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ABSTRACT 

 Development of chimeric, recombinant peptides, proteins and enzymes 

expands the availability of protein/enzyme–based tools for cellular analysis and new 

assay platforms. Ideal protein reagents for cellular analysis must translocate into a 

variety of cells with minimum cell damage, retain stability and biological activity 

within the cell during analysis, and provide a reliable, measurable signal. This work 

focused on development, characterization and utilization of chimeric recombinant 

peptide, protein and enzyme reagents for cellular analysis and immunoassays.  

A cell-penetrating, fluorescent protein substrate (PKAS) was developed to 

monitor intracellular protein kinase A activity in cells without the need for cellular 

transfection. PKAS translocated into HeLa cells, βTC-3 cells and pancreatic islets 

with minimal toxicity. Upon cellular loading, glucose dependent phosphorylation of 

PKAS was observed in both βTC-3 and pancreatic islets via capillary zone 

electrophoresis.  In pancreatic islets, maximal PKAS phosphorylation (83 ± 6 %) was 

observed at 12 mM glucose, whereas maximal PKAS phosphorylation (86 ± 4 %) in 

βTC-3 cells was with 3 mM glucose indicating a left-shifted glucose sensitivity.  

 A cell-penetrating luciferase chimera (Luc-TAT) and a cell-penetrating 

phospholipid nanoshell entrapped luciferase (Luc-PPN) was constructed to monitor 

dynamic changes in intracellular ATP levels in mammalian cells. Upon cellular 

loading, the activity of Luc-TAT and Luc-PPN was monitored with time. Luc-TAT 

lost approximately 50% activity within one hour, and decreased rapidly over time. In 

contrast Luc-PPNs retain approximately 95% activity in 1 hour and 77% after 12 
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hours showing longer biological lifetime. Luc-PPNs were able to detect dynamic ATP 

changes in intact HeLa cells in the presence of KCN and NaN3. The bioluminescence 

returned to background levels within 8-10 minutes after treatment with KCN, whereas 

NaN3 showed ~ 40% reduction. 

 Two novel recombinant human parathyroid hormone (hPTH) analogs hPTH-

EGFP and hPTH-Cys were prepared to develop immunoassays for PTH detection in 

clinical samples. Initial experiments show promise for these analogs for use in CZE-

LIF based immunoassays. The analogs present a number of distinctive advantages for 

clinical assays and can be used to develop several immunoassay platforms.    
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CHAPTER 1: INTRODUCTION 

1.1 SIGNAL TRANSDUCTION IN GLUCOSE STIMULATED INSULIN 

SECRETION 

Analysis of signal transduction leading to cellular function is important in 

many biological research areas. Cells have a highly complex architecture with many 

interconnecting signaling networks that utilize a diverse assortment of molecules. The 

chemical interactions between different classes of molecules, e.g. ions, nucleic acids, 

hormones, neurotransmitters, proteins, etc. are important in the regulation of cellular 

function.
1
 For instance, the secretion of insulin from pancreatic β-cells is a complex 

process involving the interaction of numerous external and internal stimuli. Nutrients 

such as glucose, fatty acids, and some amino acids influence insulin secretion as a 

consequence of metabolism within β-cells, whereas a wide range of non-nutrients 

including hormones and neurotransmitters control insulin release through cell surface 

receptors.
2
 Defects in these signaling pathways may cause β-cell failure or 

dysfunction, and give rise to diseases like diabetes.
3,4

 Therefore elucidating the 

mechanisms that regulate β-cell function is important. Increased knowledge of these 

processes may facilitate understanding of the pathophysiology of β-cell function and 

aid in the development of new therapeutics.  

Insulin secretion in pancreatic β-cells is primarily regulated by nutrient 

secretagogues such as glucose.
2
 Glucose induces a biphasic pattern of insulin 

secretion where the first phase occurs within the first few minutes after exposure to 

increased glucose levels,
5,6

 followed by a second phase with a much slower rate of 



 

 

insulin release. The molecular 
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Figure1-1: A simplified illu

insulin release. The molecular mechanisms involved in biphasic insulin secretion are

a widely accepted sequence of events are present in glucose 

stimulated insulin secretion (Figure1-1).
7,8

 Briefly, glucose transported into β

which raises the ATP/ADP ratio with subsequent closure of 

channels resulting in membrane depolarization. 

ion channels open, facilitating the influx of extracellular Ca

leads to insulin exocytosis. In general, both nutrient and non

ulated insulin secretion depend upon the availability of a number of intra

cells including cyclic nucleotides, Ca
2+

, phospholipid hydrolysis 

inositol triphosphate (IP3), diacylglycerols (DAG), arachidonic acid

(AA), and phosphatidic acid.
9-11

 These intracellular regulators have been implicated

various protein kinases. Since protein kinases are the key regulators in signal 

studying the kinase activity may aid in clarifying some of the

in glucose stimulated insulin secretion (GSIS).
12

    

A simplified illustration showing GSIS in pancreatic β-cells.
13
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1.2 PROTEIN KINASES AND 

Protein kinases are key regulators

largest and most diverse families of cellular enzymes. 

important role in many signaling cascades by phosphoryl

(Figure1-2), a highly evolved and sophisticated phenomena

fundamental cellular processes

Figure 1-2: Schematic representation of reversible protein phosphorylation

Out of the 518 human protein kinases, 478 

related catalytic domain sequences

families and subfamilies based on the similari

activity. The most apparent diversity

recognition, based on the phosphate acceptor group and the flanking sequences in the 

phosphorylation site.
1,15

 There are two general cl

transfer a phosphate group to Ser or Thr residue

PROTEIN KINASES AND INSULIN RESPONSE 

Protein kinases are key regulators of cell function and represent

largest and most diverse families of cellular enzymes. Protein kinases play an 

important role in many signaling cascades by phosphorylating target substrates

volved and sophisticated phenomena important in almost all 

fundamental cellular processes.
1,14,15

 

Schematic representation of reversible protein phosphorylation

Out of the 518 human protein kinases, 478 belong to a single superfamily

related catalytic domain sequences.
14

 These can be further divided into groups, 

families and subfamilies based on the similarities in sequence and biochemical 

most apparent diversity of the kinase family is observed in peptide 

based on the phosphate acceptor group and the flanking sequences in the 

There are two general classes of protein kinases: k

transfer a phosphate group to Ser or Thr residues and those that transfer phosphate to 

30 

 

represent one of the 

Protein kinases play an 

ating target substrates 

important in almost all 

 

Schematic representation of reversible protein phosphorylation.   

to a single superfamily with 

further divided into groups, 

ties in sequence and biochemical 

kinase family is observed in peptide 

based on the phosphate acceptor group and the flanking sequences in the 

ses of protein kinases: kinases that 

sfer phosphate to 



31 

 

 

 

Tyr residues. A few kinases transfer phosphate groups to Ser/Thr and Tyr residues, 

but these are rare.
16

 Protein kinases also show diversity in size, structure, sub-cellular 

localization, and mechanism of activation.
17

 They are tightly regulated enzymes that 

are activated/deactivated in response to a variety of different signals. Kinases play a 

prominent role in pancreatic β-cells in potentiating the insulin response to metabolic 

and non-metabolic stimuli.
2,12

 Ca
2+

/Calmodulin-dependent protein kinase (CaMKII), 

cAMP-dependent protein kinase A(PKA), Ca
2+

/phospholipid-dependent protein 

kinase (PKC), protein kinase B/Akt, mitogen activated protein kinase (MAPKs) and 

protein tyrosine kinase are a few examples of kinases identified both in islets of 

Langerhans and in insulin secreting cell lines.
2,12

 

1.2.1 Ca
2+

/Calmodulin-dependent protein kinase (Ca
2+

/CaM) 

Pancreatic β-cells express at least three different types of Ca
2+

/CaM kinases; 

CaM Kinase II, Cam Kinase III and Myosin light chain kinase (MLCK).
18,19

 Most of 

the research performed on Ca
2+

/CaM kinases in β-cells was focused on Cam Kinase 

II. CaM kinase II is a multifunctional oligomeric protein with a molecular weight of 

500-600 KDa
20

 . This kinase has a broad range of substrate specificity and shows a 

wide distribution in different tissues. Direct evidence obtained from Northern and 

Western blot analysis suggests the presence of CaM Kinase II in β-cells.
21

 The 

existence of a 53 kDa endogenous protein that undergoes Ca
2+

/CaM dependent 

phosphorylation in β-cells was also reported.
22,23

 In 1992, Jones and coworkers 

observed that a decrease in Ca
2+

 stimulated insulin secretion in permealized rat islets 

was accompanied with a marked decrease in protein phosphorylation. They also 
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identified a phosphorylated product around the molecular weight of 53 kDa, which is 

similar to the endogenous substrate for CaM Kinase II.
24

 This implied the 

involvement of CaM Kinase II in insulin secretion. Further evidence for the role of 

CaM Kinase II in GSIS was reported by Wenham et al.
25

 When treated with KN-62, a 

specific inhibitor for CaM kinase II, dose dependent inhibition of CaM kinase II 

activity was observed along with a decrease in GSIS in rat pancreatic islets and 

RINm5F rat insulinoma cells. Further experiments done in the presence of 28 mM 

glucose increased the phosphorylation of a subunit of CaM Kinase II by two fold in 

rat pancreatic islets.
26

  These results suggests that CaM kinase II may be responsible 

for initiating GSIS, but further studies are required to evaluate the time course of CaM 

Kinase II activation to get a better understanding of the mechanism.
27-29

 

1.2.2 Protein kinase A (PKA)  

cAMP-dependent protein kinase A was first isolated from rat and Guinea-pig 

islets of Langerhans by Montague and Howell.
30,31

 The enzyme has a molecular 

weight of 180 KDa. As in other cell types, pancreatic β-cells contain two isoforms of 

PKA, type I and type II.
32

 PKA type I is a cytosolic enzyme whereas PKA type II is 

associated with intracellular membranes.
33,34

 Each isoform is a holoenzyme with two 

regulatory and two catalytic subunits. Four regulatory subunits (RIα, RIβ, RIIα, RIIβ) 

and three catalytic subunits (Cα, Cβ, Cγ) are expressed in mammalian cells in a tissue 

specific manner.
33,35

 It is implied that β-cells express RIα, RIIα, and Cα since they are 

found in all tissues, but there is no data available about the other types of subunits. 

When the catalytic subunits are bound to the regulatory subunit (resting conditions), 
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the enzyme PKA is inactive (Figure 1-3). With elevated concentrations of cAMP the 

catalytic subunit dissociates from the cAMP bound regulatory subunit, facilitating the 

phosphorylation of a target substrate.  

+

Inactive PKA

cAMP

Regulatory Subunit Catalytic Subunit

Active PKA

 

Figure 1-3: Schematic diagram showing PKA activation. 

Studies performed with subcellular fractions and intact islets have revealed the 

presence of numerous PKA substrates in pancreatic β-cells, although the nature of 

these endogenous substrates is not well studied.
23

 Based on the evidence obtained 

through SDS-polyacrylamaide gel electrophoresis and radioimmunoassay Suzuki et al 

implied that PKA might be partly responsible for glucose-dependent phosphorylation 

of endogenous kinase substrates in rat pancreatic islets.
36

 Experiments conducted on 

isolated patch-clamed β-cells
37

, purified populations of β-cells
38-40

 and freshly isolated 

islets
41,42

 show insulin secretion can be elevated by increasing the intracellular 

concentrations of cAMP, supporting the involvement of PKA in insulin secretion. In 

1999, Takahashi et al monitored insulin exocytosis by amperometric measurements of 

serotonin released under different conditions, where serotonin was loaded into insulin 

secreting large dense-core vesicles of pancreatic β-cells.
43

 When pancreatic β-cells 

were treated with PKA inhibitors Rp-cAMP, H-7 and H-89, a decrease in insulin 
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secretion was observed. Their work strongly suggested that PKA is a vital enzyme for 

insulin secretion, and PKA activity is modulated by the production of cAMP, the 

amount of ATP and concurrent phosphatase activity.
43

 In contrast, PKA inhibitors, 

adenosine 3’5’-cyclic phosphorothioate (Rp-cAMP-S) and a myristoylaed peptide do 

not show any effect on GSIS.
44,45

 However, the majority of evidence suggests that 

PKA plays an important role in glucose induced as well as non-glucose induced 

insulin secretion. Development of other methodologies, and experimental models 

might help to understand the PKA role in insulin secretion more clearly.
2
  

1.2.3  Ca
2+

/phospholipid-dependent protein kinases (PKC) 

The PKC family of serine and threonine kinases is ubiquitous in mammalian 

tissues. It is a family of many isoforms (α, βI, βII, γ, δ, ε, ζ, η, θ, ι) and evidence 

suggests that different tissues express different PKC isoenzymes.
46,47

 The isoenzymes 

α, βI, βII and γ are sensitive to both Ca
2+

 and diacylglycerol (DAG) whereas δ, ε, η 

and θ are only sensitive to DAG.
48

 The isoenzymes ζ and ι do not respond to Ca
2+

 or 

DAG.
48

 PKCα and PKCδ are the major isoenzymes identified in isolated islets, 

individual β-cells and in insulin secreting cell lines.
49-52

 Several endogenous protein 

substrates for PKCs were identified in insulin secreting cells, but their identities and 

functions were not clearly understood.
53-55

 Regardless of the ample evidence 

suggesting the presence of PKCs and PKC substrates in pancreatic islets and β-cells, 

the role of PKC in GSIS is still uncertain. One reason for this uncertainty is due to the 

varying results reported from studies done with PKC inhibitors.
56,57

 PKC inhibitors 

such as trifluoperazine, vitamin A and polyamines inhibit GSIS, indicating that PKC 
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is involved in the regulation of insulin secretion.
23,58,59

 PKC inhibitor staurosporine 

inhibit insulin secretion in some instances
60

 and has no effect on others.
61

 The 

inhibitors H-7 and clomiphene show little effect on insulin secretion.
62

 These diverse 

effects of PKC inhibitors on GSIS reflect the lack of isoform specific inhibitors for 

PKCs, causing confusion because different PKC isoforms may control the regulation 

of insulin secretion differently. An alternative experimental approach is to down-

regulate the activity of PKCs with tumor promoting phorbol ester and study the effect 

on substrate phosphorylation.
63

 Such treatment dramatically decreases the PKC 

activity in rat pancreatic β-cells, but it is difficult to interpret its effect on insulin 

secretion, due to opposing factors.
62,64

 On the other hand, translocation studies have 

provided indirect evidence suggesting the involvement of PKC in GSIS,
65,66

 but this 

has not been universally observed.
60,67

 In 2004, Biden and coworkers re-examined the 

role of PKC in GSIS.
68

 They used adeno virus to introduce PKC cDNA into intact rat 

pancreatic islets and then screened for functional PKC activation in GSIS with 

specific antisera for phosphorylation motifs of PKC. The results indicated that PKCα 

is activated in the presence of glucose but it is not a major contributor in glucose 

induced insulin secretion. The difficulty of transfecting non clonal cells and limitation 

of tissue availability also might have caused difficulty in detecting PKC activation 

using conventional biochemical assays.
69,70

 Approaches to selectively alter the 

expression/function of individual isozymes might help to better understand the 

mechanisms involved in PKC activation in pancreatic β-cells and other β-cell lines.  
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1.2.4 Protein kinase B/AKt 

The serine/threonine kinase PKB/Akt is important in various cellular 

processes including cell cycle regulation, survival, growth and glucose metabolism.
71

 

Three PKB/Akt isoforms are identified in mammals: PKBα/AKt1, PKBβ/Akt2 and 

PKBγ/Akt3. These isoforms demonstrate high homology with ~85% identical 

residues and the same structural organization, but they differ in terms of tissue 

specific expression.
71

 All three PKB/Akt isoforms are expressed in pancreatic β-

cells,
72,73

 and PKB/Akt is considered to play a vital role in glucose metabolism and as 

a down stream mediator of insulin receptor substrate 2 (IRS-2) in the regulation of 

islet mass.
74,75

 Based on the experiments done on transgenic mouse models it was 

earlier reported that PKBβ is the only isoform important in glucose metabolism,
76,77

 

where insulin resistance and diabetes mellitus was observed in mice lacking PKBβ 

isoform.
77,78

 The PKBα is essential for normal growth of mice but not necessary for 

glucose metabolism.
79

 PKBγ was shown to be important in postnatal brain 

development but not in GSIS.
80

 However, Buzzi et al reported that both PKBβ and 

PKBα are necessary for glucose metabolism and β-cell function.
81

     

 The exact functions and the mechanisms of most of the kinases involved in 

insulin secretion are not completely understood. Development of highly specific 

kinase inhibitors and experimental models lacking kinase expression would be useful, 

and novel techniques need to be explored to expand the tool box available to study the 

kinase function.   
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1.3. TECHNIQUES TO STUDY KINASE ACTIVITY  

1.3.1 Radioisotopic techniques and enzyme assays 

Radioisotopic labeling is a classic method used to study protein 

phosphorylation events in cells and tissues. Most earlier studies of protein 

phosphorylation in β-cells have used radioisotopic labeling.
22,82,83

 
32

P can be 

incorporated into ATP and further transferred to protein substrates during kinase 

activation. Incubation of radiolabeled ATP in lysed cell preparations, followed by 

separation of cell lysate with SDS-PAGE gel, allows 
32

P incorporation into 

endogenous protein substrates by scintillation counting. This approach facilitates 

rapid study of phosphorylation (<1min) with a low background.
2
 However in studies 

done on cell lysates it is often difficult to relate phosphorylation directly to a 

particular event, e.g. insulin secretion, since disruption of compartmentalization 

releases many kinases, which in intact cells might not have access to the endogenous 

substrates. To avoid this problem, radioisotopic labeling can be performed in intact 

cells, but this introduces technical problems since, 
32

P introduced as [γ
32

P] ATP 

cannot cross the cell membrane. To overcome this limitation [
32

P] orthophosphate can 

be used to label the endogenous ATP, but this is a time consuming process giving rise 

to high levels of background phosphorylation.
84

 Due to drawbacks such as ionizing 

radiation, short half life of 
32

P, and problems related to separation of phosphorylated 

products of interest from the products of other kinases, many non-isotopic kinase 

assays have been developed. One early example was the use of a fluorescently labeled 

kemptide to measure PKA activity in crude cell lysates, in both stimulatory and 
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inhibitory conditions.
85

 The rapid growth in the availability of phosphospecific 

antibodies for phosphotyrosine, phosphoserine and phosphothreonine residues, has 

enabled the development of Phospho-Enzyme Linked Immunosorbent Assays 

(pELISAs) to measure kinase activity (Figure 1-4).
86

 Briefly, polyclonal antibodies 

directed against a phosphoprotein are coated onto a microwell plate. A cell lysate 

prepared after inducing kinase activity is added to the well, allowing the 

phosphorylated target protein to bind. After removing the excess lysate by washing, a 

monoclonal antibody specific for the phosphoprotein is added. This is followed by the 

addition of a secondary antibody and a chromagen to develop color so the kinase 

activity can be quantified spectrophotometrically. Phospho-ELISA has been used to 

study kinase activity in insulin secreting cell lines.
87

 Chemiluminescent based assay 

platforms were also developed for sensitive detection of protein kinases.
88

 These 

enzyme assays require large numbers of cells and significant sample preparation. 

Therefore competing dephosphorylation can occur distorting the true phosphorylation 

state at the moment of cellular function. In addition, these biochemical assays cannot 

duplicate the cellular environment, where cellular phosphorylation pathways are 

multidirectional and more complex than a single biochemical reaction.   
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Figure 1-4: Schematic diagram showing Phospho-ELISA 

1.3.2 Immunocytochemistry 

In immunocytochemistry, antibodies are used to identify target molecules, 

proteins and enzymes in cells and tissues. The antibody can be tagged with a 

fluorochrome, color producing enzyme, etc. for detection. Here the cells are first 

fixed, then permeabilized, followed by labeling with an antibody specific to a target 

protein.
89

 This technique can be applied to study the localization of a kinase inside the 

cell after activation. For example Suzuki et al showed that the Glucagon-like peptide-

1(GLP-1) induces translocation of PKCα and PKCε from the cytoplasm to the cell 

membrane in insulin secreting cells, using immunocytochemistry.
90

 In recent years, 

along with the development of phosphospecific antibodies, researchers have coupled 

this technique with flow cytometry to perform kinase assays in high throughput.
91,92

 

In 1999 Muller et al reported that by coupling with fluorecence-activated cell sorting 

(FACS) they were able to identify a direct connection between tyrosine kinase activity 
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and T-cell receptor occupancy in individual T cells.
92

 Another group used a 11-color 

polychromatic flow cytometry to detect simultaneous activation of multiple kinases in 

nonadherent single peripheral blood cells.
93

 In 2004, Chen and Olive developed a in-

cell western (ICW) assay based on standard immunocytochemical methods, for 

adherent cells on microplate format.
86,94

 Even though real time measurements cannot 

be performed from immunocytochemistry assays, phosphorylation can be monitored 

as a function of time at fixed time points to get valuable information about signaling 

cascades. Also, since immunocytochemistry assays can be done on small 

populations/single cells, heterogeneity of individual cell responses can be 

monitored.
95

 One major drawback to this method is the limited availability of 

antibodies that recognize catalytically active states of kinases. Interference may also 

occur from other cellular proteins interacting with the phosphorylated protein and 

thereby inhibiting its activity.
89

                  

1.3.3 Translocation assays 

Protein translocation assays are used to elucidate the signaling cascades that 

are difficult to probe using traditional biochemical assays. Protein kinases that 

translocate due to external stimuli can be tagged with fluorescent molecules and 

monitored over time with fluorescent microscopy. GFPs (green fluorescent proteins) 

are the most popular choice as intracellular fluorescent tags due to the simplicity of 

expression by standard molecular biology techniques and the relative stability 

compared to conventional florescent molecules.
94

  After expressing the kinase of 

interest tagged to a fluorescent protein, these proteins can be imaged before and after 



41 

 

 

 

stimuli and the translocation of the kinase can be monitored in real time. Oancea et al 

reported a GFP tagged protein kinase C analog to study kinase translocation inside 

cells due to the changes in calcium and diacylglycerol levels.
96

 A GFP tagged protein 

kinase C isoform was transfected into RBL cells and upon stimulation with calcium 

and diacylglycerol, systematic activation of PKC was observed. They noted that 

repetitive calcium spikes caused repetitive translocation of PKC towards the plasma 

membrane. The Rutter group developed adenovirally expressed chimeras encoding 

fusion proteins attached to EGFP for different PKC isoforms PKCβ11, PKCδ and 

PKCζ.
66

 They stimulated MIN6 β-cells and primary islets with glucose and observed 

the translocation of these PKC isoforms by laser scanning confocal microscopy.
66

 The 

results indicated that glucose selectively alters the subcellular localization of PKC 

isoforms in both primary islets and MIN6 β-cells. When glucose concentration was 

elevated PKCβII-EGFP translocated towards specially confined regions of the cell 

membrane, demonstrating the involvement of PKC in GSIS (Figure 1-5). 

