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ABSTRACT 

 The specific interactions of macromolecules along with the activity of enzymes 

are central to all aspects of biology. It is well recognized that when the relative 

concentration or activity of macromolecules is perturbed, it can lead to human diseases. 

Thus, the development of simple methods for the detection of macromolecules and the 

activity of enzymes in complex environments is important for understanding biology. 

Moreover, the development of methods for measuring interactions allows for the testing 

of inhibitors that can be used as tools or drugs for improving human health. Towards this 

goal, a promising new method has been developed, which is the focus of this thesis, 

called split-protein reassembly or protein fragment complementation. In this method, a 

protein reporter, such as the green fluorescent protein or firefly luciferase, is dissected 

into two fragments, which are attached to designed adaptor proteins. The designed split-

protein systems only produce a measurable signal, either fluorescence or luminescence, 

when a specific macromolecular interaction or activity is present. 

 In this thesis, I have extended previous research on the direct detection of DNA 

using split-protein sensors utilizing a red fluorescent protein, dsRED from Discosoma 

that allows for multiplexed DNA detection. I have designed a new split-luciferase based 

sensor for detection of poly (ADP-ribose) or PAR, which plays a key role in the response 

to DNA damage and have applied it for monitoring the activity of poly (ADP-ribose) 

glycohydrolase that controls PAR levels in the cell. Furthermore, I have significantly 

expanded upon a three-hybrid split-luciferase system for identifying protein kinase 

inhibitors. I have designed and tested two orthogonal peptide based chemical inducers of 
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dimerization based on BAD and p53mt conjugates. I have studied these chemically 

induced dimerization systems in detail in order to begin to provide a theoretical basis for 

the observed experimental results.  Finally, in a less related area, I have developed 

methods for producing water soluble semiconductor nanoparticles called Quantum Dots 

(QDs), with potential application in biological imaging. I have developed methods for 

functionalizing the QDs with orthogonal peptides, which can be potentially used for the 

assembly of high affinity non-covalent QD targeted proteins. 
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CHAPTER 1: SPLIT-PROTEIN SYSTEMS 

1.1 The Conditional Reassembly of Split-Proteins 

In recent years, conditional split-protein reassembly has emerged as a method for the 

investigation of a variety of macromolecular interactions.
1-4

 In order to develop 

successful split-protein systems that can conditionally assemble and report upon the 

presence or absence of an interaction of interest, certain criteria have to be satisfied. 

Firstly, the parent protein or enzyme being fragmented to develop these types of sensors 

should have an easily measurable output, such as fluorescence or luminescence that is not 

significantly suppressed by other components in a cell or cell lysate. Secondly, the split 

protein fragments by themselves should not have any activity prior to reassembly. 

Thirdly, the interaction between two protein fragments should be negligible (< 100 fold), 

when compared to the binding constants of the attached proteins, sometimes called bait 

and prey. For example, if the attached proteins being interrogated have a binding constant 

of 10 nM, then the split protein fragments should have a binding constant of > 1 µM and 

ideally be reversible. The first conditional split protein reassembly system was 

established by Johnsson and Varshavsky in 1994
5
, where ubiquitin was split into two 

fragments and only regained its folded native structure when fused to two interacting 

protein domains. Since then many different proteins, mostly enzymes, have been 

engineered for developing split-protein reassembly systems, including the green 

fluorescent protein and its derivatives
6,7

, dihydrofolate reductase
8
, β-lactamase

9
, firefly 

and other luciferases
10-12

, tobacco etch virus protease
13

, thymidine kinase
14

 and 
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chorismate mutase
15

. Our laboratory has utilized GFP and its variants, β-lacatamase, and 

firefly luciferase as the reporter proteins for developing a wide range of sensors
16-28

. 

1.2 GFP and Firefly Luciferase Based Split-Protein Systems 

Green fluorescent protein (GFP) derived from Aequorea Victoria consists of a β-barrel 

structure with a central α-helix. After folding to its native structure, three residues (S65-

Y66-G67) in the central helix of GFP undergo autocatalysis under oxidative conditions to 

yield the fluorophore, which has an excitation peak at 395 nm and an emission peak at 

505 nm. GFP and its variants have been attached to different proteins and protein-protein 

interactions are measured by fluorescence resonance energy transfer
29

, however this 

remains a demanding technique for routine applications
30,31

. The first split-GFP was 

developed by dissection of the GFP protein at residues 157 and 158 and each fragment 

was fused to the heterodimeric leucine zippers, Fos and Jun, respectively
6
 (Figure 1.1). It 

was shown that this was a conditional reassembly system as the native GFP protein was 

refolded in vitro and in E. coli only when Fos and Jun were present. This work was 

extended by Kerppola’s group
7
, which resulted in the split-YFP system, a yellow 

fluorescent GFP derivative, for the direct visualization of protein interactions in 

mammalian cells. In our lab, Dr. Jennifer Furman extended this technique to many other 

Aequorea Victoria GFP variants, including GFPuv, Cerulean, EGFP, and Venus
28

. All 

these split-fluorescent protein systems have been optimized for refolding in the  
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Figure 1.1 The split-GFP system
6
. Reassembly was accomplished through the leucine 

zipper interaction. Two split GFP fragments were dissected at the positions of 157 and 

158 in native GFP protein. The sequences of the designed leucine zippers used were:  

NZ: ALKKELQANKKELAQLKWELQALKKELAQ;  

CZ: EQLEKKLQALEKKLAQLEWKNQA-LEKKLA.  
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detection assay. Interestingly, due to the similar dissection sites for these GFP variants, it 

was found that different fragments of the GFP variants could form chimeric proteins, 

which have new excitation and emission peaks differing from either original protein. The 

conditional reassembly of GFP and its variants was demonstrated to be irreversible under 

native conditions, that is when the native structure of GFP was conditionally 

reconstituted then this structure was resistant to dissociation. This kinetic effect might be 

particularly helpful for the detection of low abundance or low affinity complexes in vivo 

and in vitro but is a major problem with regard to the misinterpretation of protein-protein 

interactions and careful control experiments with known mutations that prevent binding 

need to be routinely carried out
29,32,33

. Moreover, many laboratories are interested in 

disrupting protein-protein interactions with peptides and small molecules
9,10,12

, which can 

also be difficult to accomplish and interpret in systems that are not under thermodynamic 

control. 

On the other hand, following the discovery of split-GFP and its variants, firefly and other 

luciferases have also been developed as reporters using split-protein systems
10-12

. 

Luciferases produce a luminescent signal by catalyzing the oxidation reaction of small 

molecule substrates, which does not need input of light and has very low background 

signal. Moreover, the dynamic study of protein-protein interaction through split-

luciferase systems in vitro and in vivo showed that split-luciferase was a reversal and 

sensitive reporter at endogenous protein expression levels
10

. Since the split-luciferase 

systems are reversible, it is possible to detect the inhibition of the protein-protein 

interaction due to the reversal of the reassembly process
10

.  
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In our laboratory, we have developed a large number of cell-free expression systems for 

measuring a variety of different macromolecular interactions using most known split-

proteins, such as fluorescent proteins, luciferases and lactamase. The split-luciferase 

reporter systems were found to be particularly attractive for both ease of detection and 

sensitivity
19-27

. In cell-free methods, the mRNA of split-luciferase fused with a designed 

protein binding domain of interest are obtained by in vitro transcription, and after 

purification, the fused split-luciferase fragments are translated from the mRNA in cell-

lysates in vitro. The translated split-protein fragments can undergo reassembly to its 

native and active form, either by protein-protein interaction in binary systems or by 

addition of the target for the two fused protein binding domain in ternary systems (Figure 

1.2). 
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Figure 1.2 The split-firefly luciferase sensor for binary and ternary systems. The two 

halves of firefly luciferase are fused to the protein binding domain A and B, and the 

protein fragments are translated in vitro in cell lysate from corresponding mRNAs. In the 

binary system, the firefly luciferase is reassembled by the interaction between two 

interacting protein domains. In the ternary system, the addition of a target of interest 

enables the reassembly of the enzyme by interaction with two protein binding domains. 
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1.3 Ternary Split-Protein Sensors: Beyond Binary Interactions 

Although binary split-protein systems have been widely used for the study of protein-

protein interactions in vitro and in vivo, the ternary split-protein systems with high 

sensitivity for the targets have been systematically developed by our lab over the past 

several years. Compared with the binary system which made use of two interacting 

protein domains fused to the split-reporter protein fragments, in the ternary system, two 

protein binding domains with limited interaction are fused to the split-GFP or split-

luciferase domains. With the addition of the target or analyte of interest, the interaction 

between the protein binding domains with the analyte molecule brings the two fragments 

of the reporter protein in proximity, which enables the refolding of the native protein 

which regains activity for readout of the analyte of interest. 

1.3.1 Sensors for Nucleic Acids and its Modifications 

One of the first examples of the ternary system was established by Dr. Cliff Stains in 

2002, in which two split-GFP fragments were fused to the designed and natural Cys2-

His2 zinc finger DNA binding domains
16

(Figure 1.3A). In the presence of target DNA, 

the two GFP domains were brought into close proximity and shown to refold and 

fluoresce only when specific adjacent DNA sites were available for both the zinc finger 

domains. Later on, this system was extended by replacing the reporter protein with other 

GFP variants for simultaneous detection of multiple targets
28

, β-lactamase
18

 or firefly 

luciferase
19

 for improved sensitivity. The ternary system was shown to be a general 

approach for detecting DNA modifications by modulation of the protein binding 
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domain
17,18,25,26

. In these systems, the zinc finger domains were replaced by alternate 

binding domains that target specific nucleic acid modifications. For instance, methyl 

binding domain (MBD) that binds methylated cytosines and Zif268, a natural zinc finger 

domain, have been used in the split-protein system for the detection of specific sites of 

DNA methylation
17

(Figure 1.3B) a known epigenetic modification. Furthermore, the 

difference between different MBD family members and their ability to recognize 

methylated DNA was also investigated systematically
26

. 

The cell-free split luciferase system has also been adapted for designing turn-on sensors 

for UV or oxidation-dependent DNA damage by fusing oxoguanine glycosylase 1 

(OGG1) or the damaged-DNA binding domain 2 (DDB2) to the C-terminal fragment of 

firefly luciferase (CFluc) and fusing MBD to the N-terminal fragment of firefly luciferase 

(NFluc)
25

(Figure 1.3D). With conjugation of the protein domain with corresponding 

specific DNA modification site, the split-firefly luciferase was shown to reassemble. This 

sensor provided a simple and sensitive approach for the rapid detection of the chemical 

modification of DNA exposed to different environmental insults. 

Compared with the detection of DNA, few strategies have been developed for detection 

of specific RNA sequence due to the limitation of RNA recognition domains. In our 

laboratory, three kinds of strategies with split-protein reassembly have been 

developed
19,22

(Figure 1.3C). The earliest one was to make use of the protein-target 

interaction directly, where Pumilio (Pum) RNA binding proteins confer specificity for 

binding a particular ssRNA sequencing.  
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Figure 1.3 Split-protein systems for detecting nucleic acids and their modifications (A) 

DNA enabled split-GFP reassembly system,
16

. (B) split-β-lactamase system
18

.(C) Three 

strategies for the ssRNA binding
22

. (D) Models for targeting DNA damage with split-

luciferase sensors
25

.  
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To develop general strategy for sequence-specifically assembling for any user-defined 

ssRNA target, Argonaute (Ago), which has been found able to bind to the 2-nucleotide, 3’ 

overhangs of short double stranded RNA (dsRNA), was utilized for the target binding site. 

To obtain the binding with Ago domain, dsRNA was prepared by addition of 

complementary guide oligonucleotides which could target the ssRNA sample in the 

solution. As a third design, dsDNA hairpins were combined with ssRNA guides which 

were complementary to the ssRNA target. In this method, high affinity (Kd ~ low pM) of 

sequence-specific Zinc finger domains were fused to the slit-luciferase, and the specific 

sensor could be designed flexibly by replacing the complementary ssRNA sequence for 

the target ssRNA of interest.  

1.3.2 Sensors for Native Proteins  

The direct and specific detection of native proteins in complex heterogeneous solution 

remains a challenge. In our laboratory, a general methodology based on the split-

luciferase system was developed by combining single-chain antibodies or cellular 

receptor fragments that target specific native proteins of interest
23

(Figure 1.4). This 

method was used the detection of vascular endothelial growth factor (VEGF), gp120 and 

human epidermal growth factor receptor-2 (HER2). The requirement for this strategy is 

that the two binding domain of the split-luciferase system should be able to bind the 

target protein simultaneously at different sites which should be close enough to allow for 

the reassembly of the reporter protein. More importantly, as shown in the recognition of  
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Figure 1.4 Split-luciferase systems for detecting native proteins (A) Detection of native 

protein with split-luciferase system. (B) Detection of VEGF homodimer. (C) Antibody 

enabled split-luciferase system for gp120. (D) Dual antibody mediated split-luciferase 

system for the detection of HER2. Figures are from reference 21 
23

. 



 32 
 

HER2, the single-strand antibodies which were translated in vitro system could extend 

this technique to other application with an entirely antibody-based recognition system. 

1.3.3 Chemically Induced Dimerization Based Split-Luciferase Systems 

Since the discovery of rapamycin-induced heterodimerization of FKBP12 (FK506 

binding protein) with FRB (FKBP12 rapamycin binding protein)
34

, a methodology that is 

now called chemically induced dimerization or CID, has been developed where two non-

interacting fusion proteins, with affinity for a ligand or hybrid ligand, are brought 

together in presence of a ligand to perform a specific function
35

.  CID has been proved 

powerful, and small ligands have been used for controlling cellular localization
36-39

, 

inducing protein splicing
40-42

, selectively labeling proteins, targeting them for 

destruction
43-45

, and to probe various cellular functions.  

Based on the concepts of split-protein complementation and CID, a coiled-coil peptide 

enabled split-luciferase system was developed by Dr. Ben Jester in our laboratory for the 

detection of inhibitors of protein kinases
21,24

(Figure 1.5). In this system, the CFluc 

domain was fused to the protein kinase of interest and the NFluc domain was fused to Fos 

peptide. Without addition of the ligand, there was limited interaction between the two 

protein fragments after in vitro translation. A chemical inducer of dimerization (CID),  

Jun-staurosporine was designed based on the fact that Fos/Jun peptides interaction has 

high specificity and affinity and staurosporine is a pan kinase inhibitor. In the presence of 

the CID, Jun-staurosporine, the two protein fragments (Fos-NFluc and CFluc-kinase) 

were found to reassemble the split-luciferase, which could be detected by the  
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Figure 1.5 Coiled-coil enabled three-hybrid system for profiling inhibitors of protein 

kinases
21
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luminescence. The formation of the ternary structure was reversible and could be 

disrupted by the addition of small molecule kinase inhibitors, which could bind the 

protein kinase at the same binding site as staurosporine. The decrease of the 

luminescence due to the disruption by small molecule was found to be dose-dependent 

and the observed signal loss followed a characteristic sigmoidal curve, with which an 

IC50 of the inhibitor could be measured and was found to be similar to those measured 

by traditional radioactivity based kinase assays.  

In this thesis, I will describe the extension of a variety of split-protein sensors for new 

applications. In chapter 2, I will discuss the extension of the A. Victoria based DNA 

dependent split-protein sensors to a red fluorescent protein, dsRED from a different 

organism, Discosom, that can potentially allow for multiplexing. In chapter 3, I will 

discuss the design and application of a new sensor for a different type of 

biomacromolecule, poly (ADP-ribose), which plays a key role in the DNA damage repair. 

Furthermore, in Chapter 4 and 5, I will discuss the expansion of coiled-coil based 

orthogonal CIDs using other types of protein/peptide interactions, BCL-XL/BAD and 

MDM2/p53mt. The specific motivation for each design, its analysis, and application are 

discussed in the chapters that follow.  Overall, the new sensor and CID designs add to the 

growing toolbox for the analysis of a variety of macromolecular interactions. 
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CHAPTER 2: THE SEER REASSEMBLY SYSTEM FOR MCHERRY 

2.1 Introduction 

2.1.1 DNA Detection Strategies 

The advent of large scale sequencing, leading to the sequencing of the human genome as 

well as myriad different organisms, has spurred research in new methodologies that can 

harness this information.
46,47

 Methods that allow for the identification of a particular 

nucleic acid and its chemical modifications can provide new insights into the potential 

markers for a particular disease, such as specific single nucleotide polymorphisms as well 

as chromosomal rearrangements. Moreover, rapid methods to identify specific nucleic 

acids can also aid in identifying pathogenic organisms
48-50

, particularly bacteria. Finally, 

these methods when applied in an intracellular context can in the long term provide 

insights to the function and regulation of cellular DNA and RNA.  

Given the importance of the detection of nucleic acids, many sensors as well as 

instrumentation has been developed to achieve this goal. In general, sensors have two 

domains: a recognition domain for identifying a target, the intended nucleic acid 

sequence, and a signal transducer domain, which provides an output when a target is 

recognized
51

. The most common method for identifying nucleic acids is, not surprisingly, 

hybridization-based approaches (Figure 2.1) that originate from the natural 

complementarity of dsDNA. In a hybridization-based method, the target DNA is 

denatured into single strands, which is detected by a labeled probe through Watson-Crick 

base pairing. The hybridization approaches are naturally limited by the  
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Figure 2.1 DNA hybridization based method for DNA detection. The target dsDNA is 

denatured into two single stranded DNA targets, either of which can be bound by an 

excess of a complementary nucleic acid based probe labeled by an appropriate 

fluorophore. 
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mode of recognition to the detection of unmodified and denatured DNA. There have 

many kinds of probes that have been used for hybridization, including complementary 

ssDNA, ssRNA, peptide-nucleic acids (PNA)
52

, locked-nucleic acids (LNA)
53

 and 

morpholinos
54

. These types of chemical probes have been used in the context of 

fluorescence in situ hybridization (FISH)
55

, Southern/Northern blotting
56

, molecular 

beacons
57

, and microarrays
58

.  

In contrast to hybridization methods, there has been interest in developing methods for 

the specific detection of DNA in its native double-stranded state through recognition in 

the major or minor groove (Figure 2.2 A). These methods ultimately seek to recognize 

dsDNA in its native cellular context. The critical recognition domain for these native 

dsDNA sensors include triplex-forming oligonucleotides (TFOs)
59

, hairpin polyamides
60

, 

and Cy2-His2 zinc fingers
61

. In TFOs (Figure 2.2 B), a strand of nucleic acids or nucleic 

acid analogs is designed for recognizing target dsDNA in the major groove through 

Hoogsteen or reverse Hoogsteen hydrogen bonding. The target sequence has to be 

polypurine or polypyrimidine stretches, which are bound by the polypyrimidines in TFOs 

in parallel
62

. However, to obtain TFOs hydrogen bonding with target, the cytosine bases 

have to be protonated at N
3
 (pKa of free cytosine = 4.3), which hinders the application of 

TFO at physiological pH
63

. A different approach makes use of designed synthetic 

polyamides developed by the Dervan laboratory, which were inspired by the natural 

products netropsin and Distamycin (Figure 2.2 C)
64,65

. The polyamides bind residues in 

the minor groove of DNA with high affinity (Kd ~10
-8

-10
-10

) and specificity due to the 

specifically designed N-methylpyrrole and N-methylimidazole moieties. However, this  



 38 
 

 

Figure 2.2 Recognition of double stranded DNA. (A) Direct detection of dsDNA by 

specific interaction with base edges in the major or minor groove. (B) Structural 

representation of a TFO (green) bound in the major groove of dsDNA (PDB: 1D3R). (C) 

Structural representation of a polyamide (green) bound in the minor groove of dsDNA 

(PDB: 1PQQ) 
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technique is limited by the flexibility of polyamide ligand for binding extended dsDNA 

sequences. 

2.1.2 Cy2-His2 Zinc Fingers for DNA Binding 

Our focus has been on Cy2-His2 zinc fingers (ZF), which are small protein that consists 

of 30 residues
66

. Individual ZFs forms ββα-module structures through chelating one zinc 

ion with two cysteines and two histidines
67

. Based on the crystal structure of the 

canonical three finger ZF, Zif268, bound to its target, it was recognized that four discrete 

residues on and near the recognition helix are responsible for specific DNA recognition 

(Figure 2.3 A and B)
68

. Over the past two decades, an understanding of zinc finger-DNA 

binding specificities has been developed at the molecular level, which makes it possible 

to design or select specific modules for binding almost any dsDNA target sequence of 

interest
69

. Domains for recognition of new defined DNA triplets have been developed 

from both naturally known ZFs as well as large scale studies of specific ZFs selected by 

phage display methods
69-71

. Thus far a significant proportion of codon triplets 

(www.zincfingertools.org: 49 triplets comprising all 5’-GNN-3’, 5’-ANN-3’, 5’-CNN-3’, 

and some 5’-TNN-3’) have been able to be recognized with specific zinc finger (Figure 

2.3 C)
72-75

. DNA sequences, usually comprising 18 base pairs for uniqueness in the 

human genome (3 x 10
12

 bp), are targeted by these modular and programmable domains. 

For our initial efforts at the direct detection of dsDNA using split proteins, we used 

Zif268, a natural zinc finger, and PBSII, a designed zinc finger, each of which recognize 

9 bp sites.. 

http://www.zincfingertools.org/


 40 
 

 

Figure 2.3 Zinc Fingers for recognition of double stranded DNA. (A) Modular and 

sequence-specific DNA recognition by zinc finger domains. (B) The zinc finger, Zif268, 

binds to a double-stranded DNA target, where three residues on the face of each α-helix 

are primarily responsible for recognition. (C) Recognition module sequences 

incorporated into the α-helix of a zinc finger that enable its ability to bind the indicated 

DNA sequence. 
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2.1.3 Split-GFP Biosensors for dsDNA 

To develop a protein-based strategy for the detection of a dsDNA target, the primary 

considerations include the selection of an appropriate DNA binding domain and a signal 

transducer domain which could produce detectable signal under the addition of the target. 

As discussed previously, the zinc finger domain provides a good choice for the binding of 

target dsDNA. An appropriate signal transducer domain should have high specificity for 

the target sequence when compared to non-target DNA and also have low non-DNA 

dependent background signal. Since the first paper reporting the reassembly of split-

ubiquitin
5
, split-protein reassembly sensors have been developed for conditional 

reassembly and traditionally used to detect protein-protein interactions
1-4

. We have 

previously demonstrated that split visual biosensors, including green fluorescent protein 

(GFP) and analogs
16,17,28

, β-lactamase
18

, and luciferases
19

, can be used for the detection of 

presence of target dsDNA.  

