1  

1.6.1. Hydrogen Sulfide and Cell Signaling 

          Hydrogen sulfide (H2S), which was well known as a toxic gas, is increasingly 

recognized as an important signaling molecule in recent years. It is mainly produced from 
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L-cysteine in the mitochondria and cytosol of mammalian cells by enzymes. For 

example, the Pyridoxal 5’-phosphate-dependent cystathionine -synthase (CBS) and  

cystathionine -lyase (CSE) catalyze the formation of H2S in the cytosol. Other enzymes 

such as cysteine aminotransferase (CAT) and 3-mercaptopyruvate sulfurtransferase (3-

MST) convert L-cysteine to H2S in the mitochondria and the cytosol of mammalian cells. 

Cysteine lyase (CL) can also convert L-cysteine into H2S. While most emphasis has been 

on its enzymatic formation, endogenous production of H2S, also occurs via nonenzymatic 

pathways through the reduction of thiol and thiol-containing molecules, and from 

intracellular sulfur stores (bound sulfane sulfur) at certain physiological conditions.
50

   

          Since the discovery of its potential role in biological systems, extensive studies 

have been done to study the importance of H2S in cell signaling. H2S appears to be 

involved in sulfhydration, a post-translational modification of proteins, by modifying 

cysteines in a large number of proteins leading to the formation of persulfides (-S-SH). 

Emerging evidence has shown that physiological H2S acts as a neuromodulator, a 

regulator of cardiovascular and gastrointestinal systems and a relaxant of smooth 

muscles. It is also reported that H2S regulates ATP-sensitive K
+ 

(KATP) channels, acts as a 

scavenger of reactive oxygen species (ROS), and play important roles in 

inflammation.
50,51

 Although diverse physiological and pathological processes have been 

linked to H2S, more biological roles are yet to be identified. 
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1.6.2. Signaling via HIF-1  

          Studies of the adaptation to low oxygen concentrations have identified the 

Hypoxia-Inducible Factor-1 (HIF-1) as the key component in the signaling pathway that 

controls the hypoxic response of mammalian cells. Cellular hypoxia, a decrease in 

oxygen concentration below normal, occurs in both physiological and pathological 

conditions. Adaptation to low oxygen concentration involves a signal transduction 

mechanism through post-translational modifications of the  subunit of HIF-1. 

Hydroxylation, as well as other post-translational modifications, controls HIF-1 half-life 

and/or transcriptional activity.
52

 HIF-1 consists of a heterodimer composed of a stable  

subunit and an oxygen-regulated  subunit that is rapidly degraded under normal 

conditions ( half-life is less than 5 min in 21% O2 ) but stable under hypoxic conditions 

(~1-2 % O2).
53

 Three isoforms of the  subunit  are identified: HIF-1, -2, and -3. 

Yet,  HIF-1 is the best characterized form.  

          In mammalian cells, three hypoxia-inducible factor prolyl 4-hydroxylases (PHD1-

3) regulate the HIF-1 by hydroxylating one or both proline residues in the oxygen-

dependent degradation domain of its  subunit. However, PHD2 appears to be the 

predominant form that regulates HIF-1 in vivo.
53 

In normal condition, hydroxylation of 

at least one of two proline residues generates a binding site for the von Hippel-Lindau 

tumor suppressor (pVHL) which acts as the recognition unit for the ubiquitin-dependent 

proteolysis of HIF-1 by ubiquitin ligase. In contrast, the lack of oxygen inhibits 

hydroxylation of HIF-1 so that it is no longer recognized by the pVHL and degraded but 
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instead translocate into the nucleus, dimerizes with HIF-, and activates the target genes. 

HIF-1 is responsible for the induction of more than 70 genes in hypoxic conditions 

including genes with roles in angiogenesis, erythropoiesis, energy metabolism, vasomotor 

function, and apoptotic/proliferation responses. It also plays a key role in many 

pathological conditions such as cardiovascular and inflammatory diseases as well as 

tumor growth. Moreover, it has been suggested that activation of HIF-1 signaling might 

act as a potential treatment for various conditions including ischemia, stroke, heart attack, 

inflammation, and wounding. One possible route of HIF-1 activation involves the 

inhibition of the HIF-1 prolyl 4-hydroxylases.
54 

 

 1.7. Scope of this Dissertation 

          This dissertation focuses on the development and characterization of genetically-

encoded FRET-based sensors for the detection of H2S and prolyl hydroxylase enzyme in 

mammalian cells. In Chapter 2, we have designed, engineered, and characterized the first 

genetically encoded FRET-based probe, hsCY, for H2S. In this study, we have fused a 

genetically modified circularly permutated green fluorescent protein, cpGFP, with an 

enhanced blue fluorescent protein, EBFP2, to generate H2S-FRET sensor. Genetic code 

expansion strategy was utilized to incorporate the unnatural amino acid, p-

azidophenylalanine (pAzF), into cpGFP that is served as the FRET acceptor to EBFP2. 

Upon reaction with H2S, the FRET ratio signal of cpGFP to EBFP2 increased indicating 

that the azido functional group has been reduced to an amino functional group. We tested 

hsCY in vitro and in mammalian cells, and demonstrated that hsCY could be used to 
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selectively monitor H2S in mammalian cells. hsCY thus represents a valuable addition to 

the toolbox for H2S detection and imaging. 

          In chapter 3 of this dissertation, we described a novel genetically encoded single-

chain fluorescent biosensor, ProCY, which can ratiometrically respond to prolyl 

hydroxylases (PHD) activities in vitro and in live cells. We designed the biosensor by 

fusing a proline-containing substrate peptide derived from HIF-1α and a small 10-kDa 

protein domain derived from the von Hippel-Lindau tumor suppressor (VHL) between an 

enhanced cyan FP (ECFP) and a yellow FP YPet. Hydroxylation of Pro564 of HIF-1α by 

PHDs in normoxic condition induce the interaction of the peptide with the VHL domain, 

leading to a conformational change that alters the distance and/or relative orientation 

between ECFP and YPet and trigger a measurable change in the FRET efficiency. In this 

study, we demonstrated that ProCY could monitor hypoxia in mammalian cells. By 

targeting this novel genetically encoded biosensor to the cell nucleus or cytosol, we 

determined that the HIF-prolyl hydroxylase activity was mainly confined to the cytosol of 

HEK 293T cells under normoxic culture conditions. Our results collectively suggest 

broad applications of ProCY on evaluation of hypoxia and prolyl hydroxylase activities 

and understanding of pathways for the control of hypoxic responses. 

          In chapter 4 of this dissertation, we aimed to utilize ProCY probe in a high- 

throughput screening assay format to screen for inhibitors of PHDs. Essentially, a series 

of validation steps should be performed before adopting the assay to automation and 

scale up. We transiently transfected ProCY into HEK 293T cells, however, our results 

showed that this method is not effective for HTS as cells tend to wash off the plate during 
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transfection. Alternatively, a lentiviral packaging system was used to transduce ProCY 

into the target cells. Since High-titer viruses are essential for high transduction efficiency, 

our packaging system requires further optimization steps. In this chapter we show how to 

pack a virus and transduce ProCY into HEK 293T cells. We also show how we get high-

titer viruses, a crucial step for live mammalian cells applications, before corroborating 

our assay compatibility with microtiter plates and screening for inhibitors of PHDs.  
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Chapter 2 

 

 

A FRET-Based Genetically Encoded Fluorescent Probe for Hydrogen Sulfide 

 

 

2.1. Abstract 

 

          Hydrogen sulfide (H2S) is an important gasotransmitter playing crucial roles in cell 

signaling. Incorporation of p-azidophenylalanine (pAzF) into fluorescent proteins (FPs) 

has been a successful strategy in developing intensity-based genetically encoded 

fluorescent sensors for H2S. However, currently there is no FRET-based genetically 

encoded fluorescent probe for H2S. Unlike intensity-based sensors, fluorescence 

resonance energy transfer (FRET)-based sensors eliminate most uncertainties in the 

detection by self-calibration of the two emission bands and they have been widely 

utilized for probing the dynamics of many molecules of biological interest. Here we 

report a genetically encoded reaction-based FRET H2S probe, hsCY, that can be used to 

selectively detect H2S. The chromophore of a circularly permutated green fluorescent 

protein (cpGFP) was modified with pAzF using genetic code expansion strategy. cpGFP-

pAzF was served as an FRET acceptor to an enhanced blue fluorescent protein (EBFP2). 

FRET ratio signal of cpGFP to EBFP2 increases upon reaction with H2S indicative of 

reduction of the azido functional group to an amino functional group. We characterized 

hsCY in vitro and tested in mammalian cells. The results collectively demonstrated that 

hsCY could be used to selectively monitor H2S in mammalian cells. 
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2.2. Introduction 

          Hydrogen sulfide (H2S), which was long considered a toxic gas with wide range of 

cytotoxic effects, has been recognized as the third gasotransmitter following nitric oxide 

(NO) and carbon monoxide (CO) playing important roles in cell signaling.
1
 H2S is a 

colorless, flammable, and water-soluble gas with a pKa1 value of 6.6. At a mammalian 

body temperature of 37 C, and at neutral pH, it equilibrates mainly with HS
-
.
2,3

 

Endogenous H2S can be produced enzymatically or non-enzymatically during sulfur 

metabolism through the reduction of thiol and thiol-containing molecules. Enzymes that 

catalyzes H2S production include cystathionine -synthase (CBS), cystathionine -lyase 

(CGL) and cysteine aminotransferase/3-mercaptopyruvate sulfurtransferase (3-MST).
4,5

 

More recently, there has been a growing interest in elucidating the biological roles of 

H2S. H2S is involved in sulfhydration, a post-translational modification of proteins, by 

modifying cysteines in a large number of proteins leading to the formation of persulfides 

(-S-SH). S-sulfhydration have important roles in the regulation of inflammation, 

endoplasmic reticulum stress and vascular tension.
6,7 

H2S has also been shown to mediate 

cardiovascular functions,
2,8

 and to regulate ATP-sensitive K
+ 

(KATP) channels.
9,10 

Furthermore,
 
accumulating evidences suggests that H2S functions as a signaling molecule 

in many biological processes such as neuromodulation, insulin release, anti-oxidation and 

angiogenesis.
4,11-13

 Mis-regulation of H2S is related to diseases such as the Down 

syndrome,
14

 Alzheimer’s disease,
15

 diabetes,
16

 and hypertension.
17

 Accordingly, 

dissection of the complex roles H2S play in biological and pathophysiological processes 

is highly needed. Yet the traditional H2S detection methods such as chromatographic,
18
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colorimetric,
19

 and electrochemical analysis
20

 methods does not allow for real-time and 

noninvasive detection. 