Translocation assays provide information about localization and dynamics of kinases 

in real time. However, only a limited number of kinases are known to translocate, and 

although recruitment to a subcellular region of a cell is important in cellular signal 

transduction, it does not guarantee that the kinase is catalytically active, which shows 

the pitfall of translocation assays as indicators of enzymatic activity.
97

 In addition the 

fluorescent proteins need to be expressed in cells, limiting the use of this technique in 

many primary cells. 
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Figure 1-5: PKC translocation with increasing glucose concentration. Changes in the 

PKCβII·EGFP distribution was monitored by laser-scanning confocal microscopy in 

response to an increase in glucose concentration from 3 to 25 mM. The images shown 

were recorded before (1) and after (2) glucose stimulation as indicated by the vertical 

arrows. The graph indicates the time course of plasma membrane translocation of 

PKCβII·EGFP expressed as the increase in fluorescence ratio with respect to time 

zero
66

. 

 

1.3.4 FRET (Fluorescence Resonance Energy Transfer) sensors  

FRET based techniques have shown great promise for analysis of protein 

kinase activity, particularly at the single cell level.
89

 In FRET, when two fluorophores 

are brought together ( ≤ 80 A), excitation of the donor fluorophore gives rise to 

emission from the acceptor fluorophores.
89,98,99

 This has a unique spectrum compared 

to that of the individual donor and acceptor. FRET depends upon the distance between 

the two fluorophores, the overlap between the donor emission and acceptor excitation 

spectra, the quantum yield of the donor, the fluorescence lifetime of the donor, and 

the orientation of the donor and acceptor relative to each other.
100

 A FRET sensor can 

be either intramolecular (both fluorophores in the same molecule) or intermolecular 

(fluorophores in different molecules).
98

 FRET-based indicators of protein 

phosphorylation are among the most important fluorescent protein-based biosensors 
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developed to date. Generally, kinase FRET probes contain a phosphorylation motif 

specific for a kinase of interest and a phospho-peptide binding domain flanked by 

fluorescent proteins on the end. When a kinase phosphorylates the target sequence, 

the phosphor-specific binding domain binds the phosphorylated sequence causing a 

conformational change, which alters the fluorophore distance.
101

  Many FRET-based 

biosensors specific for PKA, PKC, PKB/Akt, EGFR, etc. have been developed.
101-103

 

One such elegant design was the development of a novel GFP-chimera protein for real 

time imaging of PKA induced phosphorylation in live cells (Figure 1-6).
102

 The 

sensor was expressed in COS-7 cells and in the presence of dibutyryl 9-cAMP, a 

cAMP analog, a progressive increase in the FRET ratio was observed indicating 

elevated activity of PKA. When treated with H-89 a PKA inhibitor cells showed a 

decreased FRET response. The advantages of FRET-based biosensors are significant 

since they provide realtime measurement of kinase activity with high spatiotemporal 

resolution. However, these sensors do have several caveats. The commonly used 

fluorescent GFP mutants have overlapping spectra so control experiments and 

correction is required to reduce the “bleed through” signal. Also the number of 

kinases that can be measured at once is limited. Artifacts arising due to competition 

from endogenous substrates and GFP dimerization also may yield problems.
89

 In 

addition, FRET-based sensors need to be expressed in mammalian cells or 

microinjected to traverse the cell membrane. However, expression in primary human 

cells like pancreatic β-cells is extremely challenging and microinjection is invasive, 

which can alter the intracellular environment, change the kinase activity, and distort 

the observations.   
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Figure 1-6: PKA FRET sensor. (A) BGFP (blue shifted GFP variant) fluorescence 

image of the PKA FRET sensor expressed in COS-7 cells. (B). Pseudocolor images 

reflect the emission changes detected through 440 20 nm and 520 20 nm bandpass 

filters at the indicated time points when cells were treated with 5 M db-cAMP at 

time zero. From Nagai Y, Miyazaki M, Aoki R, Zama T, Inouye S et al. A fluorescent 

indicator for visualizing cAMP-induced phosphorylation in vivo. Nature 

Biotechnology. 2000; 18:313-316. Reprinted with permission from Macmillan 

Publishers Ltd. 

 

1.3.5 Capillary electrophoresis  

Capillary electrophoresis (CE) is an alternative method that can be utilized to 

study protein kinase activity.
89,104,105

 CE is well known for its compatibility with 

biological tissues and is an ideal system to study cellular events in small populations 

of cells as well as single cells. In CE, molecules are subjected to electrophoresis in 

narrow-bore fused silica capillaries, where the separation occurs due to the differential 

migration of charged species in an applied electric field.
106,107

 As compared to 

conventional slab-gel electrophoresis used to study biomolecules such as proteins, CE 

provides a rapid separation, higher resolution and easier automation.
108,109

 The narrow 

cross section of the capillary consumes small sample volumes and dissipates the heat 
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generated during electrophoresis more efficiently, facilitating the use of high electric 

fields and thus rapid separations. These inherent features of CE give rise to fast and 

highly efficient separations with small sample consumption, making it an ideal tool to 

explore cellular events in mammalian cells.
110

  Different modes of CE are available 

for separation of biological molecules. Capillary zone electrophoresis (CZE)
111,112

, 

capillary gel electrophoresis (CGE)
113,114

, micellar electrokinetic capillary 

chromatography (MEKC)
115

, and capillary isoelectric focusing (CIEF)
116

 are some 

examples. Here, we will only describe capillary zone electrophoresis (CZE), the 

technique used in this work. 

1.3.5.1 Capillary zone electrophoresis (CZE) 

CZE is the simplest and most common form of CE. In CZE, the two ends of 

the capillary are immersed in electrophoresis buffer and an electric field is applied 

along the full length of the separation capillary (Figure 1-7).
111

 In the presence of an 

electric field the analyte ions migrate at different velocities (due to different 

electrophoretic mobilities µep) depending on their charge, size and molecular 

confirmations. In CZE the analytes are also affected by the bulk movement of buffer 

solution known as electroosmotic flow (EOF).
106,107

 The silanol groups of the inner 

capillary surface are ionized above pH 2. This attracts positively charged ions towards 

the surface forming an electrical double layer. The area close to the surface is rich in 

solvated and loosely bound cations. In the presence of an electric field, these charged 

solvated cations drag the bulk solution in one direction at a speed greater than the 

electrophoretic mobility of most molecules. Therefore all the positive, neutral and 



 

 

negative ions move in the direction of EOF with different migration times determined 

by the combined effects of 

species have a zero charge they migrate together as a single peak under the influence 

of EOF alone. The separated analytes can be detected from an appropriate detector 

(UV-vis absorbance detector, l

amperometric, refractive index

be recorded and stored by a data acquisition system.

Figure 1-7: Schematic diagram showing the basic components of

Figure 1-8: Migration order of analyt

the direction of EOF with different migration times determined 

by the combined effects of µEOF and µep of each analyte (Figure 1-8).  

species have a zero charge they migrate together as a single peak under the influence 

of EOF alone. The separated analytes can be detected from an appropriate detector 

vis absorbance detector, laser induced fluorescence (LIF), conductivity, 

amperometric, refractive index, etc) at the other end of the capillary and the data can 

be recorded and stored by a data acquisition system. 

Schematic diagram showing the basic components of a CE instrument 

 

tion order of analytes in CZE
106

     

46 

 

the direction of EOF with different migration times determined 

  Since neutral 

species have a zero charge they migrate together as a single peak under the influence 

of EOF alone. The separated analytes can be detected from an appropriate detector 

, conductivity, 

the other end of the capillary and the data can 
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 As mentioned before a large number of biologically pertinent analytes 

including neurotransmitters, amino acids , proteins, oligosaccharides, nucleotides and 

variety of other metabolites can be identified and quantified by CZE and other modes 

of CE.
108,109

 One example is the use of CE to understand specific protein kinase 

activity in living cells. Here, fluorescently labeled peptide substrates for kinases can 

be first introduced into mammalian cells.
89,104,117

 Upon activation of the particular 

kinase the substrates would undergo phosphorylation. The cells can be lysed and the 

lysate can be introduced into CZE where the different substrates and the 

phosphorylated products are subjected to electrophoretic separation. Phosphorylation 

of fluorescently labeled peptide substrates changes the charge on the molecules, thus 

changing the electrophoretic mobility. Therefore unphosphorylated substrates and 

phosphorylated products show different migration times in CZE. The peak heights 

and the areas of the products and the substrates can be used for quantification to 

determine the percent phosphorylation, an indicator of kinase activity. Dawson et al 

reported a CZE based assay for protein kinases and phosphatases using peptide 

substrates in rabbit skeletal muscle extracts.
104

 They were able to detect PKA activity 

in rabbit skeletal muscle extracts, and the competing dephosphorylation in the 

presence of phosphatases. They also resolved the peaks for different phosphorylation 

sites for the same substrate. Allbritton and coworkers studied the activity of PKC, 

cdc2 kinase (cdc2K), CamKII and PKA simultaneously by sampling from a small 

region (60 µm) of Xenopus oocytes and separating on CE.
118

 The fluorescently labeled 

peptide substrates for the kinases were microinjected and after incubation and 

stimulation for activity, CE-LIF was used to separate the phosphorylated products 
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from the unphosphorylated substrates. This work was followed up by the 

measurement of kinase activity in single mammalian cells.
119

 Single rat basophilic 

leukemia cells were co-loaded (by microinjection) with fluorescently labeled 

substrates for cdc2K, PKC2, and CamKII kinases. Upon stimulation for kinase 

activity with agonists, the phosphorylated products were separated from the 

unphosphorylated substrates (Figure 1-9). The kinase activity was quantified based on 

the percent phosphorylation in response to different stimuli. 

 

Figure 1-9: Analysis of protein kinase activity in single mammalian cells by CE. Rat 

basophilic leukemia cells co-loaded with F-cdc2K, F-PKC2, and F-CamKII and 

stimulated with agonist for 5 min. Labeled arrows show the migration times of 

standards. (A) Electropherogram from an unstimulated cell. (B) Electropherogram 

from a stimulated cell. From Meredith GD, Sims CE, Soughayer JS et al. 

Measurement of kinase activation in single mammalian cells. Nature Biotechnology. 

2000; 18:309-312. Reprinted with permission from Macmillan Publishers Ltd. 

  

PKB/Akt activity in fibrosarcoma cell line HT1080 and NIH-3T3 was also 

explored with CE-LIF, which also showed the reversible dephosphorylation of PKB 

substrates by intracellular phosphatases.
120

  In all of these examples the peptide 

substrates were fluorescently labeled with a fluorescent probe such as FITC, and 
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introduced into mammalian cells by microinjection. However, microinjection is 

invasive and damages the cell membrane. Damaging the cell membrane may activate 

intracellular enzymatic cascades, including kinases, and thus interfere with the 

analysis.
119

  Krylove et al developed a substrate for PKA with eight phosphorylation 

sites and a GFP tag
121

 that was transiently expressed in myoblast cells (C2C12). 

Intracellular PKA was activated by treating cells with [8]-bromo-cyclic AMP, and the 

phosphorylated products and non-phosphorylated substrate were separated by CZE, 

and detected by LIF of the GFP tag (Figure 1-10). They observed near complete 

phosphorylation even for un-stimulated cells. Transient expression avoids the 

substrate introduction step, but it is challenging technique for primary cells such as 

pancreatic β-cells and many other cells.   

The above evidence indicates that CE is a complementary technique, that can 

be used to evaluate kinase activity in both large populations as well as single cells. 

Due to highly efficient separation, and excellent sensitivity, CE can detect 

phosphorylated products of multiple kinases simultaneously, in single cell level.
110,122

 

Kinase activity can be monitored in the presence of various pharmacological 

activators and inhibitors to understand the underlying mechanisms of the signaling 

cascades. Only small concentrations of the fluorescent substrate are needed for the 

analysis due to low detection limits in CE. This is important since using lower 

concentrations than the native substrates reduces interference such as competitive 

inhibition. One drawback of this technique is dynamic kinase activity cannot be 

measured. Also CE cannot be expected to give high spatial resolution, as in image 

based indicators, although some spatial measurements can be obtained by selective 
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sampling and subcellular targeting.
123

 Another challenge is the necessity to introduce 

the kinase substrate into mammalian cells. Therefore it is important to explore 

substrate delivery methods which would not interfere with the analysis.               

  

Figure 1-10: Analyses of PKA-catalyzed phosphorylation of the endogenous GFP-

tagged multiphosphorylatable substrate in single C2C12 cells. Panel A shows the 

representative electropherogram from a cell, which was not treated with [8]-Br-

cAMP; panel B shows the electropherogram from a cell that was treated with [8]-Br-

cAMP. In both panels, traces 1 illustrate fluorescence intensity (au) while traces 2 

correspond to fluorescence anisotropy. From Zarrine-Afsar A, Krylov SN. Use of 

capillary electrophoresis and endogenous fluorescent substrate to monitor intracellular 

activation of protein kinase A. Analytical Chemistry. 2003; 75:3720-3724. Reprinted 

with permission from ACS. 
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1.4 INTRACELLULAR DELIVERY OF PEPTIDES, PROTEINS AND 

ENZYMES 

Advances in recombinant DNA technology have enabled the production of 

peptides, proteins and enzymes in large scale, markedly expanding the availability of 

protein/enzyme based tools for intracellular chemical analysis, and therapeutics. 

Despite this progress in protein production several challenges still remain in utilizing 

protein based reagents for cellular analysis, including delivery into variety of cells, 

bioavailability, shorter biological life time and low stability after translocation.
124

 The 

lipophilic nature of biological membranes prevents the spontaneous delivery of many 

molecules into the intracellular environment, including large molecules such as 

peptides and proteins. Commonly utilized methods such as microinjection facilitate 

the direct introduction of proteins into cells.
125

 However, this approach is highly 

invasive, technologically challenging when exploiting small mammalian cells, suffers 

from low success rates and damages the cell membrane.
119

 Viral vectors also can be 

used to deliver genetic material that expresses the protein of interest in a wide range 

of mammalian cells, including primary cells.
126

 One drawback in this method is the 

time constraint, which delays the expression of the protein due to cellular requirement 

of transcription and translation processes.
127,128

 In addition, viral delivery may give 

variable expression of a target protein within a cell population.
127,128

 Proteins also can 

be introduced into cells by transient expression,
121

 but transfection and subsequent 

expression of protein substrates is difficult in primary cells and many other cells. 

Moreover, over-expression of a protein substrate may give spurious experimental 

results. Due to these limitations of the traditional methods, extensive efforts have been 
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taken to develop useful delivery methods for peptides and proteins. Recent examples 

include (but not limited to), cell-penetrating peptides (CPPs), nanomaterial based 

delivery vehicles, and liposomes.
129-131

  

1.4.1 Cell-penetrating peptides     

Cell-penetrating peptides (CPPs) also known as protein transduction domains 

(PTDs) are promising delivery vehicles for transportation of biomolecules such as 

proteins into mammalian cells.
132-134

 CPPs have the ability to penetrate the cell 

membrane non-invasively and translocate efficiently into cells. CPPs are short 

peptides (9-33 amino acids), with a high proportion of basic (i.e. positively charged) 

and hydrophobic amino acid residues.
135

 Table 1-1 summarizes the sequences of some 

commonly used CPPs.
136

 CPPs have been used to deliver a wide range of 

biomolecules including peptides, full-length proteins, nucleic acids, nanoparticles, and 

quantum dots into mammalian cells.
134,137-139

 A large number of CPPs have been 

discovered, but we will only discuss the protein transduction domain of HIV-1 TAT 

in this work. 
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Table 1-1: Commonly used CPP peptides
136

 

 

 

Peptides Sequences 

Basic TAT and related 

peptides 

 

 HIV-1 Tat (48–60) Rn  

(n=~7–11) 

GRKKRRQRRRPPQ 

 D-Tat GRKKRRQRRRPPQ   

 R9-Tat   GRRRRRRRRRPPQ 

Basic/amphiphilic Arginine-rich RNA  

binding peptides 

 

 HIV-1 Rev-(34–50) TRQARRNRRRRWRERQR 

 R7W Fluo-RRRRRRRW-NH2 

 TatP59W Fluo-GRKKRRQRRRPWQ-

NH2 

 FHV Coat-(35–49) RRRRNRTRRNRRRVR 

 BMV Gag-(7–25 KMTRAQRRAAARRNRW

TAR 

 HTLV-II Rex-(4–16) TRRQRTRRARRNR 

 CCMV Gag-(7–25) KLTRAQRRAAARKNKRN

TR 

 P22 N-(14–30) NAKTRRHERRRKLAIER 

 Antennapedia (43–58)  

(penetratin) 

RQIKIWFQNRRMKW 

Fluo- 

 Fluoro-Penetratin RQIKIWFQNRRMKWKK-

NH2 KK 

 Pen2W2F Fluo-

RQIKIFFQNRRMKFKK-

NH2 

 model amphipathic  

peptide 

KLALKLALKALKAALKL

A-NH2 

 PenArg Fluo-

RQIRIWFQNRRMRWRR-

NH2 

 PenLys Fluo-

KQIKIWFQNKKMKWKK-

NH2 

 B 21 N-(12–29) TAKTRYKARRAELIAERR 

 Yeast PRP6-(129–144) TRRNKRNRIQEQLNRK 

Chimera Transportan  

(galanin/mastoparan) 

GWTLNSAGYLLGKINLK

ALAALAKKIL 

 Pep-1  

(hydrophobic/NLS) 

KETWWETWWTEWSQPK

KKRKV-cysteamine 

Hydrophobic MTS peptides AAVALLPAVLLALLP 
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1.4.1.1 HIV-1 TAT cell-penetrating peptide 

The HIV-1 TAT protein is a viral regulatory factor, which plays a vital role in 

viral replication.
140

 The full length TAT protein is between 86 and 102 amino acids 

with three functional domains: (1) N-terminal acidic region for trans activation, (2) a 

cysteine rich DNA binding region with zinc-finger motif, and (3) a basic region 

thought to be required for nuclear transport.
141,142

 In 1988, Green and Loewenstein, 

and Frank and Pabo independently discovered that HIV TAT protein can rapidly 

internalize into cells in culture.
143,144

  Fawell et al confirmed that proteins such as β-

galactosidase, horseradish peroxidase, and RNAase A can be delivered into cells by 

chemically conjugating the proteins to the amino acids of 1-72 or 37-72 of the TAT 

protein.
129

 Further studies performed showed that the HIV-1 TAT sequence can be 

truncated, and the residues in the basic domain YGRKKRRQRRR alone is sufficient 

to deliver biomolecules.
145

  In an attempt to use TAT mediated protein delivery for 

therapeutic applications, and to understand biological processes, Dowdy et al 

developed a bacterial expression system for rapidly cloning the TAT peptide to fusion 

proteins.
133,138

  This expression vector has a 6xHis motif at the N-terminal, to make it 

easier to purify the TAT conjugated fusion protein using metal affinity 

chromatography.  Using this vector, a large variety of full length TAT fusion proteins 

(size 15 to 121 kDa) with various functionalities were expressed and purified, and 

shown to be delivered into biological tissues and cells without any effect on the 

biological activity.
138,146-148

 One major advantage of TAT mediated protein delivery is 

the high efficiency, that is approximately 100% of the exposed cells take up the TAT 

conjugated cargo.
135

 TAT conjugated proteins can be delivered into a wide range of 
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fuse the TAT peptide to a larger protein substrate.
132,134

 Another approach is to design 

linkers between the TAT sequence and the protein, such that the linker would cleave 

off the TAT peptide once internalized into the reducing environment of the cell.
150

 

TAT peptide conjugated proteins and enzymes can also get entrapped in endosomal 

compartments, reducing their bioavailability to give a detectable response.
151

 The 

mechanism of internalization for TAT conjugates (also other CPPs) and its 

intracellular trafficking routes remains controversial, and depends upon the 

characteristics of the protein (size, confirmations), secondary structures of CPPs, cell 

type and its membrane composition and the concentration of cargoes.
152,153

 Both non-

endosomal as well as endosomal pathways like clathrin-caveolin-mediated 

endocytosis, macropinocytosis is possible depending upon the above parameters.
154,155

  

The entrapment of TAT conjugated proteins in endosomes is a concern, since this 

would reduce the availability of the cargo in the cytoplasm. A TAT-conjugated Cre 

peptide delivered into mammalian cells remained trapped in macropinosomes even 

after 24 hours, showing inefficient escape.
156

 To address these issues, a transducible 

pH-sensitive fusogenic dTAT-HA2 peptide was designed that enhances the release of 

the cargoes from endosomes.
156

 These pH-sensitive peptides destabilize the endosome 

membrane, helping the release of the cargo into the cytoplasm. TAT conjugated 

proteins may efficiently translocate into both primary cells and immortalized cells, but 

steps need to be taken to improve the availability and the stability of the 

proteins/enzyme  once inside the cell.       
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1.4.2 Nanomaterial based delivery methods 

 Recent studies have shown the capability of nanoscale materials to act as 

delivery vehicles to transport biomolecules into mammalian cells. The internalization 

of fluorescently labeled carbon nanotubes into cells with no apparent toxicity opened 

up the possibility of using carbon nanotubes as molecular transporters.
157

 In 2004, 

Kam et al reported the uptake/ of single walled nanotubes (SWNT)-streptavidin 

conjugates into human promyelocytic leukemia (HL 60), and human T cells 

(Jurkat).
130

 The SWNTs were first treated with (1-Ethyl-3-[3-dimethylaminopropyl] 

carbodiimide hydrochloride) and biotin-LC-PEO-amine to form biotin functionalized 

SWNTs. This was then incubated with fluorescein labeled streptavidin to prepare 

SWNT-biotin-streptavidin conjugates. The SWNT-streptavidin conjugates enter both 

non adherent and adherent cell lines in a concentration dependent manner. Higher 

concentrations of SWNT-streptavidin conjugates (2.5 µM) were found to cause 

extensive cell death when examined in 48 h after 1-h incubation in HL60 cells. Under 

lower concentrations of the SWNT-streptavidin conjugates (< 1.25 µM) toxicity was 

unmeasurable. Non-specific and non covalent attachment of proteins with molecular 

weights less than 80 kDa enables to use SWNT as transporters, whereas larger 

proteins cannot be conjugated efficiently due to weaker interaction with SWNTs.
158

 

SWNT-protein conjugates are delivered into cells via endocytotic pathway.
130,159

 For 

example, SWNT-cytochrom c conjugates delivered into NIH-3T3 cells triggered 

apoptosis only when treated with endosome disrupting agent chloroquine.
159

 Thus 

entrapment in vesicular compartments such as endosomes reduces the bioavailability, 

making them ineffective for targeting cellular components. To overcome this 
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drawback conjugation schemes were developed to introduce cleavable bonds between 

the SWNT transporter and the cargo, facilitating the release of the cargo once 

internalized.
158,160

 

 Recent advances in the synthesis of mesoporous silica nanoparticles (MSN) 

with high surface areas (>800 m
2
/g) and tunable pore sizes (2-10 nm) also have led to 

the development of new delivery systems.
161,162

 Several enzymes are shown to be 

functional within the framework of mesoporous silicas such as MCM-41 and SBA-15, 

without being denatured.
163

 Slowing et al reported the synthesis and characterization 

of MCM-41 type MSNs encapsulated with cytochrome c,
161

 where the enzymatic 

activity of cytochrome c was not compromised. The membrane impermeable 

cytochrome c can be internalized efficiently into HeLa cells and could be released 

into the cytoplasm efficiently. One major advantage of using mesoporous silicas for 

intracellular protein delivery is its large pore volume (> 1 cm
3
/g), which facilitates the 

loading of vast amount of proteins into the nanoparticle.
161

 Also the chemically and 

mechanically stable scaffold of mesoporous silica shelters the protein molecules from 

proteases and chemical denaturants.
161

 In addition, previous reports suggest that 

MSNs can escape the endosomal entrapment efficiently, enabling increased 

concentrations in the cytoplasm to give measurable signals.
164

 However the 

aggregation of particles in aqueous environment and severe toxicity (especially 150 

nm-4 µm particles) are limitations of MSNs as delivery vehicles.
165

 

 In 2009, Shalek et al reported the use of vertical silicon nanowires (Si NW) as 

a universal platform for delivering biomolecules into living cells.
166

 Vertical Si NWs 



59 

 

 

 

were fabricated via chemical vapor deposition and reactive etching. The NWs were 

coated with a short aminosilane, to promote non-specific non-covalent binding of 

molecules. The vertical NWs spontaneously penetrate the cell membranes when cells 

are cultured on the NW surface, regardless of the NW density, or the type of molecule 

attached to NW surface.
166,167

 The Si NWs were able to deliver a wide range of 

biomolecules such as DNAs, RNAs, peptides, proteins and small molecules in to both 

immortalized (HeLa) and primary cells (human fibroblasts, rat neural progenitor cells, 

rat hippocampal neurons). Moreover, different biomolecules were introduced 

simultaneously by co-depositing into the Si NW surface. Another advantage of this 

method is its compatibility with multiplexing and microarray format, emphasizing its 

potential as a robust, monolithic platform for high-throughput assays. Some cell 

functions were initially perturbed when cells were grown on Si NWs, but detailed 

evaluation of their effects on cell physiology and toxicity were not investigated.  