GFP is a β-barrel protein, which contains a central helical coil structure. In the native 

structure of GFP, there are three residues (S65-Y66-G67) in the central helical coil which 

could form the native fluorophore after oxidation. Native GFP has a major excitation at 

395 nm and a minor peak near 475 nm and emission at 505 nm without exogenous co-

factors or substrates. The first dissection site between residues 157 and 158 was 

established by Ghosh et al
6
, which is in the loop region between β-strands 7 and 8, while 

another dissection point was found between residues 172 and 173
33

. 
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The first split-GFP biosensor for DNA targeting has been developed with split GFP 

attached to two zinc fingers for a DNA target of 18 base pairs (Figure 2.4)
16

. Specifically, 

the zinc finger Zif268 is attached to the C-terminus of the N-terminal fragment (residues 

1-157) of GFP through a flexible linker and another zinc finger PBSII is attached to the 

N-terminus of the C-terminal fragment of GFP (residues 158-238). The addition of the 

target DNA leads to the interaction of target with the two zinc fingers, which brings the 

two fragments of GFP at small distance to allow the reassembly of split protein and to 

regain a signal. Furthermore, there are a variety of different color variants of Aequorea 

victoria  GFP, which have been used as signal transducers in the split-protein biosensors 

for DNA target in our lab
28

. All these GFP-derived fluorescent proteins were split as for 

GFP, between residues 157 and 158, and interestingly, it is observed that two fragments 

of different GFPs can be reassembled to obtain a chimera, which can emit at different 

wavelengths (Figure 2.6 A). Therefore, two distinct DNA sequences could be detected 

simultaneously in the same solution (Figure 2.6 B). All the proteins previously used in 

the laboratory, were derived from wild type Aequorea victoria GFP, including GFPuv, 

Cerulean, EGFP and Venus. The most red-shifted emission was at around 539 nm for 

Venus, a bright yellow fluorescent protein (Figure 2.5). Thus the red fluorescent proteins, 

dsRED and its variants from Discosoma
76,77

, were potential target for building the new 

split-fluorescent DNA binding sensors. Like GFP, the dsRED protein also forms a 

fluorophore through cyclization of three residues (Q66-Y67-G68). However, the native 

dsRED protein is limited by its tetramer form for the split-protein reassembly technique. 

The mFruits, monomeric dsRED derivatives, have  
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Figure 2.4 Split-GFP sensor for targeting dsDNA. (A) Model for the reassembly of split-

GFP based on the binding of target dsDNA with designed zinc finger domain. Two split 

parts of GFP (1-157) and (158-238) were fused to two zinc finger domain Zif268 and 

PBSII. With the addition of DNA target, GFP was reassembled and fluorophore was 

reformed due to the proximity. (B) The spectrum of reassembled GFP upon the addition 

of target DNA. (C). The signal of split-GFP system for target DNA with high specificity 

compared with other negative control samples. (Figures Reproduced from Cliff Stains 

Thesis, 2008). 
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Figure 2.5 Point mutations and spectroscopic properties of GFPuv, Cerulean, EGFP, 

Venus, and mCherry. Mutations (A. Victoria numbering) are listed below the 

corresponding structures where the mutations for chromophore were emphasized in bold. 

mCherry includes additional GFP-type residues on both its N- and C-termini. (Figures 

Reproduced from Jennifer Furman Thesis, 2010) 
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Figure 2.6 Mixed complementation with Venus and GFPuv. (A) A mixture binding 

model for the reassembly of NVenus,-Zif 268, PBSII-CGFPuv, and PE8B-CVenus. 

Wavelengths of maximum excitation (λex) and emission (λem) are indicated for each 

reassembled species. (B) The detection of the different targets was monitored at the 

indicated wavelengths (Figure Reproduced from Jennifer Furman Thesis 2010). 

 



 46 
 

been employed as fusion tags for imaging and its complementation system had been used 

for the investigation of protein-protein interactions in vivo
7,76,78,79

. Similarly, mCherry, 

one monomeric dsRED derivative, was selected for the signal domain of the split-protein 

sensor for dsDNA (Figure 2.5). Due to its unique structure and sequence compared with 

A. Victoria GFP scaffold, a different dissection site was designed for the reassembly of 

mCherry at 168 and 169.  

2.2 Design of Split-mCherry for dsDNA  

To obtain the split-fluorescent protein biosensor which has a larger emission wavelength, 

a dsRED derived red fluorescent protein (RFP), mCherry, was used for the design of the 

split-protein DNA sensor. Specifically, the C-terminus of the N-terminal fragment of 

mCherry (residues 1-168) was attached to the zinc finger, Zif268, and the N-terminus of 

C-terminal fragment of mCherry was attached to the zinc finger PBSII (Figure 2.7). 

Initial evaluation of the system showed signal generation only after the addition of 

targeted DNA.  

2.2.1 The Split-mCherry Biosensor for DNA Detection 

The natural zinc finger Zif268 was reported to have a high binding affinity (Kd=0.5-5nM) 

and high specificity for its targeted DNA sequence, 5’-GCGTGGGCG-3’. In contrast, the 

artificial zinc finger PBSII tha targets 5’-GTGTGGAAA-3’ has a lower binding affinity 

and thus excess PBSII may be required for the formation of the ternary complex. In order 

 



 47 
 

 

Figure 2.7 Sequence-Enabled Reassembly (SEER) with split-mCherry. The protein 

fusion constructs are initially non-fluorescent. The binding of target DNA through zinc 

finger domain induces reassembly of a productively fluorescent protein.   
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to test the signal: background, the titration of different ratios of NmCherry-Zif268 and 

PBSII-CmCherry were tested at constant concentration of target dsDNA (Figure 2.8). 

From this titration, it was found that under 1:4 ratio of the two recombinant proteins 

NmCherry-Zif268 and PBSII-CmCherry gave the best signal:background. When the 

concentration of PBSII-CmCherry is lower than 2 μM (corresponding to 1:4 ratio), a 

linear relationship between the concentration of CmCherry and the signal can be obtained 

(Figure 2-9). However, when the C-terminal fragments have bound all the N-terminal 

fragments in the presence of the dsDNA target, additional proteins will not increase the 

signal while the background signal without DNA target will increase. In the titration 

using the optimized ratio 1:4 (NmCherry:CmCherry), a linear relationship between the 

signal and the concentration of split protein fragments was established (Figure 2-10). 

Based on these optimizations, 2 μM NmCherry-Zif268 and 8 μM PBSII-CmCherry were 

used for the titration assay for DNA target, and the detection limit of DNA target 

approached 10 nM (Figure 2-11). 

2.2.2 Combination of Split-mCherry Sensor and Other Split-GFP Sensors 

We have previously found that because there is a similar split position in the GFP family 

of proteins, two split-GFP fragments from different GFP proteins can cross-reassembly 

through binding to the DNA target to form a chimeric fluorescent protein. The chimeric 

fluorescent protein can have a new fluorescent emission peak differing from either one of 

original GFP proteins. This is interesting but at the same time is a problem for detecting  



 49 
 

 

Figure 2.8 Optimization of split-protein fragment ratios. SEquence Enable Reassembly 

(SEER) mCherry fluorescence signal (monitored at 610 nm, excited at 587 nm) vs 

different ratio of NmCherry-Zif268 to PBSII-CmCherry while keeping concentration of 

NmCherry-Zif268 fragment constant (500 nM). 
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Figure 2.9 Titration assay of PBSII-CmCherry for SEER mCherry system. SEER 

mCherry fluorescence signal (monitored at 610 nm, excited at 587 nm) vs different 

concentration of PBSII-CmCherry while keeping concentration of NmCherry-Zif268 

fragment constant (500 nM). 
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Figure 2.10 Titration assay of Two halves protein fragments for SEER mCherry system. 

SEER mCherry fluoresence signal vs different concentration of protein fragments. while 

keeping ratio of NmCherry-Zif268 to PBSII-CmCherry constant as 4 and using 250 nM 

target DNA Zif268-0-PBSII. The signal was normalized by dividing the fluorescence of 

sample by the fluorescence of 5 nM of fluorescein.  
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Figure 2.11 Titration assay for DNA target with optimized SEER mCherry system. SEER 

mCherry fluorescence signal as a function of target DNA concentration. 2 µM 

NmCherry-Zif268 and 8 µM PBSII-CmCherry are used in this titration. 
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two DNA targets simultaneously in solution as the GFP proteins can cross-assemble. 

However, mCherry derived from a different organism has a different split site, since the 

overall structure is similar but not identical and the parent protein sequences are very 

different.  

Since the split-mCherrys and split-GFPs do not cross-react, chimeric reassembly 

experiments were performed with NmCherry-Zif268 and PBSII-fused proteins, which 

contain the C-terminal fragment of GFP of interest. As predicted, no signal was detected, 

for the potential chimeric fluorescent proteins (shown in Figure 2.12). To further confirm 

the lack of cross reactivity and the ability to simultaneously detect two dsDNA sequences 

NmCherry-Zif268/PBSII-CmCherry and NVenus-Zif268/PE8B-CVenus were used in a 

series of experiments. In these experiments, four recombinant proteins were incubated 

with DNA target, Zif268-0-PBSII or Zif268-0-PE8B, and in other two single-sensor 

assays, only one pair of protein fragments is combined with the oligonucleotide as a 

control. As shown in Figure 2.13, two SEER sensors which consist of SEER mCherry 

and GFP proteins produced signals independently without interference from other split- 

protein sensors.  Thus this experiment establishes that it may be possible to use the split-

GFPs and split-mCherrey protein to detect two distinct targets in the same solution which 

has not been previously possible. 
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Figure 2.12 Orthogonal assays with SEER mCherry and other split-GFP sensors. SEER 

assays for NmCherry-Zif268 (2µM) and different GFP C-terminal fragment fused with 

PBSII (8µM) combined with 250nM target DNA Zif268-0-PBSII. 
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Figure 2.13 SEER mCherry and Venus based detection of different DNA targets. 

NmCherry-Zif268+PBSII-CmCherry and /or NVenus-Zif268+PE8B-Cvenus are 

assembled based on the addition of oligomer Zif268-0-PBSII and Zif-0-PE8B. (A) 

Emission signal monitored at 610nm when solution is excited with 587nm. (B) Emission 

signal monitored at 528nm when solution is excited with 515nm.  
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2.3 Conclusions 

As described in this chapter, I have extended the use of split-GFP based sensors for 

dsDNA detection to the split-mCherry reassembly system. The split-mCherry was 

observed to have similar sensitivity (-low nM) to the split-GFP for DNA detection using 

the natural and designed zinc fingers. Thus, the zinc finger target recognition sequence 

may dictate the detection limits in these experiments if the split-GFP and split-mCherry 

proteins have similar fluorescent and refolding properties.  Importantly, the split-mCherry 

has a far red-shifted emission wavelength compared with A. Victoria GFP proteins, which 

may prove to be an advantage for the detection of different targets in vitro and in vivo. In 

addition, it is also important that due to the difference in the structures and dissection 

sites, there was no cross-reassembly observed between split mCherry and other split-

GFPs. This orthogonal reassembly property may simplify the simultaneous detection of 

different targets in the solution. Thus, this work establishes a new member of the 

fluorescent class of beta-barrel proteins, mCherry, can be used for the detection of 

dsDNA and likely other targets by ternary complexation and can potentially be used for 

the orthogonal detection of two targets. 
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2.4 Experimental Procedures 

2.4.1 Cloning of Split-mCherry Fragments NmCherry-Zif268 and PBSII-mCherry in 

pETDuet-B Vectors. 

        All enzymes were purchased from New England Biolabs, dNTPs were purchased 

from Fermentas. DNA oligonucleotides CmCherry Fwd KpnI and CmCherry Rev NotI 

were designed as primers for the PCR of the CmCherry fragment; oligonucleotides 

NmCherry Fwd BglII and NmCherry Rev NsiI were designed for the PCR of the 

NmCherry fragment (shown in Table 2.1). PCR for CmCherry fragment was performed 

under the conditions: 0.25 pmol/μl of each primer, 2 ng/μL of the plasmid pRSFDuet 

mCherry.   

After purification, both the PCR product of CmCherry and vector pETDuet B (which has 

already have PBSII and Zif268 in two multiple cloning domains) (Figure 2.14) were 

digested with restrictive enzymes KpnI and NotI at 37 C for 4 hours. After ligation using 

T4 ligase at 16 C for 1 hour, the CmCherry fragment was fused to the C-terminal of 

PBSII protein domain. Sequencing confirmed the vector with PBSII-CmCherry (shown 

as in Figure 2.16). Using pETDuet PBSII-CmCherry, I proceeded with the cloning of 

NmCherry. The vector PBSII-CmCherry was double digested with restrict enzymes Bgl 

II and Pst I while the PCR product NmCherry was double digested with Bgl II and Nsi I. 

After ligation with T4 ligase, the vector pETDuet PBSII-CmCherry & NmCherry-Zif268 

was obtained (Figure 2.15-2.17).  
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Table 2.1 Primers for the cloning of PBSII-CmCherry and NmCherry-Zif268 

  sequence 

CmCherry KpnI Fwd 5'-GCGTGTGGTACCGACGGCCACTAC-3' 

CmCherry NotI Rev 5'-GCCAGTGCGGCCGCTCACTTGTACAGCTC-3' 

NmCherry BglII Fwd 5'-GCGTGTAGATCTGAGCAAGGGCGAGGAG-3' 

NmCherry NsiI Rev 5'-GCCAGTATGCATCTTCAGCTTCAGC-3' 
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Figure 2.14 Agarose DNA gel for PCR product for (A) CmCherry, (B) NmCherry. 
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Figure 2.15 DNA plasmid map for SEER-mCherry. CmCherry fragment is fused to C-

terminal of zinc finger domain PBSII. NmCherry fragment is fused to N-terminal of zinc 

finger domain Zif268. 
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Figure 2.16 Sequence for PBSII-CmCherry in pETDuet B. 
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Figure 2.17 Sequence for NmCherry-Zif268 in pETDuet B. 
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2.4.2 Expression and Purification of PBSII-CmCherry and NmCherry-Zif268 

Plasmid pETDuet PBSII-CmCherry & NmCherry-Zif268 was transformed into BL21 

cells. Then, a 50 mL culture was grown at 37 C overnight. On the next day, the  culture 

was back-diluted to OD600 of 0.05 in a 1 L medium with 1x ampicillin. After 4 hours of 

growth at 37 C, the OD600 reached about 0.6, and 1 mM IPTG and 0.1 mM ZnCl2 were 

added into the culture to induce protein expression. After another 6 hours growth, the 

cells were pelleted and stored at -20 C overnight.  

The cell pellets were resuspended in zinc buffer A (ZBA) (0.1 mM ZnCl2, 50 mM 

NaH2PO4, 300 mM NaCl, pH=8.0) and then sonicated in an ice bath. After that, the cell 

lysate was cleared by centrifugation at 18000 rpm for 45min. The pellet was resuspended 

in ZBA combined with 8 M urea and then incubated with Ni-NTA beads for 1 hour at 

4 C. After passing mixture through the PD10 filter column, the flow-through was 

collected, and the beads in the column was  washed with ZBA/8M urea solution with 

increasing imidazole concentrations subsequently (2 mM, 10 mM, 50 mM).  The proteins 

were eluted with ZBA/8M urea solution with 500 mM imidazole (#1-#6). Samples were 

analyzed in an SDS-PAGE gel as shown in Figure 2.18. From the gel I obtained the 

relatively pure samples for NmCherry-Zif268 (Lane 3, MW=34250) and PBSII-

CmCherry (Lane 6, 7, and 8, MW=19517).  
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Figure 2.18 SDS-PAGE gel. Lane 1-2: protein ladder, flow through sample. Lane 3-6: 

different concentration of imidazole: 2 mM, 10 mM, 20 mM, and 50 mM. Lane 7-9: 500 

mM #1, #3, and #5. 
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2.4.3 Reassembly of Split-mCherry Based on DNA Binding 

2.4.3.1 Reassembly of Split-mCherry  

In the titration assay using different ratios of NmCherry-Zif268 and PBSII-CmCherry, 

17.5μl 7.14μM NmCherry-Zif268 (ZBA/8M urea) solution was combined with various 

volumes of 78.86μM PBSII-CmCherry (ZBA/8M urea) solution to achieve ratios of two 

fragments as 1:8, 1:4, 1:2, 1:1, 1:0.5 and 1:0. After adding DNA target solution, ZBA/8 

M urea solution and ZBA only solution, 250 μL of 500 nM NmCherry-Zif268/ZBA/4M 

urea/150nM DNA target Zif268-0-PBSII solution were obtained for each sample of 

interest. Then after dialysis in 500mL ZBA solution at 4 C twice, the fluorescence 

measurement was performed for each sample of interest.  

In the titration assay testing the concentration of NmCherry-Zif268, similar experiments 

were performed as above, except the ratio of the two fragments was kept at 1:4 and the 

concentration of NmCherry-Zif268 varied from 375 nM to 5.5 μM.  

In the titration assay varying the concentrations of the DNA target, similar experiments 

were performed as above, except the concentrations of NmCherry-Zif268 and PBSII-

CmCherry were kept at 2 μM and 8 μM and the concentration of the DNA target varied 

from 10 nM to 250 nM.  

2.4.3.2 SEER mCherry with Other Split-GFP Sensors 

Recombinant proteins PBSII-CEGFG, PBSII-CVenus, PBSII-CCerulean, NVenus-Zif268 

and PE8B-CVenus are a donation from Dr. Jennifer Furman.  
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In the chimera protein assembly experiments, 70μl 7.14μM NmCherry-Zif268 fragments 

were combined with PBSII-CmCherry and other PBSII-fused C-terminal fragments of 

GFP proteins of interest (CEGFG, CVenus and CCerulean). After addition of the DNA 

target Zif268-0-PBSII, ZBA/8M urea and ZBA only solution, the final 250 µL solution 

contained 2μM NmCherry-Zif268, 8μM PBSII-C-terminal of proteins of interest, 4M 

urea, 0.1mM ZnCl2 and 250nM DNA target. After dialysis twice in 500mL ZBA solution 

at 4 C, the fluorescence was measured. 

In the experiments of SEER mCherry and Venus, NmCherry-Zif268/PBSII-CmCherry 

and NVenus-Zif268/PE8B-CVenus were used for targeting two oligonucleotide 

sequences. For either one of the control assays, only one pair of SEER sensors was 

combined with one of two targets, Zif268-0-PBSII and Zif268-0-PE8B. For the mixture 

assay, two pairs of SEER sensors were combined together as well as the target sequences. 
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CHAPTER 3: DEVELOPMENT OF A SPLIT-LUCIFERASE SENSOR FOR 

INTERROGATION OF POLY-ADP RIBOSE  

3.1 Introduction 

It has been reported that in the human genome there are typically >10
4
 lesions daily on a 

per cell basis from a variety of endogenous and environmental insults
80

.  There are 

several direct chemical modifications, including bulky DNA adducts
81-83

, oxidized or 

hydrolyzed bases
84

, alkylation products
85

, and strand breaks
86,87

. In order to survive, some 

specific mechanisms have been evolved by cells to counter DNA damage, which could be 

collectively termed the DNA-damage response
88

.  One such DNA damage response is 

associated with a post-translational modification of proteins with a polymer, poly (ADP- 

ribose) or PAR, which is synthesized by an enzyme called poly (ADP-ribose) polymerase 

(PARP)
89

.  PAR modification on a protein changes the physical properties of the 

modified protein. For example, PAR modification of the histone increases the negative 

charge on the protein, which may facilitate disassembly of the chromosome at the site of 

a strand break, thereby allowing access to other enzymes needed for cell cycle arrest and 

DNA repair initiation
90

.   

Poly ADP-ribosylation of PARP itself increases its affinity for DNA repair proteins and 

enzymes, thereby allowing their recruitment at the site of DNA damage (Figure 3.1)
86,91

. 

PARP usually has low activity when it is free in the cell. However, binding to damaged 

DNA induces a conformational change in PARP, which results in increased activity and 

synthesis of PAR from NAD
+
. Over-activation of PARP-1 results in unregulated PAR 

synthesis, which leads to depletion of NAD and consequently ATP in the cell, which  
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Figure 3.1 Model of the role of PAR in DNA damage repair (A) The structure of Poly 

(ADP-ribose) (B) DNA damage and Poly (ADP-ribose) metabolism in the cells. DNA 

damage activates Poly (ADP-ribose) polymerase (PARP) (blue) and promotes synthesis 

of poly (ADP-ribose) (PAR). PARP itself gets modified by PAR and helps recruit 

members (yellow and green) of the DNA repair complex to the site of damaged DNA. 

Poly (ADP-ribose) glycohydrolase (PARG) hydrolyses PAR, thereby enabling PARP 

return to its unmodified state. 
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eventually results in widespread cell death
89,92-94

.  On the other hand PARP-1 knockout 

mice, although viable, are highly sensitive to DNA damage
95

.  Under normal conditions, 

unrepaired single strand breaks are converted to double strand breaks which can be 

subsequently repaired by homologous recombination (HR).  However, in cells with 

defective HR repair machinery, DNA damage cannot be repaired and PARP-1 inhibition 

can lead to cell death
96,97

.  This was demonstrated in two seminal papers in 2005 where 

inhibition of PARP-1 was shown to be lethal to a BRCA2 deficient cell lines, lacking HR 

repair machinery.  These studies highlighted the importance of PARP in DNA damage 

response and its role in cell viability and paved the way for the pharmaceutical 

development of PARP-1 inhibitors.  

While PARP catalyzes the synthesis of PAR, another enzyme called poly(ADP-ribose) 

glycohydrolase (PARG) is responsible for the degradation of PAR in a cell.  PARG 

hydrolyzes PAR from PARylated proteins by a combination of its endoglycosidase 

activity, to produce oligo(ADP-ribose), and exoglycosidase activity, to produce ADP-

ribose 
98,99

(Fig 3.2). The exoglycosidase pathway becomes dominant when PAR has been 

hydrolyzed into smaller fragments. PAR accumulation in cells is detrimental to cell 

viability and elevated levels during DNA damage are rapidly hydrolyzed and returned to 

normal levels. For example, upon assembly of DNA repair proteins, PAR-modified 

PARP is released from the DNA-repair complex and returned to the unmodified state by 

PARG.  PARG knockout is embryonically lethal in mice
100

 and like PARP, PARG 

deficiency has been shown to sensitize cells to DNA damaging agents
101,102

.  Therefore, 

PARP and PARG, act in concert to maintain PAR concentration at low levels in a cell. 
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Figure 3.2 Two degradation pathways for PARG glycosidase activity. In the 

endoglycosidase model (shown in blue), PARG hydrolyzes PAR into small fragments. In 

exoglycosidase model (shown in red), PARG hydrolyzes PAR at the end of the polymer 

to produce ADP-ribose.  
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Although there are several PARP-1 inhibitors currently in clinical trials
103-112

, none exist 

for PARG.  Crystal structures of PARG with its ADP-ribose target analogue (Figure 3.3) 

or inhibitor ADP-HDP have been established for studying mechanism of PARG
113,114

. 