          Fluorescent probes are powerful tools for intracellular detection that allows a rapid 

and noninvasive investigation of physiological and pathological processes of interest with 

high spatiotemporal resolution.
21

 In fact, many synthetic H2S- responsive fluorescent 

probes have been developed based on distinct chemical principles including the reduction 

of azido groups to amino groups,
13,22-24

 reduction of nitro groups to amines,
25-27

 

nucleophilic reactions of H2S,
28,29

 and copper sulfide precipitation.
19,30-31

 Recently, two 

genetically encoded fluorescent probes, cpGFP-pAzF and hsGFP, containing the 

unnatural amino acid p-azidophenylalanine (pAzF) were developed for the detection of 

H2S in mammalian cells.
32,33

 A genetic code expansion technology
34

 was utilized in 

developing these sensors so that pAzF was introduced into the chromophore-forming 

Tyr67 position of a circularly permutated green fluorescent protein (cpGFP). Upon 

reaction with H2S, the azido group of pAzF is reduced into an amino group generating a 

fluorescent p-aminobenzylideneimidazolidone chromophore. Their genetic encodability 

allows them to be precisely localized to subcellular domains where H2S signaling 

occurs.
35 

In addition, these single-FP based sensors have relatively large dynamic ranges. 

However, currently there are no fluorescence resonance energy transfer (FRET) based-

sensors for H2S. A key advantage of FRET-based sensors is that they provide a 

ratiometric signal that is independent of sensor concentration, environment, and 

excitation intensity as compared to intensity-based fluorescent sensors.
36-38
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          Herein, we present the design, engineering, and characterization of the first 

genetically encoded FRET-based probe, hsCY, for H2S. hsCY shows selective and 

sensitive response to H2S in vitro and allows ratiometric imaging of H2S in live 

mammalian cells.   

 

2.3 Experimental Section 

2.3.1. Materials, Reagents, and General Methodology 

Synthetic DNA oligonucleotides for cloning and library construction were purchased 

from integrated DNA Technologies (San Diego, CA). Restriction endonucleases were 

purchased from New England Biolabs (Ipswich, MA, USA) or Thermo scientific 

Fermentas (Vilnius, Lithuania). Products of PCR and restriction digestion were purified 

by gel electrophoresis and extracted using Syd Laboratories Gel Extraction columns 

(Malden, MA, USA). Plasmid DNA was purified using Syd Laboratories miniprep 

columns. DNA sequence analysis was performed by the Genomic Core at the University 

of California, Riverside (UCR) or by Retrogen, Inc. Solutions for Functional Genomics, 

San Diego. All materials were obtained and used as previously described.
34,41

 Live-cell 

microscopic imaging was carried out at the UCR Microscopy Core at the Institute for 

Integrative Genome Biology. Sodium hydrosulfide (NaHS) in 30 mM Tris-HCl (pH 7.4) 

was employed as the H2S donor throughout this work. 

 

2.3.2. Construction of Escherichia coli Expression Plasmids and Libraries. 

           Polymerase chain reactions were utilized to amplify the gene fragments of the 

FRET donor and acceptor from pBAD-EBFP2 and pBAD-cpGFP, respectively.
39,40

 In 
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particular, oligos BFP-For and BFP-Rev were utilized to amplify EBFP2 gene fragment. 

The PCR product was then digested with HindIII and XhoI and ligated into a predigested 

pCDF-1b expression vector to afford pCDF-1b-EBFP2. The resultant ligation product 

was used to transform E. coli DH10B competent cells, which was next plated on Luria-

Bertani (LB) broth agar plates supplemented with spectinomycin (50 g/mL). In the 

second PCR reaction, oligos GFP-For and GFP-Rev were used to amplify cpGFP gene 

fragment from pBAD-cpGFP. The resultant PCR product was then digested with NcoI 

and HindIII and ligated into a predigested pCDF-1b-EBFP2 plasmid to afford FRET-0.1. 

The ligation product was then transformed into DH10B E. coli competent cells and plated 

on LB agar plates supplemented with spectinomycin (50 g/mL). To generate FRET-0.2, 

two separate PCR reactions were utilized. In the first PCR reaction, oligos BFP-For2, and 

BFP-Rev were utilized to amplify EBFP2 fragment from pBAD-EBFP2. The resulted 

PCR product was digested with HindIII and XhoI and ligated into a predigested pCDF-1b 

to afford pCDF-1b-BFP0.1. In the second PCR reaction, oligos GFP-For, and GFP-Rev2 

were used to amplify cpGFP fragment from pBAD-cpGFP. The PCR product were 

digested with NcoI and HindIII and ligated into a predigested pCDF-1b-BFP0.1. The 

ligation product was used to transform DH10B E. coli competent cells and plated on LB 

agar plates supplemented with spectinomycin (50 g/mL). To construct FRET-0.3, two 

separate PCR reactions were performed on pBAD-cpGFP to fully randomize residues 

H148, Thr203, and Ser205. In the first reaction H148X-For and TX-SX-Rev 

oligonucleotides containing degenerate NNK codons (in which N = A, T, G, or C, and K 

= G or T) were used, while in the second reaction TX-SX-For (containing degenerate 
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NNK codons) and GFP-Rev2 oligonucleotides were used. The products of these two 

reactions were then assembled using an overlap PCR-based strategy and outside primers 

to produce the full length gene. The amplified DNA fragment was then treated with NcoI 

and HindIII and ligated into a predigested pCDF-1b-BFP0.1. After screening the 

generated library for mutants that responds to H2S, FRET-0.3 was selected. To clone 

FRET-0.2 and FRET-0.3 into pBAD/His B, the gene fragments of both were separately 

digested with NcoI and XhoI restriction enzymes and ligated into a modified pBAD/ His 

B plasmid. To generate a library using error-prone PCR (ep-PCR), pBAD-FRET-0.2 and 

pBAD-FRET-0.3 were mixed and ep-PCR reaction were carried out using oligos pBAD-

For and pBAD-Rev. The reaction was carried out with Tag DNA polymerase for 38 

cycles in the presence of 200 M MnCl2 as previously described.
41  

Mutagenic PCR 

products were combined, separated by agarose gel electrophoresis, and digested with 

NcoI and XhoI. The resulting fragment was ligated into a modified pBAD/ His B, and the 

crude ligation mixture was transformed into E. coli DH10B cells by electroporation.  

 

2.3.3. Library Screening  

          To screen the library generated by randomizing residues H148, Thr203, and Ser205 

for mutants that responds to H2S, the gene Library in the pCDF-1b plasmid was used to 

cotransform E. coli BL21(DE3) competent cells with pEvol-pAzF by electroporation.
42

 

Cells were grown on LB agar plates supplemented with 50 g/mL spectinomycin and 50 

g/mL chloramphenicol and incubated at 37 C for 24 h. Random colonies were picked 

into 96 well plates containing LB broth supplemented with 50 g/mL spectinomycin, 50 
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g/mL chloramphenicol, 1mM IPTG, 0.02 % L-Arabinose and 1mM pAzF. The 96 well 

plates were first incubated at 37 C and 250 rpm overnight, and next at room temperature 

and 200 rpm for another 12 h. Crude proteins were extracted with B-PER Bacterial 

Extraction Reagents (Pierce, Rockford, IL) and tested with a final concentration of 1mM 

NaHS prepared in Tris-HCl buffer (pH 7.4). The fluorescence responses were monitored 

using a monochromator-based Synergy Mx Microplate Reader (BioTek, Winooski, VT) 

with excitation wavelength of 385 nm and emission scan between 405 nm and 600 nm. 

FRET-0.3 was then selected from the library based on the emission ratio of cpGFP to 

EBFP2. To screen the library generated from ep-PCR, the gene library in the modified 

pBAD/ His B plasmid was used to cotransform E. coli DH10B competent cells with 

pEvol-pAmF by electroporation. pEvol-pAmF was prepared by introducing 5 mutations 

(Y32T, E107T, D158P, I159L, and V164A) in both copies of the M. jannaschii 

aminoacyl-tRNA synthetase (AARS) of the pEvol-pAzF to afford pEvol-pAmF.
44 

Cells 

were grown on LB agar plates supplemented with 100 g/mL ampicillin, 50 g/mL 

chloramphenicol, 0.04% L-arabinose, and 1mM p-aminophenylalanine, pAmF. LB agar 

plates were incubated at 37 C for 24 h followed by incubation for 4-12 h at room 

temperature. Fluorescent colonies were selected and grown in Liquid LB medium and 

induced with 0.04% L-arabinose for protein expression. Crude proteins were extracted 
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Figure 2.1. Illustration of the FRET change of the genetically encoded dual-emission 

ratiometric fluorescent sensor, hsCY. Upon addition of H2S, the azido group of the 

cpGFP chromophore is reduced to an amino group forming the mature chromophore, and 

inducing FRET enhancement upon illuminating EBFP2. The chemical structures of the 

chromophore before and after conversion are shown. The basic tertiary structure 

schematic is adopted from Protein Data bank entries 3EVP (grey and green) and 2B3P 

(blue). 
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with B-PER, and FRET ratios were measured using a Synergy Mx Microplate Reader.  

After each round of screening, the best mutant was selected for the next round of ep-

PCR. 

 

2.3.4 Protein Expression and Purification.  

          To express hsCY, pEvol-pAzF and pBAD-hsCY were cotransformed into DH10B 

competent cells by electroporation and grown on LB agar containing 100 g/mL 

ampicillin and 50 g/mL chloramphenicol at 37 C overnight. One single colony was 

grown in 5 mL of LB broth supplemented with the appropriate antibiotics and allowed to 

grow at 37 C overnight with shaking. A saturated started culture was diluted 100-fold 

into 2YT medium containing the appropriate antibiotic and grown under the same 

conditions. When the OD600 reached 0.8, the expression culture was induced with 0.2% 

L-arabinose and 1mM pAzF. Culture flasks were then wrapped with aluminum foil to 

avoid the light-activated conversion of pAzF to pAmF, transferred to room temperature, 

and allowed to shake for 24 h before harvesting the cells. Pellets were then suspended in 

phosphate-buffered saline (PBS), lysed, and affinity-purified with nickel-nitrilotriacetic 

acid (Ni-NTA) agarose beads under native conditions. The con-centration of the protein 

was determined with a Bradford assay in comparison to a series of bovine serum albumin 

(BSA) standards.   

 

2.3.5. In Vitro Characterization.  

          A final protein concentration of 1 M was used in all in vitro assays. All assays 

were performed in Tris-HCl buffer (pH 7.4) at room temperature. Fluorescence emission 
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spectra were measured before and after reaction of hsCY with various concentrations of 

NaHS in Tris-HCl (pH 7.4) for 30 min. Kinetics experiments were performed by 

measuring the point fluorescence emissions at 450 nm and 500 nm using the excitation 

wavelength of 385 nm over 30 min at 2 min intervals. Selectivity assays were performed 

by incubating hsCY with various redox-active molecules (all solutions were prepared as 

previously described
39

) for 30 min at room temperature. FRET ratios of fluorescence 

emission intensities at 500 nm over emission intensities at 450 nm were calculated and 

represented as means  SD from three independent measurements. 