 In addition to these examples, numerous nanomaterial-based delivery vehicles 

have been reported for protein and peptide delivery.
168,169

 Nanomaterial technologies 

are promising tools for delivery of peptides, proteins and enzyme substrates, but 

require further improvement on efficient release of the cargo once internalized, and 

improved biological lifetime inside the cytoplasmic environment.  

1.4.3 Liposomes 

  Liposomes or lipid vesicles have generated extensive interest as platforms for 

biosensors, bioreactors and drug delivery systems including the delivery of proteins 

and enzymes.
170-173

 Liposomes are spherical supramolecular structures formed mainly 
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by natural and synthetic phospholipids.
174

 The general structure of phospholipids has 

a glycerol backbone where hydroxyl groups at the positions 1 and 2 are esterified with 

long chain fatty acids (Figure 1-12).
175

 Fatty acid chains of phospholipids (R1 and R2) 

can differ in the number of carbon atoms and the degree of unsaturation, which 

influence the characteristics of the phospholipid and  thereby the properties of the 

liposomes.
175

 The hydroxyl group at position 3 of the glycerol molecule is esterified 

to phosphoric acid, and the remaining oxygen group of the phosphoric acid may 

further esterify into different molecules (R3) such as ethanol amine, choline, serine, 

glycerol, inositol etc, incorporating functional and structural variations to lipids.
174,175

  

 

Figure 1-12: Structure of diacylglycerophospholipids. The ester linked fatty acids R1 

and R2 are attached to 1 and 2 positions on the glycerol backbone. Hydrophilic 

phosphate head group is attached at position 3.  

When dispersed in aqueous environment the hydrophilic head group of the 

phospholipid moiety interacts with the aqueous interior, whereas hydrophobic lipid 

tails face each other forming a lipid bilayer or multilayer giving rise to spherical 

structures of liposomes with isolated aqueous cores.
176

 The aqueous core of the 

liposome entraps a wide range of water soluble peptides, proteins and enzymes. 
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1.4.3.1 Preparation of liposome-encapsulated proteins/enzymes 

 A number of methods can be utilized to encapsulate proteins in liposomes. 

Lipid-film hydrations, reverse phase evaporation, ethanol injection, and detergent 

dialysis are a few examples.
174,177-180

 Depending upon the method adopted 

multilamellar or unilamellar (one lipid bilayer) liposomes can be formed. 

Multilamellar liposomes (MLL) are formed by rehydrating a dried lipid film in a 

protein containing buffer.
174

 MLL has a size range of 0.1-15 µm. MLLs subjected to 

repetitive freeze thaw cycles followed by extrusion through polycarbonate membranes 

with defined pore sizes, forms a homogenous suspension of large unilamellar 

liposomes (LUL) in the size range of 100-500 nm.
174

 If MLLs are subjected to 

sonication, small unilamellar liposomes (SUL) with diameters less than 50 nm are 

formed, which are generally unstable. LULs are the most attractive carriers of 

proteins. The nanoscale size range of LULs facilitates the delivery of cargoes with 

minimum perturbation to mammalian cells.  

 When choosing a method to prepare protein encapsulated liposomes it is 

important to consider the encapsulation efficiency of the cargo. Encapsulation 

efficiency (EE) is the percentage of protein encapsulated in the vesicles as compared 

to the total amount of protein present during entrapment.
174

 The EE value depends on 

the method adopted for liposome formation, the concentration of the phospholipids, 

protein concentration, ionic strength and concentration of the buffer solution.
181-183

 

100% encapsulation efficiency cannot be expected from any of the methods, therefore 

non-encapsulated protein molecules must be separated from the protein entrapped 
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lisosomes. This can be done by size exclusion chromatography, centrifugation, 

dialysis or in some cases by protease treatment. 

1.4.3.2 Stabilization of liposome-encapsulated proteins/enzymes 

 One major drawback of natural phospholipid liposomes is the lack of chemical 

and physical stability.
184

 The liposomes formed by natural phospholipids lack long 

term stability. In addition, when used as a delivery vehicle for proteins, the protein 

can be lost due to the dissociation of the lipsome bilayer before the payload is 

transported into the intracellular milieu. A number of approaches can be utilized to 

improve the stability of phospholipid liposomes. Incorporation of polymerizable, 

hydrophobic monomer units into the phospholipid bilayer is one option to increase the 

bilayer stability.
185,186

 In 2006, Cheng et al prepared an O2 sensor using the natural 

phospholipid 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) and stabilized it 

using polymerizable methacrylate monomers.
186

  The sensor displays excellent 

stability over time.  

Incorporation of cholesterol or attaching PEG chains to the lipid head groups 

also can improve the stability of liposomes.
185

 Cholesterol molecules partition into the 

hydrophobic tail region, increasing the mechanical stability of the bilayers. However, 

cholesterol reduces the membrane permeability, a disadvantage when diffusion of 

analytes is required.
187

 PEG grafted liposomes also can be used to improve 

stability.
185

 Attaching long chain PEG moieties to head groups of liposomes reduce 

the interaction of the liposome surface with macromolecules like lipoproteins, thus 

increasing stability. 
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The stability of protein encapsulated liposomes also can be improved by using 

synthetic polymerizable phospholipids.
188,189

 A range of polymerizable groups such as 

sorbyl, dienonyl, acryloyl, styryl etc, have been incorporated into lipid tails.
190

 These 

lipids can be polymerized using UV irradiation (direct or initiator mediated), thermal 

initiation or redox initiation to form linear or crosslinked polymer scaffolds.
190

 Cross-

linked polymer networks offer superior chemical and physical stability, and are ideal 

for protein delivery and nanosensor applications. However, biomolecules such as 

proteins and enzymes may lose biological activity if harsh polymerization conditions 

are used. Thermal and redox polymerization methods use extreme conditions like high 

temperatures for polymerization,
191,192

 that would denature and inactivate the 

proteins/enzymes encapsulated. UV irradiation also may affect the activity of some 

proteins and enzymes. However, compared to thermal and redox polymerization, UV 

polymerization is better suited for stabilization of protein/enzyme entrapped 

liposomes.  

1.4.3.3 Functionalization of liposomes 

 The ability to introduce various modifications into liposome head groups 

enhances the potential for specialized surface properties. Various ligands have been 

attached to liposome surface directly or through PEG spacers.
193

 Many lipid 

derivatives with activated groups to form amide, disulphide, thioether bonds are 

commercially available.
193

 Other modifications such as attachment of amino group 

containing ligands to PEGylated liposomes via p-nitrophenylcarbonyl (p-NP) group 

are also possible.
194

 Liposome modifications serve different goals. Attachment of 
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specific ligands can help to design targeted liposomes. For example, transferrin and 

folate modified liposomes are used to target tumour cells to deliver cancer 

therapeutics.
195,196

 Modifying the liposome surface with inert and biocompatible 

polymers, such as PEG, protects the liposome surface, and improves the stability and 

lifetime of the carrier.
197

 Attachment of various labels on the liposome surface would 

allow monitoring the fate of the carrier inside the cell or body.
198

 Additionally, 

conjugation of pH sensitive polymers to liposome surfaces allows liposome entrapped 

proteins to be first endocytosed in the intact form.
199

 The lower pH inside the 

endosomes trigger the pH sensitive polymers to destabilize the endosome membrane, 

which releases the cargo to the cytoplasm.  

The ability to attach positively charged polymers, or cell-penetrating peptides 

to the liposome surface facilitates delivery of liposomes into cells. Torchilin et al 

reported a method to conjugate the CPP, HIV-1 TAT into the liposome surface.
200

   

TAT peptide was attached to 200 nm PEGylated liposomes via a p-

nitrophenylcarbonyl-PEG-phosphatidylethanolamine (pNP-PEG-PE) spacer group 

(Figure 1-13).  
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Figure 1-13: Synthesis of pNP-PEG-PE and its interaction with amino-containing 

ligand.
200

 

According to their study around 500 TAT molecules were conjugated to a single 

liposome, allowing efficient transduction in mouse Lewis lung carcinoma, human 

breast tumor BT20, and rat cardiac myocyte H9C2 cells.  

Phospholipid liposomes are biocompatible, and can be formed as nanometer 

size spheres. The small size of the liposomes causes minimum perturbation during 

intracellular delivery, and does not alter the cell volume significantly. Proteins and 

enzymes can be encapsulated inside the aqueous core of the liposome which protects 

the payload from proteases and other physical and chemical insults. This may help to 

improve the biological life time of the proteins, once translocated.
201

 Further, 
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liposomes can be designed as size exclusion membranes. This can be attempted in two 

ways. Pores with different sizes can be introduced into the liposome membrane, 

which allows the small molecule analytes to diffuse through the phospholipid bilayer, 

while preventing the encapsulated proteins/enzymes from leaking out. Alternatively 

porous phospholipid liposomes can be prepared using polymerizable lipids.
202

 Cheng  

et al reported the preparation of stabilized porous phospholipid nanoshells from the 

polymerizable phospholipid bis-Sorbyl phosphatidylcholine (bis-SorbPC).
202

  

Hemoglobin and EGFP encapsulated 200-100 nm nanoshells were fabricated from 

bis-Sorb PC and stabilized by UV polymerization, in the presence of the cross linking 

agent ethylene glycol dimethacrylate (EGDMA). Bilayers formed by the synthetic 

phospholipid, bis-Sorb PCs, are more permeable to small molecule analytes than 

naturally occurring phospholipids. Therefore bis-SorbPC membrane allows small 

molecules to diffuse and react with the encapsulated enzyme/protein to give a 

response, but protects the sensing chemistry from large biomolecules. Biocompatible, 

porous and stable nanometer scale devices are ideal for protein/enzyme delivery into 

different cell types, once the phospholipid surface is functionalized for enhanced 

cellular uptake. These devices may be utilized as efficient transporters of 

proteins/enzymes, and protein based biosensor platforms for cellular analysis.   
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Figure 1-14: Schematic diagram of a surface-modified, stable, phospholipid-based 

delivery vehicle for proteins and enzymes. 
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1.5 IMMUNOASSAYS 

 Immunoassays are analytical techniques that utilize antibodies for selective 

determination of sample components. Immunoassays demonstrate high selectivity and 

low detection limits and are thus used for many clinical and pharmaceutical 

analyses.
281

 The strong binding affinities of antibodies utilized in immunoassay 

platforms facilitate high selectivity while highly-sensitive labels that are covalently 

linked to the antibody or antigen facilitate sensitive detection. Immunoassay are 

categorized as either non-competitive or competitive assays depending upon the 

analysis protocol.
295

 In non-competitive assays, excess labeled antibody (Ab*) or 

antigen (Ag*) is added to a sample to determine unknown Ag or Ab. The Ab:Ag 

complex formed can be measured allowing calculation of the remaining labeled 

analyte (usually antibody) concentration, which is directly proportional to the amount 

of antigen present in the sample. In competitive immunoassays, unlabeled analyte in 

sample (usually Ag) competes with a labeled antigen (Ag*) for a limited number of 

Ab binding sites. The amount of analyte present in the sample can be measured 

indirectly by considering either the bound Ag*, free Ag* or the bound:free ratio.  

 Quantification in immunoassays requires labeled materials. At present labels 

based on radioactivity, enzymatic reactions, chemiluminescence, and fluorescence are 

used for sensitive detection.
296  
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1.5.1 Radioimmunoassays (RIA)  

RIA is a highly sensitive technique widely used to measure a range of 

biological molecules such as peptides, proteins, hormones etc in clinical samples.
288 

RIA is most commonly performed in the competitive immunoassay format. The 

radionuclides 
3
H, 

131
I, 

125
I have found the widest application as labels in 

radioimmunoassay systems.
288

 At equilibrium the radioactive complex (bound) can be 

separated from the free radioactive antigen (Figure 1-15). The antigen concentration is 

determined by comparing the bound:free ratio to the bound:free ratios obtained  for a 

series of antigen standareds. RIA is a highly sensitive and versatile technique which is 

widely exploited to detect peptides such as insulin, hPTH, growth hormone etc. 

However, RIA suffers from certain drawbacks such as low stability of radioisotopes 

and many hazards.
274

 Thus, immunoassays utilizing enzymes and fluorescent 

molecules as labels are more common.  

 

Figure 1-15: Schematic diagram showing RIA platform. 
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1.5.2 Enzyme-linked immunosorbent assay (ELISA) 

 The principles of ELISA are similar to those of RIA but measurement of 

enzyme activity replaces radioactivity counting.
300

 To quantify antigens by ELISA, 

both competitive and non-competitive assays are used. The first competitive assay 

developed for ELISA consists of incubating the antigen to be measured along with a 

constant amount of the same antigen labeled with an enzyme and limited amount of 

immobilized antibody on a solid phase. Both the labeled and the unlabeled antigens 

compete for the binding sites of the immobilized antibody. Since the only variable is 

the amount of the unlabeled antigen, the enzyme activity retained by the antibody is 

inversely proportional to the unknown antigen (Figure 1-16). By constructing 

calibration curves for different amounts of antigens, the unknown antigen 

concentration in a given sample can be determined. Different types of ELISA assays 

for both competitive and non-competitive platforms are available e.g. immunometric, 

sandwich, etc. The most commonly used enzymes in ELISA are horseradish 

peroxidase and alkaline phosphatase, which have a large number of colorimetric and 

fluorometric substrates. The choice of substrate depends upon the instruments 

available and the required sensitivity for the assay. Although ELISA involves a 

number of washing steps and may sometimes cause interference by non-specific 

adsorption to other proteins in the sample matrix, it is highly sensitive and provides 

various platforms for assay development.
300
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Figure 1-16: Schematic diagram showing competitive ELISA  

1.5.3 Fluorescent immunoassays (FIA)  

Fluorescent derivatives have been extensively used in high-sensitivity 

immunoassays.
297

 Fluorophores provide a range of useful, measurable properties 

including fluorescence intensity, polarization, life time etc. However, derivatization of 

analytes with fluorescent probes in complex matrices is challenging. For example, 

commonly used fluorescent probes such as FITC react with all primary amines and 

thereby provide multiple labeled products, which may be challenging to separate. 

Utilization of pre-labeled antigens for immunoassays overcomes a wide range of these 

limitations. Additionally, fluorescent labeling of antigens may interfere with the 

antibody binding, thus careful consideration of derivatization protocols and products 

is required.  
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Consider immunoassay methods for detection of human parathyroid hormone 

(hPTH) levels in clinical samples. To date only RIA and immunometric assays have 

been developed for detection of hPTH levels.
276

 Although the biologically active 

hPTH variant has many lysine residues that could be utilized for labeling with amine 

reacting fluorescent probes, the formation of multiple fluorescent products and the 

loss of PTH functionality due to derivatization are major concerns.
267

 These 

limitations hamper the development of alternative and better methodologies for PTH 

detection. Therefore, the development of low cost recombinant analogs with enhanced 

analytical properties may be useful to overcome some of the limitations encountered 

in small molecule fluorescent labels.  
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1.6 DISSERTATION OVERVIEW 

Studying the activity of kinases in GSIS may help to understand the 

functioning of pancreatic β-cells in physiological and pathological conditions. A wide 

range of analytical tools and methodologies are available to study kinase activity, but 

drawbacks in delivery of kinase substrates into the intracellular milieu restrict the 

investigation of these enzymes in primary β-cells and islets. Immortalized cell lines 

provide a reasonable model to study signaling cascades, but these models are not 

ideal. Therefore it is apparent that we need novel technologies to deliver 

protein/enzyme based substrates into both immortalized and primary cells. 

However, despite the approaches taken to deliver protein based sensors and 

therapeutics noninvasively, several challenges still remain including enzymatic 

susceptibility, stability and efficacy after delivery. Many translocated proteins exhibit 

a shorter lifetime inside the intracellular milieu, due to the presence of proteases and 

other insults. This limits the use of protein based tools in cellular analysis, thus novel 

technologies need to be developed to improve the biological lifetime of the payload 

once inside the cell. This work focuses on the development of novel protein based 

reagents for cellular analysis, which would overcome some of the limitations of the 

current methods, and expands the toolbox available for cellular analysis.   

Chapter 2 describes the development of a novel cell-penetrating PKA substrate 

for PKA analysis in insulin secreting pancreatic β-cells. Cellular delivery of the PKA 

substrate was examined in different cell lines. Phosphorylation of the substrate in both 

immortalized and primary cells was monitored by capillary zone electrophoresis. 
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Influence of glucose, and other activators/inhibitors on PKA activity was also 

examined. 

Chapter 3 describes the development of a cell-penetrating luciferase analog for 

intracellular ATP measurements in mammalian cells. Enzymatic activity and cellular 

transduction of the chimera was monitored. Different approaches for delivery of the 

substrate D-Luciferin, into mammalian cell was studied in detail. Cell-penetrating 

luciferase loaded cells were monitored for ATP measurement.  

Chapter 4 discusses the encapsulation of proteins and enzymes in surface 

modified porous phospholipid liposomes. The encapsulated proteins and enzymes 

were monitored for protease resistance. The biological lifetime of the encapsulated 

proteins were compared to the non-encapsulated proteins upon delivery into live cells. 

The luciferase encapsulated liposomes were also examined for ATP response in live 

cells.  

Chapter 5 describes the preparation of novel human parathyroid hormone 

analogs (hPTH) for the development of new immunoassays. The developed 

parathyroid analogs were characterized and initial binding assays were performed. 

Conditions required for the development of CZE-LIF based immunoassays were 

explored.  

Chapter 6 summarizes this work and discusses the future directions for further 

development of these protein based tools. Developing cell-penetrating substrates for 

different isoenzymes for PKC is discussed. Strategies for enhancing bioavailability of 
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cell-penetrating substrates and liposome-entraped protein carriers are also explored. A 

novel colorimetric immunoassay platform for hPTH detection is also proposed.      
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CHAPTER 2: ANALYSIS OF PROTEIN KINASE A ACTIVITY IN INSULIN 

SECRETING CELLS USING A CELL-PENETRATING PROTEIN 

SUBSTRATE AND CAPILLARY ELECTROPHORESIS 

2.1. INTRODUCTION 

 Protein phosphorylation dynamics play a key role in the regulation of 

biological function.  As such, protein kinases and phosphatases are key participants in 

cellular signal transduction cascades and are ubiquitous throughout biology.
1
 Protein 

kinases regulate these functions by catalyzing the phosphorylation of target substrates 

and signaling molecules whereas phosphatases remove phosphates, thereby switching 

the activity of the signal.
15,17

 The capability to monitor the catalytic activity of protein 

kinases and phosphatases provides an important indicator of the information flow 

inside the cell as well as the effects of a variety of modulators on cellular function.  

PKA activity is pivotal in a number of biological signaling cascades, including 

GSIS in the pancreatic β-cell. 
203,204

 Primary methods for analysis of PKA activity 

include enzyme assays using a variety of labeled substrates, mass spectrometry, 

immunoprecipitation, western blot analysis and many others.
85,205,206

 Generally these 

assays rely on large numbers of cells and require significant sample preparation, 

during which time competing dephosphorylation may occur, skewing the true 

phosphorylation state at the moment of cellular function.  To overcome the batch 

assays, a series of fluorescent indicators based on fluorescence resonance energy 

transfer resulting from changes in protein conformation following phosphorylation of 

the substrate, or activation of the kinase itself have been developed.
101,102

 These 
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probes have allowed the analysis of single cells and have provided temporally 

correlated data regarding kinase activity via fluorescence microscopy.
207

 However, in 

each of these cases, the probes must be transfected into the cell or microinjected to 

cross the cell membrane, potentially altering the intracellular environment.   

Recently, capillary zone electrophoresis (CZE) of fluorescent peptide kinase 

substrates has been used to monitor cellular kinase activity.
119,121

 CZE provides a fast, 

highly efficient and highly sensitive separation facilitating analysis of small masses 

and volumes.
109

 Phosphorylation of the fluorescently-labeled peptide substrates 

changes the electrophoretic mobility resulting in differing migration times in CZE.  