This development of PARG inhibitors is limited by the availability of robust and 

sensitive assays for PARG activity.  The most commonly used method is radioactivity-

based, where 
32

P-labeled PAR is first synthesized by PARP in the presence of activated 

DNA, which is hydrolyzed by PARG after purification
98

.  The hydrolysis product is then 

purified by TLC and the final monomeric product is analyzed for radioactivity.  This 

assay, although sensitive, is clearly not suitable for high-throughput screening.  To 

overcome this problem, the Hergenrother group developed a non-radiometric assay
115

, 

where ADP-ribose (product of the PARG-catalyzed reaction) was reacted with 

benzamidine and converted to a fluorophore which could be used for the detection of 

PARG activity. This assay yielded similar IC50 values for ADP-HPD (Adenosine 5’-

Diphosphate (Hydroxymethyl) Pyrrolidinediol)- as in the radioactive method; however, 

concentrations of 20 µM PAR and 0.2 ng/mL PARG were needed to observe a detectable 

signal. Moreover, since the assay is dependent on the reaction of benzamidine with ADP-

ribose, any inhibitor belonging to the hemiacetal or other compound classes that are 

reactive against benzamidine will be difficult to screen using this assay. 

My goal, in this project, was to develop a sensitive luminescence based PAR sensor, 

which could report on the amount of PAR, and thereby the activity of PARP and PARG 

enzymes without addition of chemicals for chemical reaction. 
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Figure 3.3 Crystal structure for human PARG with ADP ribose. (PDB: 4B1H). The 

residues of PARG isin greenr. ADP ribose is labeled yellow for carbon, red for oxygen 

and blue for nitrogen. The residues in PARG that bind ADP ribose are in purple
113

. 
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3.2 Design and Development of Split-Luciferase Sensors for Poly (ADP-Ribose) (PAR) 

3.2.1 Design of Split-Luciferase Based PAR Sensor 

The PAR sensor design was based on the split-luciferase assay technology developed in 

our labs, which relies on the conditional reassembly of a functional luciferase from two 

luciferase fragments in the presence of a biomolecular interaction. We have demonstrated 

the versatility of split-luciferase based assay for detection of modified and unmodified 

DNA, RNA, enzymes like caspases and kinases, and protein-protein interactions.  Since 

luciferase reassembly is reversible, such assays can also be utilized for the identification 

of agonists and antagonists of the target protein.   

As a first step, in extending this application to the detection of PAR, we sought to 

identify a recognition protein that could specifically bind PAR.  Aprataxin and PNK-like 

factor (APLF), a 57 kD protein, has been recently identified as a poly(ADP-ribose) 

binding DNA damage response factor
116-120

.  APLF contains a forkhead-associated 

domain (FHA) at its N-terminus, and two tandem zinc finger motifs (PBZ domains) 

followed by an acidic tail at its C-terminus (Figure 3.4)
120

.  During the DNA repair 

process, APLF is recruited to poly (ADP-ribosyl)ated PARP at the site of DNA damage, 

where it binds poly(ADP-ribose) through its PBZ (poly(ADP-ribose) binding zinc-finger) 

domains and helps recruit other DNA repair proteins through FHA-mediated interactions.  

The PBZ domains of APLF have been shown to be essential for targeting PAR, binding it 

with a high affinity (Kd = 0.9 nM)
121

, which makes APLF an appropriate choice for the 

PAR recognition module in our split-luciferase fusion constructs.   
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Figure 3.4 PBZ domain of APLF. APLF contains a forkhead-associated domain on the N 

terminus and two tandem zinc finger domains (PBZ) on the C-terminus. The zinc finger 

domains specifically recognize poly (ADP-ribose) at the site of single strand breaks.  For 

our assay design, we have used this PBZ domain of APLF (amino acid sequence shown) 

as the recognition module for PAR. 
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Two NMR structures of the APLF PBZ domains with PAR fragment have been solved by 

Neuhaus
121

 and Li
122

 groups, which provide structural insights into the specificity of PBZ 

domain for PAR.  The tandem zinc fingers of PBZ domain recognize the adenine ring and 

pyrophosphate group only when they are present on the opposite ends of an (1→2) O-

glycosidic bond, as is the case with poly(ADP-ribose) (Figure 3.5).  This gives rise to the 

specificity of APLF PBZ domains for PAR.  In addition, surface plasmon resonance 

studies by Li et al have shown that the binding affinity of the PBZ domain for PAR is not 

significantly different from that of the full length APLF (Kd = 0.2 nM for full length, 0.9 

nM for PBZ domain).  Furthermore, individual zinc fingers PBZ domain 1 and 2, bind 

poly (ADP-ribose) with a 1000-fold lower affinity than the tandem PBZ domains.  Hence 

in designing our constructs, we fused the smaller ~65 amino acid containing PBZ 

domains of APLF (henceforth referred to as APLF in the thesis) to both the N-terminal as 

well as the C-terminal fragments of luciferase.  We reasoned that these smaller constructs 

would be easy to express without significant compromise on the binding affinity and 

specificity of the recognition module for its target PAR. 

Hence in designing our constructs, we fused the smaller ~65 amino acid containing PBZ 

domain of APLF (henceforth referred to as APLF in the thesis) to both the N-terminal as 

well as the C-terminal fragments of luciferase.  We reasoned that these smaller constructs 

would be easy to express without significant compromise on the binding affinity and 

specificity of the recognition module for its target PAR (Figure 3.6). 
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Figure 3.5 Structure of APLF PBZ domain in complex with RFA. RFA: 2’-O-α-D-

ribofuranosyl-adenosine. (A) Structure of PAR and fragments used in structural studies; 

ADPR (ADP ribose) is the fragment within the blue and red cycle and RFA is that within 

the green and red cycle (the part within red cycle being common to both). The labels 

“protein” and “distal” indicate chain direction. (B, C) Structures of RFA bound to APLF 

F1 (B) and APLF F2 (C) In B, the RFA molecule is schematically extended to show how 

PAR may bind; C shows a close-up of key interactions. The figures are cited from 

reference 119.  
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Figure 3.6 Model for Split-luciferase sensor designed for PAR. APLF zinc finger 

domains are fused to the split-luciferase fragments. The reassembly of a functional 

luciferase is achieved by the binding of the two APLF containing fusion proteins to PAR .  

The reassembled luciferase can catalyze the oxidation of luciferin and emit luminescence 

as signal. 
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3.2.2 Development of PAR Sensor 

The in vitro translation of APLF-NFluc and CFluc-APLF mRNA in the reticulocyte 

lysate for 90 min yielded the two fusion proteins. The proteins were subsequently 

incubated for 1 hour with PAR resulting in luciferase reassembly, and luminescence 

emission was measured in the presence of L-Glo (Figure 3.7A, B). Commercially 

available PAR used in our assays as a target comprises of 2-300 units of ADP-ribose. For 

reference, cellular PAR isolated from C3H10T1/2 cells has been shown previously to 

consist of oligomers containing >17 units of ADP-ribose.   

 

Since the recognition of PBZ domains for PAR is dependent on Zn
2+

, I wanted to 

evaluate if addition of ZnCl2 to the reticulocyte lysate would affect the PAR binding to 

our APLF-based sensor.  Translation of the split-luciferase/APLF fragments in presence 

of 8 µM ZnCl2 followed by incubation with 1 ng PAR resulted in 3-fold greater signal 

than the background containing no PAR (Figure 3.7B).  Having identified the need for 

ZnCl2, I then set out to optimize the signal, by carrying out ZnCl2 titration to find the 

suitable concentration of ZnCl2 for the assay. As shown in the Figure 3.8A, 50µM of 

ZnCl2 in the incubation mixture gave the highest signal in the assay. With the optimized 

ZnCl2 concentration, I then carried out similar titrations for PAR and found that 

concentrations as low as 7.5 pg/µL of PAR could be detected in our assay (Figure 3.8B). 
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Figure 3.7 In vitro detection of PAR (A) Assay protocol for detecting PAR. The two 

mRNAs corresponding to the APLF-NFluc and CFluc-APLF are translated in a cell-free 

system.  (B) Luminescence signals were measured in the presence and absence of poly 

(ADP-ribose). 1 pmol each of mRNA APLF-NFluc and CFluc-APLF was translated in 

vitro in 25 µL rabbit reticulocyte lysate mixture. 8 uM ZnCl2 was added to the translation 

mixture, and after translation 24 µL of lysate mixture was incubated with either 1 µL 

water (no PAR) or 1 µL solution containing 1 ng PAR for 1 hour at room temperature. 

Signal enhancement of 3-fold over background was observed in the presence of PAR. 
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Figure 3.8 Optimization of conditions for PAR detection (A) Titration of ZnCl2 for assay 

optimization. ZnCl2 at various concentrations (0 μM, 8 μM, 20 μM, 50 μM, 100 μM, 150 

μM, 200 μM) were tested in the in vitro translation. 1 ng of PAR was added post-

translation to each solution and the luminescence was measured post 1 hr of incubation. 

The optimal concentration of ZnCl2 was determined to be 50 M. (B) Titration of PAR 

for assay optimization. 50 μM ZnCl2 was added to the translated proteins in the lysate 

and 20 µL lysate mixture was incubated with different amount of PAR (0.125 ng, 0.0625 

ng, 0.03125 ng and 0.0156 ng) for 1 hr at room temp.  Luminescence signal was 

measured upon addition of luciferin to the lysate. 
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3.3 Detection of PARG Activity in vitro with APLF-Based Split-Luciferase Sensor 

As mentioned earlier, PAR levels in cells are regulated by the opposing effects of PARP 

and PARG.  PARG is present in low concentrations in cells but has high specific activity 

for hydrolysis of long chain poly (ADP-ribose) units.  By having a higher activity than 

PARP, PARG ensures that the elevated levels of PAR synthesized during DNA repair are 

transient and the cell is returned to its normal low PAR levels rapidly.  The crystal 

structures of bacterial and mammalian PARG complexed with ADP-ribose and ADP-

HPD (a PARG inhibitor) respectively, have been recently solved and provide insight into 

the structure and the catalytic mechanism of PARG.  These structures are likely going to 

lead to structure-based drug design of PARG inhibitors in the future.  

Towards the development of a sensitive, non-radiometric assay for PARG activity, we 

tested the utility of the split-luciferase/APLF based PAR sensors, developed in Section 

3.2.2.  These sensors are capable of measuring the amount of PAR present and hence can 

report on the amount of un-hydrolyzed PAR available after the PARG reaction.  In order 

to evaluate the time course of PAR hydrolysis in presence of PARG, I incubated fixed 

concentrations of PAR (1 pmol) and enzyme PARG (0.5 mU, 0.05 ng) over 5-120 

minutes. At each time point, I added the reaction mixture (containing hydrolyzed and un-

hydrolyzed poly (ADP-ribose)) to a pre-translated split luciferase/APLF assay system and 

measured luminescence on addition of L-Glow. As shown in Figure 3.9, PARG degrades 

PAR rapidly over time and provides a method to measure activity. 
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Figure 3.9 Time course of PAR degradation by PARG as determined by the split-

luciferase/APLF sensor. For each time point, in 1 µL solution, 14 ng PAR (1 pmol of 

ADP-ribose units) was incubated with 0.05 ng PARG (0.5 mU) in a PARG reaction assay 

buffer at room temperature for 5 min, 30 min, 60 min and 120 min respectively. After 

reaction, the amount of un-hydrolyzed PAR remaining in the reaction mixture was 

incubated with 24 µL lysate mixture after translation and measured by the luminescence 

signal. 
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3.4 Inhibition of Poly (ADP-Ribose) Glycohydrolase with Penta Galloyl Glucose and 

ADP-HPD (Adenosine 5’-Diphosphate (Hydroxymethyl) Pyrrolidinediol) 

Before testing for PARG inhibition, I wanted to determine the concentration of PAR 

substrate, whose signal lay in the linear range of the assay.  I translated 1 pmole of each 

of the two split-luciferase/APLF fragments and then titrated different concentrations of 

PAR into the lysate. As shown in Figure 3.10A, the signal increased linearly with 

increasing concentrations of PAR reaching a plateau at around 0.5 ng PAR (final 

concentration of ADP-ribose units is 46 nM), beyond which addition of more PAR did 

not result in higher signal in the assay.  This provided me with a range of PAR that could 

be reliably used in the PARG inhibition assay. 

Using this data I then validated 0.4 ng PAR concentration in a PARG assay, where 0.02 

ng PARG (30 nM) was found to degrade the PAR polymer in 1 hour at room temperature 

(in Figure 3.10B).  I then proceeded to test the PARG inhibitors (penta galloyl glucose 

and ADP-HPD) in the PARG assay, using these parameters.   
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Figure 3.10 Optimization of conditions for the detection of PARG activity. (A) 

Determining the linear range of PAR concentration to be used in the split-

luciferase/APLF assay. 1 pmol mRNA for APLF-NFluc and CFluc-APLF were used for 

in vitro translation in 25 μL lysate mixture. And 4.5 μL of sample solution containing 0.1, 

0.2, 0.5, 1 or 2 ng PAR was added to the 18 μL of lysate mixture. (B) Detection assay for 

PARG activity. 0.4 ng PAR was added to 1xPARG buffer with or without 0.02 ng PARG. 

After treatment at room temperature for 1 hour, the solution was combined with 18 μL of 

lysate prepared as described in (A). 
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3.4.1 Determining the Inhibition of Poly (ADP-Ribose) Glycohydrolase by Penta Galloyl 

Glucose with Split-Luciferase/APLF Sensor. 

Since the first paper describing tannins as PARG inhibitors, tannins and their derivatives 

have been widely studied for PARG inhibition
123-130

. Of these, only hydrolysable tannins, 

which include gallotannins and ellagitannins, were found to inhibit poly (ADP-ribose) 

glycohydrolase activity. Gallotannins showed lower inhibitory activities (IC50 = 18.9 - 

31.8 μM) than ellagitannins (IC50 = 0.38 - 15.5 μM), with the degree of inhibitory activity 

of gallotannins increasing with the number of galloyl residues (tri- < tetra- < penta-

galloyl)
125

.  Similarly, the higher-order oligomeric ellagitannins showed better inhibitory 

activity against PARG.  

Using the conditions optimized previously, I tested penta galloyl glucose (one kind of 

gallotannin) for inhibition against PARG in the split-luciferase/APLF assay.  I incubated 

0.4 ng of PAR substrate with 0.02 ng of PARG enzyme in presence of varying amounts 

of penta galloyl glucose for 30 minutes, followed by adding the reaction mixture to 

reticulocyte lysate containing pre-translated split-luciferase/APLF sensor.  The sensor 

binds the unhydrolyzed PAR in the PARG reactions, and addition of L-Glow results in a 

luminescent signal that is a measure of the PARG activity.  A higher signal indicates a 

higher concentration of PAR substrate present, and therefore higher enzyme inhibition.  

As a negative control for the experiment, I used 0.4 ng PAR without PARG (corresponds 

to 0% PARG activity); and as a positive control I used 0.4 ng PAR with 0.02 ng PARG in 

the absence of penta galloyl glucose (corresponds to 100% PARG activity). 
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As shown in Figure 3.11B, increasing concentrations of penta galloyl glucose resulted in 

increased inhibition of PARG activity, causing accumulation of unhydrolyzed PAR, 

which resulted in a higher signal.  The inhibition data was plotted on a graph, where the 

activity of PARG at each concentration was defined as: 

         
       

         
 

In the equation Lmax is the highest luminescence signal (from negative control without 

PARG), Lmin is the lowest luminescence signal (from positive control experiment with 

PARG but no inhibitor), and Lx is the signal obtained for different reactions with varying 

concentrations of gallotannin. 

 

In our assay, penta galloyl glucose had IC50 of 63±4 nM for PARG under the conditions 

where 74 nM poly (ADP-ribose) and 30 nM enzyme was used for the assay. In 

comparison, IC50 of gallotannin has been previously reported at around 18.9 μM
125,126

.  

This could be due to the high concentrations of poly(ADP-ribose) used in that study (20 

μM),   As can be seen from the Cheng-Prusoff equation (eq 3.1), IC50 is directly 

correlated to the concentration of the enzyme substrate, and higher substrate 

concentration is expected to result in higher IC50 values. 

   
    

  
   

  

          (Equation 3.1) 
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Figure 3.11 Inhibition of PARG by penta galloyl glucose. (A) Structure of one kind of 

gallotannin (penta-galloyl glucose). (B) Inhibition of PARG as determined by split-

luciferase PAR assay with varying concentrations of penta galloyl glucose: 1, 5, 10, 25, 

50, 125, 250, 500, or 1000 nM of gallotannin in 1xPARG buffer was used for incubation 

with 0.02 ng PARG and 0.4 ng PAR at room temperature. IC50 of penta galloyl glucose 

was determined to be 63±4 nM. 
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3.4.2 Determining the Inhibition of Poly (ADP-Ribose) Glycohydrolase by ADP-HPD 

with Split-Luciferase/APLF Sensor 

Adenosine Diphosphate (Hydroxymethyl) pyrrolidinediol (ADP-HPD) is an ADP-ribose 

analog where the ring oxygen of ADP-ribose has been replaced by nitrogen
131-134

.  ADP-

HPD has been reported to have an IC50 of 0.12 μM against PARG in an assay where the 

substrate concentration used was 10 μM in ADP-ribose. As a previous kinetic study 

showed, ADP-HPD did not function as a transition state analog as expected, rather it 

inhibited PARG noncompetitively, by lowering the Vmax. We wanted to evaluate the IC50 

of ADP-HPD in our assay, which is more sensitive and can be conducted under far lower 

concentration of the substrate and enzyme. 

As in the case of penta galloyl glucose, we incubated different concentrations of ADP-

HPD with 76 nM PAR and 30 nM PARG, following which the reaction mixtures were 

added to the pre-translated sensor and the luminescence measured in the presence of L-

Glo.  As shown in Figure 3.12B, the IC50 for ADP-HPD was determined to be 5.4±0.6 

nM.   
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Figure 3.12 Inhibition of PARG by ADP-HPD (A) Structure of ADP-HPD.  (B) 

Inhibition of PARG was determined by split-luciferase/APLF assay with varying 

concentrations of ADP-HPD (0.1, 0.5, 1, 5, 10, 25, 50, 125, 250, 500, or 1000 nM) in 

1xPARG buffer incubated with 0.02 ng PARG and 0.4 ng PAR at room temperature. IC50 

was determined to be 5.4±0.6 nM. 
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3.5 Conclusions 

In this chapter, we have developed a split-luciferase sensor for probing the amount of 

poly (ADP-ribose)..  This sensor makes use of the reassembly of split-luciferase through 

binding PAR solution with APLF zinc finger domains fused to the two fragments of 

luciferases.  In comparison to radioactive methods, our assay is safer, does not require 

any purification steps, hence it is also faster and cheaper.  At the same time it is very 

sensitive and can be used with low concentrations of enzyme and substrate, making it 

amenable for high throughput screening. This sensor has been used to develop methods 

for studying inhibitors of PARG and may also be used for studying the inhibition of 

PARP as both these enzymes are implicated in different diseases. Furthermore, this 

sensor has been used to detect transient protein modifications in mammalian cells
135

. The 

real-time detection of production of PAR in cell with our sensor provides a new method 

for investigating the numerous factors that may dynamically influence the formation and 

degradation of PAR. Looking ahead, new sensors using the APLF motif may also be 

designed to directly detect PAR dynamics in living cells.  
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3.6 Experimental Procedures 

3.6.1 Design and Cloning of Split-Luciferase/APLF Probe 

APLF (residues 376-441) was synthesized by Klenow extension which makes use of 

overlapping primers as shown in Table 3.1, which was confirmed by agarose gel in 

Figure 3.13A. The Klenow extension experiment for APLF (376-441) was conducted 

under the following condition: in 100 μL 1xThermo Polymerase reaction buffer, 0.5 pmol 

of N3ZnAPLF and C3ZnAPLF, 1pmol of N2ZnAPLF and C2ZnAPLF, 2pmol 

N1ZnAPLF and C1ZnAPLF, and 25 pmol of N0ZnAPLF and C0ZnAPLF were used for 

PCR reaction, in each cycle 95 C was used for denaturing for 30 sec, 50 C for annealing 

for 30 sec and 72 C for extension for 1.5 min. To synthesize the fragments for APLF-

NFluc, N0ZnAPLF1 and C0ZnAPLF1 were used, which contain BamHI and AgeI 

digestion sites respectively (digestion sites were shown in red in the sequence). For 

CFluc-APLF, N0ZnAPLF2 and C0ZnAPLF2 containing SamI and XhoI restriction sites 

were used. After digestion and ligation into vectors (Invitrogen) containing CLuciferase 

(residues 398-550) and NLuciferase (residues 2-416), APLF-NFluc and CFluc-APLF 

were obtained in the plasmid vector pETDuet.  
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Table 3.1 Primers for APLF with Klenow extension 

  sequence 

C0ZnAPLF1 5'-GAGCTACACCGGTGTTGTGTCTGTACTCGATCTTGTGCTGGGGG-3' 

C0ZnAPLF2 5'-GAGCTACCTCGAGGTTGTGTCTGTACTCGATCTTGTGCTGGGGG-3' 

C1ZnAPLF 5'-TACTCGATCTTGTGCTGGGGGTTCTTTCTGTAGCAGCTGGGGC-3' 

C2ZnAPLF 5'-TCTTTCTGTAGCAGCTGGGGCCGTAGGGGCACTCGGGTCTGTCGTCGGTCT-3' 

C3ZnAPLF 5'-ACTCGGGTCTGTCGTCGGTCTCGTCCTGGGGCCCACGATCTGCACGCCGCCGT-3' 

N0ZnAPLF1 5'-GAGCTACGGATCCGAGAACCAGCTGCATGTACGGCGCCAACTGC-3' 

N0ZnAPLF2 5'-GAGCTACCCCGGGAGAACCAGCTGCATGTACGGCGCCAACTGC-3' 

N1ZnAPLF 5'-TGCATGTACGGCGCCAACTGCTACAGAAAGAACCCCGTGCACTTCCA-3' 

N2ZnAPLF 5'-GAACCCCGTGCACTTCCAGCACTTCAGCCACCCCGGCGACAG-3' 

N3ZnAPLF 5'-GCACTTCAGCCACCCCGGCGACAGCGACTACGGCGGCGTGCAGATCGTGGGCC-3' 
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Figure 3.13 Agarose gel for cloning APLF (A) APLF PCR fragments after Klenow 

extension. Lane 1: 100bp DNA ladder, Lane 2: APLF for APLF-NFluc, and Lane 3: 

APLF for CFluc-APLF. (B) Agarose gel of APLF-NFluc and CFluc-APLF PCR 

fragments for mRNA synthesis. Lane 1: 1kp DNA ladder, Lane 2: APLF-NFluc, and 

Lane 3: CFluc-APLF. (C) mRNA of APLF-NFluc and CFluc-APLF after in vitro 

transcription. Lane 1: HR RNA ladder, Lane 2: APLF-NFluc, and Lane 3: CFluc-APLF 
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3.6.2 In vitro Translation of Split-Protein Sensors 

Genes encoding the split-protein fragments CFluc-APLF and APLF-NFluc were PCR 

amplified with primers listed on Table 3.2. The PCR products (shown in Figure 3.13B) 

subsequently served as templates for in vitro transcription. According to the Promega’s 

suggestions, 3 μg of amplified DNA template was incubated at 37 °C for 3 h combined 

with the mixture consisting of 1x T7 transcription buffer, 7.5 mM rNTPs, and T7 

Ribomax RNA enzyme mix (Promega). The mRNAs for two fragments were purified 

with illustra ProbeQuant G-50 Micro Columns (GE Healthcare) and confirmed by 

agarose gel electrophoresis (Figure 3.13C). To generate the split-proteins, mRNA 

encoding CLuciferase-APLF and APLF-NLuciferase was translated in the Flexi Rabbit 

Reticulocyte Lysate System (Promega).  