 

2.3.6. Construction of Mammalian Expression Plasmids 

          The GFP gene sequence of pBAD-hsCY was amplified using hsCY-HindIII-F and 

hsCY-EcorI-R oligonucleotides. After digestion with HindIII and EcorI, the product was 

ligated into a predigested pcDNA3 plasmid resulting in pcDNA3-GFP. Next, the BFP 

gene sequence of pBAD-hsCY was amplified with oligonucleotides hsCY-EcorI-F and 

hsCY-ApaI-R. The PCR product was treated with EcorI and ApaI and ligated into a 

predigested pcDNA3-GFP to afford pcDNA3-hsCY. To improve the mammalian 

expression of hsCY, we cloned hsCY into pMAH-POLY plasmid
39 

by digesting
 

pcDNA3-hsCY with HindIII and ApaI. The digested product was then separated on 

agarose gel electrophoresis, and ligated into a predigested pMAH-POLY vector to afford 

POLY-hsCY.  
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2.3.7. Mammalian Cell Culture and Imaging.  

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

Medium (DMEM) supplemented with 10% fetal bovine serum. Cells were incubated at 

37 C with 5% CO2 in humidified air for 24 h. HEK 293T cells were then co-transfected 

with 1.5 g PMAH-POLY and 1.5 g POLY-hsCY in the presence of 9 g PEI 

(polyethyleneimine, linear, M.W. 25KDs). After transfection, cells were cultured in 

special DMEM containing 1 mM pAzF but not L- methionine or L-cystine for 48 h. Cells 

were then cultured in fresh special growth medium without pAzF for an additional 12 h 

to deplete free pAzF. Next, cells in DPBS were imaged under a Leica SP5 confocal 

fluorescence microscope. Time-lapse imaging experiment was set at one frame per min 

for 31 minutes. The excitation laser was set at 380 nm, and emission was collected 

between 400 and 600 nm. NaHS (100 M) in DPBS was directly added to cells after 3 

initial frames. 

 

2.4 Results and Discussion 

2.4.1. Laboratory Engineering of hsCY 

To construct a FRET-based sensor for H2S, we selected cpGFP as the acceptor because of 

its favorable spectral properties and efficiency in protein folding and maturation.
39

 We 

hypothesized that these favorable properties make it an excellent FRET acceptor when 

fused to EBFP2 donor. EBFP2, an improved version of blue fluorescent proteins derived 

previously,
40 

serves as an excellent candidate based on its spectral properties and 

significant overlap with the spectra of GFP, and thus, would maximize the FRET signal. 
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We envisioned if we could incorporate a H2S-reactive functional group into cpGFP such 

as pAzF, an efficient FRET transfer from the donor EBFP2 to the genetically modified 

cpGFP acceptor could be achieved upon reaction with H2S and subsequently illumination 

of EBFP2 (Figure 2.1). For this reason, we constructed FRET-0.1 by fusing EBFP2 using 

a short floppy peptide linker (Figure 2.2). The construct was cloned into a pCDF-1b 

vector and expressed in BL21 (DE3) E. coli bacterial cells along with pEvol-pAzF in the 

presence of pAzF. Crude proteins were extracted with B-PER and tested with 1 mM H2S. 

Results of this reaction showed a small FRET ratio change upon reaction with H2S 

(Figure A1, Appendix A). Because the sensor is a reaction-based probe, we speculated 

that reducing the length between the two FPs induces an efficient energy transfer from 

the FRET donor to the acceptor. We thus cut the small floppy peptide linker and the first 

few amino acid residues at N-terminal of EBFP2 (FRET-0.2, Figure 2.2). FRET-0.2 was 

then co-expressed with pEvol-pAzF in BL21 E. coli cells in the presence of pAzF. 

Reaction of crude proteins extracted from E. coli cells with 1 mM H2S showed only a 

small FRET ratio improvement (Figure S1). Next, we aimed to improve the FRET 

efficiency by improving the spectral properties of the cpGFP acceptor. Consequently, we 

generated a library by fully randomizing three amino acid residues in FRET-0.2 namely 

H148, Thr203, and Ser205 (Figure 2.2). These residues appear to stabilize the phenolate 

ion of the chromophore in the wild type GFP through H-bonds interactions as shown in    
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Figure 2.2. Sequence alignment of hsCY and the different designs developed in this 

study. Residues forming the chromophores are boxed in green. pAzF is shown as Z 

(colored green). The mutations of hsCY are colored in blue. Residues are numbered 

according to the sequence of wild-type GFP. 

 

  



 41 

the crystal structure of EGFP.
44 

pAzF was incorporated into FRET-0.2 library to 

synthesize pAzF-containing proteins, and the library was screened for H2S-induced 

changes in bacterial colonies. Bacterial colonies were randomly picked and cultured in 

liquid media for protein expression. Their FRET ratios were quantitatively measured 

before and after reaction with H2S. After multiple rounds of bacterial screening, FRET-

0.3 (Figure 2.2) was chosen as our template for the next step. Reaction of FRET-0.3 with 

1 mM H2S showed a substantial FRET enhancement compared to FRET-0.2 (Figure A1-

Appendix A). We then mixed FRET-0.2 and FRET-0.3 to build a library using random 

error-prone mutagenesis technology. The library was cloned into a modified pBAD/His B 

vector instead to pCDF-1b used before to avoid cell toxicity generated by adding IPTG. 

We introduced pAmF to the generated library instead of pAzF by co-expressing the 

generated library in DH10B cells with pEvol-pAmF, a pEvol-vector containing two 

copies of M. jannaschii aminoacyl -tRNA synthetase (AARS) with 5 mutations (Y32T, 

E107T, D158P, I159L, and V164A) in both copies compared to pEvol-pAzF.
43

 GFP/BFP 

ratios of the pAmF-incorporated proteins was used as a measure to evaluate the 

maximum FRET signal we could get upon H2S-induced conversion of the azido groups to 

amino groups. Through the screening process, we identified a promising mutant showing 

a large GFP/BFP ratio signal. This mutant was selected and tested with H2S after 

incorporating pAzF. Results showed a > 2.7- fold of FRET ratio change in response to 1 

mM H2S. We named this mutant hsCY and performed more experiments to characterize 

it in vitro and live cell. 
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2.4.2 Spectroscopic Responses of hsCY to H2S 

          We next measured the fluorescence spectrum change of hsCY to various 

concentrations of H2S (Figure 2.3). Upon reaction with H2S, hsCY showed a decrease in 

emission intensity at 450 nm, and a concomitant increase of emission intensity peak at 

500 nm suggesting an increase of energy transfer between the donor and acceptor in 

response to H2S. The peak formed at 500 nm upon addition of H2S suggests that p-

azidobenzylideneimidazolidone chromophore was reduced to 

aminobenzylideneimidazolidone and that excitation of the EBFP2 caused an efficient 

energy transfer to this newly formed chromophore when excited at 385 nm. This fact also 

suggests that the reduced p-aminobenzylideneimidazolidone is highly fluorescent.  

          To measure the kinetics of the reaction, and to determine the sensitivity of hsCYto 

H2S, we monitored the FRET ratio (GFP/BFP) of hsCY in response to various 

concentrations of H2S. We found that the reaction was completed within 30 minutes 

(Figure 2.4). The result also showed that upon reaction of hsCY with 100 M or 1 mM 

H2S, the ratio increased from 0.62 to 0.96 and 1.73, respectively (corresponding to a 

change of 154 % and 279% respectively). To further investigate the relationship between 

the concentration of H2S and FRET signal, we plotted the ratio change of hsCY upon 

treating it with different concentrations of H2S from 1 to 100 M (Figure 2.5). The graph 

showed a linear relation-ship between the FRET ratio signal and the concentration of H2S 

suggesting that the formation of the chromophore, and the subsequent fluorescence 

resonance energy transfer is concentration-dependent. Next, we tested the selectivity of 

hsCY in response to different redox-active molecules commonly generated by cells, 
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including thiols, and reactive oxygen, nitrogen, and sulfur molecules at physiological 

concentrations or higher (Figure 2.6). Except for H2S, hsCY showed limited or no 

responses to all other redox-active species tested suggesting that hsCY is highly selective 

toward H2S. 

 

 

 

 

Figure 2.3. Fluorescence emission spectra of hsCY (1 M ) in response to various 

concentrations of H2S ( H2S concentrations are 1 mM, 100 M, 50 M , 20 M , and 0 

M from top to bottom) with arrows indicating the decrease of the emission intensity at 

450 nm and the increase of emission intensity at 500 nm. 
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Figure 2.4. GFP/BFP ratio changes of hsCY (1 M) in response to 1 mM H2S, 100 M, 

50 M, 20 M, and 0 M from top to bottom. 
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Figure 2.5. GFP/BFP Ratios of hsCY (1 M ) to H2S up to 100 M. 
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Figure 2.6. Chemoselectivity of hsCY against various redox-active chemicals: (1) Tris-

HCl, (2) 1 mM H2O2, (3) 100 M HOCl, (4) 100 M HOOtBu,  (5) 100 M 
.
OH (1 mM 

Fe
2+

 and 100 M H2O2), (6) 100 M 
.
OtBu (1 mM Fe

2+
 and 100 M HOOtBu), (7) 1 mM 

Vitamin C, (8) 1 mM DTT, (9) 5 mM L-cysteine (10) 100 M O2
.-
, (11) 100 M ONOO

-
, 

(12) 100 M Noc-5 (NO
.
 donor) (13) 100 M H2S, and (14) 1 mM H2S. 
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Figure 2.7. Live cell imaging of HEK 293T cells expressing hsCY. (A-F) Pseudo-

colored ratiometric imaging of HEK 293T cells treated with 100 M H2S at (A) 0 min, 

(B) 5 min, (C) 10 min, (D) 15 min, (E) 20 min, and (F) 30 min. (G) Calculated FRET 

ratios of individual cells indicated by arrows in  F.   
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2.4.3 Expression of hsCY in live Live Mammalian Cells  

          To validate the use of hsCY for H2S imaging in living mammalian cells, we 

transiently co-transfected PMAH-hsCY and PMAH- POLY containing the orthogonal 

synthetase/tRNA pair that incorporates pAzF into hsCY in HEK 293T cells in the 

presence of pAzF. Upon treating the cells with 100 M H2S, a large increase in the FRET 

ratio signal was observed within 30 minutes when excited at 405 nm (Figure 2.7A-F). 

FRET ratio analysis of cells showed a ~214 % FRET change that reached its maximum 

within 20 minutes (Figure 2.7G). The larger dynamic range of the probe in mammalian 

cells as compared to the in vitro experiments, is also observed in the previously reported 

H2S probes, hsGFP and cpGFP-pAzF.
32,33 

Better
 
protein folding

 
and higher fidelity of 

mammalian pAzF synthetase have been proposed to account for this observation. Taken 

together, we show that hsCY is a robust ratiometric probe for H2S both in E. coli and in 

mammalian cells.  