This approach has been used to study the activity of kinases in smaller populations of 

mammalian cells as well as single cells
104,120

 once the substrate has been introduced 

into the cellular environment.   

Peptide substrates for kinase studies can be introduced into the intracellular 

milieu via a number of approaches. Most commonly, microinjection of peptide 

substrates is utilized, however, this approach is highly invasive, suffers from low 

success rates and damages the cell membrane, which may in turn activate intracellular 

enzymatic cascades, including kinases, and interfere with the analysis.
119

 More 

recently, transient expression of fluorescent protein-kinase substrate fusion proteins 

was used to monitor PKA in mammalian cells via an enhanced green fluorescent 

protein (EGFP)-PKA substrate chimera with eight phosphorylation sites.
121

 When 

cells expressing the PKA-EGFP chimera were stimulated with PKA activating 8-

bromo-cAMP, the fully phosphorylated form of the substrate was observed via CZE.  
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Transfection and subsequent expression of the protein substrate is more complicated 

in primary cells and a many other cell lines, thus necessitating alternate approaches 

for intracellular loading of fluorescent kinase substrates.  

Cell-penetrating peptides (CPP), also known as protein transduction domains 

(PTD), have been used to deliver a wide range of biomolecules including peptides, 

full length proteins, nucleic acids, nanoparticles, and quantum dots into mammalian 

cells.
132,134

 Of the large number of CPPs discovered, the PTD of HIV-1 TAT, has 

been most widely used to non-invasively deliver biomolecules into a variety of 

different cell types.
208,209

 TAT peptide contains a region of 9 amino acid residues 

(RKKRRQRRR) with an enhanced distribution of basic amino acids that facilitates 

membrane translocation and may prove useful for intracellular loading of protein 

kinase substrates.  Allbritton and coworkers prepared kinase substrate fusion peptides 

by linking the TAT sequence with a short peptide substrate for calcium-calmodulin- 

activated kinase ІІ (CamK ІІ) and showed the kinetic properties of CamII for the TAT 

attached substrate were degraded.
210

 Further when loaded into rat basophilic leukemia 

(RBL) cells no peaks were observed when analyzed by CZE, likely due to a) the 

enhanced sequestration of small molecules when fused with TAT peptides or b) 

alteration of the peptide activity via TAT fusion.  Based on prior TAT-peptide results, 

it is possible that these deleterious effects may be overcome via fusion to a larger 

protein substrate.
132,134

  

Here, we describe the development and application of a cell-penetrating, 

fluorescent PKA substrate protein (PKAS) that allows analysis of PKA activity in 



79 

 

 

 

vitro as well as within the intracellular milieu of insulin secreting βTC-3 cells and rat 

pancreatic islets of Langerhans under different stimulatory and inhibitory conditions.  

PKAS has a) a TAT protein transduction domain for non-invasive, efficient 

translocation of the substrate across the cell membrane, b) an EGFP fluorescent label 

and c) a peptide substrate comprised of five PKA phosphorylation motifs. PKAS was 

introduced to cells and subsequently used to analyze the cellular phosphorylation state 

via CZE.  
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2.2 EXPERIMENTAL 

2.2.1 Materials 

 Protease inhibitor cocktail, [4-Aminoethyl)benzenesulfonyl fluoride 

hydrochloride], H-89 dihydrochloride hydrate, isopropyl-beta-D-

thiogalactopyranoside (IPTG), adenosine 5’-triphosphate disodium salt, dithiothreitol( 

DTT), protein kinase A catalytic subunit, forskolin, carboxyfluorescein, alkaline 

phosphatase, propidium iodide (PI), imidazole and all buffer reagents were purchased 

from Sigma-Aldrich (St. Louis, MO) and used as received.  PhosSTOP phosphatase 

inhibitor cocktail tablets were purchased from Roche (Indianapolis, IN). 

Staurosporine was purchased from LC laboratories (Woburn, MA). The reagents and 

kits for molecular biology were from Promega (Madison, WI).  Plasmids were from 

BD Biosciences (San Jose, CA) and Novagen (Gibbstown, NJ). All chemicals for cell 

culture were obtained from Invitrogen (Palo Alto, CA). Luria-Bertani (LB) broth and 

benzonase were purchased from EMD/Novagen chemicals (Gibbstown, NJ).  All 

solutions were prepared using deionized water with a minimum resistivity of 18 MΩ. 

2.2.2 Preparation of PKAS substrate 

 Polymerase Chain Reaction (PCR) was carried out to amplify the 

sequence coding for EGFP using pEGFP (BD Biosciences) as the template. The 

amplified fragment was inserted between the Nhe І and BamH І restriction sites of the 

pET28a(+) vector (EMD/Novagen). The DNA encoding the TAT sequence 

(RKKRRQRRR) was inserted between the Nde І and Nhe І sites upstream of the 
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EGFP gene using the forward primer, 5’ GC GGC AGC CAT ATG TAT GGC AGG 

AAG AAG CGG AGA CAG CGA CGA AGA GCT AGC ATG ACT GG and the 

reverse primer, 5’ CC AGT CAT GCT AGC TCT TCG TCG CTG TCT CCG CTT 

CTT CCT GCC ATA CAT ATG GCT GCC  GC. Two complementary 

oligonucleotides encoding the substrate for protein kinase A (PKA) with five 

phosphorylation sites (98 total base pairs) was custom synthesized (Integrated DNA 

Technology, Inc). The 5’ends of these sequences were phosphorylated and directly 

ligated between BamH І and Hind III sites downstream of the EGFP gene. Constructs 

were verified by sequencing (DNA sequencing facility, University of Arizona). 

2.2.3 Expression and purification of PKAS substrate 

 The plasmid encoding PKAS was transformed into E.coli DE3- 

Rosetta (Novagen) strain and positive transformants were selected in the presence of 

50 µg/mL kanamycin and 50 µg/mL of chloramphenicol.  A single colony was chosen 

for protein expression, inoculated in a 5 mL starter culture (LB/Kan/Chl), and 

incubated on a temperature controlled shaker at 37° C and 250 rpm overnight to 

obtain a saturated culture.  The culture was centrifuged, and the supernatant was 

discarded. The bacterial pellet was re-suspended in 2 mL LB/Kan/Chl, added into a 

400 mL culture of LB/Kan/Chl, and grown at 37° C and 250 rpm until it reached an 

O.D.600 of ~ 0.6. The culture was cooled to room temperature, induced for protein 

expression with IPTG to a final concentration of 0.2 mM, and maintained at room 

temperature for 10 hours.  Cells were harvested by centrifugation and lysed by 

sonication in lysis buffer (50 mM Tris-succinate, 300 mM NaCl, pH 7.8) in the 
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presence of protease inhibitor cocktail. The lysate was then treated with benzonase for 

30 min to digest the nucleic acids.  The lysed suspension was centrifuged and the 

clear lysate loaded onto a pre-equilibrated Ni
2+

-NTA agarose column (Qiagen, 

Valencia, CA).  The resin was rinsed sequentially with 10 mM, 20 mM and 50 mM 

imidazole in lysis buffer followed by elution of PKAS with 250 mM and 500 mM 

imidazole. The collected fractions were stored at -20° C in 50 % glycerol in the 

presence of 3 mM DTT until use. 

2.2.4 Isolation of pancreatic islets and cell culture 

Pancreatic islets were isolated from Sprague Dawley rats as described 

previously. 
211

 βTC-3 cells were cultured at 37°C, 5% CO2 , pH 7.4 in RPMI 1640 

containing 10% fetal bovine serum, 4 mM L-glutamine, 100 units/mL penicillin and 

100 µg/mL streptomycin. HeLa cells were cultured at 37°C, 5% CO2, pH 7.4 in 

Minimum Essential Media with 10% fetal bovine serum, 100 units/mL penicillin and 

100 µg/mL streptomycin 

2.2.5 Fluorescent activated cell sorting (FACS) 

Cells were plated on 35 mm culture dishes and grown to 80% confluency. 

Different concentrations of PKAS in Opti-Mem reduced serum media were added to 

cells and incubated for differing time periods ranging from 1 to 6 hours. Cells were 

then washed five times in Krebs-Ringer Bicarbonate (KRB) buffer (118 mM NaCl, 

5.4 mM KCl, 2.4 mM CaCl2, 1.2 mM MgSO4, 1.2 mM KH2PO4, 3 mM D-glucose, 25 

mM HEPES) and trypsinized for 10 min to remove membrane bound peptides.
212

 The 

cells were collected, re-suspended in ice cold Phosphate Buffered Saline (PBS) (137 
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mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 2 mM KH2PO4, pH 7.4) and analyzed by 

FACS. Cells were also stained with propidium iodide (PI) to exclude non-viable cells. 

Cellular uptake of PKAS was assessed by considering the shift in the distribution of 

the fluorescence of the sample loaded with the substrate PKAS as opposed to the 

control samples (untreated βTC-3 cells and cells treated with EGFP lacking the 

protein transduction domain).  

2.2.6 Confocal microscopy 

HeLa and βTC-3 cells and pancreatic islets were seeded on glass bottom 

microwell dishes (MatTek, Ashland MA). PKAS substrate (5 µM in Opti Mem 

reduced serum media) was added to HeLa and βTC-3 cells and incubated at 37°C, 5% 

CO2 for 3 hours. Pancreatic islets were treated with 1 µM PKAS for 10 hours. Cells 

were washed with KRB buffer and treated with heparin (0.5 mg/ml in PBS, 3× 5-min 

treatments) to remove extracellular bound substrate. The live cells were viewed using 

a Nikon confocal microscope following excitation with an Ar
+
 (488 nm) laser. A z-

axis image series was collected for each cell type 

2.2.7 Capillary electrophoresis of PKAS  

Capillary zone electrophoresis (CZE) was performed using an instrument 

constructed in-house.
213

 Separation was performed in 25 µm inner diameter (i.d.) 

capillaries (InnovaQuartz, Phoenix, AZ) following 5 s hydrodynamic injection of 

sample. Separation was performed at positive polarity with an electric field of 400 

V/cm using 20 mM borate, pH 9.3. Capillaries were conditioned with 0.1 M NaOH, 
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nanopure water and running buffer for 10 min each prior to separation. Due to the 

basic nature of PKAS, the capillary was reconditioned after each run with 0.1 M HCl, 

nanopure water, 0.1 M NaOH, nano pure water and running buffer for 5 min each to 

minimize the effects of protein adsorption to the wall. Laser induced fluorescence was 

excited using the 488 nm line of an Ar
+
 laser.  Data collection was performed using 

software written in-house using LabView (National Instruments). Data analysis was 

performed using Cutter 7.0 (beta).
214

 

2.2.8 Evaluation of phosphorylation levels 

The extent of phosphorylation was determined by calculating the ratio of the 

peak heights of unphosphorylated substrate peaks to phosphorylated product peaks. 

The peak height for each peak in the electropherograms was measured and summed to 

generate a total peak height for substrate and a total peak height for product. When 

multiple, poorly resolved peaks were present, new peaks were considered upon a 

change in inflection. To validate this approach, we also compared the sum of the peak 

areas for substrate and product peaks for one set of data and found the numbers to 

agree within statistical errors. The degree of phosphorylation is presented as the ratio 

of phosphorylated products to substrate which provides a quantitative approximation 

of the number of phosphorylated molecules, rather than the degree of phosphorylation 

per molecule, which was not resolvable.  
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2.2.9 In vitro phosphorylation of PKAS  

Purified PKAS was treated with 20 catalytic units of protein kinase A in the 

presence of 500 µM ATP, 100 µM cAMP and 10 mM Mg
2+

 in 50 mM Tris buffer, pH 

7.8, at 30° C.  The dephosphorylation reaction was carried out by incubating the 

mixture with 20 units of alkaline phosphatase (AP).   

2.2.10 Analysis of PKA activity in βTC-3 Cells 

βTC-3 cells were cultured on 35 mm dishes as described. One hour before 

loading PKAS, the media was changed to DMEM glucose free media supplemented 

with 3 mM glucose followed by 3 hour incubation of 5µM PKAS in the same 

medium.  Following incubation, cells were washed with KRB and treated with trypsin 

to remove non-specifically bound PKAS from the cell membrane.  The cells were 

collected and centrifuged then the cell pellet was washed twice with PBS.  Finally, the 

cell pellet was re-suspended in 100 µL PBS and lysed via six freeze-thaw cycles in 

dry ice/ isopropanol and 37 °C water bath.  Cell debris was discarded by 

centrifugation and the supernatant was frozen until analysis by CZE. The 

dephosphorylation reaction was carried out by incubating the lysates at 37° C with 20 

units AP.  

Glucose-dependent phosphorylation, was monitored by incubation of βTC-3 

cells in DMEM glucose free media for 30 min followed by stimulation with differing 

glucose concentrations ranging from 0 to 12 mM glucose for 3 hours. The effects of 

PKA activators, forskolin and 8-Br-cAMP were monitored by incubation of βTC-3 
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cells in 0 or 0.5 mM glucose for 3 hours followed by addition of 10 µM forskolin or 

0.5 mM 8-Br-cAMP for 30 min. The effects of PKA inhibitors H-89 (10 µM) and 

staurosporine (1 µM) on PKA activity was investigated in βTC-3 cells that were 

treated for 10 min prior to loading 5 µM PKAS and were continuously treated during 

the time of incubation.  In all cases, cell extracts were prepared as described above.  

2.2.11 Phosphorylation of the substrate PKAS in pancreatic islets 

Isolated islets were incubated in 1 µM PKAS in DMEM glucose free media 

supplemented with differing glucose concentrations for 10 hours. After incubation cell 

extracts were prepared as described above. 
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2.3 RESULTS AND DISCUSSION 

2.3.1 Preparation of PKAS 

To avoid the need for cellular transfection, and thus facilitate delivery of 

kinase substrates, as well as more readily analyze primary cells, we have developed a 

cell-penetrating, fluorescent PKA substrate. PKAS was designed as a modular 

substrate that could be loaded into cells simply via addition to the extracellular 

medium. PKAS was constructed as shown schematically in Figure 2-1a.  Briefly, the 

gene encoding the PTD of HIV-TAT was ligated into a pET28a (+) vector 

downstream (c-terminal) of a 6×His purification tag. The sequence encoding EGFP 

was inserted downstream to TAT. EGFP, with an approximate molecular mass of 

27 kDa, is an exceptionally stable protein with a defined structure compared to many 

small peptide kinase substrates. Thus, fusion of the large protein to the small TAT 

sequence might improve cellular translocation and reduce deleterious effects observed 

with small TAT-substrate fusions. In addition, the EGFP also serves as the fluorescent 

label for PKAS, with a defined stoichiometry. Since EGFP does not naturally possess 

PKA kinase phosphorylation sequences, it does not itself participate in the 

phosphorylation events, necessitating the insertion of a phosphorylation domain.
215

 A 

pentaphosphorylation motif for PKAS containing five independent phosphorylation 

sites (RRRSIN)5 was inserted into the C-terminus of EGFP (Figure 2-1b). Multiple 

phosphorylation sites increase the electrophoretic mobility shift of the phosphorylated 

products and help to resolve phospho-PKAS from unphosphorylated PKAS.
121

 The 

resulting PKAS was expressed efficiently in bacteria and purified in high quantities as 



 

 

seen in an SDS-polyacrylamide gel (Fig

and CZE separation of purified PKAS (Fig

Figure 2-1: Preparation and purification of PKAS.

Schematic of PKAS phosphorylation.

Figure 2-2: 10% SDS-Polyacrylamide gel of PKAS purified 

column. Lane 1, 8: Molecular weight marker. L

mM imidazole. Lane 5-7: 

as the running buffer.  

polyacrylamide gel (Figure 2-2) of the purified recombinant peptide 

and CZE separation of purified PKAS (Figure 2-3). 

and purification of PKAS. A) Domain structure of 

of PKAS phosphorylation. 

 

Polyacrylamide gel of PKAS purified using Ni-

: Molecular weight marker. Lane 2-4: washes with 10, 20, and 50 

7: elution with 250 mM imidazole. 1X Tris glycine was used 

88 

 

) of the purified recombinant peptide 

 

 

omain structure of PKAS. B) 

-NTA agarose 

with 10, 20, and 50 

lycine was used 



89 

 

 

 

 

 

Figure 2-3: CZE separation of purified PKAS. Separation conditions: 25 µm i.d. 

capillary, 20 mM borate, pH = 9.3, 575 V/cm. 

 

2.3.2 Analysis of membrane translocation efficiency of PKAS  

Fluorescence-activated cell sorting (FACS) was used to monitor the cellular 

uptake of PKAS. To ensure that FACS quantifies only the internalized substrate, any 

residual extracellular membrane bound PKAS was removed via trypsinization prior to 

analysis. As seen in Figure 2-4, βTC-3 cells incubated with PKAS (iii) showed a 

strong fluorescence signal and a right-shifted distribution indicating a substantially 

higher fluorescence intensity compared to untreated cells (i) and cells treated with 

EGFP lacking a PTD (ii).  Figure 2-5 summarizes the effects of incubation 

concentration and time on cellular uptake of PKAS in βTC-3 cells. The auto-

fluorescence of untreated cells was used as the threshold, wherein the population of 

cells exceeding this level was considered EGFP positive. As seen in Figure 2-5, 

cellular translocation of PKAS increases with increasing concentrations and with 
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longer incubation times, eventually reaching a point of cytotoxicity when the highest 

concentrations were incubated for the longest times (5 µM and 10 µ

[Note: In all cases, cell viability was assessed using propidium iodide (PI)].

Figure 2-4: FACS analysis showing the cellular uptake of PKAS into βTC

Distribution of fluorescent intensity in cells exposed to (i) buffer, (ii) E

TAT, and (iii) PKAS.  

longer incubation times, eventually reaching a point of cytotoxicity when the highest 

concentrations were incubated for the longest times (5 µM and 10 µM for six hours).  

[Note: In all cases, cell viability was assessed using propidium iodide (PI)].

 

FACS analysis showing the cellular uptake of PKAS into βTC

Distribution of fluorescent intensity in cells exposed to (i) buffer, (ii) E

90 

 

longer incubation times, eventually reaching a point of cytotoxicity when the highest 

M for six hours).  

[Note: In all cases, cell viability was assessed using propidium iodide (PI)]. 

 

FACS analysis showing the cellular uptake of PKAS into βTC-3 cells. 

Distribution of fluorescent intensity in cells exposed to (i) buffer, (ii) EGFP-lacking 
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Figure 2-5: Concentration and time dependent translocation of PKAS into βTC-3 

cells. 

  

Confocal microscopy was used to further confirm the translocation of PKAS 

into mammalian cells.  Prior reports suggested that errant results regarding the 

efficiency of cellular uptake attained using PTDs are common when using fixed cells 

216
, thus we utilized only live cells. Figure 2-6 shows a series of confocal fluorescence 

images obtained for HeLa and βTC-3 cells, as well as, pancreatic islets following 

exposure to PKAS.  While all cell types translocate PKAS into the intracellular space, 

the punctuate fluorescence observed in some images, particularly for HeLa cells, 

suggest enhanced vesicular trapping of PKAS, that may lower accessibility to 

intracellular PKA.  In βTC-3 cells and particularly in pancreatic islets, diffuse 
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fluorescence was most often observed suggesting that substantial PKAS was 

translocated and accessible for phosphorylation by P

Figure 2-6: Confocal images of PKAS in A

pancreatic islets.  HeLa and βTC

and rat pancreatic islets for 10 hours at 1 µM.

 

fluorescence was most often observed suggesting that substantial PKAS was 

translocated and accessible for phosphorylation by PKA.  

 

Confocal images of PKAS in A) HeLa cells B) βTC-3 cells and C

pancreatic islets.  HeLa and βTC-3 cells were loaded with PKAS for 3 hours at 5 

and rat pancreatic islets for 10 hours at 1 µM. 
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fluorescence was most often observed suggesting that substantial PKAS was 

3 cells and C) rat 

3 cells were loaded with PKAS for 3 hours at 5 µM 
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Previous reports using PTDs revealed that large proteins, e.g. β-galactosidase 

(119 kDa), can be delivered into cells in less than 15 min.
217

 However, our results 

from both confocal microscopy and FACS analysis indicate that the translocation 

efficiency varies upon the cell type, concentration and incubation time.  HeLa cells 

incubated with 5 µM PKAS showed ca. 90% translocation efficiency within 1 hour 

(data not shown), whereas under similar conditions, βTC-3 cells took 3 hours to 

achieve maximal translocation (Figure 2-5). Pancreatic islets were treated for at least 

10 hours to ensure translocation to the core of the islet, which is ca. 10 – 50 X larger 

than single clonal cells and represents a densely packed population of cells.  The 

mechanism of uptake for TAT fusion proteins is not well understood but experimental 

evidence suggest membrane association of TAT occurs through cell surface 

glycosaminoglycans such as heparin sulfate glycosaminoglycans (HPSGs).
218

 

Expression of HPSGs depends upon the state of differentiation and growth rate of 

cells. Thus, differential expression of HPSGs may account for the observed 

differences in transduction efficiencies in different mammalian cell types.  

2.3.3 In vitro phosphorylation of PKAS 

To verify the function of PKAS and subsequent CZE separation, we 

performed a series of in vitro phosphorylation experiments. When purified PKAS was 

analyzed by CZE, a single peak (S) with slight asymmetry was observed (Figure 2-

7.i). The nature of the peak width and the number of poorly resolved peaks, 

particularly for the non-phosphorylated PKAS are unknown, but highly reproducible. 

Likely possibilities include proteolytic splice products and conformation alterations. 
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The complex nature of the electropherograms led to treatment of regions denoted 

substrate (S) and phosphorylated product (P). Upon treatment with the catalytic 

subunit of PKA in the presence of cAMP and ATP, a shift in migration time and the 

number of peaks was observed (Figure 2-7 ii) where the peak height corresponding to 

(S) decreased and two new peaks (P1 and P2) appear. To confirm whether P1 and P2 

correspond to the phosphorylated PKAS products, AP was added to the reaction 

mixture to non-specifically dephosphorylate any phosphopeptides present (Figure 2-7 

iii). P1 and P2 were both eliminated upon treatment with AP, whereas peak S 

increased in height and area, further supporting that P1 and P2 arise from 

phosphorylation of PKAS by PKA. 