 

 

 

 

 

 

 

 

 

 

 



 95 
 

Table 3.2 Primers for PCR of APLF-NFluc and CFluc-APLF for in vitro transcription 

  sequence  

Histag Fwd iv trans (APLF-

Nfluc) 

5'-GCAGCTAATACGACTCACTATAGGAACAGACCACCATGGGCAGCA 

GCCATCACCATCATCACCAC-3' 

  

 IV trans PBSII-Nfluc Rev 

(APLF-Nfluc) 

5'-CCGCACACCAGTAAGGTGTGCGGTTATCATCCATCCTTGTCAATC 

AAGGCGTT-3' 

  

 IV trans Cfluc (LCI)-Zif268 

Fwd (Cfluc-APLF) 

5'-GCAGCTAATACGACTCACTATAGGAACAGACCACCATGTCCGGT 

TATGTAAACAATCCGGAAGCGACC-3' 

  

 IV trans MCS2 Rev (Cfluc-

APLF) 

5'-CCGCACACCAGTAAGGTGTGCGGTCATTACGCAGCAGCGGTTTCT 

TTACCAGACTCGAG-3' 
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3.6.3 In vitro Detection of Poly (ADP-Ribose) 

mRNAs encoding CFluc-APLF and APLF-NFluc were translated in the Flexi Rabbit 

Reticulocyte Lysate System (Promega). Generally, one 25 μL reaction was performed at 

30 °C for 1.5 h. The solution contains the components: 66% lysate, 20 μM each amino 

acid, 70 mM KCl, 8 μM ZnCl2, 1 pmol CLuciferase-APLF, and 1 pmol of APLF-

NLuciferase mRNA. Following translation, 4.5 μL (1 ng) poly(ADP-ribose) (PAR) 

(Trevigen) or H2O was added to 18 μL of the translation and binding was allowed to 

occur for 1hour at room temperature.  

To obtain optimized concentration of ZnCl2 for the PAR detection, translations were 

prepared as above with 8, 20, 50, 100, 150, or 200 μM ZnCl2. The limit of PAR detection 

was determined by adding decreasing amounts of PAR (0.125, 0.0625, 0.03125, or 

0.0156ng PAR) after translation with 50 μM ZnCl2. In all above assays, activity was 

detected as a luminescent signal produced upon addition of Steady-Glo Luciferase Assay 

System (Promega). Luminescent readings were obtained 1 min after mixing 20 μL of 

each translation solution with 80 μL of Steady-Glo reagent, using a Turner TD-20e 

Luminometer with a 10 second integration time. 

 

3.6.4 Monitoring the Activity of Poly (ADP-Ribose) Glycohydrolase and its Inhibition 

To observe poly(ADP-ribose) glycohydrolase (PARG) activity in vitro, 14 ng PAR 

(Trevigen) was incubated in 1× PARG assay buffer (50 mM KH2PO4/K2HPO4, 50 mM 

KCl, pH 7.2) with 0.5 mU PARG (0.05ng) (Trevigen) for 5, 30, 60, or 120 min at room 

temperature, followed by heat inactivation of PARG at 95 °C for 5 min. Translations 
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were prepared in 25 μL reactions containing 66% lysate, 20 μM each amino acid, 70 mM 

KCl, 10 μM ZnCl2, 1 pmol CFluc-APLF, and 1 pmol of APLF-NFluc mRNA and 

incubated at 30 °C for 1.5 h. Following translation, 4.5 μL of PARG-treated PAR was 

combined 18 μL of the translation mixture and incubated at room temperature for 60 min.  

To monitor the inhibition of PARG, different amount of small molecule was incubated 

with PARG in the PARG assay buffer before the addition of PAR for the hydrolysis at 

room temperature for 1h. After incubation, 4.5 μL of PARG-treated PAR with or without 

inhibitor was combined with 18 μL of translation mixture and incubated at room 

temperature for another 1h. 

Luminescent readings were obtained 1 min after mixing 20 μL of each translation 

solution with 80 μL of Steady-Glo reagent, using a Turner TD-20e Luminometer with a 

10 second integration time. 
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CHAPTER 4: DESIGN AND INTERROGATION OF ORTHOGONAL SPLIT-

LUCIFERASE THREE-HYBRID SYSTEMS FOR PROTEIN KINASES 

4.1 Introduction 

4.1.1 Protein Kinases  

The transfer of a phosphate group from one substrate to another is an important 

regulation mechanism for numerous cellular functions. The class of enzymes responsible 

for catalyzing phosphotransfer reactions is referred to as a kinase or phosphotransferase. 

Adenosine triphosphate (ATP) is commonly used by these enzymes as the phosphate 

donor in these reactions, while the acceptor substrate includes proteins, amino acids, 

sugars, and lipids, among others. To reversibly regulate the phosphorylation state of the 

substrate, enzymes known as phosphatases are responsible for dephosphorylating a 

specific substrate. Working in tandem, kinases and phosphatases control the frequency 

and extent of phosphorylation of their substrates, which in turn controls their cellular 

localization and function.  

Protein kinases play a critical role in signal transduction pathways by phosphorylating the 

hydroxyl group on serine, threonine, or tyrosine residues on target proteins in eukaryotic 

cells. Signal transduction events are often initiated by some form of extracellular stimuli 

such as the binding of growth factors to membrane bound receptors, introduction of a 

membrane-crossing hormone to interact with its intracellular target, or some form of 

environmental stress. These specific stimuli usually results in a conformational change of 

a particular protein that directly or indirectly activates a protein kinase. Thus the 
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extracellular message can be transferred from a conformational change to a chemical 

message through the subsequent phosphorylation of one or more substrates by a protein 

kinase, which can lead to a cascade of enzymatic or binding events that ultimately change 

the cell’s ability to respond to the initial stimuli and signal changes in cellular growth, 

differentiation, or metabolism
136,137

.  

Due to the importance of protein kinases in maintaining normal/healthy cellular functions, 

their dysregulation has been widely implicated in numerous diseases and disorders
138

, 

such as cancer
139

, inflammation
140

, and rheumatoid arthritis
141

. Because protein kinase 

controlled signaling pathways are closely linked to the regulation of cellular growth, 

differentiation and angiogenesis, cancerous cells often hijack these pathways to improve 

the survival and spread of tumors.
142,143

 

The high degree of similarity within the catalytic domain of protein kinases makes it 

difficult to develop therapeutic small molecule inhibitors for the specific targeting of a 

particular protein kinase (Figure 4.1)
144

. In the past decade, there has been a dramatic 

increase in the development of selective inhibitors for protein kinases. To date, 24 kinase-

specific inhibitors have been approved by the FDA for the treatment of various cancers 

and other diseases
145

, and many more are currently undergoing clinical trials.  Traditional 

methods for assaying kinase inhibitors require not only a large amount of purified protein 

but also the handling of radioactive material
146-148

.  Thus there is a need for the 

development of new methods to interrogate inhibitor selectivity in a more high-

throughput and inexpensive manner. 
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Figure 4.1 Conserved structural elements of protein kinase domains.  a) Structure of 

PKA (PDB ID: 1ATP) illustrating bilobal nature of the PKL fold and the location of 

various secondary structure elements.  ATP is shown bound in the active site with 2 

magnesium cations between N-terminal (N-lobe) and C-terminal (C-lobe) subdomains.  

b) Close-up of ATP-binding site, where six active site residues (black) are highly 

conserved across the entire PKL superfamily. Figures are obtained from Ben Jester’s 

Thesis 2011. 
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4.1.2 The Development of Split-Luciferase Reassembly System for the Detection of 

Protein Kinase Inhibitors. 

In 1993, Schreiber and Crabtree demonstrated that a synthetic dimer of FK506 was 

capable of successfully dimerizing FKBP fused signaling domain of cell-surface 

receptors, which resulted in the activation of the target gene
34

.  Subsequently, this method 

was used to develop a three-hybrid system, where two non-interacting fusion proteins, 

with affinity for a ligand or hybrid ligand, were brought together in presence of the ligand 

to perform a specific function. For example, Liu used a Dexamethasone-FK506 hybrid 

ligand to activate transcription of a reporter gene in yeast, by creating protein fusions of 

the DNA binding and activation domain to a dexamethasone binding protein 

(glucocorticoid receptor) and FK506 binding protein (FKBP) respectively
149

.  Such 

ligands, called Chemical Inducers of Dimerization (CIDs), are powerful chemical tools 

and can be used for controlling assembly of target proteins, inducing protein splicing
40-42

 

and protein localization
36-39

, selectively labeling proteins or targeting them for 

destruction
43-45

, and to probe various other cellular functions.  

We have applied the chemical inducer of dimerization approach to the development of a 

unique class CIDs, comprised of peptide-small molecule hybrids, which we have 

successfully used to interrogate the inhibition profile of compounds against various 

kinases
21,24

.  Initial development of the split-luciferase based kinase assay by Dr. Ben 

Jester involved two luciferase fragments, fused to a coiled-coil peptide Fos and a protein 

kinase of interest, which could be conditionally assembled into a functional luciferase by 
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a CID containing a Fos binding peptide (Jun) – kinase binding small molecule (inhibitor) 

hybrid. One such CID was Jun-staurosporine, which upon incubation with the two fusion 

proteins in reticulocyte lysate, facilitated the reassembly of luciferase mediated by the 

coiled-coil peptide interaction and small inhibitor molecule-kinase interaction. This new 

cell-free approach provides a simple and rapid competition based method to interrogate 

inhibitors of protein kinases (Figure 4.2). Although Fos-NFluc/CFluc-Kinase/Jun-

staurosporine ternary system has already been used for >100 protein kinases, it is limited 

to (a) kinases that have a high binding affinity for staurosporine, and (b) expression 

systems where the two luciferase fragments are expressed at levels to promote formation 

of a Fos/Jun heterodimer.  While the former issue can be potentially overcome by using 

small molecules with higher binding affinities for kinases than staurosporine, the latter 

issue, which has yet to be addressed, can be potentially improved by using an alternate 

system with a higher binding affinity than Fos-Jun.  The reported Kds for Fos-Jun vary 

from 23 nM – 110 nM in literature
150-152

.  We reasoned that if we could develop a 

ligand/protein pair that had a lower Kd than Fos-Jun, then such a ternary complex would 

be more effective for assays which gave low signals due to lower protein expression.  In 

this chapter, we have developed two such orthogonal ligand/protein pairs, based on the 

Bcl-xL/BAD and MDM2/p53 ligand/protein pairs, which can be used instead of Fos-Jun 

in the ternary kinase assays. Moreover, with the future possibility of multiplexing with 

possibly three or more different split-protein systems, we can envision the use of multiple 

orthogonal peptide-small molecule CIDs that can be utilized simultaneously. Finally, new 

orthogonal peptide CIDs that we establish can be potentially utilized for a variety of other  
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Figure 4.2 Coiled-coil enabled three-hybrid system for profiling inhibitors of protein 

kinases  
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applications for both measuring the activity of particular inhibitors as demonstrated here 

or for controlling cell function as has been the case with small molecule CIDs. 

 

4.2 BCL-XL/BH3 Peptide Enabled Three-Hybrid System 

4.2.1 Introduction  

The Bcl-2-family proteins play a central role in cell death regulation by controlling 

diverse cell death mechanisms, including apoptosis, necrosis and autophagy
153,154

.  Bcl-2-

family proteins consist of pro-survival proteins (including BCL-2, BCL-XL, BCL-w, 

MCL1 and A1) and pro-apoptotic proteins (BAK, BAX and several BH3-only 

proteins)
153

. The five pro-survival proteins and BAK/BAX proteins all contain four 

domains of sequence homology known as BCL-2 homology 1 (BH1), BH2, BH3 and 

BH4, as well as a C-terminal transmembrane domain. In comparison, the BH3-only 

proteins have much shorter sequences (Figure 4.3). Interactions between pro-survival and 

pro-apoptotic proteins have been found important for the regulation of cell death
154

.   

Structural studies from a variety of laboratories have established that the Bcl-2 family 

members provide a hydrophobic cleft that cradles the amphipathic BH3 helix.
155-166

 The 

BH3 regions from both BH3-only and multi-domain pro- and anti-apoptotic proteins bind 

the hydrophobic cleft of the Bcl-2 proteins similarly. This overall helix/receptor 

interaction is shared by almost all Bcl-2 family members even though they share low 

sequence similarity. In our experiments, BAD and BIM peptides were chosen as ligands  
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Figure 4.3 The extended BCL-2 protein family. (A) Family members sharing four BCL-2 

homology (BH) domains are the multidomain proteins. (B) Family members displaying 

only the BH3 domain are the BH3-only proteins. In A and B, pro-survival proteins are in 

green boxes and pro-apoptotic proteins are in red boxes. 
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for BCL-XL due to their reported high binding affinity and ongoing work in the 

laboratory that focuses upon rendering them selective. 

There are several technologies that have been applied for the detection of binding affinity 

of different pairs of pro-survival and pro-apoptotic proteins, such as SPR and 

fluorescence polarization binding assay.
167-170

.  Some of them are listed in Tables 4.1 and 

4.2.  In our lab, we have found that the C-terminal membrane anchoring domains for 

BCL-XL proteins interferes with the purification of the proteins after expression in BL-

21 cells, which is consistent with other people’s research
171,172

. Since BCL-XL (full 

length) and BCL-XL (1-209) (in which the C-terminal transmembrane domain is 

truncated) are both potential target receptor proteins, they were both fused to the N-

terminal fragment of Firefly luciferase (NFluc) for a new three-hybrid system (Figure 

4.4).  For my experiments, BIM peptide having the sequence 

MRPEIWIAQELRRIGDEFNA and BAD peptide having the sequence 

LWAAQRYGRELRRMSDEFEGSFKGL were chosen as peptide ligands.  These 

peptides have been studied in depth in the past and have been shown to have a high 

binding affinity (Kd) for BCL-XL in a fluorescence polarization binding assay. 
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 Table 4.1 Binding affinities of BAD/BCL-XL 

 

Table 4.2 Binding affinities of BIM/BCL-XL 
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Figure 4.4 Crystal structure of BCL-XL/BAD complex with BCL-XL shown in yellow, 

and BAD in green (PDB: 2BZW). The N-terminus of the two proteins is shown in blue 

and the C-terminus in red. In our split protein constructs, the C-terminus of BCL-XL was 

fused to the N-terminal fragment of firefly luciferase to generate BCL-XL-NFluc. For 

peptide-staurosporine ligands, the N-terminus of BAD peptide was conjugated to 

staurosporine. 
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4.2.2 BCL-XL/BAD and BCL-XL/BIM Enabled Three-Hybrid System for Protein Kinases 

Four different BCL-XL proteins: wt BCL-XL-FL (full length), wt BCL-XL-209, BCL-XL-

FL-R139A, and BCL-XL-209-R139A, were fused to the N-terminal fragment of Firefly-

luciferase. The BCL-XL-R139A has been recently shown to be selective for binding of 

BAD over BIM peptide in our laboratory.  In order to determine which of these two 

peptides would work better as a CID in the ternary kinase assays, I tested both BAD and 

BIM conjugated staurosporine with BCL-XL(209)-NFluc as the receptor in a PKA assay.  

As shown in Figure 4.5A, BAD-staurosporine gave a higher S/N as compared to BIM-

staurosporine. Hence BAD-staurosporine was used as the CID of choice in future assays.  

I next wanted to determine which of the receptor constructs would work best in the three 

hybrid kinase assays.  Hence, after in vitro transcription and translation of the different 

BCL-XL-NFluc constructs and CFluc-PKA, I added BAD-staurosporine (100 nM final 

concentration) and measured luminescence. As a control, I also tested Fos-NFluc with 

BAD-staurosporine. The signals obtained for different pairs are shown in Figure 4.5B. 

From the results, it was found that the truncated BCL-XL-209 has much better signal than 

the BCL-XL-FL protein, which might be due to interference of transmembrane domain 

for the reassembly. Compared with Fos/Jun enabled split-luciferase/PKA system, wt 

BCL-XL-209/BAD system provided both higher signal and background and its overall 

signal to background ratio is smaller than former. BCL-XL-209R139A/BAD system has  
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Figure 4.5 Different split-luciferase/BCL-XL/BH3 peptide combinations for designing 

three-hybrid systems. (A) Comparison of BAD-staurosporine and BIM-staurosporine in 

three-hybrid system. BAD-staurosporine and BIM-staurosporine were added to the two 

lysate solution respectively, which contained the in vitro translated B BCL-XL(209)-

NFluc and CFluc-PKA fragments. The final concentration of peptide-ligands was 150 nM.  

Another assay with addition of DMSO instead of ligand was used as background.  

Signals from the assays with two peptide-ligands were divided by the background signal 

to obtain the S/N.  (B) Three-hybrid PKA assay: Reassembly of split-luciferase with 

different protein/CID pairs. 0.2 pmol of mRNA CFluc-PKA and 0.5 pmol of mRNA 

NFluc-fused domain were prepared in each 25 µL lysate mixture. After 90 min in vitro 

translation at 30 C, 1 µL of BAD-staurosporine was added into 24 µL lysate mixture to 

obtain 100 nM. Data with BCL-XL-NFluc used BAD-staurosporine as the CID, while 

data with Fos-NFluc used Jun-staurosporine. 

A 

B 
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lower signal than wt BCL-XL-209/BAD possibly because of the decrease of the affinity 

and was not investigated further.   

4.3 MDM2/p53mt Enabled Three-Hybrid System for Protein Kinases  

The p53 tumor suppressor plays a principal role in the cell growth arrest, senescence, and 

apoptosis when a broad array of cellular damage happens
173,174

. Rapid induction of high 

p53 protein levels prevents inappropriate propagation of cells by causing cell death via a 

dual transcription-dependent and –independent function in the nucleus and at the 

mitochondria. However, in normal unstressed cells, the concentration of p53 is kept at 

low cellular levels due to the degradation largely controlled by MDM2
175,176

. In the two 

past decades, some peptide
177-183

 and small molecules
184-190

 have been developed for 

controlling the p53 tumor suppression function through the inhibition of MDM2/p53 

interaction. The Lu lab developed a peptide inhibitor based on the wt p53 protein by 

phage display selection
183

.  This peptide, termed PMI (TSFAEYWNLLSP), with a Kd = 

3.2 nM, was further subjected to a systematic alanine scanning mutational analysis
182

. 

Two alanine mutants TSFAEYWALLSP and TSFAEYWNLLSA showed improved Kds 

of 0.49 nM and 2.1 nM respectively.  Based on the crystal structure of the MDM2/PMI 

complex (Figure 4.6), I fused these two proteins respectively to the split-firefly luciferase 

fragments to obtain another three-hybrid system (MDM2-NFluc and p53mt-

staurosporine). To obtain the best affinity, a double mutant TSFAEYWALLSA (p53mt) 

harboring both alanine mutations was chosen based on the Lu’s study. In this thesis, this 

peptide is termed as p53mt or PMI. 
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Figure 4.6 Crystal structure of MDM2/PMI complex (PDB: 3LNZ).  MDM2 protein is 

shown in yellow and PMI (p53mt) in green. The N-terminal residues of both proteins are 

shown in blue and the C-terminal residues were labeled with red. The C-terminus of 

MDM2 was fused with the N-terminal fragment of firefly luciferase to generate MDM2-

NFluc. The N-terminus of PMI was conjugated with staurosporine. 
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4.4 Comparison of the Three Receptor/Peptide Systems in the Split-Luciferase Assay 

4.4.1 Testing the Orthogonality of the Three Receptor/Peptide Systems  

With the three receptor/peptide pairs in hand, we wanted to test the orthogonality of 

Fos/Jun, BCL-XL /BAD and MDM2/p53mt enabled split-luciferase systems.  0.5 pmol 

mRNA of Fos-NFluc, BCL-XL-NFluc and MDM2-NFluc as well as 0.2 pmol mRNA of 

CFluc-PKA were translated in reticulocyte lysate, and then for each protein pair system, 

different peptide ligands, Jun-staurosporine, BAD-staurosporine and p53mt-staurosporine, 

were added respectively to obtain final concentration of 120 nM. As comparison, the 

same volume of water was added as background. After obtaining the signal/background 

ratio for each assay, I normalized each pair system with highest signal/background of 

peptide-staurosporine as 1. 

From the results shown in Figure 4.7, it is clear that the three protein pairs are orthogonal 

in the three-hybrid kinase system. These different three-hybrid systems can therefore be 

used for the detection of different kinases simultaneously in vitro and in vivo.  
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Figure 4.7 Three different pairs of receptor-peptide interaction used in the three-hybrid 

system assay. The kinase of interest here is protein kinase PKA. For each three-hybrid 

system, three assays are obtained with addition with Jun-staurosporine, BAD-

staurosporine and p53mt-staurosporine. 
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4.4.2 Testing the Impact of a Higher Affinity Receptor/Peptide Pair on the Signal 

Intensity in a Three-Hybrid Assay 

To demonstrate that improvement in binding affinity of protein-protein interactions 

would result in increased signal, we chose several kinases with low signal/background 

ratio in the Fos/Jun system and conducted screening assays with the BCL-XL/BAD 

system. In the Fos/Jun enabled three-hybrid system, AURKA, AURKB, AURKC and 

CLK1 have signal/background ratio in the range of 10-15. AXL, IKKe, MST2, PAK1 

and CHK1 have signal/background at around 5. These numbers are in direct contrast to 

the reasonably tight binding affinities of these kinases for staurosporine (Table 4.3), 

which suggests that the chosen kinases could provide a good test for our hypothesis.  As 

shown in Figure 4.8, in the BCL-XL/BAD enabled three-hybrid system, AURKC, AXL, 

CLK1, MST2 and CHK1 showed enhanced signal in comparison to the Jun-staurosporine 

CID. 