 

2.5 Conclusion 

          To conclude, we developed hsCY, the first genetically-encoded ratiometric probe 

for H2S by combining genetic code expansion and FP-based FRET technology. hsCY 

showed selective H2S-induced FRET ratio change by modulation of the donor 

fluorescence intensity. When tested in live mammalian cells, hsCY exhibited a large 

ratiometric response to H2S. hsCY thus represents a valuable addition to the toolbox for 

H2S detection and imaging. In addition, our sensor design and optimization strategy may 
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be applied to derive similar FRET-based probes for other cellular reactive chemical 

species.  

 

Appendix Material 

List of primers used, % FRET change of all the constructs studied in this chapter with 1 

mM H2S, and full protein sequence of hsCY. This material is in Appendix A. 
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Chapter 3 

 

 

A Genetically Encoded FRET Sensor for Hypoxia and Prolyl Hydroxylases 

 

 

3.1. Abstract  

 

          Oxygen is vital for all aerobic life forms. Oxygen-dependent hydroxylation of 

hypoxia-inducible factor (HIF)-1α by prolyl hydroxylase domain enzymes (PHDs) is an 

important step for controlling the expression of oxygen-regulated genes in metazoan 

species, thereby constituting a molecular mechanism for oxygen sensing and response. 

Herein, we report a genetically encoded dual-emission ratiometric fluorescent sensor, 

ProCY, which responds to PHD activities in vitro and in live cells. We demonstrated that 

ProCY could monitor hypoxia in mammalian cells. By targeting this novel genetically 

encoded biosensor to the cell nucleus or cytosol, we determined that the HIF-prolyl 

hydroxylase activity was mainly confined to the cytosol of HEK 293T cells under 

normoxic culture conditions. The results collectively suggest broad applications of 

ProCY on evaluation of hypoxia and prolyl hydroxylase activities and understanding of 

pathways for the control of hypoxic responses 

 

3.2. Introduction 

          Oxygen is required for all aerobic organisms on Earth for metabolism and energy 

production. In the meanwhile, oxygen overexposure may increase the production of 

reactive oxygen species (ROS), leading to oxidative damage.
1
 Therefore, biological 
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systems have evolved complex mechanisms to sense oxygen concentration changes and 

respond accordingly to maintain homeostasis. Hypoxia-inducible factor (HIF)-1 is an 

important component of a cellular signaling cascade responsible for oxygen-dependent 

responses in various animals.
2
 HIF-1 is a transcription factor, which regulates the 

expression of a number of downstream genes, whereas the stability of the α-subunit of 

HIF-1 (HIF-1α) is controlled by oxygen-dependent hydroxylation of conserved proline 

residues by prolyl hydroxylase domain enzymes (PHDs), thereby leading to subsequent 

ubiquitination and proteosomal degradation of HIF-1α (Figure 3.1).
2-5

 Consequently, 

HIF-1α and its prolyl hydroxylation serve as a mechanism to transduce the cellular 

oxygen level into changes in gene expression.
6,7

  

          Under normoxia, PHDs use molecular oxygen (O2) as a substrate to generate 

proline-hydroxylated HIF-1α, which next binds to von Hippel-Lindau (VHL) protein to 

trigger polyubiquitylation and proteosomal degradation. Under hypoxia, PHD activity is 

reduced because of low oxygen levels, so HIF-1α is stabilized and enters the nucleus to 

bind hypoxia responsive elements (HREs) to induce the expression of downstream genes. 

          Hypoxia, a condition defined by low oxygen levels, has been linked to diverse 

pathophysiological processes and diseases, such as cancer, anemia, ischemia, and 

stroke.
8-11

 Because of the high sensitivity and versatility of fluorescence measurements, 

hypoxia-responsive fluorescent probes are considered important research tools.
12,13

 

Previous studies have reported several synthetic fluorescent probes sensitive to 

bioreduction reactions under hypoxia, such as synthetic molecules containing a nitro 

group,
14-16

 a quinone group,
17

 an azo group,
18,19

 or a xanthine ring
20

 as their sensory  
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Figure 3.1. Schematic illustration of the regulation of HIF-1α. 

 

 

moieties. Despite the progress, none of these aforementioned fluorescent probes directly 

senses the hydroxylation of the HIF-1α proline by PHDs. Instead, their fluorescence 

change is often dependent of the activities of endogenous reductases under hypoxia. 

Moreover, it is not trivial to deliver these synthetic dyes to specific subcellular locations. 

In other studies, fluorescent proteins (FPs) have been fused downstream to tandem 

repeats of the hypoxia transcriptional response element (HRE) to afford genetic tools for 

monitoring the transcriptional activity of HIF-1.
21

 Because prolyl hydroxylation is not the 

only regulatory mechanism for HRE-dependent transcription,
2
 the fluorescence of the FP 

reporters does not necessarily reflect oxygen abundance and the activities of PHDs. 

Herein, we describe a novel genetically encoded single-chain fluorescent biosensor, 

which can ratiometrically respond to PHD activities in vitro and in live cells. We also 
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show that the Förster resonance energy transfer (FRET) ratios of the biosensor are 

indicative of hypoxic and normoxic conditions in living systems. 

 

3.3. Experimental Section  

3.3.1. Materials, Reagents, and General Methodology 

Ascorbic acid was purchased from Spectrum Chemical (New Brunswick, NJ). Disodium 

2-oxoglutarate was purchased from TCI America (Portland, OR). Iron (II) sulfate 

heptahydrate was purchased from Thermo Fisher Scientific (Hanover Park, IL). Catalase 

from Bovine Liver was purchased from Sigma-Aldrich (St. Louis, MO). IOX2 was 

purchased from Cayman Chemical (Ann Arbor, MI). Gases for cell culture were 

purchased from Airgas USA (Lynwood, CA). SuperSignal West Pico Chemiluminescent 

substrate (Prod # 34077) and HRP-conjugated HIF-1 antibody (Prod # PA5-22779) 

were from Thermo Fisher Scientific (Rockford, IL). HRP-conjugated antibody to c-Myc 

was from Abcam (Cambridge, UK). Colorimetric One-Component TMB Membrane 

Peroxidase Substrate (Prod # 50–77–18) was purchased from Kierkegaard & Perry 

Laboratories (Gaithersburg, MD). Synthetic DNA oligonucleotides were purchased from 

Integrated DNA Technologies (San Diego, CA). HA-EglN1-pcDNA3 (Plasmid # 18963) 

was purchased from Addgene (Cambridge, MA). Restriction endonucleases were 

purchased from New England Biolabs (Ipswich, MA) or Thermo Scientific Fermentas 

(Vilnius, Lithuania).  PCR products and products of restriction digestion were purified by 

gel electrophoresis and extracted using Syd Laboratories Gel Extraction columns 
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(Malden, MA). Plasmid DNA was purified using Syd Laboratories Miniprep columns. 

DNA sequence analysis was performed by Retrogen (San Diego, CA).  

 

3.3.2. Construction of E. Coli Expression Plasmids 

          To construct ProCY, polymerase chain reactions (PCR) were utilized to amplify 

the pVHL fragment from a synthetic gene block (IDT, San Diego, CA), the PHD2  

sequence from HA-EglN1-pcDNA3, and YPet and ECFP from a previously reported Src 

sensor.
1
 In particular, YPet was amplified with oligos YPet-For and YPet-Rev. The PCR 

product was digested with KpnI and HindIII and ligated into a compatible pre-digested 

pBAD plasmid to afford YPet-pBAD plasmid. In the next step, two PCR reactions were 

performed to amplify ECFP and pVHL and add sequences for linkers and a HIF-1α 

derived peptides. Oligonucleotides ECFP-For and pVHL-Rev were used in the first 

reaction, and oligos Pst1-For, Kpn1-Rev1, Kpn-Rev2 and Kpn-Rev3 were used in the 

second PCR reaction, respectively. Products of these two reactions were then assembled 

using an overlap PCR to produce the full length gene containing ECFP, pVHL, the 

linkers, and a HIF-1α derived peptide. The PCR product was digested with XhoI and 

KpnI, and ligated into a pre-digested YPet-pBAD plasmid. To construct ProCY-B, two 

separate PCR reactions were done on ProCY using oligos ECFP-For, GGSG-Rev, and 

GGSG-For, Kpn-Rev2 respectively. The products of the two reactions were assembled 

using overlap PCR, followed by digestion with XhoI and KpnI and ligation to a 

predigested YPet-pBAD to generate ProCY-B. To create ProCY-C, two separate PCR 

reactions were performed on ProCY-B template. In the first PCR reaction, oligos ECFP-
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For, and MidFloppy-R were used, while in the second reaction, MidFloppy-F1, 

MidFloppy-F2, and pBAD-Rev were used. The two PCR reactions were assembled using 

overlap PCR and outside primers, digested with XhoI and HindIII, and ligated into a 

compatible pre-digested pBAD/His B vector. To construct ProCY-D, we did a PCR 

reaction on ProCY-B using oligos HIF-Rigid-F and pBAD-Rev. The PCR product was 

digested with KpnI and HindIII and ligated into a pre-digested ProCY-B vector to afford 

the full length gene sequence in ProCY-D. To make ProCY-E, a PCR reaction was 

performed on ProCY using oligos ECFP-For and SacI-Rev. The generated PCR product 

was digested with XhoI and SacI and ligated with a pre-digested ProCY to afford ProCY-

E.  The control construct ProCY-N was generated by carrying out a PCR reaction on 

ProCY using ECFP-For and PAPA-Rev. The resulted product was digested with XhoI 

and KpnI and ligated to a pre-digested YPet-pBAD. The ligation products were then used 

to transform E. coli DH10B competent cells, which were next plated on LB agar plates 

supplemented with ampicillin (100 μg/mL) and L-arabinose (0.04%, w/v%). Similarly, 

PCR was used to amplify PHD2 gene using PHD2-Kpn1-F and PHD2-HindIII-R primers. 

The PCR product was digested with Kpn1 and HindIII restriction enzymes and ligated 

into a compatible pre-digested PCDF-1b plasmid. The ligation product was used to 

transform E. coli DH10B competent cells, which were next plated on LB agar plates 

supplemented with spectinomycin (50 μg/mL). 
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3.3.3. Optimization of FRET Efficiency by Linker Modification 

          To optimize the FRET efficiency change of ProCY, the length of the linkers 

between PVHL and HIF-1α were varied. The amino acid sequences of all linkers tested in 

this study are provided in Figure 3.4 (and Figure B1, Appendix B). Linkers were 

modified using a PCR procedure in which the cDNA encoding the ECFP-PVHL gene 

fragment of ProCY was amplified with appropriately modified forward and reverse 

primers. 