 

Figure 2-7: In vitro phosphorylation of PKAS. (i) PKAS in the absence of PKA. (ii) 

PKAS treated with catalytic subunit of PKA. (iii) PKAS treated with PKA followed 

by treatment with AP.  Peak S is the substrate and peak P1 and P2 arise from 

phosphorylation products. 
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2.3.4 Analysis of PKA activity in insulin-secreting cells 

Following in vitro characterization, we utilized PKAS to monitor PKA activity 

in insulin secreting βTC-3 cells,
219

 a common cellular model for pancreatic β-cell 

functional assays.  We first used these cells to monitor glucose stimulated intracellular 

PKA activity.  Figure 2-8 shows the electropherograms obtained from βTC-3 cells 

incubated in 3 mM glucose.  As seen in Figure 2-8, series of peaks correlating to 

PKAS and phospho-PKAS was obtained and provide an indication of the basal PKA 

activity within the cells (i).  To confirm that P1 and P2 resulted from PKAS 

phosphorylation, AP was added to the cell extract, after which primarily 

unphosphorylated PKAS was observed (ii).  The origin of multiple (P1 and P2) and 

broad (P1) peaks following phosphorylation is likely the result of the multiple 

phosphorylation sites present in PKAS, thus resulting in heterogeneous 

phosphorylation of PKAS. Further, the distribution of phosphorylation sites likely 

lead to skewed peak shapes and increased number of unresolved peaks observed in 

the S region of the electropherograms. The features of the electropherograms 

particularly the observed peak shapes are highly reproducible (Figure 2-9). The ratio 

of product and substrate peaks provides an approximation of the PKA activity at the 

time of cell lysis and reveal that 83 ± 6 % of the PKAS is phosphorylated under basal 

glucose levels.   
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Figure 2-8: PKA catalyzed phosphorylation of PKAS in βTC-3 cells.  Cells were 

loaded with PKAS and incubated in 3 mM glucose for 3 hours. Cell lysate was 

analyzed by CZE (i) before and (ii) after addition of alkaline phosphatase.  (iii) PKAS 

was added to a control βTC-3 cell lysate prepared in the absence of PKAS. Peak S is 

the substrate, peaks P1 and P2 are the phosphorylated products and peak M is a 

carboxyfluorescein internal standard. Separation conditions: 25 µm i.d. capillary, 20 

mM borate, pH = 9.3, 400 V/cm. 

 

 

Figure 2-9: Multiple trials showing the reproducibility of the peak shapes observed 

for PKA catalyzed phosphorylation of PKAS in βTC-3 cells.  Cells were loaded with 

PKAS and incubated in 3 mM glucose for 3 hours. Cell lysate was analyzed by CZE. 

Peak S is the substrate, peaks P1 and P2 are the phosphorylated products and peak M 

is a carboxyfluorescein internal standard. Separation conditions: 25 µm i.d. capillary, 

20 mM borate, pH = 9.3, 400 V/cm. 
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To ensure that PKAS was not further phosphorylated or dephosphorylated in 

the time between cell lysis and CZE analysis, PKA inhibitor H-89 was added to the 

extract and the mixture was stored at -20
o
 C immediately following lysis.  To validate 

this condition, we spiked PKAS into βTC-3 cell extracts that were initially lacking 

PKAS and subsequently froze the extracts as described.  Under these conditions, only 

unphosphorylated PKAS was observed (Figure 2-8 iii) strongly supporting that PKAS 

phosphorylation occurs only inside intact cells prior to cell lysis.  Finally, the 

electropherograms indicate that a significant proportion of PKAS is accessible to 

PKA within the cell and not trapped in endosomal compartments, as previously 

observed with a number of TAT-conjugated small peptides.
220

 

To ensure that the glucose dependent PKAS phosphorylation resulted from 

elevated cAMP activation of PKA, we monitored PKAS phosphorylation in the 

presence of the cAMP modulators forskolin and 8-Br-cAMP.  Forskolin directly 

activates adenylate cyclase resulting in elevated cAMP 
221

, whereas 8-Br-cAMP is a 

membrane permeant cAMP analog capable of directly activating PKA.
222

  When βTC-

3 cells were incubated at 0.5 mM glucose in the presence of forskolin or 8-Br-cAMP 

increases in PKAS phosphorylation of 35% and 16%, respectively, were observed 

(Table 2-1). These results compare favorably with prior reports of forskolin and 8-Br-

cAMP activation of PKA, where forskolin is shown to stimulate PKA faster and at 

lower concentrations compared to 8-Br-cAMP.
101

   

In addition to cAMP activators, PKA inhibitors H-89 and staurosporine were 

used to further investigate the role of PKA on PKAS phosphorylation. Staurosporine 
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is a potent inhibitor of a large spectrum of protein kinases including PKA 
223

, whereas 

H-89 is a selective PKA inhibitor 
224

. When βTC-3 cells were incubated at 3 mM 

glucose, a concentration sufficient to fully activate PKAS, in the presence of 

staurosporine or H-89, decreases in PKAS phosphorylation of 40% and 54%, 

respectively, were observed (Table 2-1). These results suggest that PKA is primarily 

responsible for phosphorylation of PKAS and that PKAS can be used to report PKA 

activation in insulin secreting βTC-3 cells. 

Table 2-1: Effects of inhibitors and stimulators on phosphorylation 

Inhibitors % 

Phosphorylation 

Stimulators % 

Phosphorylation 

(-) H-89 82 ± 6 (-) Br-cAMP 55 ± 6 

(+)H-89 28 ± 4 (+)Br-cAMP 71 ± 5 

(-) Staurosporine 74 ± 7 (-)Forskolin 47 ± 3 

(+)Staurosporine 34 ± 3 (+)Forskolin 82 ± 6 

 

The primary advantage of the cell permeant PKAS compared to transfection of 

EGFP-kinase substrates is the ability to less invasively load the fluorescent kinase 

substrate into primary cells and tissues to avoid reliance on immortalized cell lines. 

βTC-3 cells provide a reasonable model of GSIS but possess a shifted glucose 

response curve, as well as other deviations from primary pancreatic β-cells 
225

.  Thus, 

we have explored the use of PKAS for elucidation of PKA activation in primary 

pancreatic islets, which are comprised primarily of pancreatic β-cells. To monitor 

PKA activation in pancreatic islets, we incubated PKAS-loaded islets under varying 

glucose concentrations for 10 hours. As seen in Figure 2-10 the electropherogram 
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contains a series of peaks corresponding to phosphorylated PKAS and 

unphosphorylated PKAS (i), the identities of which were identified via AP (ii). 

 

Figure 2-10: PKA catalyzed phosphorylation of PKAS in rat pancreatic islets. Islets 

were loaded with PKAS and incubated in 12 mM glucose for 10 hours.  Islet lysate 

was analyzed by CZE (i) before and (ii) after addition of AP.  Peak S is the substrate, 

peaks P1 and P2 are the phosphorylated products and peak M is a carboxyfluorescein 

an internal standard.  Separation conditions: 25 µm i.d. capillary, 20 mM borate, pH = 

9.3, 400 V/cm. 

 

A number of factors, most importantly glucose elevations, modulate cAMP 

levels, and thus PKA levels in insulin secreting cells. The resultant glucose-dependent 

phosphorylation of endogenous PKA substrates further activates the insulin secretory 

response.
226,227

 PKAS was used to monitor glucose-dependent PKA activation in 

βTC-3 cells and primary culture rat islets of Langerhans (Figure 2-11).  In the absence 

of glucose, ca. 32% of PKAS was phosphorylated in βTC-3 cells. Upon elevation of 

glucose concentration from 0.5 mM to 3 mM, a gradual increase in the proportion of 

phosphorylated PKAS was observed up to 83 ± 4% phosphorylation for 3 mM 

glucose. However, beyond this level no further significant changes in phosphorylation 
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of PKAS was observed, thus indicating that PKA activity reaches a maximum level 

around 3 mM glucose in these cells. Earlier reports have shown that glucose induced 

insulin release in βTC-3 cells is shifted to the left as compared to primary pancreatic 

islets,
225

 and thus, βTC-3 cells are much more sensitive to extracellular glucose 

compared to primary cells. When the islets were treated with 6 mM and 12 mM 

glucose, an increase to ca. 60 % and 86 % (n=3) phosphorylation was observed, 

respectively (Figure 2-11), agreeing well with glucose sensitivity of pancreatic 

islets
13

.  

 

Figure 2-11: Glucose dependent phosphorylation of PKAS in βTC-3 and rat 

pancreatic islets. 
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2.4 CONCLUSION 

 A cell-penetrating kinase substrate was prepared to selectively monitor 

glucose-dependent PKA activity in clonal and primary cells using CZE. The resultant 

PKAS was translocated to the intracellular environment in mammalian cells via 

simple addition to the extracellular media.  Under appropriate loading conditions, 

minimal damage to the cell membrane, and resultant loss of cell viability was 

observed.  PKAS proved useful to investigate PKA activity on pancreatic islets where 

transient expression of peptide substrates is difficult. This cell-penetrating substrate 

for PKA was phosphorylated inside both βTC-3 cells and pancreatic islets in a 

glucose concentration dependant manner demonstrating the importance of PKA in 

glucose stimulated signaling.  This approach may be readily extended to study 

different kinase pathways in a variety of clonal and primary culture cells.   
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CHAPTER 3: PREPARATION AND CHARACTERIZATION OF A CELL- 

PENETRATING FIREFLY LUCIFERASE CHIMERA FOR MEASUREMENT 

OF DYNAMIC ATP CHANGES IN MAMMALIAN CELLS 

3.1 INTRODUCTION 

 Increases in intracellular glucose concentration induce the secretion of insulin 

from β-cells of the pancreatic islets.
7
 Glucose rapidly equilibrates across the cell 

membrane via facilitated diffusion through type 2 glucose transporters GLUT2, and is 

then metabolized inside the cell. As a consequence the ATP/ADP ratio increases, 

inducing the closure of ATP sensitive KATP channels, resulting in cell membrane 

depolarization. As a result, voltage gated Ca
2+

 channels open, allowing the influx of 

Ca
2+

 into the β-cells, triggering insulin exocytosis.  

 The total intracellular ATP concentration is a good indicator of the metabolic 

state of a cell. A rise in cytosolic ATP levels is imperative for the closure of KATP 

channels and membrane depolarization, that are essential events governing insulin 

secretion.
228

 The ATP/ADP ratio has also been reported to oscillate, corresponding to 

[Ca
2+

] oscillations in glucose stimulated β-cells.
229

 Furthermore, ATP is an important 

signaling molecule and a regulator in several cellular processes.
17,43

 Therefore 

monitoring dynamic ATP changes in living cells exposed to metabolic stimulators, 

inhibitors and other pathological insults may be informative in resolving the sequence 

of events occurring in β-cell metabolism, and other biological phenomena involving 

ATP changes. 
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 Several techniques such as HPLC, NMR, non-aqueous fractionation and 

bioluminescence have been utilized to measure the cellular ATP levels.
230-232

 

Techniques such HPLC, NMR, and non aqueous fractionation require large cell 

populations or cell extracts for analysis. Cellular ATP measurements obtained through 

β cell extracts and islets are difficult to interpret due to the high concentration of ATP 

in secretory granules and the presence of non-β cells.
233

 Monitoring the ATP changes 

in cell extracts also fail to provide real time dynamic information. Additionally, cell 

populations do not reveal the likely heterogeneity in individual, or a few cells, thus 

weak but important signals may stay hidden within a background response. Thus, 

there is a need for a sensitive technique to detect and measure ATP levels in live cells 

with sufficient sensitivity, temporal and spacial resolution to monitor single cells. 

 The use of firefly luciferase (Luc) from North American fly Photinus pyralis, 

provides an extremely sensitive method of monitoring ATP levels in cells.
234

 The 

luciferase enzyme is widely used as a reporter in biochemical assays, animal models 

and cell culture to study gene expression, cell physiology, protein protein interactions, 

cell viability, gene delivery etc.  Luc catalyzes the oxidation of D-luciferin, in the 

presence of oxygen, Mg
2+

 and ATP with the emission of photons, which can be 

monitored ( Figure 3-1).
235

  In the presence of excess luciferase, D-luciferin and 

oxygen, the number of photons emitted is directly proportional to the total [ATP]. 

This assay has been widely used for detecting very small amounts (10
-13

 M) of ATP, 

in cell lysates, live cells and animals.
236

 

 



104 

 

 

 

 

Figure 3-1: Reaction scheme for luciferase bioluminescence 

Luciferase has been used to measure intracellular [ATP] in single cardiac 

myocytes and hepatocytes, by direct introduction into cells via microinjection.
237

 

Microinjection is highly invasive, technologically challenging for small mammalian 

cells and have low success rates.
119

 In 1998, Wollheim and coworkers demonstrated 

the expression of recombinant luciferase in insulin secreting cell line INS-1 and 

monitored the cytosolic ATP levels, and dynamics relationship between ATP and 

other agents influencing the metabolism, in large populations of live cells.
228

 In 1999, 

the Rutter group studied the ATP levels in cellular subdomains of single MIN6 cells 

by expressing targeted recombinant luciferase chimeras for cellular microdomains.
238

 

However, transfection and expression of luciferase in primary cells is more 

complicated, thus alternative approaches for delivering luciferase need to be explored.  

 Cell-penetrating peptides, also known as protein transduction domains have 

been used to transport a variety of biomolecules into mammalian cells.
134

 Of the many 

CPPs discovered, the short peptide HIV-1 TAT, has been widely explored for non-

invasive delivery of biomolecules.
239

 TAT conjugated proteins and enzymes have 

been delivered into a wide range of cell types including primary cells.
208

  Although 

few small peptides conjugated through TAT fusion show reduced biological activity, 

these negative effects may be avoided by fusion to large proteins.
132,150

   

Luciferin + Luciferase + Mg
2+

 O2 + ATP           hv + CO2 + AMP + Oxyluciferin 
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Here, we describe the preparation and application of a cell-penetrating, firefly 

luciferase analog for measurement of dynamic ATP concentrations in few or small 

population of mammalian cells under different stimulatory and inhibitory conditions. 
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3.2 EXPERIMENTAL 

3.2.1 Materials 

 Restriction enzymes, reagents and kits for molecular biology were obtained 

from Promega (Madison, WI).  Plasmids were from BD Biosciences (San Jose, CA) 

and Novagen (Gibbstown,NJ). Lauria-Bertani (LB) broth, Terrific-Broth (TB), and 

benzonase were purchased from EMD/Novagen chemicals (Gibbstown,NJ). Ni-NTA 

resin was obtained from Qiagen (Valencia, CA). D-luciferin ethyl ester was obtained 

from Marker Gene Technologies Inc (Eugene, OR). D-luciferin, 1-(4, 5-dimethoxy-2-

nitrophenyl) ethyl ester (DMNPE-caged luciferin) and all chemicals for cell culture 

were obtained from Invitrogen (Palo Alto, CA).Other chemicals were purchased from 

Sigma (St.Louis, MO) and used as received. All solutions were prepared using 

deionized water with a minimum resistivity of 18 MΩ.  

3.2.2 Construction of His-Luciferase-TAT (Luc-TAT) 

  The DNA encoding the TAT sequence YGRKKRRQRRR was incorporated 

into a pRSET-luciferase plasmid (a generous gift from Dr. Russell J. Stewart) by PCR 

using the forward primer, 5’GC AAT TCC ATA TGG AAG ACG CCA AAA  ACA 

TAA AGA AAG   and the reverse primer, 5’GG GCC TCG AGA TTA TCT TCG 

TCG CTG TCT CCG CTT CTT CCT GCC ATA CAA TTT GGA CTT TCC GCC 

CTT CTT. The PCR product was digested, gel purified and ligated into pET28a (+) 

vector ( kanamycin resistant) between Nde I and Xho I sites. A luciferase encoding 

sequence lacking the TAT peptide was also cloned into a pET28a (+) vector 
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(ampicillin resistant). Constructs were verified by sequencing (DNA Sequencing 

Facility, University of Arizona.). 

3.2.3 Expression and purification of Luc-TAT  

The plasmid encoding Luc-TAT was transformed into E.coli DE3 Rosetta 

(Novagen) strain and the positive transformants were selected in the presence of 50 

µg/ mL kanamycin and 50 µg/mL of chloramphenicol. A single colony was chosen 

for protein expression, inoculated in a 5 mL starter culture (LB/Kan/Chl), and 

incubated at 37 º C and 250 rpm overnight to obtain a saturated culture. The culture 

was centrifuged and the bacterial pellet was re-suspended in 2 mL of fresh LB/Kan 

added to a 500 mL culture of TF Broth/Kan, and incubated on a temperature 

controlled shaker at 37º C and 250 rpm until O.D. 600 ~ 0.8. The culture was cooled to 

4º C, induced for protein expression with IPTG to a final concentration of 0.5 mM, 

and maintained at room temperature with aeration for 10 hours. The cells were 

harvested by centrifugation. The cell pellet was re-suspended in 35 mL of lysis buffer 

(50 mM, Tris-Succinate, 300 mM NaCl, 10 mM imidazole, 12 % glycerol pH 7.8) in 

the presence of protease inhibitor cocktail and 20 mM β-mercaptoethanol. The cells 

were lysed by sonication. Sonication was done in fifteen 10 sec bursts with 1 min 

interval between each burst. The cells were kept on ice to prevent excessive heating of 

the lysate. The cell lysate was treated with benzonase for 30 min to digest the nucleic 

acids, and was clarified by centrifugation (5000 rpm, 7º C, and 30 min). The clarified 

lysate was applied to a pre-equilibrated Ni-NTA column and was washed with two 

column volumes of lysis buffer and then eluted with 20, 50,100, 250,500 mM 
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imidazole in 50 mM, Tris-Succinate, 300 mM NaCl, pH 7.8 buffer. The Luc-TAT 

eluted with 250-500 mM imidazole. All purification steps were performed at 4º C. 

Luc-TAT was desalted and concentrated in 50 mM Tris-Succinate, pH 7.8, buffer 

using Amicon centrifuge tubes with 10,000 molecular weight cutoff. The purity of 

Luc-TAT was monitored by SDS-PAGE, and the concentration was determined by 

measuring the absorbance at 280 nm (ε = 37220 M
-1

 cm 
-1

). Luc-TAT was stored at -

20º C in 50 % v /v glycerol and 5 mM DTT. Luc lacking the TAT peptide was 

purified as described.     

3.2.4 Storage, stability and bioluminescence  

Activity of Luc-TAT was assayed by mixing 0.0 mg/mL of Luc-TAT with 10 

mM MgSO4, 200 µM D-luciferin in 50 mM Tris-succinate pH 7.8 after spiking 100 

µM of ATP. The specific activity was reported for per mg of Luc-TAT and was 

compared with Luciferase lacking the TAT modification (Luc). The activity was 

monitored under different storage conditions.  

3.2.5 Cell culture 

βTC-3 cells were cultured at 37 ºC, 5% CO2, pH 7.4 in RPMI 1640 containing 

10 % fetal bovine serum, 4mM L-glutamine, 100 units/mL penicillin, and 100 µg/mL 

streptomycin. HeLa cells were cultured at 37 ºC, 5% CO2, pH 7.4 in Minimum 

Essential media with 10 % fetal bovine serum, 4mM L-glutamine, 100 units/mL 

penicillin, and 100 µg/mL streptomycin. COS-7 cells were grown in Dulbecco’s 

Modified eagle’s Medium with 10% fetal bovine serum at 37 ºC, 5% CO2, pH 7.4. 
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Cells were cultured in glass coverslips/ 35 mm cell culture dishes/ 24 or 96 well plates 

depending on the application.  

3.2.6 Derivatization of luciferase with FITC 

 Luc-TAT and Luc stored in 50 mM Tris-succinate pH 7.8/ 50% glycerol was 

buffer exchanged to PBS. A stock solution of fluorescein isothiocyanate-FITC (10 

mg/mL) was prepared in DMSO. FITC was added drop wise (10 moles of FITC for 

each mole of protein) to a solution of Luc-TAT or Luc in 1M NaHCO3 buffer, pH 9.0. 

The mixture was incubated at room temperature for 3 hours, with constant stirring. 

The labeled mixture was added to a pre-equilibrated sephadex G25 column and free 

dye was separated from labeled protein. Labeled proteins were concentrated and 

buffer exchanged in PBS and the absorbance was recorded at 280 and 495 nm. The 

degree of labeling was calculated (ε = 68000 M
-1

 cm 
-1 

for FITC at pH 7.2), based on 

the absorbance ratio.  

3.2.7 Fluorescent-activated cell sorting (FACS)  

 βTC-3 cells were plated on 35 mm culture dishes and grown to 80% 

confluency. Different concentrations of FITC labeled Luc-TAT and Luc were diluted 

in KRB buffer and added to cells and incubated for 3 hours. Cells were washed 3X 

with KRB and trypsinized for 10 min to remove membrane bound proteins. The cells 

were collected, and re-suspended in ice-cold PBS and analyzed by FACS. Cells were 

also stained with propidium iodide (PI) to exclude non-viable cells. Cellular uptake 
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was assessed by considering the shift in the fluorescence distribution of FITC-labeled 

Luc-TAT and compared to FITC-labeled Luc and untreated HeLa cells.  

3.2.8 Live cell imaging for Luc-TAT transduction 

 βTC-3, HeLa, COS-7, and pancreatic islets were seeded on glass coverslips 

(#0 for epifluorescence microscopy and # 1.5 for confocal microscopy). 10 µM FITC- 

labeled Luc-TAT in KRB buffer was added to the cells and incubated at 37 ºC, 5% 

CO2, pH 7.4 for 1 hour ( pancreatic islets were incubated with 5 µM FITC-Luc-TAT 

for 5 hours). Cells were washed with KRB buffer, and treated with heparin (0.5mg/ml 

in PBS, 3X 5-min each) to remove extracellular bound proteins. Live cells were 

viewed using a Nikon confocal microscope or LSM 510 Carl Zeiss confocal 

microscope following excitation with an Ar 
+
 (488 nm) laser. Imaging was performed 

using a 40X or 60X oil immersion objectives. Transmitted light and epifluorescence 

imaging were performed on an inverted Nikon Eclipse TE300 microscope using a 

40X oil objective fitted with a 100 W Hg arc lamp and a standard FITC filter set (λex 

= 488 nm / λem = 535 nm). The images were collected using a Quantix 57 back-

illuminated (CCD) camera (Roper Scientific, Tucson, AZ) using MetaVue software 

(Universal Imaging, Downingtown, PA). Image analysis program Image J 

(http://rsb.info.nih.gov/ij/) and MetaVue were used to analyze the images. 

3.2.9 Luc-TAT activity in cell lysate 

 βTC-3 cells (1x10
5
) were plated on 24 well plates and grown to 75-80% 

confluency. Luc-TAT (10 µM in Opti-Mem reduced serum media) was added to βTC-
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3 cells and incubated at 37 ºC, 5% CO2, for time periods ranging from 1 to 6 hours. 