4.4.3 Effect of Different Orthogonal Systems on a Kinase with Low Signal in Fos/Jun 

System 

In order to compare signals in the three different ternary systems (Fos/Jun, BCL-XL 

/BAD, and MDM2/p53mt), we chose the MST2 kinase initially as the low signal with 

this kinase in the Fos/Jun enabled system necessitates the use of higher amounts of RNA 

in the assay. As shown in Figure 4.9, the increase in binding affinity of the protein-

protein interaction from Fos/Jun (Kd = 25 nM) to BCL-XL/BAD (Kd = 5 nM) and 

MDM2/p53mt (Kd = 0.5 nM), resulted in a signal increase of 10 and 50 fold respectively. 
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Table 4.3 Binding affinity of staurosporine and PKC-412 for the kinases. Dissociation 

constants are shown in nM
191

. 

  PKA 

AURK

A 

AURK

B 

AURK

C AXL 

CLK

1 IKKe 

MST

2 

PAK

1 

CHK

1 

Staurosporin

e 19 110 10 23 6.8 32 5.1 0.18 0.57 3.2 

PKC-412 720 120 62 170 620 350 160 220 2100 1300 
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Figure 4.8 Different CFluc-Kinases tested in ternary systems. In each assay, 0.5 pmol 

mRNA of Bclxl209wt-NFluc was used for each 25 µl lysate mixture. 0.2 pmol of RNA 

for CFluc-PKA/AURKA/AURKB/AURKC/AXL/CLK1 and 0.6 pmol of RNA for 

CFluc-IKKe/MST2/PAK1/CHK1 were used respectively for each 25 µL lysate mixture. 

Final concentration of BAD-staurosporine is 150 nM. For each kinase assay, in parallel 

negative experiment, DMSO was added into the lysate mixture instead of the BAD-

staurosporine solution. Finally the signals from each lysate/BAD-staurosporine assay 

were divided by the signals from the corresponding negative control assay to obtain the 

relative luminescence signal (R.L.U).  
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Figure 4.9 Tests for MST2 kinase in three ternary systems. 0.5 pmol of mRNA of Fos-

NFluc, BCL-XL209wt-NFluc and MDM2-NFluc is combined with 0.2 pmol of mRNA of 

CFluc-MST2 respectively in each 25μl lysate solution.  
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4.5 Conclusions. 

In this chapter, we have developed two new orthogonal three-hybrid split-luciferase 

systems for protein kinases with BCL-XL/BAD and MDM2/p53mt interactions. 

Compared with coiled-coil enabled three-hybrid system, we found that increasing the 

binding affinity for the protein-protein interaction pair improves the signal due to the 

formation of ternary complex in the split-luciferase/kinase three-hybrid system. Moreover, 

these three orthogonal systems make it possible for us to test different kinases 

simultaneously in our assay in the future. The idea is that we can set up two orthogonal 

three-hybrid systems for two protein kinases, each of which has one unique split-reporter 

protein and protein interacting pair. Then after in vitro translation, these two three-hybrid 

systems could obtain reassembly of the reporters with addition of the corresponding 

ligand. By measuring the two different signals with addition of small molecules, we 

could detect the inhibition of these two kinases simultaneously. 
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4.6 Experimental Procedures 

4.6.1 Cloning of BCL-XL-NFluc and MDM2-NFluc 

All enzymes were purchased from New England Biolabs, dNTPs were purchased from 

Fermentas. The Fos-NFluc plasmid vector (pETDuet Fos-NFluc) and all the CFluc-

kinase plasmid vectors were obtained from Dr. Ben Jester. The pEF6 CFluc-Bcl-xL and 

pEF6 CFluc-MDM2 vectors are obtained from Sean Campbell.  

Several primers have been designed as below in the Table 4.4. For the cloning of BCL-

XL (1-209)-NFluc and BCL-XL (Full length)-NFluc, a forward primer containing a BclI 

digestion site and two reverse primers containing BsiWI digestion sites were used. For 

the cloning of MDM2-NFluc, a forward primer with a BamHI digestion site and a reverse 

primer with a BsiWI digestion site were designed. Fragments BCL-XL and MDM2 were 

PCR-amplified under these conditions: in 100 µL reaction solution, 2 µL 10 pmol/μL of 

each primer, 1 µL 2 ng/μL of the plasmid vectors were combined with other components 

(pEF6 CFluc- Bcl-xL and pEF6 CFluc-MDM2) (Figure 4.10).  

Digestion of the PCR products of BCL-XL was performed with BclI and BsiWI. The 

plasmid pcDNA3.1 APLF-NFluc was digested with BamHI and BsiWI. Subsequently, 

ligation of the digested PCR and plasmid vector was carried out with T4 ligase at room 

temperature for 1 h. After sequencing, the plasmid vectors: pcDNA3.1 BCL-XL209wt-

NFluc, Bcl-xL209R139A-NFluc, BCL-XL Fullwt-NFluc and BCL-XL FullR139A-NFluc 

were confirmed. Similarly, the plasmid vector pcDNA3.1MDM2-NFluc was obtained.  
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Table 4.4 Primers for cloning of BCL-XL-NFluc and MDM2-NFluc 
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Figure 4.10 The PCR products of BCL-XL and MDM2. (A) BCL-XL agarose gel. Lane 

1&2: BCL-XL209wt, 3&4: BCL-XL 209 R139A, 5: BCL-XL Fullwt, 6: BCL-XL Full 

R139A. (B) MDM2 agarose gel. 
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Figure 4.11 DNA and amino sequence of BCL-XL Full wt-NFluc. BCL-XL is shown in 

red. NFluc is shown in green. 13 amino acid linker is shown in black. 
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Figure 4.12 DNA and amino sequence of BCL-XL (1-209) wt-NFluc. BCL-XL is shown 

in red. NFluc is shown in green. 13 amino acid linker is shown in black. 
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Figure 4.13 DNA and amino sequence of BCL-XL Full R139A-NFluc. BCL-XL is 

shown in red. NFluc is shown in green. 13 amino acid linker is shown in black. The 

mutation site at R139A is shown in blue. 
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Figure 4.14 DNA and amino sequence of BCL-XL (1-209) R139A-NFluc. BCL-XL is 

shown in red. NFluc is shown in green. 13 amino acid linker is shown in black. Mutation 

site at R139A is shown in blue. 
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4.6.2 mRNA Preparation and in vitro Translation 

For the synthesis of mRNA CFluc-kinase, PCR was performed with a forward primer 

containing a T7 RNA polymerase promoter and a KOZAK sequence 

(GCAGCTAATACGACTCACTATAGGAACAGACCACCATGGGTATGTCCGGTTA

TGTAAACAATCCGGAAGCGACC, T7 RNA polymerase promoter and the KOZAK 

sequence are underlined) and a reverse primer containing a 3’-stem loop 

(CCGCACACCAGTAAGGTGTGCGGTGTTCAAATTTCGCAGCA 

GCGGTTTCTTTACCAGACTCGAG). The products served as templates for in vitro 

transcription using a T7 Ribomax RNA production kit according to the manufacturer’s 

instruction. 

Similarly, for the synthesis of mRNA of Fos-NFluc, MDM2-NFluc and four kinds of 

BCL-XL-NFluc appropriate primers were used for PCR amplification to obtain the 

products for the in vitro transcription using T7 Ribomax RNA production kit. The 

primers are shown in the Table 4.7. The mRNAs encoding the split luciferase proteins 

were translated in the Luceome Rabbit Reticulocyte Lysate system. A typical reaction 

was perform under 30 C for 1.5 h and consisted of the following components: 66% 

lysate, 20 μM each amino acid, 70 mM KCl, 1 mM DTT, 0.5 pmol mRNA of the NFluc 

protein domain, and 0.2 pmol mRNA of the CFluc protein domain. After in vitro 

translation, 24 μL lysate mixture was incubated with 1 μL of peptide ligands in DMSO at 

different concentrations at room temperature for 1 h. Luminescent signal was measured 1  
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Table 4.5 Primers for mRNA synthesis of different NFluc protein constructs 

 

 

 

 

 

    Sequence 

Histag Fwd Transcrip Fwd (Fos-

Nfluc) 

 

5'-GCAGCTAATACGACTCACTATAGGAACAGACCACCATGGGC 

AGCAGCCATCACCATCATCACCAC-3' 

 

IVTrans-PBSII-Nfluc (LCI) Rev 

(Fos-Nfluc) 

 

5'-CCGCACACCAGTAAGGTGTGCGGTTATCATCCATCCTTG 

TCAATCAAGGCGTT-3' 

 

IVT-PTS-Fwd-pcDNA3.1 (MDM2-

Nfluc) 

 

5'-CTGGCTAACTAGAGAACCCACTGCTTACTGGC-3' 

 

IVT-BGH-REV-pcDNA3.1 (MDM2-

Nfluc and Bclxl-Nfluc) 

 

5'-CCGCACACCAGTAAGGTGTGCGGTTACTAAAGGCACA 

GTCGAGG-3' 

 

IV Transc T7 Kozak Bclxl Fwd 

(Bclxl-Nfluc) 

5'-GCAGCTAATACGACTCACTATAGGAACAGACCACC 

ATGTCTCAGAGCAACCGGGAGCTGGTGGTTG-3' 
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Figure 4.15 Agarose gel for mRNAs used for three orthogonal systems. (A) Lane 1: 

RNA ladder, 2: CFluc-PKA, 3:CFluc-MARK2, 4:CFluc-AURKA, 5:CFluc-MLK3; (B) 

Lane 1:RNA ladder, 2:Fos(L186A, L172A)-NFluc, 3:Fos(L186A)-NFluc, 4:Fos-NFluc, 5: 

BCL-XL(1-209)wt-NFluc, 6: BCL-XL (1-209)R139A-NFluc, 7:CFluc-PKA, 8:MDM2-

NFluc. 
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min after mixing 80 μL steady-glo reagent and 20 μL lysate/ligand mixture, using a 

Turner TD-20e Luminometer with a 10 s integration time. 

4.6.3 Synthesis and Purification of Peptide Ligands 

Jun-staurosporine was obtained from Dr. Ben Jester. BAD-staurosporine and p53mt-

staurosporine were synthesized in three steps. 

In the first step, peptides were synthesized by solid phase peptide synthesis employing 

standard Fmoc protection strategies (Figure 4.16). Rink Amide AM resin (0.43 mmol/g) 

as the solid phase matrix, PyBOP (3 equivalents), DIEA (6 equivalents) as the coupling 

reagents, and the appropriate Fmoc protected amino acid residue (3 equivalents) were 

used. Glycine residues, alanine and β-alanine residues were coupled on the N-terminus of 

each peptide of interest.  

In the second step, carboxyl-staurosporine was synthesized in an overnight reaction by 

adding 40 mg staurosporine into a DMSO solution containing 12.9 mg succinic 

anhydride 0.52 mg DMAP. The raw products was confirmed by comparing with the 

starting material on a TLC plate, and precipitated in 25 mL of 0.1% TFA water. After 

spinning down the solids and removing the supernatant, the solids were washed with 0.1% 

TFA water and frozen at -78 C. Lyophilization of the carboxyl-staurosporine was carried 

out overnight. 

In the third step, carboxyl-staurosporine (1.5 equivalents) was coupled onto the peptide 

on the solid phase matrix with the addition of PyBOP (1.5 equivalents) and DIEA (3  
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Figure 4.16 Solid phase synthesis of peptide-staurosporine ligands 
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equivalents). Cleavage was carried out with 94% TFA, 2.5% EDT, 2.5% water, and 1% 

TIPS for 3h. The peptide ligands were precipitated out of solution by the addition of 

chilled diethyl ether, isolated by centrifugation, and triturated with some more chilled 

ether. HPLC purification afforded the pure peptide ligands (Figure 4.17-19), which was 

characterized by mass spectrometry.  
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 Figure 4.17 HPLC chromatogram for p53mt-staurosporine. (20%-80% acetonitrile in 

water with 0.1% TFA)  
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Figure 4.18 HPLC chromatogram for BAD-staurosporine. (20%-80% acetonitrile in 

water with 0.1% TFA) 
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Figure 4.19 HPLC chromatogram for BIM-staurosporine. (20%-80% acetonitrile in 

water with 0.1% TFA) 
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CHAPTER 5: SYSTEMATIC INVESTIGATION OF THE ROLE OF THE CHEMICAL 

INDUCER OF DIMERIZATION IN THE SPLIT-LUCIFERASE THREE-HYBRID 

SYSTEM FOR PROTEIN KINASES 

5.1 Introduction 

5.1.1 Chemical Inducers of Dimerization and Their Applications 

The ability to control the interaction between different macromolecules in complex 

environments, such as a cell, can allow for the elucidation of biological mechanisms 

particularly with regard to signal transduction
192

. The macromolecular targets of interest 

span DNA to RNA to proteins. Compared with the controlled assembly of DNA
193,194

, 

using designed transcription factors such as zinc fingers, protein assembly and protein-

protein interaction interactions have been more difficult to manipulate, especially with 

synthetic ligands
195,196

. In the last decade, chemically induced dimerization has been 

developed as a method for controlling the association for proteins and thereby their 

cellular function
35

. As shown in Figure 5.1 and 5.2, the unifying principle for chemically 

induced dimerization is to bring together two proteins together with a single molecule, 

termed a dimerizer. Schreiber and co-workers made use of a bivalent molecule, FK1012, 

which consists of a bivalent version of the immunosuppressive drugs FK506, to activate 

the endogenous signal transduction in a system where FK506 binding protein (FKBP) 

had been fused to the proximity regulated ζ-chain of the T-cell receptor (Figure 5.3)
34

. 

Since this original demonstration, the development of CIDs and their use in a variety of  
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Figure 5.1 General principles of chemical inducers of dimerization
35

. The addition of a 

symmetrical or homobivalent ligand can induce the formation of a protein homodimer 

(A), while a nonsymmetrical dimerizer could induce the formation of a protein 

heterodimer (B). 

 

 

 

 

 

 

 

 

 



 142 
 

 

Figure 5.2 Example of controlling signal transduction using chemical inducers of 

dimerization
35

. With the addition of the dimerizer, the protein B with low effective 

concentration could be recruited to the specific cellular location of protein A, which in 

turn controls or initiates the desired biological signal. 
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Figure 5.3 Initial demonstration of chemically induced dimerization. FKBP-TCR fusion 

proteins are dimerized by FK1012, which was shown on the left, and then initiates 

intracellular signaling as shown on the right. Figure reprinted from reference 34. 
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different systems for controlling the association of proteins has been studied in multiple 

laboratories and has been recently reviewed
35,197,198

 . 

5.1.2 Theoretical Study of Chemically Induced Dimerization 

In order to better understanding the dimerizer-based systems in CIDs, theoretical models 

for CID have been recently investigated several groups. To simplify the analysis of these 

systems, each protein was assumed to bind the dimerizer independently leading to the 

formation of the ternary complex (Scheme 5.1). In this non-cooperative binding model, 

the maximum amount of the complex could be obtained when the protein/dimerizer ratio 

reached 2, while the addition of excessive dimerizer would drive the equilibrium toward 

the two binary complexes rather than the ternary complex. Surprisingly, Hu and co-

workers found that in the Dihydrofolate reductase (DHFR)-based dimerization system, 

even a 50-fold excess of dimerizer had no effect on the fraction of the ternary complex, 

so the concept of modulation affinity (cooperativity or Kc) was introduced to describe the 

role of the additional protein-protein interaction between the two protein fragments when 

they were combined through the dimerizer as a bridge
199

 (Scheme 5.2). Given the protein 

and dimerizer equilibrium and mass balance as shown as equation 5.1 and 5.2, the 

concentration of free protein monomer ([P]free), singly and doubly bound protein ([P-D] 

and [P-D-P]) could be expressed as equation 5.3-5.5.   Moreover, the potential 

intramolecular interaction of dimerizer has also been studied in which the equilibrium 

between active and inactive dimerizers was further introduced
200

 (Scheme 5.3). As in 

scheme 5.2, the concentration of ternary complex (P-D-P) could be derived as shown in 
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equation 5.6. In order to simplify and generalize a model in which the direct calculation 

of parameters of interest could be obtained, Whitesides and co-workers used the 

monovalent ligand dissociation constant Kd rather than Ka to set up a new equilibrium 

expression
201

 (Scheme 5.4). The cooperativity was expressed as the difference in the two 

dissociation constants as shown in equation 5.7 and 5.8, where the statistical factors of ½ 

and 2 were used for identifying different ways to form the complexes and Kc was 

described as scheme 5.2 and used for protein cooperativity. Finally the concentration of 

doubly bound complexes could be derived as equation 5.9. 

[P]total=[P]free+[P-D]+[P-D-P]      (equation 5.1) 

[D]total=[D]free+[P-D]+[P-D-P] (equation 5.2) 

    
 (       ) √         (         

      )

   
      

 (equation 5.3) 

[P-D]=Ka[P]free[D] (equation 5.4) 

[P-D-P]=Ka2Kc[P]free2[D] (equation 5.5) 

      
  

          

(     )
 (equation 5.6) 

    
  

 
 

      

    
 (equation 5.7) 

    
   

  
 

       

     
 (equation 5.8) 

      
            

  
               

 (equation 5.9) 
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5.1.3 Modeling the Three-Hybrid Split-Luciferase System 

As previously mentioned, the coiled-coil peptide enabled three-hybrid system can be used 

for the profiling of inhibitors of protein kinases
21,24

, which can be considered as a 

chemically induced dimerization system. In this system, both the overall luminescence 

signal and signal/background ratio in these assays have been used for the identification of 

the formation of the ternary structure, which could be modulated by the translation level 

of the proteins in vitro, which is controlled with different amount of added mRNA.  In 

addition, the binding affinity of the small molecule on the ligand and protein kinases is 

also a determining factor. In the three-hybrid system assays in Chapter 4, the 

concentration of the small molecule-peptide ligands was usually kept a constant at 125 

nM for simplicity in developing >100 assays. However, in the long term it is necessary to 

determine the relative concentration of CIDS and proteins are optimal for these systems 

and whether they can be predicted apriori. As shown in Figure 5.4, increase in CID 

concentration results in increasing ternary complex and observed increase in signal. 

However, at higher CID concentrations, the CID will bind separately to the CFluc-kinase 

and NFluc fragments leading to an overall decrease in signal. Though experiments can 

potentially establish the best parameters for achieving maximum signal in these CID 

systems, it would be useful to set up and test models that can describe the relationship 

between the maximum possible ternary structure as a function of the concentration of the 

three components and a variety of different binding affinities. Unlike most previous 

studies that either focused on the allosteric FK506 system or homodimeric CIDs, we have  
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Figure 5.4 Small molecule-peptide ligand chemical inducers of dimerization. 
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focused upon heterodimeric ternary complexes (peptide-small molecule inhibitor) (Figure 

5.5).  

In this model, thermodynamically, formation of the ternary structure can be divided into 

two parts: in the first step, the peptide-staurosporine ligand (labeled as C in Figure 5.5) 

binds to NFluc protein fragments (labeled as A in Figure 5.5) and forms a conjugate A*C 

at equilibrium (equation 5.10); and in the second step, the conjugate A*C and C bind to 

the kinase domain (labeled as B in Figure 5.5, and equation 5.13) and forms (C*B) and 

the ternary complex (A*C*B). In the first step, the binding affinity of protein/protein 

interaction will determine the amount of C and complex A*C. The stronger the 

interaction between A and C (smaller dissociation constant, Kd1), the larger will be the 

concentration of A*C present at equilibrium. If the two parts of the peptide-staurosporine 

ligand interacts independently of one another, Kd1=Kd1’ and Kd2=Kd2’ then the ratio 

between C*B and A*C*B in the second step will be the same as the ratio of C and A*C 

in the first step. Finally, if the concentrations of all the components are the same, the 

higher binding affinity will cause larger amount of ternary structure to be present, which 

will result in higher signals in the luminescence assay. 

Since the peptide-small molecule ligand has two binding sites (one for the kinase and the 

other for the receptor), if we assume that the binding of the ligand with kinase has 

minimal influence on the binding to the receptor, we can simplify equations 5.10 – 5.13 

(Table 5.1) to Kd1=Kd1’ and Kd2=Kd2’.   
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Figure 5.5 Model for the formation of the ternary complex in the three-hybrid system 

Table 5.1 Equation s for modeling three-hybrid systems 
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Also, in our experiment, the concentration of the each split-luciferase fragment can be 

varied and estimated from the incorporation of S
35

-labeled methionine in translated 

NFluc and CFLuc containing proteins. Therefore, equations 5.10 – 5.16 can be further 

reduced to contain eight unknowns:  

[A]F = concentration of free protein domain A 

[B]F = concentration of free protein domain B 

[C]F = concentration of free ligand C 

[A*C] = concentration of free binary complex A-C 

[C*B] = concentration of free binary complex C-B 

[A*C*B] = concentration of the ternary complex A-C-B 

With these parameters in hand and the stated assumptions, using Wolfram Mathematica 9 

software, we can model the effect of ligand concentration ([C]total) on the amount of 

ternary structure ([A*C*B]) formed (Figure 5.3). As shown in Figure 5.6, the 

concentration of ligand needed to reach maximal ternary complex formation decreases 

with the increasing binding affinity of the ligand. On the other hand, if we increase the 

concentration of any one fragment, [A]total or [B]total, more ternary complex is formed 

(higher signal intensity), while the peaks corresponding to lower Kds (tighter binders) 

shift to the right indicating that a higher concentration of the peptide-small molecule 

ligand will be required.  Interestingly, as predicted from Figure 5.4, this model also 

suggests that increasing the concentration of the ligand beyond a certain value results in a  
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Figure 5.6 Influence of the concentration of the split-proteins. Amount of ternary 

complex formed, [A*C*B], as a function of ligand concentration, [C]total, for Kd1 = 50 nM 

and Kd2 = 1, 2, 4, 8, 16, 32, 64, 128, 256 and 512 nM (top to bottom). In (A) [A]total = 

[B]total = 50 nM; and in (B) [A]total = 50 nM and [B]total = 100 nM. Graphs were generated 

using Mathematica.  
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decrease in signal intensity, due to formation of non-productive complexes with the two 

luciferase fragments (see Figure 5.4). Hence, there are three primary factors that 

influence the final concentration of the ternary structure, and therefore the signal intensity: 

(a) concentration of the two luciferase fragments fused to the receptor and kinase, (b) 

binding affinity of the small molecule for the target kinase and, (c) binding affinity of the 

peptide for the receptor fused to NFluc.  In order to examine the effect of these factors, 

we have further tested these parameters experimentally and compared their effect to 

specific models in the subsequent sections. 