 

3.3.4. Protein Expression and Purification in E. coli 

          To express FRET-based proteins, DH10B cells were co-transformed with a 

pBAD/His B containing the gene of interest and pGro7 chaperone plasmid by 

electroporation and grown on LB agar containing 100 μg/mL ampicillin and 50 μg/mL 

chloramphenicol at 37 °C overnight. A single colony was grown in a starter culture of 5 

mL of LB broth with appropriate antibiotics at 37 °C and 220 rpm overnight. A saturated 

starter culture was diluted 100-fold into 2YT medium containing the appropriate 

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

expression culture was induced with 0.2% L-arabinose. Culture flasks were then moved 

to room temperature where growth continued with vigorous shaking for 48 hours.  Cells 

were then harvested, suspended in 1xPBS supplied with protease inhibitor, and then 

lysed. The hexa-His-tagged
 
proteins were affinity-purified with nickel-nitrilotriacetic 

acid(Ni-NTA) agarose beads (Qiagen) under native conditions according to the 

manufacturer’s instruction and then buffer-exchanged into Tris-HCl (30 mM, pH 7.4) 
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using Thermo Scientific Snakeskin dialysis tubing (7 k molecular cutoff). Proteins were 

further purified by size exclusion column chromatography (Amersham Superdex 75 prep) 

and concentrated using a 3K molecular weight cutoff Amicon Ultra centrifugal filter 

(Millipore, Billerica, MA). The concentration was determined using Beer’s Law and 

extinction coefficients of ECFP and YPet. PHD2 enzyme expression was done by 

transforming pCDF-1bPHD2 into BL21 cells by electroporation and grown on LB agar 

dishes containing 50 μg/mL Spectinomycin 37°C overnight. A single colony was grown 

in 5mL LB culture medium supplied with appropriate antibiotics at 37°C shaker 

overnight. The cell culture was then diluted 100-fold into 2YT medium containing the 

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

0.8, the protein was induced by adding IPTG to a final concentration of 1mM. Cell 

culture was next allowed to grow for 24 hours at room temperature. Cells were then 

harvested and lysed. The 6-His-tagged PHD2 enzyme was affinity purified with nickel-

nitrilotriacetic acid (Ni-NTA) agarose beads (Qiagen) and dialyzed in 30 mM Tris-HCl 

buffer as mentioned above. The protein was then stored immediately at -80°C after 

adding 10% glycerol. 

 

3.3.5. Spectroscopic Characterization 

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

was used to record all absorbance and fluorescence spectra. To record the emission 

spectra, the excitation wavelength was set at 434 nm, and the emission was scanned from 

455 nm to 600 nm. FRET ratios were calculated by dividing fluorescence intensity of 
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YPet over fluorescence intensity of ECFP. For single point measurements, excitation at 

434 nm and emission at 477 nm and 525 nm were used to calculate FRET ratio. 

Absorbance spectra were recorded by scanning from 250 nm to 600 nm, and a blank 

solution was used to subtract the background. 

 

3.3.6. PHD2 Activity Assay 

          Freshly made stock solutions were all prepared in 30 mM Tris (PH 7.4) buffer 

solution. A final protein concentration of 1 µM and PHD2 final concentration of 2 µM 

were used in all the measurements. The PHD2 activity assay was carried out by mixing 2 

mg/mL BSA, 1mM DTT, 2mM ascorbic acid, 0.6 mg/mL catalase, 25 µM Fe (II) 

solution (prepared as 500 mM stock in 20mM HCL and diluted with distilled water) with 

1 µM ProCY in a black 96-well plate and incubated for 20 min at room temperature. 

PHD2 enzyme (2 µM) was then added to the reaction mixture but not to the control 

solution and the reaction was initiated by adding 200 µM 2-oxoglutarate. The 96-well 

plate was next incubated at 37°C for 40 min. Excitation at 434 nm was used to measure 

the emission spectrum from 455 nm to 600 nm. FRET ratio was calculated by dividing 

the emission intensity at 525 nm over the emission intensity at 480 nm.  

 

3.3.7. Construction of Mammalian Reporter Plasmids 

          To insert the ProCY and ProCY-N genes into the mammalian expression vector 

pcDNA3, primers HydpcDNA3-F and HydpcDNA3-R were used to amplify both genes 

separately and add HindIII and XbaI restriction sites at N- and C-terminals respectively. 
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The HydpcDNA3-F primer also includes a kozak sequence and a start codon for efficient 

translational initiation. Each PCR product was digested with HindIII and XbaI, and 

inserted into a compatible pre-digested pcDNA3 plasmid. In a similar way PHD2 gene 

was amplified using PHD2-pcDNA3-F and PHD2-pcDNA3-R primers, digested with 

HindIII and XbaI restriction enzymes and ligated into a compatible pre-digested pcDNA3 

vector. To add myc-tag at C-terminal of PHD2 for western blot analysis, pcDNA3-F, and 

mycPHD2-R were used. The PCR product was then digested with HindIII and XbaI and 

ligated into a pre-digested pcDNA3 plasmid. To create a plasmid for nuclear expression 

of ProCY, we used oligonucleotides PLJMI-NheI-F, and pHP-Nuc-R to amplify ProCY 

gene fragment from pBAD-ProCY. The PCR product was digested with NheI and XhoI 

and ligated into a predigested pECFP-Nuc-derived plasmid containing three copies of a 

nuclear localization sequence (DPKKKRKV) added to the C-terminal in the final target 

plasmid pNuc-ProCY. To construct a plasmid for cytosolic expression, we used 

oligonucleotides NES-HP-F1, NES-HP-F2, and NES-HP-XbaI-R to amplify the ProCY 

gene fragment from pBAD-ProCY and further extend it to include an N-terminal nucleus 

export signal (LQLPPLERLTL). The product was digested with HindIII and XbaI, and 

then ligated into a predigested pcDNA3-derived plasmid containing two repeats of the 

nuclear export signal to afford pNES-ProCY. 

 

3.3.8. Experimental Design of Hypoxia Chambers 

          Hypoxia chambers were manually constructed. Briefly, tightly sealed 150 x 15 mm 

petri dish was used as a hypoxia chamber with two holes drilled in the lid. A valve was 
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placed in each hole, one allowing gas in and one allowing gas out.  To establish hypoxia, 

we placed transfected (or non-transfected) HEK 293T cells in the hypoxia chamber along 

with a dish containing distilled water to humidify the incoming gas. The chamber was 

then sealed and a gas mixture containing 93% N2 containing 5% CO2 and 2% O2 was 

allowed to run through the inlet valve for at least 4-6 minutes. Next, the chambers were 

incubated for 48 hours at 37°C. Gas mix was allowed to run through the hypoxic 

chamber inlet valve every 12-14 hours.  

 

3.3.9. 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 for 24 hours. HEK 293T 

cells were then co-transfected with 2 µg pcDNA3-ProCY and 2 µg pcDNA3-PHD2 in the 

presence of 12 µg PEI (polyethyleneimine, linear, M.W. 25 kDs). As a control, HEK 

293T cells on a 35-mm plastic culture dish were co-transfected with 2 µg empty pcDNA3 

and 2 µg pcDNA3-ProCY in the presence of 12 µg PEI. Transfected cells were then 

divided in two groups. The first group was cultured in complete media under normoxic 

conditions for 48 hours, and the second group of transfected cells was cultured in 

complete media in the hypoxic chambers for 48 hours. Hypoxic gas mixture was allowed 

to run every 12-14 hours into the hypoxic chamber. Another group of Transfected HEK 

293T cells were treated with 10 µM IOX2 inhibitor for 48 hours. All media were 

replaced with Dulbecco’s Phosphate Buffered Saline (DPBS) before imaging. 
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3.3.10. Western blotting  

          HEK 293T cells seeded on a 100 mm dishes were exposed to hypoxia conditions 

for 48 hours. Cells were then harvested and nuclear proteins were extracted using an 

established nuclear protein extraction protocol.
36 

Proteins were then allowed to run on a 

polyacrylamide gel electrophoresis (SDS-PAGE) and next transferred into
 
nitrocellulose 

membranes. Membranes were blocked with 5% low fat milk for 1 hour followed by 

incubation with (HRP)-conjugated HIF-1 alpha antibody. The signal was detected using 

an enhanced chemiluminescence western blotting substrate. Western blot analysis of 

PHD2-Myc proteins was done by transfecting PHD2-Myc plasmid into HEK 293T cells 

and exposing them to either normoxia or hypoxia conditions. Cell lysates were then 

allowed to run on polyacrylamide gel electrophoresis (SDS-PAGE) followed by blotting 

on a nitrocellulose membrane. The membrane was next blocked with 5% low fat milk for 

1 hour followed by an overnight incubation with (HRP)-conjugated c-Myc antibody at 

4°C. Signals were detected using colorimetric One-Component TMB Membrane 

Peroxidase Substrate.  

 

3.4. Results and Discussion 

          The biosensor was designed by sandwiching a proline-containing substrate peptide 

derived from HIF-1α and a small 10-kDa protein domain derived from the von Hippel-

Lindau tumor suppressor (VHL) between an enhanced cyan FP (ECFP) and a yellow FP 

(YPet) (Figure 3.2). We selected a 22-aa peptide from HIF-1α (residues 556 to 577 with a 

hydroxylation site at residue 564), because of its reasonable length and excellent 
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substrate activity for various PHDs.
22,23

 The hydroxylation of Pro564 can greatly enhance 

the interaction of the peptide with VHL, whereas residues 60-154 of VHL form a distinct 

domain responsible for the interaction (Figure 3.3).
24 

ECFP and YPet were selected, 

because they form a highly optimized FRET pair, which typically leads to relatively large 

dynamic ranges in FP-based biosensors.
25,26

 We reasoned that the oxygen-dependent 

hydroxylation of the HIF-1α derived peptide by PHDs might induce the interaction of the 

peptide with the VHL domain, leading to a conformational change that alters the distance 

and/or relative orientation between ECFP and YPet to further trigger a measurable change 

in the FRET efficiency.
26

 

          We constructed five genetic variants, which differ from each other in terms of the 

length and composition of the linkers (Figures 3.4, 3.5, and Figure B1 of Appendix B). 