Cells were washed with KRB buffer and trypsinized for 10 min to remove membrane 

bound proteins. Cells were collected and re-suspended in ice cold PBS supplemented 

with 0.1% TritonX-100 and incubated for 15 min for complete lysis at room 

temperature. The lysed cells were transferred into microcentrifuge tubes and 

centrifuged at 12,000 rpm for 5 min. The supernatant was transferred into a 

luminometer tube and luminescence was measured using a TD-20E digital display 

luminometer (Turner Design) after adding luciferase assay buffer supplemented with 

0.4 mM D-luciferin, 0.1 mM ATP, and 2 mM DTT. The reading was integrated for 5s 

with 3s delay. A similar procedure was followed when comparing the transduction 

efficiency of Luc-TAT in different cell types including HeLa, βTC3 and COS-7. The 

activity of Luc-TAT in cells was compared with the control samples (untreated cells 

and cells treated with Luc). 

3.2.10 Transduction of luciferin analogs into cells 

 D-luciferin ethyl ester stock solution (10 mg/ mL) was prepared in DMSO and 

stored at -20 ºC. HeLa cells (2 x 10
4
) were plated on glass coverslips and grown to 75 

% confluency. D-luciferin ethyl ester was diluted in KRB buffer to a final 

concentration of 0.1 mM and was added to the cells and incubated for 15, 30, and 60 

min at 37 ºC, 5% CO2.  After incubation the excess D-luciferin ethyl ester was 

removed by washing with KRB buffer and imaged with an inverted Nikon Eclipse 

TE300 microscope using a 40X oil objective fitted with a 100 W Hg arc lamp. The 

fluorescent intensity was monitored for different incubation periods. The analysis was 
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performed using MetaVue and Image J. The experiment was repeated using D-

luciferin sodium salt (Sigma), with concentrations ranging from 0.1 -3 mM. 

3.2.11 Cell viability assay 

HeLa cells were first treated with D-luciferin ethyl ester for a required time period. 

Excess compound was removed by washing and the cells were covered by fresh 

culture medium. MTT (3-(4,5-dimethylthiazol-2yl)-2,5-diphenyltetrazolium bromide) 

reagent (10 µL from 12 mM stock solution) was added into each well plate and 

incubated at 37 ºC, 5% CO2 for 4 hours. After incubation, 100 µL of SDS-HCl (5 mL 

of 0.01 M HCl to 1 mg SDS) was added to each well and mixed thoroughly. The plate 

was incubated at 37 ºC, 5% CO2 for 6 hours in a humidified chamber. After 6 hours 

the samples were mixed and the absorbance was recorded at 570 nm. Control 

experiments were also performed including untreated cells, MTT solution without 

cells and a positive control with cells treated with staurosporin to induce apoptosis to 

confirm the proper functionality of the assay. 

3.2.12 Monitoring Luc-TAT activity in live cells 

 Cells seeded on glass coverslips were treated with Luc-TAT in Optimem 

Reduced Serum for 3 hours (βTC3 and COS-7)) or 2 hours (HeLa). The membrane 

bound protein was washed away thoroughly with KRB buffer. D-luciferin sodium salt 

(3 mM)/ D-luciferin ethyl ester (0.1 mM) diluted in KRB buffer was added into the 

cells and incubated for 1 hour (D-luciferin sodium salt) or 10 min (D-luciferin ethyl 

ester) for efficient uptake of the substrates. After incubation the cells were viewed 
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through an inverted 1X-71 fluorescence microscope (Olympus, center Vally, PA) 

using a 40Xoil objective. The emitted photons from Luc-TAT activity in live cells 

were collected by a dual channel D-104 photometer (Photon Technology 

International, Birmingham, NJ) using 1 s exposure time. The experiment was also 

performed with different glucose concentrations (0-20 mM). 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

3.3 RESULTS AND DISCUSSION

3.3.1 Preparation of Luc

 To facilitate the delivery of luciferase to analyze dynamic ATP changes in 

both clonal and primary cells, we developed a cell

TAT. Luc-TAT was constructed as s

gene encoding the PTD of HIV

PCR and the amplified product was ligated into a pET28a (+) vecto

6x His purification tag. As a control, luciferase coding sequence without the HIV

TAT region was cloned into a pET28a (+) vector (Figure 3

Figure 3-2: Schematic of luciferase constructs A) Luc B) Luc

 Luc-TAT was expressed

(TB), supplemented with glycerol. TB is a highly enriched medium which improves 

the yield of recombinant plasmid bearing 

LB, TB yielded greater cell mass and

culture flasks should not be covered tightly during expression since the high cell 

densities obtained in TB need high oxygen consumption

RESULTS AND DISCUSSION 

Preparation of Luc-TAT 

To facilitate the delivery of luciferase to analyze dynamic ATP changes in 

both clonal and primary cells, we developed a cell-penetrating luciferase analog

TAT was constructed as shown schematically in Figure 3-2B. Briefly, the 

gene encoding the PTD of HIV-TAT was incorporated into a pRSET-

PCR and the amplified product was ligated into a pET28a (+) vector downstream of a 

6x His purification tag. As a control, luciferase coding sequence without the HIV

TAT region was cloned into a pET28a (+) vector (Figure 3-1A).     

Schematic of luciferase constructs A) Luc B) Luc-TAT. 

TAT was expressed efficiently in bacteria cultivated in Terrific Broth 

(TB), supplemented with glycerol. TB is a highly enriched medium which improves 

the yield of recombinant plasmid bearing E.coli strains. As compared to expression in 

LB, TB yielded greater cell mass and higher Luc-TAT expression levels

culture flasks should not be covered tightly during expression since the high cell 

densities obtained in TB need high oxygen consumption). We found that Luc
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higher compared to Luc, suggesting a poss

reduced by supplementing purification buffers with at l

treating with a DNAse to degrade 
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  Figure 3-3: 10% SDS

agarose column. Lane 1

elution with 250 mM imidazole. L

molecular weight marker. 1X Tris Glycine

 A significant difference in activity was not observed between freshly prepared 

Luc-TAT ( 3.2 x 10
4
 cps/mg) and Luc ( 3.5 x 10

TAT deteriorated faster upon storage

binds very strongly to the affinity purification column and could be eluted efficiently 

with 500 mM imidazole. The 260/280 nm absorbance ratio of purified Luc

higher compared to Luc, suggesting a possible nucleic acid contamination, that was

reduced by supplementing purification buffers with at least 300 mM NaCl, and 

treating with a DNAse to degrade residual nucleic acids. The purified Luc

shows a single band in SDS-polyacrylamide gel (Figure 3-3) and the molecular 

 the calculated molecular weight of 67 kDa from the amin

10% SDS-Polyacrylamide gel of Luc-TAT purified using

1-3: washes with 20, 50, and 100 mM imidazole. La

elution with 250 mM imidazole. Lane: 5-7 elutions with 500 mM imidazole. L

ecular weight marker. 1X Tris Glycine-SDS was used as the running buffer.

A significant difference in activity was not observed between freshly prepared 

cps/mg) and Luc ( 3.5 x 10
4
 cps/mg), but the activity of Luc

er upon storage (Table 3-1). Luc-TAT stored at 4 ºC 
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using Ni-NTA 
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SDS was used as the running buffer. 

A significant difference in activity was not observed between freshly prepared 

cps/mg), but the activity of Luc-

TAT stored at 4 ºC in 50% 
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glycerol and 5 mM DTT lost approximately 47% of initial activity within one week 

compared to a 24% loss for Luc. Storage at -20 ºC in 50% glycerol minimized the 

drop in activity, for both constructs. The TAT peptide has several basic amino acid 

residues, making it more susceptible for protease attack which may contribute to the 

decreased activity over time. Storage at low temperatures inhibits the activity of 

proteases, a likely reason for the increased activity of Luc-TAT at -20 ºC. Glycerol 

was added as a stabilization agent, and to keep the protein unfrozen so freeze-thawing 

can be avoided which may have a negative effect on Luc-TAT activity.     

          Table 3-1: Activity of Luc-TAT with storage 

 Activity after storage (%) 

Luc Luc-TAT 

Fresh Protein 100 100 

1-week storage 4⁰C 76 53 

1-week storage -20⁰C 83 71 

     

3.3.2 Analysis of cellular transduction of Luc-TAT 

 FACS was used to monitor the cellular uptake of FITC-labeled Luc-TAT. As 

shown in Figure 3-4, βTC-3 cells incubated with FITC-Luc-TAT showed a strong 

right shifted fluorescent distribution compared to FITC-Luc and untreated cells. Prior 

to FACS analysis residual membrane bound Luc-TAT was removed via trypsinization 

to avoid overestimation of the fluorescent signal. FITC-Luc also shows a higher 

fluorescence distribution compared to untreated cells, possibly due to incomplete 



 

 

removal of the membrane bound FIT

translocation of a small percentage of L

assessed using propidium iodide. The results indicate that the Luc

higher translocation efficiency into βTC

 

Figure 3-4: FACS analysis showing the cellular uptake of Luc

A) Distribution of fluorescent intensity in c

FITC-Luc-TAT 

  

Translocation of Luc

cells. Since earlier reports suggested that imaging fixed cells after protein transduction 

could give errant results for cellular uptake, both epifluorescent and confocal imaging 

were performed only on live cells. Figure 3

FITC-Luc-TAT and FITC

removal of the membrane bound FITC-Luc during sample preparation, 

translocation of a small percentage of Luc into cells. In all cases, cell viability was 

assessed using propidium iodide. The results indicate that the Luc-TAT

higher translocation efficiency into βTC-3 cells.             

FACS analysis showing the cellular uptake of Luc-TAT into βTC

A) Distribution of fluorescent intensity in cells exposed to buffer, B) FITC

tion of Luc-TAT was further confirmed by imaging mammalian 

cells. Since earlier reports suggested that imaging fixed cells after protein transduction 

could give errant results for cellular uptake, both epifluorescent and confocal imaging 

y on live cells. Figure 3-5 shows fluorescent signal

TAT and FITC-Luc incubated in HeLa cells. A stronger FITC fluorescent 
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could give errant results for cellular uptake, both epifluorescent and confocal imaging 

signal images of 

Luc incubated in HeLa cells. A stronger FITC fluorescent 



 

 

was observed in FITC

fluorescence observed in FITC

translocation and not due to binding to the cell membrane, confocal images of FITC

Luc-TAT treated cells were obtained.              

  

Figure 3-5: Fluorescent images FITC

FITC-Luc-TAT D) FITC-

.   

was observed in FITC-Luc-TAT treated cells. To confirm that the increased 

fluorescence observed in FITC-Luc-TAT treated cells were from Luc

translocation and not due to binding to the cell membrane, confocal images of FITC

TAT treated cells were obtained.               

Fluorescent images FITC-Luc-TAT translocation into HeLa cells. B) 

-Luc. (A and C are white light images).  
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eated cells were from Luc-TAT 

translocation and not due to binding to the cell membrane, confocal images of FITC-

 

into HeLa cells. B) 



 

 

Figure 3-6: Confocal images of FITC

C) rat pancreatic islets.  S

 

 

 

Confocal images of FITC- Luc-TAT in A) βTC-3 cells, B) COS

.  Scale bar = 20 µm. 
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 Figure 3-6 shows a series of confocal images of FITC-Luc-TAT delivered into 

different mammalian cells. All cell types translocate FITC-Luc-TAT into intracellular 

milieu showing variations in the fluorescent distribution. Punctuate fluorescence was 

observed to a greater extent in βTC-3 cells suggesting vesicular trapping, whereas 

both diffuse and punctuate fluorescence was noticed in COS-7 and pancreatic islets. 

Vesicular trapping of Luc-TAT may become problematic as it reduces the 

bioavailability of the protein in the cytoplasm, and may lower the cellular response.  

 The FACS scan analysis and imaging experiments clearly show that Luc-TAT, 

with a molecular weight of 67 kDa can be translocated into a variety of cell types. 

However, these experiments do not indicate whether the transduction occur without 

compromising the enzymatic activity. To confirm that the activity is retained after 

translocation, cells incubated with Luc-TAT for varying time points ranging from 1-6 

hours, were lysed and analyzed for luciferase activity. Precautions were taken to 

remove membrane bound Luc-TAT by washing and trypsin treatment before lysis. As 

shown in Figure 3-7 Luc-TAT showed a time dependent increase in the luciferase 

activity in cell lysates. The luminescence from the cell lysates of Luc-TAT was 

significantly higher than Luc. This observation further confirms the uptake of Luc-

TAT into cells and shows that the enzymatic activity is retained after transduction. 

The transduction efficiency increases with incubation time though the change 

observed from 3 hours to 6 hours was small (~ 8%). Longer incubation time lead to 

higher uptake of Luc-TAT into cells, but Luc-TAT may also lose some activity during 

this time due to exposure to various biological insults and vesicular trapping.  
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Figure 3-7: Time dependent translocation of Luc-TAT in βTC-3 cells. Luminescent is 

reported as a fold increase to untreated cells.  

 Earlier reports using PTDs discovered that large proteins such as β-

galactosidase (119 kDa), can be delivered into cells in less than 15 min.
133

 However, 

our results, obtained for a number of cell-penetrating protein chimeras indicate that 

the efficiency varies upon cell type, concentration, incubation time, and the properties 

of the protein. As shown in Figure 3-8 when HeLa, βTC-3 and COS-7 were treated 

with the same concentrations of Luc-TAT for a fixed time period, enzymatic activity 

varied for each cell type. HeLa cell lysates showed the largest increase (40-70 fold) in 

luminescence, whereas βTC-3 cells showed the lowest increase in luminescence under 

similar conditions. The mechanism of uptake for TAT fusion proteins is not well 

understood. Experimental evidence suggests that TAT associates with the cell 
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membrane through glycosaminoglycans such as heparin sulfate glycosaminoglycans 

(HPSGs).
218

 Expression of HPSGs is determined by the state of differentiation and 

growth rate of cells. Thus, different cell types may express different levels of HPSGs, 

accounting for the discrepancy observed for the cellular transduction of Luc-TAT in 

different mammalian cells.       

 

Figure 3-8: Different mammalian cells treated with similar experimental conditions 

of Luc-TAT were monitored for luminescence activity in cell lysates. Luminescence 

is reported as a fold increase, relative to untreated cells.  

 

3.3.3 Transduction of luciferin analogs into cells 

 To measure ATP levels in intact mammalian cells it is essential to deliver D-

luciferin, the substrate for luciferase into cells. Previous reports indicate that 

luminescence obtained from luciferase in live cells is lower than that obtained from 

cell lysates.
240

 Of many conditions that may account for this low signal, insufficient 

D-luciferin is a key limiting factor, in both eukaryotic and prokaryotic cells.
240,241
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luciferin is an amphipathic molecule (Figure 3

pH. The -1 charge likely hinders

contributing towards low luminescence for luciferase activity in live cell 

measurements. To overcome this limitation several membrane permeable D

analogs have been developed

 

Figure 3-9: Structure of D

B) D-luciferin ethyl ester C) D

(DMNPE-caged luciferin)
 

 We explored D-luciferin, and 

ethy ester and DMNPE caged luciferin for 

bioluminescence in intact cells. 

performed on D-luciferin

amphipathic molecule (Figure 3-9 A) that is charged at physiological 

1 charge likely hinders easy passage of D-luciferin into cells, thus 

contributing towards low luminescence for luciferase activity in live cell 

ercome this limitation several membrane permeable D

developed.
242,243

  

Structure of D-luciferin and membrane permeable analogs A) D

luciferin ethyl ester C) D-luciferin, 1-(4,5-dimethoxy-2-nitrophenyl)ethyl ester 

caged luciferin). 

luciferin, and its membrane permeable analogs

ethy ester and DMNPE caged luciferin for delivery and availability for Luc

bioluminescence in intact cells. (Note: the majority of preliminary experiments 

luciferin/ membrane permeable analogs utilized HeLa cells.
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D-luciferin is highly

monitored by fluorescent imaging (Figure 3

micro-molar concentrations (100 µ

observed compared to the auto fluorescence of untreated cells

luciferin concentration was increased,

fluorescence was detected

substrate, a higher concentration (millimolar) should be 

activity within a few hours of Luc

used, longer incubation time may be required to supply sufficient D

intracellular milieu. However, longer incubation time with D

prolonged exposure of Luc

TAT susceptible for degradation. 

3 and COS-7 cells was not performed but a similar

to the untreated cells was observed when treated with 1 mM D

experimental conditions.  

Figure 3-10: D-luciferin loaded Hela cells

 

highly fluorescent, allowing uptake into mammalian cells

fluorescent imaging (Figure 3-10). When HeLa cells were treated with

molar concentrations (100 µM) of D-luciferin no increase in fluorescence was 

bserved compared to the auto fluorescence of untreated cells (Figure 3

luciferin concentration was increased, (1 mM/3 mM) a 3 to 6 fold increase in 

e was detected within 1 hour. Thus, if D-luciferin is utilized

substrate, a higher concentration (millimolar) should be used to monitor the lucif

few hours of Luc-TAT transduction. If lower concentrations are 

bation time may be required to supply sufficient D-

intracellular milieu. However, longer incubation time with D-luciferin means 

prolonged exposure of Luc-TAT to the intracellular environment, which makes Luc

TAT susceptible for degradation. A detailed study of D-luciferin transduction in βTC

7 cells was not performed but a similar increase in fluorescence compared 

to the untreated cells was observed when treated with 1 mM D-luciferin under similar 

experimental conditions.   

luciferin loaded Hela cells.  A) White light B) Fluorescent image
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Figure 3-11: Concentration and time dependent uptake of D-luciferin into HeLa cells. 

 

D-luciferin ethyl ester is membrane permeable and crosses the cell membrane 

more readily than D-luciferin.
242

 Once inside the cell, D-luciferin is released by the 

action of intracellular esterases, and the fluorescence of released D-luciferin can be 

observed through imaging. Increased fluorescence in HeLa cells was observed within 

15 min after incubating with 0.1 mM D-luciferin ethyl ester diluted in KRB buffer 

(Figure 3-12). As shown in Figure 3-13, the fluorescent intensity is nearly constant 

during 1 hour of incubation time. Use of this analog in high concentrations does not 

provide added benefits due to the reduced solubility in aqueous buffers. As in D-

luciferin, D-luciferin ethyl ester must be supplied continuously during analysis, for 

constant release of D-luciferin and to compensate for degradation  

To ensure prolonged treatment with D-luciferin ethyl ester does not affect the 

cell viability, MTT assay was utilized. Assay results showed that ca. 83 % of cells are 
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cellular treatment, since DMSO

  

Figure 3-12: Fluorescence image of D

min B) 60 min. 

Figure 3-13: Average f

HeLa cells with 0.1 mM

and the fluorescence was reported relative to untreated cells.  
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luciferin ethyl ester are prepared in DMSO, and

taken to maintain the DMSO concentration less than 1% during 

cellular treatment, since DMSO has a detrimental effect on luciferase activity

Fluorescence image of D-luciferin ethyl ester loaded Hela cells A) 15 

 

Average fluorescence intensity of released luciferin after incubating 

0.1 mM D-luciferin ethyl ester with time. The images were scaled 

and the fluorescence was reported relative to untreated cells.   
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DMNPE-caged luciferin ( Figure 3-9C) is also cell permeable and once inside, 

a pulse of luciferin can be released by UV photolysis or a continuous supply of 

luciferin can be facilitated by the action of intracellular esterases. A detailed study of 

un-caging DMNPE-caged luciferin from intracellular esterases in mammalian cells 

was not performed. However, uncaging of DMNPE-caged luciferin through UV 

photolysis at 360 nm was explored in a test tube by direct exposure to an Hg arc lamp 

operating at 100W. The un-caging occurred within 30 sec of UV exposure, releasing 

luciferin. However, to apply UV photolysis on DMNPE-caged luciferin loaded 

mammalian cell cultures, a different instrumental setup is required which focuses the 

UV light onto the cells. A 1240 mW UV-LED (NC4U133T) from Nichia Corp. was 

utilized for this purpose which uncaged the DMNPE-caged luciferin within 5 min 

(Note: Similar experimental arrangement used for cellular measurements were used 

without the presence of cells). However, faster un-caging is preferable, to reduce the 

damage caused by UV radiation on Luc-TAT activity and cell viability. 

  

3.3.4 Measurement of dynamic ATP changes in intact mammalian cells 

 To monitor the dynamic changes in ATP levels, cells were first treated with 

Luc-TAT and incubated for efficient transduction. After removing excess Luc-TAT, 

the cells were treated with D-luciferin or D-luciferin ethyl ester. All initial attempts to 

measure ATP levels were performed on glucose sensitive βTC-3 or COS-7 cell lines, 

to facilitate measurement of dynamic glucose-dependant ATP changes. However, we 

were unable to detect any bioluminescence from Luc-TAT in both βTC-3 and COS-7 
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cells (Figure 3-14 for βTC-3 cells). The experiments were also performed under 

different concentrations of glucose. 

 

A  

 

B 

 

Figure 3-14: Activity of Luc-TAT loaded intact βTC-3 cells A) in the presence and 

B) absence of D-luciferin.    
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 A number of reasons are possible for not detecting luminescence from live cell 

measurements. As we mentioned earlier, imaging studies showed a high degree of 

vesicular trapping of the Luc-TAT in βTC-3 cells. Compartmentalization into 

endosomes reduces the availability of Luc-TAT in the cytoplasm, thus affecting the 

bioluminescence detection. Low pH levels found in endosomes also can destroy the 

activity of Luc-TAT, since luciferase activity is pH sensitive and has been reported to 

show reduced activity in low pH levels. Low transduction efficiency of Luc-TAT into 

βTC-3 cells (discussed before) might further reduce the availability of free protein in 

the cytoplasm. Although cell lysate measurements indicate the presence of active Luc-

TAT inside the cells, those measurements were taken from cell populations, thus the 

probability of detecting a signal is high. Lysed cells might also release the entrapped 

proteins from the endosomes further contributing toward the signal. The live cell 

measurements were focused on a small group of cells (< 10) monitored through a field 

view selector of the photometer. Therefore, incidents such as vesicular trapping 

greatly reduce the probability of finding cells with active free proteins in the 

cytoplasm. Exposure of Luc-TAT to various chemical and biological insults within 

the intracellular environment may destroy the biological activity, which could 

minimize luminescence signals. For instance, the chimera is susceptible to protease 

attack, which could reduce the biological lifetime inside the cell and thereby affect the 

response. This is a major concern in translocated proteins, since continuous 

production of the protein does not occur as in transfected cells.     