5.2 The Theoretical Influence of the Concentration of Split-Luciferase Proteins  

We set out to evaluate the influence of protein concentrations on signal intensity in the 

three hybrid assay.  We set up models with three different ternary systems (MDM2/p53, 

Bcl-xl/BAD, and Fos/Jun) with two different concentrations of split-luciferase proteins (1 

nM and 4 nM, as shown in Figure 5.7 A and B).  In these models, we found that assays 

containing 4 nM protein concentrations gave 1.3- to 3-fold increase in maximal signal 

intensity in the titration assay, over assays containing 1 nM protein concentrations.  For 

MDM2/p53mt, which has the tightest reported binding affinity (Kd = 0.5 nM), the peak 

intensity showed the largest increase in signal intensity (45 fold increased signal at the 

peak maximum, as compared with 10 and 12 fold increased signals for other two 

systems).  In addition, the peak maxima for 4 nM concentration assays were shifted to the 

right, indicating that more ligand would be needed in assays containing higher 

concentrations of the split-proteins. 
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Figure 5.7 Comparison of two models of the split-luciferase/MARK2 kinase system with 

three different protein-protein pairs. (A) The graph is based on the model and equations 

in Figure 5.7 and 5.8, where [A]tota l= [B]total = 1 nM; Kd2 = 0.5 nM 

(MARK2/staurosporine); Kd1 = 0.5 nM (red, MDM2/p53mt, peak concentration 1.5 nM), 

5nM (orange, BCL-XL/BAD, peak concentration 3 nM), and 25 nM (Fos/Jun, peak 

concentration 6nM). (B) Similar graph as A, but [A]tota = [B]total = 4 nM. Kd1=0.5 nM (red, 

MDM2/p53mt, peak concentration 4.5 nM), 5 nM (orange, BCL-XL/BAD, peak 

concentration 6.3 nM), and 25nM (Fos/Jun, peak concentration 8 nM)  
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In the extreme case, for very tight protein-protein interactions, we can assume that the 

receptor-peptide will always be bound for practical purposes, and the three-hybrid system 

will approximate a binary system, where all of the peptide containing ligand will be 

bound to the NFluc-receptor.  In this case, the ligand concentration will be the same as 

the NFluc-receptor concentration.  Therefore, a higher concentration of the NFluc-

receptor will be able to bind more peptide-small molecule ligands and a higher total 

concentration of split proteins will be able to form more of a ternary complex, which will 

result in a higher signal. This is borne out by experimental data in Section 5.3. 

5.3 The Experimental Influence of the Concentration of Split-Luciferase Proteins. 

As shown in the previous section (Figure 5.7 A and B, and Figure 5.5), the total 

concentrations of the two fragments (A and B) in the assay are expected to affect the 

amount of ternary structure formed and hence the signal resulting from the complex. To 

confirm the results of this mathematical model experimentally, we titrated a BCL-

XL/BAD enabled split-luciferase/PKA system with different amounts of the BAD-

staurosporine ligand and two different concentrations of CFluc-PKA.  

As shown in Figure 5.8, our experimental data supports the model. Higher concentrations 

of CFluc-PKA result in higher signal intensities at a correspondingly higher 

concentration of BAD-staurosporine.  The signal intensity reaches a maximum at 

approximately 200 nM for the lower concentration of added mRNA and at 400 nM for a 

higher amount of added mRNA, beyond which increasing the ligand concentration causes 

a decrease in signal in both cases. 
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Figure 5.8 Titration of BAD-staurosporine with different amounts of CFluc-PKA. In 

each 25μl solution, 0.5pmol mRNA BCL-XL-NFluc and 0.2 pmol (1x) or 0.6 pmol (3x) 

mRNA CFluc-PKA are used for in vitro translation in retic lysate. 
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5.4 The Influence of Small Molecule-Kinase and Receptor-Peptide Binding Affinities on 

Signal Intensity  

To systematically study the relationship between the small molecule-kinase and receptor-

peptide binding affinities on the formation of the ternary structure, we chose three kinases, 

MLK3, MARK2 and AURKA. As shown in Table 5.2, MLK3 and AURKA kinases have 

very similar affinity for staurosporine and PKC-412, a clinically used staurosporine 

derivative, which is derivatized at the same position as our ligands (Figure 5.9).  Similar 

affinities for staurosporine and PKC-412 indicate that for these two kinases, hydrogen 

bonding interactions between the secondary amine in staurosporine and the kinase active 

site are not significant, which in turn implies that conjugation of the peptide to 

staurosporine will likely not affect its binding to the kinase. At the same time, while the 

Kds of staurosporine and PKC-412 are in low nanomolar range for MLK3, they are 

approximately 100 nM for AURKA.  Hence these two kinases represent a good choice to 

test our model for low affinity and moderate affinity binders.  In contrast, MARK2 binds 

staurosporine tightly but has significantly lower affinity for PKC-412. Given that our 

peptide is conjugated to staurosporine at the same position as PKC-412, MARK2 

provides a good case for experimentally comparing the three-hybrid system against two 

models with two widely differing small molecule Kds. In addition, we also wanted to 

evaluate how the different receptor-peptide binding affinities for the three orthogonal 

systems (MDM2/p53mt with a Kd of 0.5 nM, Bcl-xL/BAD with a Kd of 5 nM and 

Fos/Jun with a Kd of 25 nM) influence the signal intensities in the context of these  
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Table 5.2 Binding affinity of staurosporine and PKC-412 for MLK3, MARK2 and 

AURKA. Dissociation constants are shown in nM. 

  MLK3 AURKA MARK2 

staurosporine 20 110 0.7 

PKC-412 17 120 100 
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Figure 5.9 Structure of Staurosporine, PKC-412, and Staurosporine-based ligands. (A) 

Staurosporine, (B) PKC-412, and (C) Staurosporine-based ligands. 
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kinases. Thus, these experiments will provide guidelines for designing three hybrid 

systems for targeting protein kinases or other enzymes.  

 

5.4.1 Comparison of Mathematical Model and Experimental Results for MLK3 Split-

Luciferase Assay with the Three Orthogonal Systems 

Using our model equations, we first plotted a graph of ternary complexation versus ligand 

concentration for the three orthogonal receptor/peptide systems (Fos/Jun, BCL-XL/BAD 

and MDM2/p53mt); with the assumption that all the protein fragments have similar 

translation efficiencies and yield 1 nM protein after translation (Figure 5.10A). We next 

tested the three systems in a MLK3 split-luciferase assay and compared the data with the 

mathematical model.  We found that the signal intensities for the three receptor/peptide 

systems reflect their binding affinities (Fos/Jun = 25 nM, BCL-XL/BAD = 5 nM and 

MDM2/p53mt = 0.5 nM), with the MDM2/p53 system showing the highest signal and 

Fos/Jun the lowest signal in the assay (Figure 5.10B).  This is consistent with our model, 

where if the concentration of protein fragments and peptide-staurosporine are the same in 

the three systems, a higher concentration of the MDM2-NFluc/p53mt-

staurosporine/CFluc-MLK3 complex will be formed due to the higher affinity of 

p53mt/MDM2 interaction.  

However, unlike the model, where smaller amounts of a higher affinity ligand should be 

required in comparison to a lower affinity ligand for maximal complex formation, we 

found that the optimal concentration for all three receptor/peptide systems was 
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surprisingly similar and at around 25 nM. One possible reason for this could be that the 

translation efficiencies of the mRNA for the protein fragments are not the same. In 

radioactive translation experiments with 35S-Methionine, we have found that the mRNA 

for Fos-NFluc produces half the amount of protein compared to other NFluc receptors 

(Figure 5.11). This decreased concentration of split-luciferase fragments could, in fact, 

shift the position of the peak concentration in the titration assay (Figure 5.5).   
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Figure 5.10 Comparison of the model and experimental results for split-luciferase/MLK3 

kinase system with three protein-peptide pairs. (A) The graph is based on the model and 

equations in Figure 5.4 and 5.5, where [A]total=[B]total=1nM, Kd2=20nM 

(MLK3/staurosporine), Kd1=0.5nM (red, MDM2/p53mt), 5nM (orange, BCL-XL/BAD), 

and 25nM (Fos/Jun). (B) Experimental results for the titration in three reassembly 

systems: MDM2/p53mt (green), BCL-XL209wt/BAD (red), and Fos/Jun (Blue).  
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Figure 5.11 Comparison of in vitro translation levels of different split luciferase 

fragments. For each 25 µL lysate mixture, mRNA for CFluc-MLK3, BCL-XL209wt-

NFluc, MDM2-NFluc and Fos-NFluc were added respectively with 0.2 pmol for CFluc 

fragments and 0.5 pmol for NFluc fragments. 
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5.4.2 Comparison of Mathematical Model and Experimental Results for AURKA Split-

Luciferase Assay with the Three Orthogonal Systems 

As with MLK3 and consistent with the model, titration of the ligand concentration at a 

fixed concentration of AURKA, the MDM2/p53mt pair enabled ternary system showed 

the highest signal (Figure 5.12). However, the difference in peak signal intensities 

between the three different protein-peptide assay systems is much larger than expected 

from the model (Figure 5.12 A). One potential reason for this result could be the amount 

of proteins translated and available for binding to the ligand in the assay. To determine 

the concentration of the two proteins produced from in vitro translation, we used 
35

S-

Methionine to label the expressed protein. From these experiments we determined the 

concentration of proteins to be 0.5 - 1 nM in the assay solution. Another reason could be 

the low binding affinity of the small molecule/kinase interaction. In the Jun/Fos enabled 

three hybrid system, data from Dr. Jester has shown that when the Kd of 

staurosporine/Kinase is higher than 100 nM (lower affinity), the signal is usually too low 

to be detected in the assay.  
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Figure 5.12 Comparison of the model and experimental results for split-

luciferase/AURKA kinase system with three protein-peptide pairs. (A) The graph is 

based on the model and equations in Figure 5.7 and 5.8, where [A]total=[B]total=1nM, 

Kd2=110nM (AURKA/staurosporine), Kd1=0.5nM (red, MDM2/p53mt), 5nM (orange, 

BCL-XL/BAD), and 25nM (Fos/Jun). (B) Experimental results for the titration in three 

reassembly systems: MDM2/p53mt (green), BCL-XL209wt/BAD (red), and Fos/Jun 

(Blue).  
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5.4.3 Comparison of Mathematical Model and Experimental Results for MARK2 Split-

Luciferase Assay with the Three Orthogonal Systems  

As shown in the Table 5.2, the binding affinities of the small molecules staurosporine and 

PKC-412 to MARK2 are very different due to the possible hydrogen bonding between 

the secondary amine of staurosporine and the residue close to the active site of the kinase, 

which is lacking due to amidation at that position in PKC-412. Our peptide ligands, 

which have no secondary amine and are possibly more similar to PKC-412 molecule, 

might have similar binding affinity as PKC-412 to MARK2. But compared with the 

structure of PKC-412 in Figure 5.9, the ligands has one more flexible linker rather than 

benzene ring and may have less of a steric clash, so the binding affinity might have some 

difference between these two staurosporine derivatives. Therefore, for MARK2, we set 

up two models (Figure 5.13 A and B) reflecting the dissociation constants Kd2 for the two 

small molecules, staurosporine and PKC-412. Compared with model B where the Kd2 of 

small molecule was only 100 nM, due to the higher affinity (Kd2=0.7 nM) model A has 

much higher signal and lower peaking concentration of the ligands for the ternary 

structure in the titration in the titration assay. As expected and observed for the other two 

kinases, the experimental results for MARK2 show the highest signal for the MDM2/p53 

pair.  Consistent with the two models (Figure 5.13 A and B), as the system changes from 

BCL-XL/BAD interaction to MDM2/p53mt, the peak corresponding to ligand 

concentration in the assay shifts to the lower range due to the increased binding affinity. 

From experimental data, the ratio of the peak signal for Fos/Jun, BCL-XL/BAD and  
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Figure 5.13 Comparison of the model and experimental results for split-

luciferase/MARK2 kinase system with three protein-peptide pairs. (A) and (B) The 

graphs are based on the model and equations in Figure 5.5 and 5.8, where 

[A]total=[B]total=1nM, Kd1=0.5nM (red, MDM2/p53mt), 5nM (orange, BCL-XL/BAD), and 

25nM (Fos/Jun). In graph (A), Kd2=0.7nM (MARK2/staurosporine); In graph (B), 

Kd2=100nM (MARK2/PKC-412). (C) Experimental results for the titration in three 

reassembly systems: MDM2/p53mt (green), BCL-XL209wt/BAD (red), and Fos/Jun 

(Blue).  
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MDM2/p53mt is about 1:4:26, which is more consistent with Model A, corresponding to 

staurosporine.   

5.5 Conclusions. 

In our systematic study for the three-hybrid system with three pairs of protein-protein 

interaction and different protein kinase, we have found that the models we developed are 

suitable for predicting the difference in magnitude of the luminescence among the three 

orthogonal systems based on previously published dissociation constants. The optimum 

concentration of the CID in the system enabled by BCL-XL/BAD or Fos/Jun interaction 

is close to the concentration predicted by the model. Small differences between the 

experiment and the model for the optimum concentration of ligand in MDM2/p53mt 

enabled system were observed, which might be due to factors that influence binding 

present in the cell lysate. From a practical perspective, these experiments allow for rapid 

optimization of conditions to develop three hybrid assays for interrogation inhibitors of 

protein kinases. More generally, the mathematical and experimental methods developed 

allows for the prediction of optimum ligands required for complex three hybrid 

complexes, allowing for the design of new generations of CIDS that have been shown to 

be useful for controlling biological signal transduction. 
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5.6 Experimental Procedures 

5.6.1 Cloning and Preparation of mRNA 

All the plasmids for Fos-NFluc and different CFluc-kinase were obtained from Dr. Ben 

Jester. The plasmid vectors pcDNA 3.1 containing MDM2-NFluc and BCL-XL(1-209)-

NFluc were prepared as the section 5.6.1 described. mRNA preparation were the same as 

described in section 4.6.2.  

5.6.2 Titration Assay for Split-Luciferase System 

The mRNAs encoding the split luciferase proteins were translated in the Luceome Rabbit 

Reticulocyte Lysate system. A typical reaction was perform under 30 C for 1.5 h and 

consisted of the following components: 66% lysate, 20 μM each amino acid, 70 mM KCl, 

1 mM DTT, 0.5 pmol mRNA of the NFluc protein domain, and 0.2 pmol mRNA of the 

CFluc protein domain if not mentioned. After in vitro translation, 24 μL lysate mixture 

was incubated with 1 μL of peptide ligands in DMSO for different final concentration as 

required at room temperature for 1h. Ternary structure refolding was monitored as a 

luminescent signal produced upon addition of 80 μL steady-glo reagent into 20 μL 

lysate/ligand mixture. Luminescence readings were acquired 1min after mixing using a 

Turner TD-20e Luminometer with a 10 s integration time. 
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CHAPTER 6: SYNTHESIS AND CHARACTERIZATION OF PEPTIDE-LABELED 

WATER SOLUBLE QUANTUM DOTS  

6.1 Introduction 

Over the last decade, semiconductor nanocrystals, also called quantum dots (QDs), have 

received significant attention due to their useful electronic and optical properties when 

compared with traditional small molecule fluorophores
202

. The broad absorption spectra 

of these nanocrystals, as well as their relatively narrow and size-tunable emissions
203,204

 

make it possible to excite different types of nanoparticles simultaneously which 

potentially allows for multiplexing
205-208

. QDs have been shown to be resistant to 

photobleaching processes
209

 and also have bright photoluminescence allowing for 

sensitive imaging
210,211

. The long photo luminescent lifetime of QDs (30-100ns) 

compared with organic fluorophores also allow for imaging of living cells with minimal 

interference from background autofluorescence
209,212,213

. 

QDs when used for imaging of proteins have to be coated with a variety of capping 

molecules in order to allow for solubility in aqueous solutions. Coated or capped QDs 

have been widely used for biological imaging applications mainly through direct 

conjugation to a user defined antibody targeted to an extracellular protein on a cell 

surface
214,215

. One notable disadvantage has been the stability of coated QDs to biological 

solutions as well the nonspecific labeling due to the hydrophobic and electrostatic 

interactions between the capping molecule on the surface of QDs and a variety of 
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macromolecules on the cell membrane
214,216

. It has been shown that the surface chemistry 

of QDs and the cell type are extremely important for the nonspecific labeling
209,211,217-219

.  

For specific targeting, different ligands have been used for the surface modification of 

QDs, such as an antibody, secondary antibody, and peptides which could be targeted to 

the desired protein on a cell surface
220-226

. One of the widely used strategies is coating of 

the QD with streptavidin or avidin and the conjugation of biotin also called biotinylation 

to the antibody
209-211,214,215,227,228

. The high affinity (Kd = 410
-14

M) of this interaction 

allows for the labeling of the streptavidin coated QD with the biotinylated antibody. 

Alternatively, a biotinylated secondary antibody is first attached to the streptavidin coated 

QD and then a desired primary antibody that targets a cell surface protein is added for 

directing the QD to specifically label the cell surface protein analyte of interest. However, 

the non-specific biotinylation reaction can potentially decrease the binding affinity of the 

directly conjugated antibody in both applications described above. Also, the availability 

of a single biotin/streptavidin pair can potentially limit the number of orthogonal QD-

targeted antibodies or proteins in labeling applications. 

In the experiments described in this chapter, we sought to develop methodologies for the 

reproducible coating of QDs that are stable for extended periods in aqueous solutions and 

to explore alternate conjugation approaches besides biotin/streptavidin conjugation using 

protein-peptide interaction pairs. Towards achieving these goals, this chapter discusses 

the synthesis of an amphiphilic polymer based on a poly acrylic acid backbone to form a 

liposome-like structure around the QS (Figure 6.1). The appropriately functionalized 
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polymer surface was decorated to enable QD conjugation with chemical cross-linkers. 

New methods were developed to confirm that the QD could be conjugated to desired 

peptides such that fusion proteins containing the ligand-binding domain (LBD) and the 

targeting protein of interest. Compared with biotin/streptavidin enabled QD/protein 

system, this technique, if successful, could potentially enable rapid synthesis and 

assembly of QD conjugated to desired ligands expressed in vivo to complement existing 

methods.  

 

6.2 Coating Quantum Dots (QDs) with an Amphiphilic Polymer 

6.2.1 Synthesis of Amphiphilic Polymer for Coating QD 

Since the first publication in 1993
229

, the organic synthesis of narrow size-distributed 

QDs has been developed by many labortaories
230-232

. In this method, the key reaction was 

the pyrolysis of organometallic precursor of Cd and X (X=S/Se/Te) in a coordinating 

solvent mixture, which consisted of trioctylphosphine (TOP) and its oxide (TOPO). The 

structure of QDs resulting from this method consists of a core, which was the 

semiconductor components (for example, CdSe), and an organic shell like TOPO, which 

stabilized the nanoparticle by preventing them from aggregating in the organic solvent. 

However these types of QDs cannot be directly used for biological imaging as they are 

insoluble in aqueous solutions.  Thus for biological imaging, the QDs need to be rendered 

water-soluble by the incorporation of an appropriate organic layer. There are two widely  
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Figure 6.1. Preparation of the peptide-labeled quantum dots for orthogonal conjugation. 

(Top) Quantum dots are coated with an amphiphilic polymer to obtain the aqueous 

solution with functional groups on the polymer surface. (Bottom middle) Quantum Dots 

were conjugated with peptide through a chemical cross-linker. (Bottom right) 

Confirmation of the peptide-labeled QD conjugates with FRET experiment. (Bottom left) 

Conjugation of the QD with fused protein which contains the peptide-binding domain and 

the protein of interest. 
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used methods to make aqueous QDs. One method is ligand exchange, where several 

kinds of amphiphilic ligands containing both thiol groups and ionizable groups were used 

for the ligand exchange reaction to replace the organic molecule, like TOPO as 

mentioned before, by chelating the metallic ions on the surface of QDs
233-236

. After 

precipitation in the organic solvent and re-suspension in water solution, the amphiphilic 

ligands-modified QDs could be used for further modification. The QDs from ligand 

exchange method usually retain the similar size as original polymer coat but often have a 

major disadvantage, which is the stability of new ligands on the surface in aqueous 

solutions often due to the defects on the QD surface and incomplete ligand exchange. The 

second and more widely used method for aqueous QD and most often available 

commercially is to use ligands containing both the hydrophobic chain and hydrophilic 

head for the coating rather than exchange of the organic shell on the surface of the 

QDs
209,237-243

. In this method, the hydrophobic chain usually has the same length as the 

chain on the organic molecule used for the QD stabilization in the organic synthesis. The 

ligands could be small molecules or the amphiphilic polymers, as shown in Figure 6.2. 

In my experiments, I synthesized an amphiphilic polymer, amine-PEG-modified 

octylamine polyacrylic acid, (APOPA), as shown in Figure 6.3, which contains three 

domains, the octylamine domain used for the insertion of polymer into the TOPO surface 

of QDs, the carboxylic group for water-solubility, and the amine-PEG group for the 

further modification. As shown in Figure 6.3 B and C, in order to synthesize the block 

copolymers, 43% of the free acids of polyacrylic acids with molecular weight 1200 were 

transformed to the hydrophobic octylamide groups to obtain the first intermediate  
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Figure 6.2 Structure of TOPO and methods for modifying QD coated with TOPO (A) 

structure of TOPO and cartoon of TOPO coated QDs (CdSe/TOPO). (B) Two methods of 

modification for aqueous CdSe/TOPO: ligand exchange method (top) and ligand coating 

(bottom). 
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Figure 6.3 Modification of CdSe/TOPO with APOPA and the synthesis for OPA and 

APOPA (A) Modification of CdSe/TOPO with APOPA (B) synthesis of OPA with 

polyacrylic acid (C) synthesis of APOPA. 
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polymer, octylamine-modified polyacrylic acid (OPA), while further reaction with mono-

t-Boc-protected 4,7,10-trioxatridecanediamine for the OPA obtained 12%  conjugation 

for the acids in the polymer. The composition of the polymer was confirmed by NMR 

spectra of the two polymers as shown in Figure 6.4. 