We expressed all fusion proteins in Escherichia coli, by co-expressing GroEL and GroES 

chaperones to assist protein folding.
27

 We next purified the proteins in two steps using Ni-

NTA affinity chromatography and size-exclusion columns, and determined their 

fluorescence responses to a catalytically active fragment of PHD2 (a.k.a. HIF-P4H-2, or 

EglN1) using an in vitro enzyme assay.
28

 We named the variant showing the largest 

dynamic range (defined as the ratio of the acceptor-to-donor emission ratios before and 

after treatment with PHD2) ProCY. It contains a 21-amino acid Gly- and Ser- rich linker 

between the VHL domain and the HIF-1α derived peptide; all other elements were fused 

with short dipeptide sequences (Figure 3.6 A). The FRET ratio (YPet/ECFP) of this 

variant changed from 2.95 to 1.76 after addition of PHD2, corresponding to a dynamic 

range of 168% (Figure 3.6 B). We further constructed a negative-control fluorescent 



 68 

probe, ProCY-N, which is identical to ProCY except for that both proline residues 

(Pro564 and Pro567) in the HIF-1α derived peptide were mutated to alanine (Figure 3.6 

A). The fluorescence of ProCY-N is irresponsive to the PHD2 activity (Figure 3.6 C). 

  

 

 

 

 

 

 

 

Figure 3.2. Illustration of the FRET change of the genetically encoded dual-emission 

ratiometric fluorescent sensor, ProCY, upon the actions of PHDs. 
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Figure 3.3. (A) Chemical reaction for conversion of proline into 4-hydroxyproline by 

prolyl hydroxylase domain enzymes (PHDs). (B) Interactions between a VHL domain 

(residues 60-154) and a HIF-1α derived peptide, showing several interfacial H-bonds 

through the hydroxyl group of 4-hydroxyproline (residue 564). The structure is redrawn 

based on Protein Data Bank (PDB) entry 4AJY. 
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Figure 3.4. Domain arrangements of biosensors constructed in this study. Residues are 

numbered by following PDB entries 2WSN and 4AJY. 
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Figure 3.5. Fluorescent emission spectra for (A) ProCY-B, (B) ProCY-C, (C) ProCY-D, 

and (D) ProCY-E before (blue) and after (orange) treatment with a catalytically active 

PHD2 fragment. 

 

 

 

  



 72 

 

 

 

Figure 3.6. (A) Domain arrangements of ProCY and the negative-control probe, ProCY-

N. (B) Fluorescent emission spectra for ProCY before (blue) and after (orange) treatment 

with a catalytically active PHD2 fragment. (C) Fluorescent emission spectra for ProCY-

N, showing no response to PHD2 treatment. 
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          We next expressed ProCY in human embryonic kidney (HEK) 293T cells, and 

examined its responses to intracellular PHD activities. We cultured cells in a typical cell 

culture incubator (~ 20% O2), or in a hypoxic chamber supplied with 2% O2. A lower 

FRET ratio was observed for the cells under normoxia (Figure 3.7 A) than the cells under 

hypoxia (Figure 3.7 B), corroborating our in vitro characterization with purified proteins. 

Under normoxia, addition of 10 μM IOX2,
29

 a commercially available PHD inhibitor, 

brought the FRET ratio back to a level close to that of cells under hypoxia (Figure 3.7 C). 

We further co-expressed ProCY with the catalytic fragment of PHD2 in HEK 293T cells. 

Under all conditions, the FRET ratios of the cells overexpressing the PHD2 fragment 

were essentially indistinguishable from the ratios of the cells without PHD2 

overexpression (Figures 3.7 D-F and 3.8 A), indicating that the endogenous PHD level in 

HEK 293T cells is high and it is not the limiting factor for the intracellular prolyl 

hydroxylation reaction. To further confirm that the FRET changes of ProCY were caused 

by intracellular PHD activities, we expressed the negative-control probe, ProCY-N, in 

HEK 293T cells under normoxia and hypoxia, and no FRET ratio change was observed 

(Figures 3.8 A and 3.9). All data collectively support that ProCY is an effective sensor 

for monitoring the PHD activities and hypoxia in mammalian cells. We also utilized 

Western blot to probe the expression levels of PHD2 and HIF-1α in HEK 293T (Figure 

3.8 B). PHD2 was observed for cells under both normoxia and hypoxia, whereas HIF-1α 

was only observed for cells under hypoxia. The result is aligned with previous reports,
2
 

indicating that our experimental conditions were well controlled.  
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Figure 3.7. Pseudocolored ratio images of representative ProCY-expressing HEK 293T 

cells without (A-C) or with (D-F) overexpression of PHD2. The cells were cultured under 

either normoxia (A and D) or hypoxia (B and E), or treated with a PHD2 inhibitor, IOX2, 

under normoxia (C and F). The color bar represents the ratio of sensitized YPet 

fluorescence emission to direct ECFP donor emission (YPet/ECFP). 

 

 

 

 

 

 

 

  



 75 

 

 
 

Figure 3.8. (A) The FRET ratios of ProCY or ProCY-N in HEK 293T cells under the 

corresponding conditions. PHD2 overexpression had little effect, indicating the 

endogenous PHD level was high. Compartmental expression of ProCY suggests a higher 

PHD activity in the cytosol than the nucleus of HEK 293T cells (*p < 0.05). (B) Western 

blot of PHD2 and HIF-1α for cells under hypoxia or normoxia. 
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Figure 3.9. Pseudocolored ratio images of representative ProCY-N expressing HEK 

293T cells under normoxia (A and B) or hypoxia (C and D). PHD2 was overexpressed in 

cells in panels B and D. The color bar represents the ratio of sensitized YPet fluorescence 

emission to direct ECFP donor emission (YPet/ECFP). 
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Figure 3.10. Microscopic images of representative HEK 293T cells expressing nuclear or 

cytosolic ProCY. The ratio images are pseudocolored and the color bar represents the 

ratio of sensitized YPet fluorescence emission to direct ECFP donor emission 

(YPet/ECFP).  
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          It is generally accepted that the localization of PHDs in distinct subcellular 

compartments is regulated.
30,31

 Their localization and translocation are important 

mechanisms for the control of hypoxic responses.
31,32

 In recent studies, the subcellular 

localization of PHDs has even been linked to tumor development and resistance to 

radiotherapy.
33-35

 Despite that a number of studies have sought to elucidate intracellular 

distribution of PHD enzymes, conflicting results have been reported. This discrepancy 

may be attributed to different cell types used in these studies, or may be caused by the 

inaccuracy of their detection methods. Since ProCY is a genetically encoded indicator for 

the HIF-prolyl hydroxylase activity, we simply fused ProCY with a nuclear localization 

sequence (NLS) or a nuclear export signal (NES) to achieve the complete localization of 

ProCY in either the nucleus or the cytosol.  When HEK 293T cells were cultured in 

normoxia, reduced FRET ratios were observed for cytosolic ProCY, but not for nuclear 

ProCY (Figures 3.8 A and 3.10). The result suggests that the endogenous HIF-prolyl 

hydroxylase activity is mainly in the cytosol of HEK 293T cells. This experiment 

demonstrates the use of ProCY to directly image subcellular HIF-prolyl hydroxylase 

activities. The method may be applied to different cell lines to investigate cell-type 

specific impacts and to elucidate molecular mechanisms that control the shutting of PHDs 

between subcellular domains.  

 

3.5. Conclusion 

          In summary, we have developed a novel genetically encoded dual-emission 

ratiometric fluorescent biosensor for HIF-prolyl hydroxylase activities, by sandwiching a 
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proline-containing HIF-1α derived peptide and a 4-hydroxylproline interacting domain 

between an FP-based FRET pair. We demonstrated that the probe could be utilized to 

monitor hypoxia and PHD activities in live mammalian cells. We targeted this biosensor 

to the nucleus or cytosol, and determined that, under normoxia, the HIF-prolyl 

hydroxylase activity was mainly confined to the cytosol of HEK 293T cells. Our data 

collectively suggest broad applications of ProCY on evaluation of hypoxia and prolyl 

hydroxylase activities and understanding of relevant molecular mechanisms. Moreover, 

as HIF-prolyl hydroxylases have emerged as promising drug targets for a variety of 

diseases, such as myocardial infarction, stroke, cancer, diabetes, and severe anemia, 

ProCY may be utilized in high-throughput assays to identify inhibitors or activators of 

PHDs. 

 

Appendix Material 

List of primers used, and protein sequence alignment of all the biosensors studied in this 

chapter. This material is in Appendix B.  
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Chapter 4 

 

Toward a Cell-Based Screening Assay for Inhibitors of PHDs 

 

4.1. Abstract 

 

          Hypoxia, a condition defined by the reduction of oxygen supply to a tissue below 

physiological levels, has been linked to diverse pathophysiological processes and 

diseases, such as cancer, anemia, ischemia, and stroke. Studies of the adaptation to low 

oxygen levels have identified the Hypoxia Inducible Factor proteins (HIF) and the HIF 

prolyl hydroxylase domain enzymes (PHDs) as the key components in the signaling 

pathway that controls the hypoxic response of mammalian cells. As part of the cellular 

adaptation to hypoxia, the expression of more than 70 genes is activated by the 

upregulation of HIFs. Consequently, upregulation of HIF through the inhibition of its 

hypoxia sensors, PHDs, could be a potential therapy for a wide range of diseases linked 

to hypoxia. Herein, we aimed to utilize ProCY to screen for inhibitors of PHDs in a high 

throughput screening (HTS) assay. As part of the required validation steps for HTS 

assays, we utilized a lentiviral vector production system to transduce ProCY into HEK 

293T cells. The system could be potentially used in the HTS assay for inhibitors of 

PHDs. However, further optimization and validation steps are still needed.  
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4.2. Introduction 

          Tissue hypoxia results when supply of oxygen from the bloodstream fails to meet 

the demand of O2-consuming cells. Hypoxia can occur in physiologic settings such as 

exercising muscle, embryonic development, and in pathologic conditions including 

anemia, ischemia, stroke, inflammation, and tumor formation.
1
 The levels of HIF- 

isoforms are regulated by the activity of the HIF prolyl hydroxylase domain (PHD) 

enzymes in an oxygen-dependent manner. As stated in chapter 3, hydroxylation at either 

or both of two prolyl residues of  HIF-  by PHDs greatly enhances the recognition of 

HIF- by the von Hippel-Lindau protein (pVHL) and the subsequent ubiquitination and 

proteosomal degradation of HIFs in normoxic conditions. On the contrary, the activity of 

PHDs is suppressed in hypoxic conditions, resulting in HIF- stabilization and activation 

of the HIF system. Accordingly, therapeutic activation of the HIF system in hypoxia-

triggered diseases could be achieved by inhibiting its hypoxia sensors (i.e. PHDs).  

          PHDs are members of the class of enzymes known as 2-oxoglutarate-dependent 

dioxygenases. These enzymes catalyze the incorporation of oxygen into organic 

substrates. This is a mechanism that requires 2-oxoglutarate, Fe
2+

, and ascorbate (Figure 

4.1).
2
 Recently, there has been a growing interest in developing potent and selective 

inhibitors of PHDs for conditions including anemia and ischemic/vascular diseases.
3 

Indeed,
 
various compounds have been reported as PHD inhibitors in the academic and 

patent literature.
4
 Some of these compounds compete with iron in its binding to the active 

site of PHDs (e.g. CoCl2), others are analogues of 2-oxoglutarate (2OG) that bind in the 

pocket occupied by 2OG (e.g. DMOG, DFO, and IOX2).
5,6 

 Despite the progress, the 
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need to develop more inhibitor compounds is still growing. Correspondingly, applying
 

efficient assays to validate PHD inhibitors in a HTS format is an objective of the 

academic and the commercial research at the chemistry-biology interface.  