Although we were unable to detect a measurable signal for luciferase activity 

in glucose sensitive cells such as βTC-3, Luc-TAT loaded HeLa cells showed a 
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response in luciferase activity. As shown in Figure 3-15 Luc-TAT loaded HeLa cells 

treated with D-luciferin showed a significantly higher signal compared to the 

background, and the response from the control Luc-TAT loaded cells without D-

luciferin).  Higher transduction efficiency of Luc-TAT in HeLa cells may have 

increased the probability of finding free Luc-TAT in the cytoplasm, thus yielding a 

detectable signal. However, HeLa cells are not good model systems to observe 

dynamic changes in ATP levels in response to different concentrations of glucose. It 

can be used as a model system to monitor the effect of metabolic poisons such as 

potassium cyanide and the effect on ATP production, but more work needs to be done 

in that area.  

 

Figure 3-15: Luciferase activity in Luc-TAT loaded intact HeLa cells.  
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 Luc-TAT needs to be improved to increase the biological lifetime and stability 

inside the cells. Further modifications need to be introduced for efficient release from 

endosomes to enhance the free protein levels and thereby improve the 

bioluminescence signal. These modifications would improve Luc-TAT for detection 

dynamic ATP changes in the presence of metabolic agonists and antagonists.             
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3.4 CONCLUSION 

 A cell-penetrating firefly luciferase chimera was developed to monitor the 

dynamic ATP changes in both clonal and primary cells using bioluminescence. The 

resultant chimera Luc-TAT was translocated to different mammalian cells, via simple 

addition to the extracellular media, with minimum damage to the cell membrane. Luc-

TAT retained its biological activity after transduction into mammalian cells as shown 

by bioluminescence studies on cell lysates. Optimal conditions for the delivery of the 

luciferase substrate, D-luciferin and its membrane permeable analogs were also 

studied. Attempts to detect bioluminescence response in smaller clusters of intact 

βTC-3 and COS-7 cells loaded with Luc-TAT and D-luciferin were unsuccessful, 

possibly due to the low transduction efficiency, degradation and reduced availability 

of the free protein in the cytoplasm. Luc-TAT loaded HeLa cells show promise, and 

further improvement on the sensor construction might help to overcome the 

limitations experienced in other cell lines.  
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CHAPTER 4: PREPARATION, CHARACTERIZATION AND UTILIZATION 

OF POROUS PHOSPHOLIPID NANOSHELL-ENTRAPPED PROTEINS FOR 

CELLULAR ANALYSIS 

4.1 INTRODUCTION 

   The increasing number of recombinant peptides, proteins and enzymes 

expands the availability of protein/enzyme-based tools for cellular analysis, and 

protein therapeutics. Development of novel protein reagents has helped to better 

understand cellular functions including protein-protein interactions, intracellular 

trafficking, biological significance of cellular proteins, signal transduction, and many 

more.
244

 Recombinant proteins also provide a powerful alternative for gene and 

siRNA transfections. Furthermore, recombinant proteins can be used to replace 

dysfunctional proteins, and treat diseases.
245

 Despite the progress in protein 

production, the effectiveness of utilizing protein reagents for cellular analysis and 

therapeutics is limited as a result of inefficient delivery, shorter biological lifetime, 

low stability and insufficient bioavailability.
124

 

 Biological membranes act as barriers to many molecules including peptides 

and proteins. Techniques such as microinjection and electroporation facilitate the 

direct delivery of proteins into cells;
246,247

 however, these approaches are highly 

invasive and demonstrate low success rates.
119

 Transfection of genetic material and 

subsequent expression of proteins inside cells is utilized for introduction, but it is 

problematic in primary cells where short culture times are encounted.
228

 Over-

expression of proteins may also yield false experimental results for cellular analysis. 
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Viral vectors can deliver genetic materials into a variety of mammalian cells including 

primary cells, but suffer from delayed and variable protein expression levels.
126,128

 To 

overcome these limitations, extensive efforts have been taken to develop novel 

delivery technologies for peptides and proteins. Carbon nanotubes, liposomes, Si 

nanowires, polymeric nanocapsules and cell-penetrating peptides are few such 

examples.
131,133,160,166,245

 

Chapters 2 and 3 describe the development of a number of chimeric cell-

penetrating protein reagents for efficient delivery into a wide range of cell types 

including primary cells.  The TAT modified protein reagent PKAS translocated into 

both clonal and primary cells, facilitating monitoring of glucose dependent 

phosphorylation of PKA in both insulin secreting βTC-3 cells and rat pancreatic 

islets.
149

 A TAT-modified luciferase (Luc-TAT) chimera was developed to measure 

dynamic ATP changes in mammalian cells. Luc-TAT translocated into a variety of 

cell types but showed a low sensor response or failed to yield any signal for ATP 

detection in intact cells. Incomplete release of Luc-TAT in the cytoplasm due to 

vesicular trapping, and loss of activity due to proteolytic degradation could be 

possible reasons for the observed reduced response. Cell-penetrating peptides and 

many other novel delivery vehicles may transport protein cargoes through the cell 

membrane, but once inside, the payload must be released into the cytoplasm to initiate 

biological activity. Moreover, the protein cargo should be protected from biological 

insults such as proteases to avoid degradation and loss of activity. Therefore, unique 

technologies capable of simultaneously delivering proteins and enzymes into a variety 
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of cell types with increased stability and efficient release mechanisms must be 

developed. 

In 2006, Cheng et al reported the preparation of stabilized porous phospholipid 

nanoshells (PPNs) from the polymerizable phospholipid bis-Sorbyl 

phosphatidylcholine (bis-SorbPC), which showed high stability in harsh chemical and 

biological environments.
202

 The proteins hemoglobin and EGFP were encapsulated in 

100-200 nm nanoshells fabricated from bis-SorbPC and stabilized by UV 

polymerization, in the presence of the cross linking agent ethylene glycol 

dimethacrylate (EGDMA). Bilayers formed by bis-SorbPC, are more permeable to 

small molecule analytes than naturally occurring phospholipids.
202

 Therefore bis-

SorbPC membranes allow small molecules to diffuse and react with the encapsulated 

enzyme/protein, but protect the sensing chemistry from large biomolecules such as 

proteases. Many surface modifications (e.g. conjugation of cell-penetrating peptides) 

have been introduced into these liposome based nanoshells, facilitating the 

development of unique platform for delivery of protein-based reporters and enzymes 

into cells.  

Here, we report the development of a stable, biocompatible, nanometer scale, 

protein delivery platform, fabricated from bis-SorbPC, to efficiently deliver proteins 

into cells while protecting the encapsulants from chemical and biological insults. The 

delivery platform was surface modified with TAT for efficient translocation. The 

biological lifetime of the proteins and enzymes encapsulated in PPNs were compared 

with non-encapsulated analogs after delivering into mammalian cells. Further 
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luciferase entrapped in PPNs modified with TAT peptides were delivered into HeLa 

cells, and dynamic changes in ATP levels in the presence of metabolic toxins was 

measured in small clusters of intact cells.  
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4.2 EXPERIMENTAL 

4.2.1 Materials 

 DOPC (1, 2-Dioleoyl-sn-glycero-3-phosphocholine), and DOPE (1, 2-

Dioleoyl-sn-glycero-3-phosphoethanolamine) were obtained from Avanti Polar Lipids 

(Alabaster, AL). Bis-SorbPC (1,2-bis-[10-(2’-4’hexadieoyloxy) decanoyl]-sn-glycero-

2-phosphocholine) was synthesized and purified as previously described.
248

  TAT 

peptide was purchased from American Peptide Company (Sunnyvale, CA). 

Restriction enzymes, reagents and kits for molecular biology were obtained from 

Promega (Madison, WI).  Plasmids were from BD Biosciences (San Jose, CA) and 

Novagen (Gibbstown,NJ). Lauria-Bertani (LB) broth, Terrific-Broth (TB), and 

benzonase were purchased from EMD/Novagen chemicals (Gibbstown,NJ). Ni-NTA 

resin was obtained from Qiagen (Valencia, CA). D-luciferin ethyl ester was obtained 

from Marker Gene Technologies Inc (Eugene, OR). All chemicals for cell culture 

were obtained from Invitrogen (Palo Alto, CA). Other chemicals were purchased from 

Sigma (St.Louis, MO) and used as received. All solutions were prepared using 

deionized water with a minimum resistivity of 18 MΩ. 

4.2.2 Construction of chimeric proteins 

 DNA encoding the TAT sequence YGRKKRRQRRR was incorporated into a 

pET28a (+) vector by site directed mutagenesis using the forward primer, 5’ GC GGC 

AGC CAT ATG TAT GGC AGG AAG AAG CGG AGA CAG CGA CGA AGA 

GCT AGC ATG ACT GG and the reverse primer, 5’ CC AGT CAT GCT AGC TCT 
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TCG TCG CTG TCT CCG CTT CTT CCT GCC ATA CAT ATG GCT GCC  GC 

between Nde I and Nhe I sites. PCR was used to amplify the sequence coding for 

EGFP using pEGFP (BD Biosciences) as the template. The amplified fragment was 

inserted between the Nhe I and BamH I restriction sites of the pET28a (+) vector, to 

construct the 6 X His-EGFP vectors. The TAT sequence incorporated PET28a (+) 

vector was amplified with PCR, and the sequence coding TAT was incorporated 

between Nde I and Nhe I sites of the 6X His-EGFP vector to prepare the 6X-His-

TAT-EGFP chimera (TAT-EGFP).  

 To construct the cell-penetrating luciferase chimera, the DNA encoding TAT 

was incorporated into a pRSET-luciferase plasmid (a generous gift from Dr. Russell J. 

Stewart) by PCR using the forward primer, 5’GC AAT TCC ATA TGG AAG ACG 

CCA AAA  ACA TAA AGA AAG   and the reverse primer, 5’GG GCC TCG AGA 

TTA TCT TCG TCG CTG TCT CCG CTT CTT CCT GCC ATA CAA TTT GGA 

CTT TCC GCC CTT CTT. The PCR product was digested, gel purified and ligated 

into pET28a (+) vector (kanamycin resistant) between Nde I and Xho I sites. 

Luciferase encoding sequence lacking TAT was also cloned into a pET28a (+) vector 

(ampicillin resistant). All constructs were verified by sequencing (DNA Sequencing 

Facility, University of Arizona.). 

4.2.3 Expression and purification of chimeric proteins 

The plasmids encoding TAT-EGFP and EGFP were transformed into BL21 

E.coli strains and the positive transformants were selected in the presence of 50 

µg/mL of kanamycin. A single colony was inoculated in a 5 mL starter culture and 
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incubated at 37 º C and 250 rpm overnight to obtain a saturated culture. The culture 

was centrifuged and the bacterial pellet was re-suspended in 2 mL of  fresh LB/Kan, 

added into a 400 mL culture of LB/Kan, and incubated on a temperature controlled 

shaker at 37 ºC and 250 rpm until O.D. 600 ~ 0.8. The culture was induced for protein 

expression with IPTG to a final concentration of 0.5 mM, and maintained at room 

temperature with constant shaking for 8-10 hours. The cells were harvested by 

centrifugation. The cell pellet was re-suspended in 35 mL of lysis buffer (50 mM, 

phosphate, 300 mM NaCl, 10 mM imidazole, pH 7.8) in the presence of protease 

inhibitor cocktail. The cells were lysed by sonication, in twenty, 15 sec bursts with a 1 

min interval between each burst. The cells were kept on ice to prevent excessive 

heating of the lysate. The cell lysate was treated with benzonase for 30 min to digest 

the nucleic acids, and was clarified by centrifugation (5000 rpm, 7 ºC, and 30 min). 

The clarified lysate was applied to a pre-equilibrated Ni-NTA column and was 

washed with two column volumes of lysis buffer and eluted with 20, 50,100, 250, 500 

mM imidazole in 50 mM phosphate, 300 mM NaCl, pH 7.8 buffer. All purification 

steps were performed at 4º C. Protein chimeras were desalted and concentrated in 50 

mM phosphate pH 7.8 buffer, using Amicon centrifuge tubes with 10,000 molecular 

weight cutoff. The purity of proteins was monitored by SDS-PAGE, and the 

concentration was determined by measuring the absorbance at 488 nm (ε = 61000 M
-1

 

cm 
-1

). Proteins were stored at -20 ºC in 50 % v /v glycerol and 2 mM DTT.  The 

expression and purification of Luc-TAT and Luc was explained in detail in Chapter 3.  
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4.2.4 Liposome preparation and polymerization 

[Note: The term PPNs used in the text refers only to liposomes fabricated with 

bisSorbPC]. Unilamellar vesicles were prepared using the film hydration method. 

Chloroform or benzene was removed from DOPC or bis-SorbPC solution by 

evaporation and lipid was dried under vacuum for a minimum of 4 h. The chimeric 

protein (TAT-EGFP/EGFP/Luc-TAT/Luc) in the concentration range of 10-15 

mg/mL in 20 mM phosphate pH 7.0 was added to the dried lipid film which was then 

subjected to 10 freeze-thaw cycles in dry ice/2-propanol (-77 ºC) and warm H2O (37 

ºC-42 ºC), followed by extrusion 21 times through two stacked 200 nm Nuclepore 

polycarbonate filters using an extruder (Avanti Polar Lipids).  The extruded liposomes 

were passed through a sepharose 4B-CL size exclusion column (SEC) to remove any 

non-encapsulated proteins. 

 For polymerization of bisSorbPC, the extruded liposomes passed through SEC 

were mixed with the cross linking agent ethyleneglycol dimethacrylate (EGDMA) and 

the photoinitiator Irgacure 907 at a mole ratio of 10:1. The solution was stirred for 1 

hour at room temperature to allow partitioning of the monomer and photoinitiator into 

the liposome membrane. DOPC liposomes were mixed with butyl methacrylate 

(BMA), EGDMA and Irgacure 907 stirred overnight for the partitioning of the 

monomer. Ascorbic acid was added to a final concentration of 1 mg/mL, to the 

liposome solution before polymerization and stirred for 10 min. The resulting vesicle 

solution was purged with argon to deoxygenate the sample which was then UV 

irradiated for 20 min using a Hg arc lamp operating at 100W (Newport model 6281) 
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with a UV band pass filter (Edmund U-330) and a water IR filter. The vesicle solution 

was constantly stirred during UV polymerization to ensure homogeneous irradiation.  

4.2.5 Surface modification of liposomes with TAT peptide 

 To attach TAT to bisSorbPC or DOPC liposomes, DOPE-PEG-pNP lipid was 

prepared according to a standard procedure published by the Torchilin research 

group.
194,200

 Briefly, DOPE-PEG-pNP lipid was dried with bisSorbPC or DOPC with 

0.5:100 mole ratio. Liposome-entrapped proteins were prepared as described in the 

previous section. Before polymerization TAT (0.5 mg/mL) was added to the vesicle 

mixture at a TAT to DOPE-PEG-pNP mole ratio of 9:1. The TAT was allowed to 

react for 2 hours at room temperature before UV polymerization.   

4.2.6 Dynamic light scattering 

 DLS measurements were performed with a BI8000 autocorrelator 

(Brookhaven Instrument Corp., Holtsville, NY). The scattering angle was held 

constant at 90º. Particle size distribution was analyzed before and after 

polymerization. The stability of the liposomes was tested by treating with 10 molar 

excess of Triton X-100. 

4.2.7 Luciferase activity in PPN-entrapped Luc  

 Luc-TAT and Luc encapsulated PPNs were used for in vitro sensor 

characterization. To confirm that the encapsulated luciferase proteins yield a 

bioluminescence response, PPNs were treated with 0.2 mM D-luciferin and 10 mM 
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MgSO4. Samples were transferred into a luminometer tube and the luminescence was 

measured using a TD-20E digital display luminometer (Turner Design) after adding 

0.1 mM ATP, and 2 mM DTT. The measurement was integrated for 5s with 3s delay. 

Luciferase encapsulated in DOPC liposomes was used as a control. Luciferase activity 

was tested on both un-polymerized and polymerized PPNs.  

4.2.8 Protease resistance 

 Luc-TAT and Luc encapsulated PPNs were treated with 10 mAu/mL of 

Proteinase K (Promega, Madison WI) at room temperature. The luciferase activity 

was measured after treating with luciferase assay buffer containing 0.2 mM D-

luciferin, 10 mM Mg
2+

 and 0.1 mM ATP. TD-20E digital display luminometer was 

used for the measurements with a 5 s exposure and 3 s delay. Non-encapsulated Luc 

and Luc-TAT were used for control experiments.  

4.2.9 Treatment with ascorbic acid 

 Luc encapsulated unpolymerized PPNs were treated with 1 mg/mL of ascorbic 

acid and was stirred at room temperature for 15 min followed by UV irradiation to 

polymerize the lipids. Luciferase activity was measured as described above. The 

activity before polymerization, after polymerization, and in the presence and absence 

of ascorbic acid was determined.   
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4.2.10 Live cell imaging of TAT-conjugated PPN transduction 

HeLa cells were seeded on glass coverslips (# 0 for epifluorescence 

microscopy and # 1.5 for confocal microscopy). EGFP encapsulated ((EGFP-PPNs) 

and TAT- modified PPNs in Opti-Mem reduced serum medium were added to the 

cells and incubated at 37 ºC, 5% CO2, pH 7.4 for 2 hours. After incubation the cells 

were washed with KRB buffer and treated with heparin (0.5mg/ml in PBS, 3X 5-min 

each) to remove extracellular bound EGFP-PPNs. Nuclear staining was performed 

using the Hoechst dye (1 µg/mL) for 30 min. The live cells were viewed using a 

Nikon confocal microscope following excitation with the 488 nm line of an Ar
+
 laser. 

Imaging was performed using a 40X oil immersion objective. Transmitted light and 

epifluorescence imaging were carried out with an inverted Nikon Eclipse TE300 

microscope fitted with a 100 W Hg arc lamp and a standard FITC filter set ( λex  = 488 

nm and λem = 535 nm) using a 40X oil objective. Images were collected using a 

Quantix 57 back-illuminated (CCD) camera (Roper Scientific, Tucson, AZ) and 

analzed using MetaVue software (Universal Imaging, Downingtown, PA). Image J 

(http://rsb.info.nih.gov/ij/) and MetaVue were used for further image analysis. 

4.2.11 Biological lifetime studies for free proteins and PPN-entrapped proteins in 

HeLa cells 

HeLa cells (1x10
5
) were plated on glass coverslips and grown to 75-80% 

confluence. TAT-EGFP (10 µM in Opti-Mem reduced serum media) and EGFP-PPNs 

(EGFP entrapped, TAT-conjugated DOPC was also used for preliminary studies) 

were added to HeLa cells and incubated at 37 ºC, 5% CO2, for 3 hours. Cells were 
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washed with KRB buffer and treated with heparin (0.5 mg/ml in PBS, 3X 5-min each) 

to remove extracellular bound EGFP-PPNs and TAT-EGFP. The EGFP fluorescence 

from translocated EGFP-PPNs and TAT-EGFP was imaged after 3 hours of 

incubation using a inverted Nikon Eclipse TE300 microscope equipped with a 40X oil 

immersion (N.A. = 1.3) objective (experiments were also performed on cells plated on 

96 well plates, and in such situations 40X air objective  N.A.= 0.55 was used). The 

fluorescence measured at 3 hours was considered to be the maximum (100%) and the 

change in fluorescence intensity with time (ranging from 3-48 hours) was monitored 

by imaging at later time points. Images were collected using the Quantix 57 (CCD) 

camera. MTT assay was performed to quantify cell viability.  

Luc-TAT and Luc-TAT entrapped PPNs with TAT conjugated DOPE-PEG 

were incubated with HeLa cells seeded (1 x 10
4
) on 96 well plates. After incubating 

for 3 hours the cells were washed with KRB and trypsinized for 10 min to remove 

membrane bound proteins. The cells were collected and re-suspended in ice-cold PBS 

supplemented with 0.1% (v/v) TritonX-100 and incubated for 15 min for complete 

lysis. Cell lysates were transferred into a luminometer tube and the luminescence was 

measured using a TD-20E luminometer after adding luciferase assay buffer 

supplemented with 0.2 mM D-luciferin, 10 mM Mg
2+

, 0.1 mM ATP, and 2 mM DTT. 

The reading was integrated for 5s with 3s delay. The bioluminescence after 3 hours of 

loading was set as maximum activity and the change in luciferase activity was 

measured with time for 48 hours.   
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4.2.12 MTT assay 

   HeLa cells seeded (1 x 10
4
) on 96 well plates were treated with chimeric 

proteins or PPN-entrapped proteins (described above) and incubated for appropriate 

time periods. Excess proteins and PPNs were removed by washing, after which cells 

were covered by fresh culture medium. MTT (3-(4,5-dimethylthiazol-2yl)-2,5-

diphenyltetrazolium bromide) reagent (10 µL from 12 mM stock solution) was added 

into each well plate, followed by incubation at 37 ºC, 5% CO2, for 4 hours. After 

incubation 100 µL of SDS-HCl (5 mL of 0.01 M HCl to 1 mg SDS) was added to 

each well and was mixed thoroughly. The plate was further incubated at 37 ºC, 5% 

CO2 for 6 hours. After 6 hours the samples were mixed once more and the absorbance 

at 570 nm was recorded. A number of control experiments were performed, including 

untreated cells, MTT solution without any cells, and a positive control with cells 

treated with staurosporin to induce apoptosis to confirm the proper functionality of the 

assay. 