6.2.2 Coating of QDs with APOPA 

To obtain aqueous QDs, numerous different processing conditions were attempted used 

starting with commercial TOPO coated QDs from different companies based on the 

previous studies from our lab. We previously found that of the three kinds of polyacrylic 

acids, the one with molecular weight of 1200 was the best. The protocol as shown in 

Figure 6.5 (A) the most important parameter for solubilizing the QDs is the ratio of the 

base (tetramethylammonium hydroxide, TMAH), the polymer and QD amount used. Due 

to the stability and evaporation during the coating process, it was shown that the pH value 

of TMAH/chloroform decreases after long time stirring. So if sufficient base was not 

used, the polymers were likely only partially charged and would possibly have different 

aggregate states due to variations in their amphiphilic properties, which would decrease 

the coating efficiency and make the final QD product less stable in aqueous solution. On 

the other hand, if the base was in excess, the emission peak of QDs was not observed due 

to very high background possibly due to large aggregates. Moreover, when the 

QD/polymer mixture in chloroform was stirred for 30 min, the acidity was observed to 

decrease (using pH paper) from 10 to 7, which possibly influences the states of polymer 

and resulted in decreased stability of final coated QD products.  
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Figure 6.4 the NMR spectrum of OPA and APOPA. Top: OPA; Bottom: APOPA  
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Figure 6.5 QD coating processes. (A) Typical solubilization protocol containing base 

tetramethylammonium hydroxide (TMAH) for QDs (B) Typical solubilization protocol 

using excess polymer:QD ratios. 
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In our work, two sets of QDs with different compositions were used for the experiments 

described in these chapters: CdSe/CdS and CdSe/ZnS, both of which have the core 

composite CdSe with different sizse for the fluorescence and different shell composition 

for the stabilization of the nanoparticles. The former nanoparticles (CdSe/CdS575) were 

obtained from Dr. Armstrong’s group and the latter ones (CdSe/ZnS530, CdSe/ZnS570 

and CdSe/ZnS650) were purchased from Nano Optical Material. For our assay with 

CdSe/CdS575, the ratio of QD and APOPA polymers between 1:300 and 1:400 was 

found suitable for the coating under the conditions, where 4 mg of APOPA was dissolved 

in 2 mL chloroform solution with addition of 45 µL of tetramethylammonium hydroxide 

(TMAH). However, after many attempts with different ratios of QD/polymer and varied 

amount of TMAH, the coating of CdSe/ZnS with were cloudy or precipitated solids in the 

aqueous solution.  Some possible problems in the QD (CdSe/ZnS) preparation are shown 

in Figure 6.6 as well as the successful coating as comparison. 

Based on previous work from Bruchez’s lab
209

, a simplified protocol was developed for 

the coating as shown in Figure 6.5 (B) where no base was added to the polymer solution 

and instead an excess of polymers were used for the coating and stabilization of QDs in 

the final aqueous solution. Compared with the former protocol where we used TMAH to 

control the aggregate states of amphiphilic polymer in chloroform, the new protocol 

made use of lower concentration of QDs while using larger polymer/QD ratio and longer 

coating times to reproducibly obtain water soluble coated QDs (CdSe/ZnS), which could 

then be tested for a variety of applications.  
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Figure 6.6. Four different coating conditions in the preparation of aqueous QD570 

(CdSe/ZnS). The spectra was obtained under excitation at 350 nm. Red: successful 

coating which had high fluorescence signal. Blue: No QD dissolved in the solution.  

Green: QD dissolved in the solution but the fluorescence background was high. Purple: 

QD solution which contained QD but was not clear. 
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6.2.3 Properties of QD/APOPA in the Aqueous Solution 

It was necessary to establish that the stable QD/polymer conjugate prepared in the 

previous section was suitable for different conditions (salt, reductant, pH) often 

encountered in biological labeling experiments. 

We first investigated the effect of added salton QD stability. Since the stability of QD in 

aqueous solution likely depends upon the ionized carboxylates in the polymer, the cations 

in the solution might be able influence the stability of the QDs. We investigated several 

NaCl concentrations on QD stability and as shown in Figure 6.7 and found that even in 

the solution with 200 mM NaCl the QD still were routinely stable for over 45 hours.  

We next tested the reducing agent, dithiothreitol (DTT), which is important for the 

stability of numerous proteins including antibodies in biological assays. As shown in 

Figure 6.7 B, the QD (CdSe/ZnS) had very good stability in the solution with DTT. 

However, for the QD (CdSe/CdS), only a small amount of added DTT completely 

quenched the fluorescence (Figure 6.8 A). Based on the fluorescence mechanism of QDs, 

Meijerink’s has postulated that in the core/shell semiconductor nanoparticle CdSe/CdS, 

due to the lower HOMO energy state of the shell composition (CdS), the thiol groups 

from DTT may fuse to the surface of the nanoparticle and donate their electrons to the 

electron hole on the QD surface
244

. While the thiol group creates a thyil radical and then 

disulfide bonds are formed as shown in Figure 6.8 B.  

Based on the unsuitability of DTT for use with CdSe/CdS QDs, two kinds of reducing 

reagents, β-mercaptethanol (BME) and tris(2-carboxyethyl)phosphine (TCEP), were also 

tested for quenching QD (CdSe/CdS)(Figure 6.9). Compared with DTT, β-  
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Figure 6.7 QD (CdSe/ZnS/APOPA) stability in salt and DTT (A) stability of QD 

(CdSe/ZnS/APOPA) in NaCl solutions (B) stability of CdSe/ZnS/APOPA in DTT 

solution. The signal of each QD/small molecule mixture was obtained at the peak 

wavelength 530 nm by subtracting the background signal from PBS buffer.  
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Figure 6.8 Quenching of CdSe/CdS/APOPA by DTT. (A) Quenching of 

CdSe/CdS/APOPA by DTT. 50 nM of CdSe/CdS/APOPA solution was used for each 

experiment. The signal of each QD/small molecule mixture was obtained at the peak 

wavelength 575nm by subtracting the background signal from PBS buffer. All final 

signal results were normalized by dividing the result from a no DTT experiment. (B) The 

possible mechanism for fluorescence quenching. 
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Figure 6.9 Stability of QDs (CdSe/CdS) in BME and TCEP. (A) Stability of QDs 

(CdSe/CdS) in 2-mercaptoethanol (BME) solutions. (B) stability of QDs (CdSe/CdS) in 

the tris(2-carboxyethyl)phosphine (TCEP) solutions. 50 nM of CdSe/CdS/APOPA 

solution was used for each experiment. The signal of each QD/small molecule mixture 

was obtained at the peak wavelength 575 nm by subtracting the background signal from 

PBS buffer. All final signal results were normalized by dividing the result from no added 

DTT experiment. 

 

 

 

 

 

 

 

 

 



 186 
 

mercaptethanol had similar quenching properties while TCEP only quenched the 

fluorescence at high concentration although it had better reducing ability. The potential 

reason could be attributed to the local concentration of small molecules on QD surface. 

The relative reactivity of thiols versus phosphines for the metal surface may contribute to 

the above observations. It is also possible that DTT and β-mercaptethanol easily diffuses 

to the surface of nanoparticle through the polymer and TOPO layers but TCEP does not 

due to the three carboxylate groups. A mixture of the above two attributes is also possible. 

Regardless, the above experiments provided suitable aqueous conditions for further 

experimenst with the water soluble QDs. 

 

6.3 Synthesis and Characterization of QD/Coiled-Coil Peptide Conjugates 

In the past decade, covalent and non-covalent conjugates of QDs with antibodies, 

proteins, peptides, aptamers, nucleic acids, small molecules, and liposomes have been 

used for direct and indirect labeling of extracellular proteins and in vitro detection of the 

existence of specific targets or the activity of target enzymes. Preparation of specific 

conjugation chemistries at the QD surface is a prerequisite for all these applications. To 

facilitate the conjugation, reactive functional groups or molecule such as streptavidin, 

biotin, primary amine, thiol, maleimide, succinimide, or carboxylic acid is essential on 

the surface of core or core/shell QDs  

To avoid the modification of primary amine groups in added peptides, a unique cysteine 

residue was incorporated on the N-terminal of the peptide such that it could be selectively 

reacted with  N-(β-maleimidopropyloxyl)succinimide incorporated on the QD surface 
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through a primary amine on the polymer (Figure 6.10A). For these reactions, the pH was 

maintained at around 7 to decrease the competing hydrolysis reaction of cross-linker at 

room temperature. The cross-linker-modified QDs were purified over a Nap 10 column in 

20 min, which separated the QDs from excess small molecules based on their size 

difference (Figure 6.10C). As shown in Figure 6.10B, the QD/peptide conjugate was 

obtained after dialysis. Given the small amounts (50 nM/ 200 uL) it is difficult to 

establish successful conjugation of peptides to the conjugates. Thus, to confirm the 

existence of peptide on the QDs, we applied two different methods: agarose gel 

electrophoresis assay and Forster resonance energy transfer (FRET) experiments. 

 

6.3.1 Agarose Gel Electrophoresis of QD and a QD/Fos Conjugate 

In previous work, several groups have reported that agarose gel electrophoresis allows for 

separation of the QD-streptavidin/protein conjugate from free biotinylated proteins
215

. 

However, we found that the modification of QD with the cross-linker likely impacts the 

surface charge due to the lost primary amine and both the cross-linker-modified QD and 

possible QD/peptide conjugate moves slower than the original QD/APOPA and cannot be 

easily resolved by agarose gel. Moreover, the small size (molecular weight) of peptide 

compared to previously utilized antibodies may not provide a sufficient difference in the 

mass for the free QD versus the QD-peptide conjugate
224

. Thus this method did not 

provide a routine approach for monitoring QD-peptide conjugation. 
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Figure 6.10 Conjugation of QD with peptide and purification. (A) Conjugation of amino 

group on the surface of QD with the cysteine thiol on peptide N-termini (B) flow chart 

for the QD/APOPA/peptide conjugation and its purification (C) the absorption graphs for 

the eluted sample from the Nap10 purification. The signal was obtained from the 

absorption measurement at 566 nm for orange QDs (CdSe/CdS575). 
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6.3.2 FRET Experiments for the Confirmation of QD/Fos Conjugate 

Having established after multiple trails that agarose gel electrophoresis does not provide a 

suitable method for establishing peptide incorporation on the QD surface, we turned to 

establishing a FRET experiment. In this method we introduced another peptide, Jun, 

known to bind the peptide, Fos, on the QD surface, attached to an organic dye as the 

acceptor of the energy transfer from the QD. The efficiency of this energy transfer 

between the QD and organic dye is inversely proportional to the sixth power of the 

distance between donor and acceptor (equation 6.1). In this experiment, if the QD575 is 

conjugated to Fos, the addition of Jun-cy5 will potentially bind to the nanoparticle with 

specificity through the known Fos-Jun interaction (Figure 6.11). Due to the wide 

absorption spectra of QD, it is possible that we can choose a wavelength, which could 

excite QD at 570 nm (donor) but have limited excitation of the cy5 (acceptor) in the 

FRET experiment. 

 

 

To test if the FRET experiment was feasible for the Fos/Jun interaction in the context of 

the QD-Fos conjugate, the FRET experiment between Fos-cy3 and Jun-cy5 was first 

designed as a positive control (Figure 6.12A). The two peptides, Fos and Jun, were 

synthesized by solid phase synthesis using a Fmoc protection strategy and then the 

organic dyes (Cy5 for Jun and cy3 for Fos) were conjugated to the N-terminal of the 

corresponding peptide respectively. The peptide-organic dye products were purified by 

HPLC and confirmed by MS after cleavage from the resin. As shown in Figure 6.12B, the  

𝐸  
   

 

   
      (equation 6.1) 
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Figure 6.11 FRET experiments for the confirmation of the QD/APOPA/Fos conjugates. 
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Figure 6.12 FRET experiment for Jun-Cy5 and Fos-Cy3. (A) Left: the model for FRET 

experiment between Jun-Cy5 and Fos-Cy3; Right: the emission and excitation spectra for 

Cy3 and Cy5. (B) the whole fluorescence spectra for the mixture of Jun-Cy5 and Fos-

Cy3 with the ratio of 0:1, 1:1, 3:1, and 6:1. For each assay 150 µL solution was prepared 

with Fos-Cy3 (100 nM). Excitation wavelength was set at 510 nm. (C) the comparison of 

JunCy5 and JunCy5/FosCy3. All samples were excited at 510nm for the excitation of  

Cy3. All the signals were obtained from the fluorescence at 650nm for Cy5. 
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increased ratio between acceptor and donor (Jun-cy5:Fos-cy3) decreased the fluorescence 

of the donor Fos-cy3 and caused the increase of the signal for the acceptor (Jun-cy5 in the 

mixture compared with Jun-cy5 alone) (Figure 6.12C). A further negative control was 

performed with the dye alone (cy5) and Fos-cy3 in solution and no fluorescence increase 

for cy5 was observed.  

Following the control experiments, as shown in Figure 6.13, the FRET experiments 

between QD575/Fos and Jun-cy5 could also been performed by adjusting the ratio of the 

two components due to the overlap between the emission spectrum QD575 and the 

excitation spectrum of cy5. In the FRET experiment between two organic fluorophores, it 

is common practice  that the ratio between donor and acceptor is increased to afford the 

best ratio for FRET since the increase in  the acceptor signal is more easily measured 

obvious than the decrease in donor fluorescence. However, in the FRET experiment 

between QD and organic fluorophore, the multiple Fos species on the surface complicate 

the adjustment of the ratios between the acceptor and donor and the potentially low 

efficiency of FRET due to the expected increase in distance between QD and acceptors, 

which are separated by the organic polymer coat. As shown in the model in Figure 6.14A, 

the diameter of the QD particle is expected be around 5-7 nm, and considering the size of 

the two binding domains for the interaction, it is close to the largest acceptable distance 

for FRET experiments. Moreover, small amount of un-conjugated Fos peptide might still 

exist after the dialysis procedure in the conjugation flow chart (Figure 6.10B), which 

might also interfered the interaction between QD/Fos and Jun-cy5.  
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Figure 6.13 The excitation and emission spectra for CdSe/CdS575 and Cy5.  
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Figure 6.14 Structure of QD/APOPA and optimization of condition for FRET 

experiment between QD/Fos and JunCy5. (A) the structure of QD/APOPA (B) the FRET 

experiments between QD575-Fos and Jun-Cy5 were performed with different ratios of 

two components from 1:1 to 1:5. The concentration of QD575-Fos was constant at 30 nM. 

(C) the FRET experiments between QD575-Fos and Jun-Cy5 were performed with two 

ratios; 1:5 and 1:10. The concentration of QD575-Fos constant  at 50 nM.  
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As shown in Figure 6.14B, similar to the experiment in Fos-cy3 and Jun-cy5, the signal 

ratio between the QD-Fos/Jun-cy5 and Jun-cy5 at 650 nm for cy5 was used for the 

detection of the best ratio between acceptor and donor. From the titration experiments 

with different ratios of Jun-Cy5 to CdSe/CdS (575 nm), it was found that the best FRET 

result was obtained under the conditions where the molar ratio was 4-5 Jun-cy5 

ligands/nanoparticle, which might be close to the average number of Fos ligands on the 

surface of the QD/peptide conjugate prepared. Similar experiments were also performed 

with higher concentration of both components (Figure 6.14C). It was found that the 

increased concentration of QD-Fos did not lead to a significant change in FRET. 

A potential added problem with QD-protein conjugates, compared to labeled proteins, is 

the nonspecific binding due to its large surface area to size ratio. Thus we investigated 

several negative control experiments, for the FRET between QD-Fos and Jun-cy5, as 

shown in Figure 6.15. In these experiments, two series of experiments were performed 

with QD575-Fos and another with QD575 only. For each series of experiments, the 

nanoparticles or their conjugates were incubated with Jun-cy5 or cy5. Another series of 

negative control experiments were performed with Jun-cy5 or cy5 only. For all the FRET 

experiments, the excitation wavelength was chosen at 450 nm, which was far away from 

excitation maximum of cy5 (640 nm) and the potential FRET signals were recorded at 

650 nm by subtracting the background. For the nanoparticle/Jun-cy5 or nanoparticle/cy5 

mixture, the background was from the nanoparticle solution. For the cy5 or Jun-cy5 

solution, the background was from the PBS solution. As shown in the Figure 6.16F, 

FRET was only observed in the mixture of QD-Fos/Jun-cy5 solution through the Fos/Jun  
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Figure 6.15 FRET experiment for CdSe/CdS575-Fos/JunCy5. Two  sets of experiments 

are shown, where 150 µL of 50 nM of QD575-Fos was combined with nothing, 250 nM 

JunCy5 or 250 nM Cy5 respectively. (A and B) The emission spectra with excitation at 

450 nm with 250 nM of QD575-Fos in the presence of JunCy5; (C and D) Control 

experiments with unmodified QD575 and JunCy5. (E) the fluorescence spectra for 250 

nM of JunCy5 and  cy5 (excitation at 450 nm). (F) The experiments from (A-E) tabulated 

with signals at 650 nm.  
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interaction.  Thus, this series of experiments established a method for interrogating 

whether a QD had been modified with Fos. 

 

6.4 The Interaction between QD-Fos Conjugate and a Jun-Fused Protein 

So far we have established the successful synthesis of water soluble QDs and methods for 

covalently labeling the QD to afford QD-Fos conjugates that were confirmed through the 

FRET experiment. Next, we set out to address whether the Fos/Jun interaction could 

facilitate the formation of a conjugate of QD with a Jun-fused protein. We chose 

fluorescent proteins to address this as we had success with FRET. Thus, Jun-mCherry 

was constructed by fusing the mCherry-Histag protein to the C-terminal of Jun peptide. 

After expression in BL21 cells, the Jun-mCherry-Histag protein was extracted from the 

cells by sonication and purified by Ni-NTA column and FPLC. The purity and 

approximate mass was confirmed by SDS-PAGE.  

Different ratios of QD575-Fos and Jun-mCherry were prepared for the FRET 

experiments, as well as several control experiments as shown in Figure 6.16A. Unlike the 

FRET experiment for the QD575-Fos and Jun-cy5, unfortunately, there was no 

significant difference in the signal in the solution of QD/mCherry, QD/Jun-mCherry, 

QD-Fos/mCherry, and QD-Fos/Jun-mCherry (Figure 6.16B). This lack of change in 

signal was observed at numerous different ratios of the two components. Compared with 

the signal of mCherry and Jun-mCherry, it was found that both QD and QD-Fos resulted 

in FRET at 420 nm excitation due to nonspecific binding. However, increasing salt 

concentration and addition of BSA for excluding the nonspecific binding did not show  
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Figure 6.16 Model and experimental results for the FRET experiments with QD-Fos/Jun-

mCherry. (A) the model for the FRET experiment of QD-Fos/Jun-mCherry with control 

experiments (B) The FRET experiment of QD-Fos/Jun-mCherry, QD-Fos/mCherry, 

QD/Jun-mCherry, and QD/mCherry. The concentration of the nanoparticle was kept 

constant at 20nM. The concentration of the fluorescent proteins were changed to obtain 

the ratio of the nanoparticle and proteins as 1:1, 1:2, 1:5, 1:10 and 1:20. Excitation 

wavelength was set at 420nm. Emission signal was chosen at 610nm for mCherry and the 

final results were obtained by subtracting the signal of nanoparticle solution without 

fluorescent protein as background from the signal of each mixture. (C) Similar FRET 

experiment was performed for the ratio 1:5 in another day. The signal for Jun-mCherry 

and mCherry only was chosen at 610nm for mCherry and the final results were obtained 

by subtracting the signal of PBS buffer as background. 
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Figure 6.17 Improvement of FRET experiments for QD(CdSe/ZnS)-Fos/Jun-mCherry 

with EDTA. (A) the model for the binding of His-tag-fused protein and QD bridged by 

metal ions (B) the FRET experiment for the same experiment as shown in Figure 6.15C. 

The only difference was the addition of 50 mM EDTA into the final solution. 
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any improvement. It is possible that the His-tag present in the protein might facilitate the 

binding of the protein to multiple carboxylic groups on the surface of QD through 

chelating metal cation as (Figure 6.17A). Thus the addition of EDTA was found to be 

helpful for decreasing the nonspecific binding by excluding the potential metal ions in the 

solution (Figure 6.17B). 

 

6.5 QD/BAD Conjugate and its Interaction with BCL-XL Fused mCherry Proteins. 

There are many other protein/protein interactions which could potentially be used for 

affording methods to create non-covalent QD/protein comnjugates. As previously 

discussed, the Bcl-2-family proteins consist of pro-survival proteins (including BCL-2, 

BCL-XL, BCL-w, MCL1 and A1) and pro-apoptotic proteins (including BAK, BAX and 

several BH3-only proteins) and their binding constants have been reported and are listed 

in table 4.1 and 4.2 (cited from chapter 4). BCL-XL(1-209) (in which the C-terminal 

transmembrane domain is truncated) was used in these experiment as the binding domain 

to afford QD/protein conjugate through the BCL-XL(1-209)/BAD and BCL-XL(1-

209)/BIM interactions. 

Similar to the QD/Fos conjugate, a single cysteine residue was incorporated at the N-

teminal of BAD peptide. As shown in the Figure 4.4, the distance between the N-terminal 

of BAD, which was conjugated to the amino group on the surface of QD, and the N-

terminal of BCL-XL(1-209) was ~ 3.3 nm, while the distance between the N-terminal of 

BAD and the C-terminal of BCL-XL(1-209) was about 3.1nm.  



 201 
 

Table 4.1 Affinity of BAD/BCL-XL interaction in literature 

 

Table 4.2 Affinity of BIM/BCL-XL interaction in literature 
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Thus, BCL-XL-mCherry and mCherry-BCL-XL were both used for the FRET experiment, 

a model is shown in the Figure 6.18. 

As shown in Figure 6.19, in our FRET experiment, mCherry-BCL-XL seemed better than 

BCL-XL-mCherry, which might be due to the shorter distance between mCherry and QD. 

However, it was found that the QD/protein conjugate could increase the signal of 

mCherry compared with the protein alone, which might be due to the non-specific 

binding between the polymer on the surface of QD and the protein. To solve this problem, 

10% BSA and 150 mM NaCl and 50 mM EDTA were used for the assay. To our surprise, 

there was no big influence for the non-specific binding, since when the incubation time 

was short, the FRET experiment result was similar for both QD-BIM conjugate/mCherry-

BCL-XL(1-209) and QD/mCherry-BCL-XL(1-209) (Figure 6.20). It was interesting that 

after very long time incubation times, although the fluorescence signal of mCherry from 

QD-BIM conjugate/mCherry-BCL-XL(1-209) had significantly larger increases 

compared to the QD/mCherry-BCL-XL(1-209), though nonspecific binding still existed. 

Similar observation was also found for the FRET experiment of QD-BAD and mCherry-

BCL-XL(1-209). Regardless of different conditions, it was difficult to avoid the observed 

non-specific binding, which would interfere in the further experiments. However, as our 

expected, although the distance between the ligand-coated QD and fluorescent protein 

was larger than the ligand-exchanged QD, FRET was still useful to determine the 

existence of non-functional peptide on the surface of QD. 



 203 
 

 

Figure 6.18 Models for the QD-BAD/mCherry-BCL-XL(1-209) conjugate and QD-

BAD/BCL-XL-mCherry. (A) QD-BAD/mCherry-BCL-XL(1-209); (B) QD-BAD/BCL-

XL-mCherry 
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Figure 6.19 FRET experiment for QD530-BIM/BCL-XL(1-209)-mCherry and QD530-

BIM/mCherry-BCL-XL(1-209).  
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Figure 6.20 FRET experiments for QD530-BAD/mCherry-BCL-XL(1-209) and QD530-

BIM/mCherry-BCL-XL(1-209). Both of the experiments were prepared in 150µL solution 

with 150mM NaCl, 50mM EDTA, and 10%BSA. The BSA was added into the QD 

solution before the addition of protein. After 1 hour incubation of QD/BSA, the proteins 

mCherry or mCherry-BCL-XL(1-209) was added for further incubation. For QD-BIM, 

after 30min and 2 days incubation, the emission spectra were recorded under excitation of 

420nm. For QD-BAD, after 2 hours and overnight incubation, the emission spectra were 

recorded under excitation of 420nm. 