 

 

 

 

 

Figure 4.1. The reaction catalyzed by the HIF prolyl hydroxylases in the hypoxic 

response. 

 

 

          In chapter 3 of this dissertation, we developed a ratiometric sensor, ProCY, that can 

be effectively used to monitor hypoxia in mammalian cells. In this chapter, we are 

interested in using ProCY and fluorescence imaging technology in a high-throughput 

screening assay (HTS) to identify inhibitor compounds of PHDs that can be used to 

validate new drug targets for hypoxia-related diseases. Our assay provides a key 

advantage in that the small molecule compounds to be tested do not require modification 

or immobilization; the compound can be directly added to the cell culture media to detect 

a FRET signal change.  
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          Typically, once an assay format is chosen for HTS, a series of assay development 

and validation steps must be performed to demonstrate that the method is acceptable for 

its intended purpose. This includes steps for pre-study, in-study, and cross validation.
7
 

The pre-study validation steps involve specifically choosing the reagents, control 

compounds, and detection method. In-study validation steps involve scaling up the assay 

to at least 96-well plate and using proper control samples to test plate acceptance, check 

signal variability and procedural errors, and evaluate the stability of the assay over time. 

Cross-validation steps involve screening a subset of compounds and comparing the 

agreement in results to predefined criteria, which specify the allowable performance for 

HTS, to verify that an acceptable level of agreement exists in analytical results (Figure 

4.2).  

          Lentiviruses, such as the Human Immunodeficiency Virus (HIV), are unique and 

robust vehicles for gene delivery. They are capable of transducing a wide range of cell 

types and integrating into the host genome of both dividing and non-dividing cells, 

resulting in long-term expression of the transgene both in vitro and in vivo.
8
 Herein, we 

show that utilizing ProCY directly in HEK 293T cells in a 96-well plate is not efficient 

for HTS of PHD inhibitors. Alternatively, we utilized a lentiviral vector production 

system to transduce ProCY into HEK 293T cells. Our preliminary steps showed that the 

lentiviral production protocol needs optimization before proceeding to the next validation 

steps. Optimization steps are in progress as we highly believe that this system can be 

potentially applied for HTS assays of PHD inhibitors. 



 89 

 

 

 

 

Figure 4.2. Assay Development Cycle for HTS. 

 

 

4.3. Experimental Methods 

4.3.1 Materials, Reagents, and General Methodology 

IOX2 was purchased from Cayman Chemical (Ann Arbor, MI). Synthetic DNA 

oligonucleotides were purchased from Integrated DNA Technologies (San Diego, CA). 

pLJM1-EGFP (Plasmid # 19319), pRSV-Rev (Plasmid # 12253), pMDLg.pRRE 

(Plasmid # 12251), and pMD2.G (Plasmid # 12259) were purchased from Addgene 

(Cambridge, MA). Restriction endonucleases were purchased from New England Biolabs 

(Ipswich, MA) or Thermo Scientific Fermentas (Vilnius, Lithuania).  PCR products and 

products of restriction digestion were purified by gel electrophoresis and extracted using 

Syd Laboratories Gel Extraction columns (Malden, MA). Plasmid DNA was purified 
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using Syd Laboratories Miniprep columns. DNA sequence analysis was performed by 

Retrogen (San Diego, CA).  

 

4.3.2. Mammalian Cell Culture, Imaging, and Screening. 

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

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

a 96-well plate. Cells were incubated at 37°C with 5% CO2 in humidified air for 24 

hours. HEK 293T cells were next transfected with 4 µg pcDNA3-ProCY in the presence 

of 12 µg PEI (polyethyleneimine, linear, M.W. 25 kDs). 10 µM of the inhibitor control 

compound, IOX2, was added to the control wells, and cells were incubated for 48 hours. 

All media were replaced with Dulbecco’s Phosphate Buffered Saline (DPBS) before 

imaging. Initial screening experiments were done using a monochromator-based Synergy 

Mx Microplate Reader. The instrument was set to area scan the plate. Excitation was set 

at 434 nm, and emission was recorded at 477 and 525 nm. 

 

4.3.3. Construction of the Lentivirus Reporter Plasmid 

          Polymerase chain reaction was utilized to amplify the gene fragment of ProCY 

using oligos pLJM1-NheI-F and pLJM1-EcorI-R. The PCR product was then digested 

with NheI and EcorI and ligated into a predigested pLJM1-EGFP lentivirus expression 

vector to afford pLJM1-ProCY. The resultant ligation product was used to transform E. 

coli DH10B competent cells, which was next plated on Luria-Bertani (LB) broth agar 

plates supplemented with ampicillin (50 g/mL). 
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4.3.4. Lentivirus Production and Purification 

         Lentivirus vectors were prepared as previously described.
9 

Briefly,
 

human 

Embryonic Kidney (HEK) 293T cells were split to 6 x 10 cm dishes from a confluent T75 

cm
 

flask. Cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) 

supplemented with 10% fetal bovine serum (FBS) and incubated at 37°C with 5% CO2 in 

humidified air for 24 hours. For the 6 x 10 cm dishes, a plasmid mix was prepared by 

mixing 48.9 g pLJM1-ProCY transfer plasmid, 31.86 g pMDLg/pRRE and 12.3 g 

pRSV-Rev packaging plasmids, 17.16 g pMD2.G envelope expressing plasmid, and 

440.8 µg PEI (polyethyleneimine, linear, M.W. 25 kDs) in the presence of 14.4 mL 

DMEM solution. The solution was mixed gently and allowed to incubate for 15 min at 

room temperature. Next, transfection mixture was carefully added to each dish and the 

cells were incubated at 37°C with 5% CO2 in humidified air for 24 hours. After 24 hours, 

we harvested the supernatant and added fresh DMEM supplemented with 10% fetal 

bovine serum (FBS) to each dish. Following 24-hour incubation period at 37°C, the 

supernatant was collected from the dishes and pooled with the first harvest. We next 

cleared the supernatant of cell debris by filtering through a 0.45-m filter. The cleared 

supernatant was used directly to transduce HEK 293T cells.  

 

4.4. Results and Discussion 

          In chapter 3 of this dissertation, we demonstrated that ProCY could be effectively 

used to monitor hypoxia and evaluate PHD2 activity in mammalian cells. Owing to its 

ability to provide a detectable FRET signal in response to PHD2 activity in hypoxia and 
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normoxia, we envisioned that ProCY could be effectively used to screen for inhibitors of 

PHDs in a HTS assay. In general, as mentioned above, a series of validation steps are 

required when developing an assay for HTS. Our assay has passed the pre-study 

validation steps, as we had carefully optimized our probe and transfection procedure as 

well as selected the reagents and control compounds. Next, we wanted to validate our 

assay compatibility with microtiter plate formats, typically a 96-well plate, so we 

transiently transfected HEK 293T cells seeded in a 96-well plate and used IOX2, a 

commercially available inhibitor, as the control compound. Subsequently, the area was 

scanned for FRET using the plate reader. Unfortunately, our results did not meet 

expectations. We attributed this to the uneven cell density on the plate surface caused by 

cells being washed off the plate when changing media during transfection, the difference 

in transfection efficiency between cells, and the inevitable cell death occurring regardless 

of the transfection method used (Figure 4.3). We consequently used a lentiviral vector 

production system to transduce ProCY into HEK 293T cells. Owing to their robustness 

and effectiveness in transgene delivery in both dividing and non-dividing cells, we 

hypothesized that lentiviral vectors derived from HIV-1 would be able to infect all HEK 

293T cells on a 96-well plate without the need to wash or change media on cells. We 

used the third-generation packaging system that consists of four plasmids with Rev gene 

encoded on a separate packaging plasmid for increased biosafety. We cloned ProCY into 

the transfer viral vector pLJM1 and used HEK 293T cells to produce lentivirus vectors 

following a previously reported method
9 

(summarized in Figure 4.4). We imaged the 

transfected cells and confirmed fluorescence, so we harvested the viral particles and  
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Figure 4.3.  Microscopic images of representative HEK 293T cells expressing ProCY. 

The cells were cultured under normoxia in a 96-well plate and treated with IOX2. 

 

 

stored them at 4 C. Following the second harvest, we added the un-concentrated viral 

vectors directly on HEK 293T cells and imaged the cells. Unfortunately, the cells were 

not fluorescent indicative of low transduction efficiency which may be attributed to 

having low-titer lentivirus particles (< 10
6
 TU/mL). Also, although some reports claims 

that lentivirus particles could be stored at 4 C  for up to 3-4 days without loss of 

activity,
8,9 

a more recent study shows that the infection efficiency of both concentrated 

and un-concentrated lentivirus decreases rapidly when viruses are stored at 4 °C (τ ≈ 1.9 

days), and that ultracentrifugation with relative centrifugal force (RCF) exceeding 90,000 

g is crucial to remove impurities and produce high-titer lentivirus (> 10
9
 TU/ml) with 

high infection rate.
10

 Consequently, our lentivirus production system needs to be 

optimized to produce high titer-lentivirus particles with high infection efficiency to 

effectively transduce mammalian cells with our target sensor ProCY. 
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Figure 4.4. Schematic representation of the third generation lentiviral production and 

transduction system. 

 

 

4.5. Conclusion and Future Direction 

          To conclude, we have presented an assay format using ProCY and a 

monochromator-based Microplate Reader to screen for inhibitors of PHD2 that could be 

potentially used to target hypoxia-related diseases. Adopting our screening assay to 

automation and scale up requires validation steps to demonstrate that the method is 

acceptable for HTS. This requires testing our assay in a microtiter plate, typically a 96-

well plate. Since the plate reader scans the area occupied by cells to detect a FRET signal, 

we used a lentiviral vector production system to transduce ProCY into our target cells. 

Apparently, high-titer viruses are required for high transduction efficiency and therefore, 

method optimization of our lentiviral packaging system is required. Interestingly, Jiang et 
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al
10 

proposed an alternative method to ultracentrifugation to produce high-titer viruses 

based on sucrose gradient centrifugation with a regular tabletop centrifuge (relative speed 

≤10,000 g). We next aim to test their reported method and subsequently, we will continue 

to validate our assay as we strongly believe it could be potentially used to screen for 

inhibitors of PHDs to treat hypoxia-related diseases.  

 

Appendix Material 

List of primers used is in Appendix C. 
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Chapter 5 

 

Concluding Remarks and Future Direction 

 

          In this dissertation, we have combined FRET technology with fluorescence 

microscopy and fluorescent proteins to design genetically encoded FRET-based probes 

for live cell imaging. We utilized fluorescent proteins of different hues and applied 

random mutagenesis, site directed mutagenesis, and the genetic code expansion strategy 

in designing and constructing our FRET-based sensor, hsCY (chapter 2). Our sensors 

could be effectively used to detect FRET changes in live cells with improved spatial and 

temporal resolution (chapter 2 and 3). Since they are genetically encoded, the probes 

could be targeted to subcellular compartments such as the cytosol and the nucleus 

(chapter 3). Moreover, we used a lentiviral packaging system to transduce a genetically 

encoded sensor into HEK 293T cells toward a lab-HTS assay of inhibitors of PHD2 

(Chapter 4).  

           In Chapter 2, we have developed the first genetically-encoded FRET-based probe, 

hsCY, for the detection of H2S in mammalian cells. In this work, we have fused cpGFP to 

EBFP2 and used the genetic code expansion strategy to incorporate pAzF into cpGFP. 

Upon reaction with H2S, hsCY showed selective H2S-induced FRET ratio change by 

modulation of the donor fluorescence intensity. We tested the selectivity of hsCY against 

a panel of redox-active molecules commonly generated by cells. Except for H2S, hsCY 

showed little or no response to the tested molecules. When tested in live mammalian 
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HEK 293T cells, hsCY showed a large ratiometric response to H2S. Collectively, our 

results showed that hsCY could be used to sensitively and selectively detect H2S in 

mammalian cells. hsCY thus represents a valuable addition to the toolbox for H2S 

detection and imaging. In future studies, the same sensor design and optimization strategy 

could be applied to derive similar FRET-based probes for other cellular reactive chemical 

species.  

          In chapter 3, we have developed a novel genetically encoded FRET-based 

biosensor, ProCY, for HIF-prolyl hydroxylase activities. We fused a proline-containing 

HIF-1α derived peptide and a 4-hydroxylproline interacting domain (VHL) between an 

ECFP and YPet pair. We showed that the FRET ratio (YPet/ECFP) of this ProCY 

changed from 2.95 to 1.76 corresponding to a dynamic range of 168% upon addition of 

PHD2 while the P564A mutant (ProCY-N) did not respond to PHD2 addition. This result 

clearly indicated that PHD2 hydroxylation of the P564 residue of HIF-1 α induced a 

conformational change that altered the distance and/or relative orientation between ECFP 

and YPet. We also tested ProCY in live mammalian cells, and showed that FRET 

increased in hypoxic conditions compared to normoxic conditions demonstrating that the 

probe could be utilized to monitor hypoxia and PHD activities in live mammalian cells. 

When targeted to the nucleus and the cytosol under normoxic conditions, ProCY showed 

that the HIF-prolyl hydroxylase activity was mainly confined to the cytosol of HEK 293T 

cells. Our data collectively suggest broad applications of ProCY on evaluation of hypoxia 

and prolyl hydroxylase activities and understanding of relevant molecular mechanisms. 

Increasing interest in HIF-prolyl hydroxylases as promising drug targets for a variety of 
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diseases, such as myocardial infarction, stroke, cancer, diabetes, and severe anemia, 

motivates us to utilize ProCY in high-throughput assays in future studies to identify 

inhibitors or activators of PHDs. 

          In chapter 4, we proposed a high-throughput screening assay format to screen for 

PHD2 inhibitors utilizing ProCY. To validate the assay for HTS, we transiently 

transfected HEK 293T cells in a 96-well plate with ProCY and used IOX2 as a control 

compound. FRET results obtained by the plate reader did not agree with the expected 

ratios mainly due to uneven cell attachment on the plate surface caused by washing out 

the cells from the plate during transfection, and by the difference in transfection 

efficiency between cells. Alternatively, we used a lentiviral vector production system to 

transduce ProCY into our target cells. Since high-titer viruses are required for high 

transduction efficiency in mammalian cells, our lentiviral packaging method needed 

optimization. Previous reports claims that ultracentrifugation with relative centrifugal 

force (RCF) exceeding 90,000 g is crucial to remove impurities and produce high-titer 

lentivirus (> 10
9
 TU/ml) with high infection rate. Unfortunately, an ultracentrifuge is not 

a common instrument in labs. More recently, a sucrose gradient centrifugation with a 

regular tabletop centrifuge (relative speed ≤10,000 g) has been reported to replace 

ultracentrifugation and produce high-titer viruses. In our future studies, we will test the 

sucrose gradient method, and subsequently we will continue validating our assay toward 

developing an assay to screen for PHD2 inhibitors for hypoxia-related diseases.  
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Appendix A 

Supporting Information for Chapter 2 

 

A FRET-Based Genetically Encoded Fluorescent Probe for Hydrogen Sulfide 

 

Table A1. List of Oligonucleotides used in this study 

Primer name Nucleotide sequence 

GFP-For TACCCCATGGGCTCGAGCACTTACAAC 

GFP-Rev GGCTAAGCTTGCTCCCACCATGGTGCGTGTTGTA 

BFP-For CTACGAAAGCTTATGGTGAGCAAGGGCGAG 

BFP-Rev CTACTGCTCGAGTTAATGATGATGATGATGATGCTTGTACA

GCTCGTC 

BFP-For2 CTAGGAAAGCTTGAGGAGCTGTTCACCGGG 

GFP-Rev2 TCGGAAGCTTATGGTGCGTGTTGTACTC 

H148X-For TACCCCATGGGCTCGAGCACTTACAACAGCNNKAAGGTCT

ATATCACCGCCGAC 

TX-SX-Rev GTCTTTGCTCAGCACMNNCTGMNNGCTCAGGTAGTGGTT 

TX-SX-For AACCACTACCTGAGCNNKCAGNNKGTGCTGAGCAAAGAC 

pBAD-F ATGCCATAGCATTTTTATCC 

pBAD-R GATTTAATCTGTATCAGG 

hsCY-HindIII-F CTTAAGCTTGCCGCCACCATGGGCTCCAGCACTTAC 

hsCY-EcorI-F ACCATGAATTCGAGGAGCTGTTCACCGGG 

hsCY-EcorI-R TCCTCGAATTCATGGTGCATGTTGTA 

hsCY-ApaI-R AAACGGGCCCTTAATGATGATGATGATGATGCTTGTACAG

CTCGTCCAT 
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Figure A1. % FRET change of the different designs constructed in this study. Crude 

proteins were extracted with B-PER from E. coli cells and tested with 1 mM H2S. 
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Figure A2. Full protein sequence of hsCY. The chromophores of cpGFP and EBFP2 are 

colored in green and blue, respectively. 
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Supporting Information for Chapter 3 

 

A Genetically Encoded FRET Sensor for Hypoxia and Prolyl Hydroxylases 

 

 

Table B1. List of Oligonucleotides used in this study 

Primer name Nucleotide sequence 

YPet-For GATTGGTACCGAGTTATTCACTGGTGTT 

YPet-Rev TTCTAAGCTTAGAATTCTTTGTACAATTCATT 

ECFP-For AGGGCTCGAGCATGGTGAGCAAGGGCGA 

PVHL-Rev CAGCACTGGGCGCTGCAGGGCGGCGGTCACGAACTC 

Pst1-For CCGCCCTGCAGCGCCCAGTGCTGCGCAGC 

Kpn1-Rev1 GGGGATGTATGGAGCCAACATCTCTAAATCAAGGTCGAGC

TCACCACCTGCTGAACCTGC 

Kpn-Rev2 ACTCGGTACCAAAACTGCGAAGCTGGAAGTCATCATCCAT

GGGGATGTATGGAGCCAA 

Kpn-Rev3 ACCACCTGCTGAACCTGCTCCGCTACCACCGGCAGAGCCA

CC 

GGSG-For GGAGGCAGCGGACGCCCAGTGCTGCGCAGC 

GGSG-Rev GCGTCCGCTGCCTCCGGCGGCGGTCACGAACTC 

MidFloppy-R GAATGAGCTCTTTAGGCTTAGGTTTGGGCTTCGGCTTTGGT

TTGCCACCTGCGCTTGA 

MidFloppy-F1 CTTAGAGCTCCCCAAGCCAAAACCAAAGCCCAAGCCGAAG

CCAAAGCCGAAGCCC 

MidFloppy-F2 CCAAAGCCGAAGCCCGCCGGTGGTAGCGGAGCAGGTTCAG

CAGGTGGTAAGCTC 

pBAD-Rev GATTTAATCTGTATCAGG 

HIF-Rigid-F ATTAGGTACCAAGCCCAAGCCGAAGCCAAAGCCGAAGCCC

GAGTTATTCACTGGTGTT 

SacI-Rev GGTCGAGCTCAGAGCCACCTGCGCT 

PAPA-Rev ACTCGGTACCAAAACTGCGAAGCTGGAAGTCATCATCCAT

TGCGATGTAAGCAGCCAA 

PHD2-Kpn1-F CGTGGGTACCATGCCCAACGGGCAGACGAAG 

PHD2-HindIII-R AAGCGAAGCTTAGAAGACGTCTTTACCGAC 

HydpcDNA3-F CGCCTAAGCTTGCCGCCACCATGGTGAGCAAGGGCGAG 
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HydpcDNA3-R ACCTTCTAGATTAGAATTCTTTGTACAATTCATT 

PHD2-pcDNA3-

F 

TCGCCTAAGCTTGCCGCCACCATGGGTCCCAACGGGCAGA

CGAAG 

PHD2-pcDNA3-

R 

GATCTCTAGATTAGAAGACGTCTTTACCGACCGA 

mycPHD2-R CCCTCTAGATTACAGATCCTCTTCTGAGATGAGTTTTTGTTC

GAAGACGTCTTTACCGAC 

NES-HP-F1 CCCAAGCTTGCCGCCACCATGGCACTTCAACTTCCTCCTCT

TGAACG    

NES-HP-F2    CAACTTCCTCCTCTTGAACGTCTTACTCTTGTGAGCAAGGG

CGAGGAG 

NES-HP-XbaI-R     GCATTCTAGAGAATTCTTTGTACAATTCA 

PLJMI-NheI-F TCCGCTAGCGCCGCCACCATGGGAGCAAGGGCGAGG 

pHP-Nuc-R TCAGCTCGAGAGAACTCTTTGTACAATTCATT 
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Figure B1. Alignment of protein sequences of the biosensors constructed in this study. 



 107 

Appendix C 

 

Supporting Information for Chapter 4 

 

Toward a Lab-Cell Screening Assay for Inhibitors of PHDs 

 

 

Table C1. List of Oligonucleotides used in this study 

Primer name Nucleotide sequence 

pLJM1-NheI-F TCCGCTAGCGCCGCCACCATGGTGAGCAAGGGCGAGG 

pLJM1-EcorI-R CGAGAATTCTTAGAACTCTTTGTACAATTCATTC 

 

 