 206 
 

6.6 Conclusions 

In this chapter, we have developed robust methods for obtaining polymer coated 

Quantum Dots that are soluble in aqueous solutions. We have also developed facile 

methods for functionalizing these quantum dots with coiled coil peptide ligands and a 

series of FRET experiments for confirming surface functionalization. The QD-peptide 

ligands were aimed at facilitating the non-covalent assembly of proteins that are known 

to bind the peptides to facilitate the design of new ways for the orthogonal assembly of 

proteins on QD surfaces that are primarily restricted  to non-specific protein biotinylation 

followed by attachment to streptavidin functionalized QDs. However, we have found that 

addition of protein ligands that selectively bind the QD-peptide in our systems is difficult 

to establish using FRET due to nonspecific binding of proteins to the polymer coated QD. 

These studies suggest that selective non-covalent assembly of peptide protein pairs on the 

QD will require the modification of polymer coated QD. It is possible the addition of 

higher molar equivalents of PEG may prevent non-specific binding, which may be 

accomplished during polymer synthesis or after the synthesis of the QD-peptide 

conjugate. Alternatively, glycine-serine containing repeating peptides may also be sued 

for capping the QD surfaces for preventing non-specific binding. Future work in this area 

will focus on methods for preventing non-specific binding to QDs while also developing 

new high affinity orthogonal peptide protein pairs. 

 

 

 



 207 
 

6.7 Experimental Procedures 

6.7.1 Synthesis of APOPA 

6.7.1.1 Synthesis of Octylamine-Modified Polyacrylic Acids (OPA). 

A. 5 mL of a poly(acrylic acid) sodium salt solution (MW~1200, 45 wt % in water, sigma) 

was acidified by 2.5 mL of 12 N HCl. Then 100 mL of acetone was added under stirring 

to precipitate NaCl. After filtration, acetone was removed from the filtrate by rotary 

evaporation. The crude product was dissolved in 10 mL of water. After freezing in -78 C, 

the sample was lyophilized overnight. 2.0 g of white poly-(acrylic acid) solid was 

collected. 

B. 1.08 g of poly(acrylic acid) solid (0.015 mol of carboxylic acid) and 1.42 g of 1-ethyl-

3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDAC, 0.0075 mol) were added 

into a 100 mL round-bottom flask. 20 mL of DMF was added to dissolve the mixture in 

the flask with stirring. When the solids were completely dissolved, 1.6 mL of octylamine 

(0.0096 mol) was added to the mixture dropwise. The clear solution was stirred overnight 

under the protection of argon. TLC ((CH2Cl2/CH3OH) 7:1, Rf (octylamine) 0.55, 

Rf(product)  0.24) was used to monitor the reaction. When the reaction was finished, 

DMF was removed by rotary evaporation, and the residue was dissolved with 10 mL of 

acetone and transferred into a centrifuge tube. 25 mL of water was added to produce a 

gummy precipitate product, which was purified by centrifugation and washed with water 

twice. The white solid product obtained was dissolved in 20 mL of ethyl acetate with 

heating the solution with 40 C water, a tetramethylammonium hydroxide solution, 

prepared by dissolving 3.2 g in 12 mL water, was added to the polymer solution and 
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stirred for 10min. The yellowish aqueous layer was isolated and transferred to a 

centrifugation tube, and the pH of solution was adjusted to 2 with 1 N HCl. The 

precipitate was separated by centrifugation and washed with H2O (15 mLx2). The sticky 

solid was redissolved in ethanol, which was removed by rotary evaporation. Finally about 

1.63 g of OPA (yellow solid) was collected (43% of the carboxylic acids were converted 

to octyl amide). 1H NMR (d-CH3OH): δ 0.85-0.92 (m, 3H),1.25-1.45 (m, 10.2H), 1.45-

1.60 (m, 2.6H), 1.60-1.97 (m, 3.2H), 2.10-2.50 (m, 2.3H), 3.28 (m, 2H) (Figure 6.4A). 

 

6.7.1.2 Synthesis of Mono-Boc-Protected 4,7,10-Trioxatridecanediamine. 

40 g of 4,7,10-trioxatridicanediamine (0.182 mol) was dissolved in 125 mL 

dichloromethane solution in a 250 mL round-bottom flask. An anhydride solution, 

prepared by dissolving 1.6 g of t-Boc anhydride (0.00735 mol) in 10 mL of 

dichloromethane, was added dropwise to the diamine solution with stirring. The addition 

of anhydride was completed in 2 hours. Subsequently, the solution was stirred overnight 

under the protection of argon. Rotary evaporation was performed until the total volume of 

solution was about 70 mL. The product was extracted with water (300 mL x 6) to remove 

excess diamine. The organic layer was dried over Na2SO4, and finally the solvent was 

removed by rotary evaporation completely. About 2.54 g of mono-Boc-protected 4,7,10-

trixoatridicanediamine (oily precipitate) was collected (yield 54%) . 1H NMR (CDCl3): δ 

1.40 (s, 9H), 1.74 (m, 3.6H), 2.80 (t, 1.6H), 3.22 (m, 1.9H), 3.52-3.67 (m, 11.4H) (Figure 

6.21).  
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Figure 6.21  NMR spectrum of mono-boc-protected 4,7,10-trioxatridecanediamine. 
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6.7.1.3 Synthesis of Amine-PEG-Modified Triblock Copolymer 

190 mg of octylamine-modified poly (acrylic acid) (OPA, 0.1 mmol) and 95 mg of 

EDAC (0.5 mmol) were dissolved in 6 mL DMF in a 25 mL round-bottom flask, in 

which the solution was stirred for 10 min. A diamine solution, prepared by dissolving 64 

mg of mono-Boc-protected 4,7,10-trioxatridecanediamine (0.2 mmol) in 1 mL DMF, was 

added to the reaction mixture dropwise. The solution was stirred overnight, and the 

Kaiser test
245

 was used to monitor the reaction. When no free amine was identified by the 

Kaiser test, DMF was removed by rotary evaporation and the solid was transferred into a 

centrifuge tube with 10 mL of H2O. The precipitated product was separated by 

centrifugation (3500 rpm for 8 min), washed with 2.5 mL of H2O and dissolved in 3 mL 

of ethanol. After transferring to one 25 mL round-bottom flask, the solvent was 

subsequently removed by rotary evaporation. The boc group in the product was removed 

by using 4 mL of 50% TFA in dichloromethane. After about 30 min, the solvent was 

removed by rotary evaporation. The crude oily product was redissolved with 2 mL of 

ethyl acetate, and the final product was precipitated by adding the solution to 10 mL 

chilled ethyl ether on an ice bath. The solid product was separated by centrifugation 

(3500 rpm for 5 min) and washed with 5 mL of ether twice. After drying and 

lyophilization, 60 mg of APOPA(yellow solid) was obtained (12-14% of carboxylic acids 

were converted to amide-PEGamine).1H NMR (CDCl3): δ 0.80-0.95 (m, 3H), 1.20-

1.39(m, 10.2H), 1.39-1.55 (m, 2.4H), 1.55-1.95 (m, 3.4H), 1.95-2.15 (m, 1.5H), 2.15-2.5 

(m, 3.3H), 3.0-3.4 (m, 4.5H), 3.5-3.88 (m, 3.8H) (Figure 6.4B). 
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6.7.2 Process for Coating QDs with Amphiphilic Polymer APOPA. 

6.7.2.1 Protocol for Addition of Tetramethylammonium Hydroxide for Coating QDs. 

7 mg of the APOPA was dissolved in 1mL of chloroform. Tetramethylammonium 

hydroxide (25 wt % in methanol) was used to adjust basic condition and finally pH value 

paper showed 10. 350 µL of 50µM QD575 in chloroform (CdSe/CdS, Em at 575 nm, Dr. 

Armstrong’s group kind donation) was diluted with 650µL chloroform. The diluted QD 

solution was added to the APOPA solution dropwise and stirred for 1 hour, after which 

the solvent was removed by rotary evaporation for 1 hour and the sample was lyophilized 

for 1 to 2 hours. The solid was redissolved in 500 µL of water and loaded onto a NAP-10 

column (Amersham Biosciences). Phosphate buffer A (10 mM NaH2PO3/Na2HPO3, pH 7) 

was used to elute the QDs. Fluorescent fractions were combined (1-2 mL) and further 

filtered through a 0.45 µm Acrodisc syringe filter. The filtrate was dialyzed overnight in 

a Slide-A-Lyzer dialysis cassette (MWCO 7000, Pierce) against 400 mL of buffer.  

The same procedure was performed for the coating of CdSe/ZnS: QD570, QD530 and 

QD650 (from Nano Optical Material company). Similar observation was observed for 

QD570 and QD530 but the protocol was not useful for QD650 due to the size of QD. 

 

6.7.2.2 Protocol without Base for the Coating of QDs. 

150µL of 40 µM CdSe/ZnS QD570 in chloroform (about 0.6x10
-8

mol) was diluted with 

850µL chloroform. The diluted solution was added into the 1mL APOPA chloroform 

solution (10mg). After stirring in the dark for 1-2 hour, the solvent was removed with 

rotary evaporation for 1 hour and the final sample was lyophilized for 1-2 hour. The solid 
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was redissolved in 500 µL of water and loaded onto a NAP-10 column (Amersham 

Biosciences). Nanopure water was used to elute the QDs. Fluorescent fractions were 

combined (1-2 mL) and further filtered through a 0.45 µm Acrodisc syringe filter. The 

filtrate was dialyzed overnight in a Slide-A-Lyzer dialysis cassette (MWCO 7000, Pierce) 

against 400 mL of phosphate buffer (10mM pH 7.0).  

The concentrations for QDs were measured by the absorption based on their first 

excitation state: QD575 (CdSe/CdS), ε=16000 M
-1

 cm
-1

 at 566 nm; QD530 (CdSe/ZnS), 

ε=6400 M
-1

 cm
-1

 at 514nm; QD570 (CdSe/ZnS), ε=12500 M
-1

 cm
-1

 at 554 nm; Q650 

(CdSe/ZnS), ε=32800 M
-1

 cm
-1

 at 630nm.  

 

6.7.3 Synthesis of BAD, BIM, Jun, Fos, Jun-cy5 and Fos-cy3 Peptide. 

In the first step, peptides were synthesized using standard Fmoc protection strategies for 

solid phase peptide synthesis (Figure 6.22). Rink Amide AM resin (0.43 mmol/g) was 

used as the solid phase matrix with PyBOP (3 equivalents), and DIEA (6 equivalents) as 

the coupling reagents with the appropriate Fmoc protected amino acid residue (3 

equivalents). Glycine residues, cysteine and β-alanine residues were coupled on the N-

terminus of each peptide of interest.  The peptides were cleaved by 94% TFA, 2.5% EDT, 

2.5% water, and 1% TIPS for 3 h. The peptide ligands were precipitated out of solution 

by the addition of chilled diethyl ether, isolated by centrifugation, and triturated with 

some more chilled ether. HPLC purification afforded the pure peptide ligands, which 

were characterized by mass spectrometry. 
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Figure 6.22 Solid phase synthesis of peptides for QD/ligand conjugates. 
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In the second step, Jun-cy5 and Fos-cy3, Jun and Fos peptides with cysteines at the N-

terminal were dissolved in degassed PBA buffer (10mM, pH 7.0) respectively. The 

concentration of active thiol group was detected by the DTNB test. Finally 0.5mM of the 

peptide-cysteine solution was incubated with Cy3 Maleimide mono-reactive dye (for Fos 

peptide solution) or Cy5 Maleimide mono-reactive dye (for Jun peptide solution) (GE 

Healthcare life) with the ratio of 1:2 at room temperature for 2 hours. The reaction 

mixture was purified directly with HPLC to obtain the pure Jun-cy5 and Fos-cy3 

products. The lyophilized sample was confirmed by mass spectrometry. The following 

HPLC chromatograms were used for identification of the purity of the peptide and 

peptide conjugate products (Figure 6.23-28). 
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Figure 6.23 HPLC chromatogram for Jun-3βAla-C-G.(20-80% acetonitrile in water with 

0.1% TFA.) 
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Figure 6.24 HPLC chromatogram for Fos-3βAla-C-G.(20-80% acetonitrile in water with 

0.1% TFA.) 
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Figure 6.25 HPLC chromatogram for BAD-3βAla-C-G. (20-80% acetonitrile in water 

with 0.1% TFA.) 
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Figure 6.26 HPLC chromatogram for BIM-3βAla-C-G. (20-80% acetonitrile in water 

with 0.1% TFA.) 
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Figure 6.27 HPLC chromatogram for Fos-Cy3. (20-80% acetonitrile in water with 0.1% 

TFA.) 
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Figure 6.28 HPLC chromatogram for Jun-Cy5. (20-80% acetonitrile in water with 0.1% 

TFA.) 
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6.7.4 FRET Experiments for the Fos-cy3 and Jun-cy5 

Both peptides were dissolved in PBS buffer and the concentrations of two solutions were 

determined by absorption at 550 nm for Fos-cy3 (ε=150000 M
-1

 cm
-1

) and 650 nm for 

Jun-cy5 (ε=250000 M
-1

 cm
-1

). For FRET experiment, 150 µL solutions of 100 nM Fos-

cy3 and different concentrations of Jun-cy5 (100 nM, 300 nM and 600 nM) were used. 

The control experiments included three series of experiments. For first series of control 

experiments, three 150 µL solutions containing different concentrations of Jun-cy5 (100 

nM, 300 nM and 600 nM) were used. For second series of control experiments, three 150 

µL solutions containing 100 nM of Fos-cy3 and different concentrations of cy5 (100 nM, 

300 nM and 600 nM) were used. For the third series of control experiments, three 150µL 

solutions containing different concentrations of cy5 (100 nM, 300 nM and 600 nM) were 

used. 

Emissions of all samples were measured by the fluorometer PTI under excitation at 510 

nm. The signals at 650 nm were obtained for the cy5. 

 

6.7.5 The Conjugation of QD with Cysteine Labeled Peptide. 

The peptide Fos was dissolved in phosphate buffer A. The active thiol group was 

determined to be 0.5 mM by the DTNB test. A 50 mM of cross-linker solution was 

prepared by dissolving 5.3mg N-(β-maleimidopropyloxyl)succinimide in 430 µL DMSO. 

50 µL QD575 (10 µM) and 5 µL stock solution of cross-linker was added to 107 µL 
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phosphate buffer (pH=7.0, 10 mM) to achieve a QD:cross-linker ratio of 1:500. After 1 h 

incubation at room temperature, about 160 µL solution was purified with a NAP-10 

column using 100 µL x 20 phosphate buffer. The fluorescent eluent was collected and 

mixed with 50 µL of Fos peptide solution to obtain a QD:Fos ratio of 1:50. The solution 

was incubated at room temperature for 2 h and dialyzed the sample in a Slide-A-Lyzer 

dialysis cassette (MWCO 10000, Pierce) against 400 mL of phosphate buffer (10 mM pH 

7.0).  

 

6.7.6 FRET Experiments for QD-Fos and Jun-Cy5 

QD575(CdSe/CdS) was first used for the FRET experiment.  

The first titration assay using different ratios of QD575-Fos and Jun-cy5 was performed 

in two series of experiments. In the first series of experiments, 150 µL solution 

containing 30nM of QD575-Fos and different concentrations of Jun-cy5 (0 nM, 30 nM, 

60 nM, 90 nM, 120 nM and 150 nM) were prepared. In the second series of experiments, 

150 µL solution containing different concentrations of Jun-cy5(0 nM, 30 nM, 60 nM, 90 

nM, 120 nM and 150 nM) were prepared. All the samples were incubated at room 

temperature for 2 hour. The fluorescence emission spectrum for each assay was obtained 

with the PTI fluorimeter under excitation at 450 nm.  

The second titration assay using two ratios of QD575-Fos and Jun-cy5 (1:5 and 1:10) was 

performed the same way as the first titration assay. The only difference is that the 

concentration of QD575-Fos was increased to 50 nM.  
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In the FRET experiments studying the specific binding between QD575-Fos and Jun-cy5, 

three series of experiments were designed. In the first series of experiments, three 

different 150 µL solutions were prepared: 50 nM of QD575-Fos and 250 nM Jun-cy5; 2) 

50 nM of QD575-Fos and 250 nM cy5; 3) 50 nM of QD575-Fos (control).  In the second 

series of experiments, the same solutions as in the first series were prepared except that 

50 nM QD575 was used instead of QD575-Fos. In the third series of experiment, three 

different 150 µL solutions were prepared: 1) 250 nM Jun-cy5; 2) 250 nM cy5; 3) PBS 

solution as background. All the assays were run in duplicates. After 2 hours incubation at 

room temperature, emission was measured using PTI fluorometer under excitation at 450 

nm.  

 

6.7.7Cloning of Jun-mCherry, BCL-XL(1-209)-mCherry and mCherry-BCL-XL(1-209) 

The vector pRSF RR-GFPuv-Histag was obtained from Dr. Sujan Shekhawat. The vector 

pETDuet Jun-NFluc was obtained from Dr. Benjamin Jester.  For the first step, primers 

GFP KpnI Fwd 

(GCGCGCGGTACCAATTCGAGTAAAGGAGAAGAACTTTTCACTGGAGTT) and 

Histag NotI Rev (GCGCGCGCGGCC GCTTAGTGATGGTGATG) were used to obtain 

the PCR fragments. After digestion with KpnI and NotI, the GFPuv-Histag domain was 

inserted into pETDuet vector to obtain pETDuet Jun-GFPuv-Histag. In the second step, 

primers mCherry KpnI Fwd 

(GCGCGCGGTACCGTGAGCAAGGGCGAGGAGGATAACATG) and mCherry 
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HindIII Rev (GCGCGCCAAGCTTCCCTTGTACAGCTCGTCCATGCCGCC) were 

used to obtain the mCherry fragment. After digestion with KpnI and HindIII, the 

mCherry fragment was inserted into the vector pETDuet Jun-GFPuv-Histag to obtain 

pETDuet-mCherry-Histag. Similarly, Bclxl BsHI 

Fwd(GCGCGCTCATGAGCATGTCTCAGAGCAACCGGGAGCTGGT) and Bclxl 

AgeI Rev (GCGCGCACCGGTGCGTTCCTGGCCCTTTCGGCT) were used to replace 

Jun with BCL-XL(1-209) to obtain BCL-XL-mCherry.Bclxl AgeI linker Fwd 

(GCGCGCACCGG TGGGGGTGGC GGTTCAGGCG GTGGGGGTTC 

TGGTGGGGGT GGT ATGTCTCAGAGCAACCGGGAGCTGGT) and NotI Rev 

(GCGCGCGCGGCCGCTC AGCGTTCCTGGCCCTTTCGGCT) were used for cloning 

BCL-XL(1-209) into the vector pETDuet His-mCherry-NFluc to obtain His-mCherry-

BCL-XL(1-209). 

 

6.7.8 Expression and Purification of Jun-mCherry, mCherry-BCL-XL(1-209) and BCL-

XL(1-209)-mCherry Proteins. 

The protein Jun-mCherry-Histag was expressed in BL21 in 1L LB media. Protein 

expression was induced with 1mM of IPTG over 3 hours. The proteins were extracted out 

of the cells after sonication in PBS buffer and then purified with Ni-NTA column. The 

proteins eluted were confirmed by SDS-PAGE gel electrophoresis and finally purified 

with Fast protein liquid chromatography (FPLC) (Figure 6.29-33). After concentrating 

the protein solution all the samples were confirmed by both fluorescence and SDS-PAGE 

gel electrophoresis (Figure 6.33).  
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Figure 6.29 FPLC chromatogram of BCL-XL(1-209)-mCherry. 
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Figure 6.30 FPLC chromatogram of His-TEV-mCherry. 
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Figure 6.31 FPLC chromatogram of Jun-mCherry. 
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Figure 6.32 FPLC chromatogram of mCherry-BCL-XL(1-209). 
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Figure 6.33 SDS-PAGE gel for: His-mCherry, Jun-mCherry, BCL-XL(1-209)-mCherry 

and mCherry-BCL-XL(1-209). (A) Jun-mCherry; (B) other three proteins: Lane 1 

mCherry-BCL-XL(1-209), lane 2: HisTEVmCherry, lane 3: BCL-XL(1-209)-mCherry. 
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APPENDIX A: A TURN-ON SPLIT-LUCIFERASE SENSOR FOR THE DIRECT 

DETECTION OF POLY (ADP-RIBOSE) AS A MARKER FOR DNA REPAIR AND 

CELL DEATH 

Reproduced from permission: 

Furman, JL.; Mok, P.; Shen, SY.; Stains, CI.; Ghosh, I. A turn-on split-luciferase sensor 

for the direct detection of poly (ADP-ribose) as a marker for DNA repair and cell death. 

Chem. Commun. 47, 397-399 (2011). 

Copyright The Royal Society of Chemistry 2011. 
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APPENDIX B: SYSTEMATIC EVALUATION OF SPLIT-FLUORESCENT 

PROTEINS FOR THE DIRECT DETECTION OF NATIVE AND METHYLATED 

DNA 

Reproduced from permission: 

Furman, JL.; Badran, AH.; Shen, SY.; Stains, CI.; Hannallah, J.; Segal, DJ.; Ghosh, I. 

Systematic evaluation of split-fluorescent proteins for the direct detection of native and 

methylated DNA. Bioorg. Med. Chem. Lett. 19, 3748-3751 (2009). 

Copyright Elsevier Led. 2009. 
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APPENDIX C: MS OF SYNTHESIZED PEPTIDES 

BAD-Gly-Gly-Ala-βAla-Staurosporine 

Expected to 3805 g/mol; found 3807.63 m/z. 
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BAD-3βAla-C-GG: 

Expected 3433 g/mol; found  3433.35 m/z 
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BIM-Gly-Gly-Ala-βAla-staurosporine 

Expected 3247 g/mol; found 3247.81 m/z 
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BIM-3βAla-C-G: 

Expected 2816 g/mol; found 2816.24 m/z 
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Fos-3βAla-Cys-Gly: 

Expected 4760 g/mol; found  4760.51 m/z 
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Jun-3βAla-Cys-Gly: 

Expected 4668 g/mol; found 4668.48 m/z 
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Fos-3βAla-Cys-(Gly)-Cy3: 

Expected 5514 g/mol; found 5516.65 m/z 
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Jun-3βAla-Cys-(Gly)-Cy5: 

Expected: 5443 g/mol; found 5445.57 
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p53mt-staurosporine: 

Expected 2255 g/mol; found 2254.82 
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