4.2.13 Measurement of dynamic ATP changes in intact Hela cells translocated 

with cell-penetrating Luc-PPNs 

 HeLa cells seeded on glass coverslips were treated with TAT-conjugated Luc-

PPNs in Opti-Mem Reduced serum media for 2 hours, after which membrane bound 

Luc-PPNs were washed away thoroughly with KRB buffer. D-luciferin sodium salt (3 

mM) prepared in KRB buffer was added into the cells and incubated for 1 hour. After 

incubation, the cells were viewed through an inverted 1X-71 fluorescence microscope 

(Olympus, center Vally, PA) using a 40X oil objective (N.A. = 1.3). The emitted 



146 

 

 

 

photons due to bioluminescence from Luc-TAT activity in live cells were collected by 

a dual channel D-104 photometer (Photon Technology International, Birmingham, 

NJ) using 1 s exposure time. To analyze the effect of metabolic toxins cells were 

treated with metabolic inhibitors KCN (3mM) or sodium azides (3 mM and 10 mM) 

and dynamic changes in ATP was monitored.  
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4.3 RESULTS AND DISCUSSION 

4.3.1 Preparation of liposome-encapsulated proteins 

 One of the biggest concerns in encapsulating proteins/enzymes in liposomes 

(also applicable to other nanomaterial based sensor platforms) is the loss of biological 

function during preparation. Harsh experimental conditions used during the 

fabrication of liposomes could be unfavorable for maintaining the structural and 

functional integrity of proteins. In this work, the lipid film hydration method was used 

for protein encapsulation. The dispersion of a dry lipid film in protein/enzyme 

containing buffer solution leads to formation of multilamellar liposomes with a 

broader size distribution.
174

 The rehydrated lipid film is then subjected to freeze-thaw 

cycles in a dry ice/2-propanol (-77 ºC) and warm H2O (37 ºC) bath. The freeze-thaw 

cycles increase the yield of protein encapsulation in the aqueous core. The 

experimental conditions may not be a huge concern when using highly stable proteins, 

e.g. EGFP and TAT-EGFP. EGFP is an exceptionally stable protein, and capable of 

withstanding the perturbations occuring during freeze-thaw cycles and temperature 

fluctuations.
249

 However, the experimental conditions used were a concern for both 

Luc and Luc-TAT entrapment. Luciferase activity is easily affected by chemical and 

physical manipulations, thus warmer temperatures (37 ºC / 42 ºC) and freez- thawing 

may have a negative effect on the protein structure and enzymatic activity. Prior 

reports also suggest that continuous freeze-thaw cycles decrease the enzymatic 

activity of luciferase.
250

 To reduce the loss of activity caused by warmer temperatures 

all freeze-thaw cycles were performed at 37 ºC or lower (but above the Tm of 
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bisSorbPC), where lowering the temperature by few degrees yields a substantial 

improvement in luciferase activity.
251

  

To form large unilamellar liposomes, the freeze thawed liposome mixture was 

passed through two stacked 200 nm nuclepore polycarbonate filters. The extrusion 

was difficult for luciferase (both Luc and Luc-TAT) and liposome-entrapped TAT-

EGFP due to precipitation of the mixture during extrusion. A high starting 

concentration of protein (10-20 mg/ mL) was used to improve the encapsulation 

efficiency. However, high concentrations led to precipitation of protein and difficulty 

for extrusion. Precipitation was high for both Luc-TAT and TAT-EGFP compared to 

proteins lacking TAT modification. High salt concentrations in the re-hydrating buffer 

also cause difficulty during extrusion, thus all proteins were desalted before 

encapsulation. The encapsulation efficiency of proteins depends on a number of 

factors such as the vesicle preparation method, lipid and protein concentrations, etc.
174

 

Therefore high encapsulation efficiencies cannot be expected and non-entrapped 

protein molecules must be removed from protein containing liposomes. This was 

achieved using SEC, where the eluted samples were collected and analyzed for 

activity (fluorescent or luminescence) to distinguish the liposome-entrapped protein 

fractions from free protein (Figure 4-1). As shown in Figure 4-2 the size distribution 

of eluted PPNs was determined by DLS, thus encapsulation does not affect PPN 

formation.   
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Figure 4-1: Separation of Luciferase encapsulated PPNs using 4B-CL SEC. 

Luminescence was measured by treating the fractions with 0.2 mM D-luciferin and 

0.1 mM ATP. Fractions 8, 9 contain the Luc entrapped PPNs.  

 

Figure 4-2: Size distribution of Luc-PPNs after SEC separation determined by DLS. 

4.3.2 Monitoring the activity of liposome-entrapped proteins in vitro 

Liposomes composed of naturally occurring lipids such as DOPC are less 

permeable towards hydrophilic and charged compounds.
252

 DOPC liposomes protect 

the proteins entrapped from the outside environment, but restrict transport of analytes 
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or substrates required for biosensor construction. Thus, pore-forming proteins or 

bilayer disrupting chemicals must be employed to facilitate the transport of small 

molecule substrates to the DOPC liposome interior.
201,253

 For example, liposome 

encapsulated luciferase require D-luciferin (302 Da ) and ATP (507 Da) to generate 

bioluminescence (Figure 4-3). Unfortunately these compounds do not readily 

penetrate DOPC membranes. Therefore, more permeable bisSorbPC PPNs that act as 

size exclusion membranes are more suitable for luciferase encapsulation.  

 

Figure 4-3: Schematic of liposome-encapsulated luciferase. ATP and D-luciferin 

must diffuse through the membrane and interact with the enzyme to initiate 

bioluminescence. 

To ensure that Luc-PPNs are permeable to small hydrophilic molecules such 

as ATP and D-luciferin, preliminary experiments were performed to detect luciferase 

activity in Luc-PPNs. Luciferase encapsulated in less permeable DOPC liposomes 

was used as a control. As seen in Figure 4-4, Luc-PPNs show significantly higher 

bioluminescence compared to Luc-DOPC liposomes. To verify that the observed 
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luminescence arises from the entrapped Luc but not from the free Luc attached to the 

liposome surface, both DOPC and PPNs were treated with proteinase K, a non-

specific protease. Upon treating with proteinase K, the luminescence from DOPC 

liposomes completely disappeared. Hence, the relatively small luminescence observed 

earlier may be a result of non-specific binding of the free protein to the DOPC 

surface.   

 

Figure 4-4: Luminescence detected from liposome-encapsulated luciferase. Both 

Luc-DOPC and Luc-PPNs were tested for luciferase activity before and after 

proteinase K and Triton X-100 treatment.  

 

In contrast Luc-PPNs treated with proteinase K retained luminescence activity, 

verifying that the bioluminescence originates from the entrapped protein molecules. 

The luminescence response from Luc-DOPC liposomes increases after disrupting the 

liposome with Triton X-100, thus the evidence demonstrate the impermeability of 
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DOPC membranes for D-luciferin and ATP. On the other hand, PPNs allow small 

molecules D-luciferin and ATP to diffuse through the membrane to initiate 

bioluminescence. Therefore luciferase encapsulated PPNs are attractive sensors for 

ATP measurements when D-luciferin is in excess.  

4.3.3 Stabilization of liposome-encapsulated protein 

 To utilize liposome-entrapped proteins as protein delivery vehicles or sensing 

platforms for cellular analysis, the liposome must be stabilized. Unstable liposomes 

may dissociate during interaction with cell membrane and release the payload before 

delivery. Different modes of stabilization along with their pros and cons were 

discussed in Chapter 1. In this work, UV polymerization was used to stabilize the 

liposomes. The liposome-entrapped proteins were UV irradiated in the presence of 

initiators and cross-linking agents. The stability of the liposome after polymerization 

was tested by treating with 10 molar excess of Triton-X 100 and subsequent 

monitoring of the size distribution by DLS (Figure 4-5). The size distribution of the 

polymerized liposomes was not affected after treating with surfactants, indicating   

enhanced stability. In contrast the unpolymerized liposomes completely dissembled 

when treated with Triton X-100 (Figure 4-6).  
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Figure 4-5: Size distribution of Luc-PPNs after UV polymerization and exposure to 

Triton X-100 determined by DLS. 

 

Figure 4-6: Size distribution of Luc-PPNs before UV polymerization and exposure to 

Triton X-100 determined by DLS. 

One key concern in UV polymerization of liposomes was the influence on 

enzymatic activity. As shown in Figure 4-7 approximately 56 % of luciferase activity 
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was performed for 30 min. To avoid the loss of luciferase activity due to prolonged 

exposure to UV, irradiation time was shortened to 15-20 min. The loss of activity was 

further minimized by treating the polymerization mixture with 1 mg/mL of ascorbic 

acid. Ascorbic acid is a known free radical quencher. As seen in Figure 4-7, ascorbic 

acid assists in the protection of luciferase activity.  It is important to note that UV 

irradiation is the only polymerization method that can be used on proteins, since other 

techniques such as redox and thermal polymerizations employ harsh conditions which 

would completely destroy the structural and functional properties of proteins.  

      

Figure 4-7: Effects of UV polymerization on Luc-PPN activity A) before 

polymerization B) after polymerization C) after polymerization in the presence of 1 

mg/mL ascorbic acid. 

4.3.4 Protection of encapsulated proteins from proteases 

 A primary goal of protein encapsulation in liposomes is the protection of the 

cargo from various chemical and biological insults. As explained in Chapter 3, Luc-
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TAT showed a very low sensor response inside some cells. Although many factors 

could be responsible for this observation, the loss of activity due to protease attack 

may be a major contributor. To explore the protective properties of Luc-PPNs for 

protease resistance, the PPN sample was treated with a non-specific protease 

Proteinase K.  The free protein was also tested unde ther same experimental 

conditions. Proteinase K treated Luc-PPNs maintained luciferase activity, whereas 

complete inactivation was observed for the free protein (Figure 4-8). The estimated 

molecular weight cut off limit for PPNs is below 3000  (unpublished data). Therefore 

larger biomolecules such as proteases cannot enter through the PPN membranes to 

degrade the entrapped proteins.  

 

Figure 4-8: Protease resistance of Luc-PPNs. Luc-PPNs and free Luc was treated 

with 10 mAU/mL of proteinase K and the luciferase activity was monitored before 

and after treatment.  

4.3.5 Surface modification and delivery of liposome-entrapped proteins into cells 

 Luc-PPNs shows extreme stability and protease resistance in vitro. To 

investigate the stability of Protein-PPNs in vivo they must be delivered into the cells. 
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Efficient translocation of PPNs into cells requires surface modification of the PPN 

with TAT. Surface modifications of liposomes for CPP mediated delivery have been 

reported and was discussed in Chapter 1 and the experimental section.

TAT- peptide can be attached to the lipos

DOPE-PEG-pNP lipid into the bulk lipid mixture (bisSorbPC, DOPC, etc.). To ensure 

transduction of TAT modified liposomes, EGFP

cells and translocation was monitored via epi

Confocal microscopy showed an increased fluorescence for EGFP

cells, compared to PPNs without TAT modification. This observation confirms the 

translocation of PPNs into intracellular milieu. Compared to the punctua

fluorescence observed for translocated free proteins, e.g. TAT

displayed more diffuse fluorescence (Figure 4

trapping of PPNs inside the cell which is beneficial since it increases the availability

of the protein in the cytoplasm.    

Figure 4-9: Confocal images of TAT

TAT-EGFP scale bar = 5 µm B) Cell

nucleus is stained with the 

B). 

of PPNs into cells requires surface modification of the PPN 

with TAT. Surface modifications of liposomes for CPP mediated delivery have been 

reported and was discussed in Chapter 1 and the experimental section.
194,200

peptide can be attached to the liposome surface by incorporating amine reactive 

pNP lipid into the bulk lipid mixture (bisSorbPC, DOPC, etc.). To ensure 

transduction of TAT modified liposomes, EGFP-PPNs were incubated with HeLa 

cells and translocation was monitored via epi-fluorescence and confocal microscopy. 

Confocal microscopy showed an increased fluorescence for EGFP-PPNs in HeLa 

cells, compared to PPNs without TAT modification. This observation confirms the 

translocation of PPNs into intracellular milieu. Compared to the punctua

fluorescence observed for translocated free proteins, e.g. TAT-EGFP, the EGFP

displayed more diffuse fluorescence (Figure 4-9). This suggests reduced vesicular 

trapping of PPNs inside the cell which is beneficial since it increases the availability

of the protein in the cytoplasm.     

 

Confocal images of TAT-EGFP and EGFP-PPNs in HeLa cells. A) Free 

bar = 5 µm B) Cell-penetrating EGFP-PPNs scale bar = 10 µm. The 

nucleus is stained with the Hoechst stain 1µg/mL and is shown in red (only for image 
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4.3.6 Biological activity and stability of liposome-encapsulated protein in 

mammalian cells 

 The biological activity, stability, and protease resistance of the PPN-

encapsulated proteins were tested after translocating into HeLa cells. A number of 

chimeric protein reagents developed in our group were used for this purpose. 

Preliminary experiments were performed using the fluorescent protein chimera TAT-

EGFP. Both TAT-EGFP and EGFP-PPNs were incubated in HeLa cells. After 3 hr 

incubation, membrane bound proteins and PPNs were washed away with KRB and 

0.5 mg/mL heparin (3X). The fluorescence intensity measured after a 3 hour 

incubation was used as the maximum intensity (100%) and the change in fluorescence 

with time was monitored for 48 hours (Figure 4-10). The fluorescence intensity of 

TAT-EGFP dropped by 30 % within 12 hours and continued to decrease over time. In 

48 hours, 40% of the original fluorescence was retained. In contrast, EGFP-PPNs 

showed only 15% decrease in fluorescence intensity during 48 hours. This suggests 

that protection provided by PPNs enables encapsulated TAT-EGFP to retain 

fluorescence for a longer period of time inside the cytoplasm, compared to free TAT-

EGFP. Although, EGFP itself is an exceptionally stable protein and withstands the 

effects of many chemical and physical perturbations, there is a clear enhancement of 

fluorescence activity within the PPN.
249

 The cell viability was also monitored over 48 

hours using the MTT assay. The viability was in an acceptable range with a slight 

decrease observed for EGFP-PPNs (~75%) after 48 hours (Figure 4-11), though the 

magnitude of this decrease does not compare to the increased fluorescence.  
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Figure 4-10: Percent change of EGFP fluorescence for TAT-EGFP and EGFP-PPN 

translocated  HeLa cells. The fluorescence after 3 hours of transduction was set as the 

maximum intensity. The change in fluorescence with time was reported as a % of the 

maximum intensity.   

 

Figure 4-11: Cell viability assay of HeLa cells after loading TAT-EGFP and TAT-

EGFP PPNs for 3 hours and subsequent incubation for a duration of 48 hours.   

 

 Unlike EGFP, luciferase is more susceptible to proteolitic attack and other 

physical and chemical hazards. To explor the biological activity and stability of 
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luciferase inside the cell, both Luc-TAT and Luc-TAT-PPNs were incubated in HeLa. 

After 3 hours excess and membrane bound proteins and PPNs were removed by 

rinsing with KRB. One series of cells were treated with trypsin, and collected and 

rinsed two times in ice-cold PBS. The cells were lysed and the lysate was analyzed for 

bioluminescence. The bioluminescence measured after 3 hours of incubation was 

considered as the maximum activity (100%). The remainder of the cell containing  

wells were filled with fresh media and incubated at different time points in the 

absence of Luc-TAT and Luc-TAT-PPN. After incubation, cells were lysed and 

bioluminescence was measured. The percent change in luciferase activity compared to 

the maximum activity was calculated over time. As shown in Figure 4-12 Luc-TAT 

lost about ca. 50% activity within 1 hour, and decreased rapidly over time. Only a 

negligible activity was preserved after 6 hours. In contrast, Luc-TAT-PPNs retain ca. 

95% activity after 1 hour and 77% after 12 hours. The activity measured after 12 

hours, fluctuates between 0% - 40%.  The inherent properties of luciferase could be a 

reason for this behavior, since small fluctuations in temperature and pH significantly 

affect luciferase activity.
251
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Figure 4-12: Percent change of bioluminescence for Luc-TAT and Luc-TAT-PPNs 

translocated to HeLa cells. The luminescence after 3 hours of transduction was set as 

the maximum activity. The change in activity with time was reported as a percentage 

of the maximum value.   

 

 In the above experiment, Luc-TAT was encapsulated in PPNs so the results 

can be compared with the free, cell-penetrating Luc-TAT. As shown in Figure 4-13 

Luc without a transduction domain was also encapsulated in cell-penetrating PPNs, 

and upon intracellular delivery, the enzymatic activity was monitored over time. Luc-

PPNs were stable and showed ca. 18% drop in enzymatic activity over 12 hours.  
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Figure 4-13: Percent change of bioluminescence for Luc-PPNs translocated to HeLa 

cells. The luminescence after 3 hours of transduction was set as the maximum 

activity. The change in activity with time was reported as a % of the maximum value.   

 

 It is important to note that the cell-penetrating proteins and PPNs are loaded 

into the cells only for a limited period of time (3 hours). There is neither continuous 

supply nor any machinery within the cells to replace the degrading proteins if 

subjected to proteolytic degradation. This accentuates the importance of protecting the 

protein based reagents within the intracellular environment. In Chapter 3, we utilized 

Luc-TAT chimera to measure the ATP changes in intact mammalian cells. However, 

the sensor yielded no measurable response. We have now demonstrated that Luc-TAT 

has low stability within the intracellular environment and loses its activity within a 

short period of time. The response from the Luc-TAT could also diminish due to the 

interactions with other cellular proteins, and binding to intracellular membranes and 

the endoplasmic reticulum
254

. Conversely, Luc-PPNs demonstrate excellent stability 

and a longer biological lifetime within the cell. The PPN protects the enzyme from 
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proteases and high concentrations of cytoplasmic proteins. A direct interaction and 

binding of luciferase to other intracellular membranes and organelles is also 

minimized. Therefore, Luc-PPNs are promising platforms for intracellular ATP 

sensing compared to the Luc-TAT. In the following section we explored the potential 

of Luc-PPNs as ATP sensors to detect dynamic changes in ATP levels in small 

clusters of live cells.  

4.3.7 Monitoring dynamic ATP changes in intact HeLa cells using cell-

penetrating Luc-PPNs   

To monitor ATP levels in intact cells, HeLa cells were first treated with Luc-

PPNs for intracellular transduction. After removing excess PPNs, the cells were 

incubated with D-luciferin for 1 hour. In Chapter 3 different conditions required for 

cellular uptake of D-luciferin and the membrane permeable analogs were discussed. 

The experimental data suggested that D-luciferin used in millimolar (3 mM) 

concentrations can passage through the cell membrane at a faster rate than lower 

concentrations (0.1 mM). Therefore the signal arising from bioluminescence was 

collected after incubating the cells in 3 mM D-luciferin for 1 hour. Shorter incubation 

times were not utilized since in some situations unstable bioluminescence signals 

were detected, possibly due to inadequate time for D-luciferin to equilibrate between 

both sides of the cell membrane. D-luciferin was supplied continuously to maintain a 

constant supply throughout the experiment. Figure 4-14 shows four traces of 

bioluminescence signal recorded from intact HeLa cells (~3-5 cells in the field of 

view) treated with Luc-PPNs and D-luciferin. A stable signal was detected in most 



 

 

traces over a period of 30 min. Many healthy cells show a steady signal up to 1 hour. 

Experiments were not performed to explore the consistency beyond this time. 

Different initial signals were observed for Hela cells, possibly due to the ch

the amount of Luc-PPNs present or due to variations of activity in individual cells.     

Figure 4-14: Bioluminescence recorded from small clusters of HeLa cells treated 

with Luc-PPNs and exposed to 3 mM D

presence of D-luciferin was considered as the background. 

trials.  

traces over a period of 30 min. Many healthy cells show a steady signal up to 1 hour. 

Experiments were not performed to explore the consistency beyond this time. 

Different initial signals were observed for Hela cells, possibly due to the ch

PPNs present or due to variations of activity in individual cells.     

Bioluminescence recorded from small clusters of HeLa cells treated 

PPNs and exposed to 3 mM D-luciferin. Luc-PPN treated cells withou

luciferin was considered as the background. . A-D shows different 
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traces over a period of 30 min. Many healthy cells show a steady signal up to 1 hour. 

Experiments were not performed to explore the consistency beyond this time. 

Different initial signals were observed for Hela cells, possibly due to the changes in 

PPNs present or due to variations of activity in individual cells.      

 

Bioluminescence recorded from small clusters of HeLa cells treated 

PPN treated cells without the 

D shows different 



 

 

 

Figure 4-15: Bioluminescence

cells treated with Luc-PPNs and exposed to 3 mM D

metabolic inhibitor KCN. Luc

was considered as the background

 

 We also monitored the dynamics of ATP levels in living HeLa cells after the 

addition of 3 mM KCN (Figure 4

KCN, the luciferase signal dropped to a level that is barely detectable above 

background. KCN is an extremely effective inhibitor of oxidative phosphorylation, 

which depletes the ATP production.

rise in the bioluminescence signal after the addition of

drop, whereas the signal in trace D decreased to background level without any abrupt 

increase. A cytoplasm alkalosis generated by the hydrolysis of creatine phosphate in 

Bioluminescence in the presence of metabolic inhibitor KCN.

PPNs and exposed to 3 mM D-luciferin was treated with

metabolic inhibitor KCN. Luc-PPN treated cells without the presence of D

was considered as the background. A-D shows different trials.  

We also monitored the dynamics of ATP levels in living HeLa cells after the 

addition of 3 mM KCN (Figure 4-15). When treated with the metabolic inhibitor 

KCN, the luciferase signal dropped to a level that is barely detectable above 

background. KCN is an extremely effective inhibitor of oxidative phosphorylation, 

which depletes the ATP production.
255

 In the traces A, B and C there was an initial 

rise in the bioluminescence signal after the addition of KCN followed by a sudden 

drop, whereas the signal in trace D decreased to background level without any abrupt 

increase. A cytoplasm alkalosis generated by the hydrolysis of creatine phosphate in 
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was treated with 

PPN treated cells without the presence of D-luciferin 

We also monitored the dynamics of ATP levels in living HeLa cells after the 
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the presence of KCN could be a possible reason for the initial rise in signal, but this is 

not a well understood phenomenon.
256

 In all situations the signal completely dropped 

to background levels within 8-10 min after treatment with KCN. The reported time 

period for complete ATP depletion and loss of activity in live cells in the literature 

shows a wide variation. For instance Bowers et al demonstrated that the loss of 

activity occurs within a period of 10-20 min, whereas Koop and coworkers showed 

KCN reduces the signal gradually over a period of 20-40 min followed by a drastic 

drop.
237,255

 In contrast, Imamura and coworkers monitored the dynamic ATP changes 

over a period of 60 min in the presence of KCN, and reported that KCN does not 

affect the intracellular ATP levels.
257

 The different techniques and cell types used to 

study the dynamics of ATP levels in the above examples, makes quantitative 

comparisons difficult with our experimental results. However, the rapid decline of 

luciferase signal observed in the presence of KCN provides the clearest evidence that 

the light emission is a function of ATP and the Luc-PPNs are capable of responding 

to changes in the ATP levels in living mammalian cells.  

 Dynamic changes in ATP levels were also tested with metabolic toxin sodium 

azide. NaN3 is commonly used as a rapid and reversible inhibitor of cytochrome 

oxidase that catalyzes the transfer of electrons from reduced cytochrome c to 

molecular oxygen.
258

 When the cells were treated with NaN3 bioluminescence 

dropped by 33% in trace A and 49% in B from the original signal within 7 min of 

exposure (Figure 4-16). A complete drop in luciferase activity was not observed as in 

KCN.  Reports suggest that in many cells and tissues the inhibition of respiration by 

NaN3 is incomplete.
259

 To determine whether azide inhibition is reversible, the 



 

 

inhibitor should be removed and recovery of the signal should be monitored over 

time. Therefore, further experiments need to be performed for a complete 

understanding of the effects of NaN

 

Figure 4-16: Bioluminescence

cells treated with Luc-PPNs and exposed to 3 mM D

metabolic inhibitor NaN3

 

 

inhibitor should be removed and recovery of the signal should be monitored over 

time. Therefore, further experiments need to be performed for a complete 

understanding of the effects of NaN3 on cell metabolism.  

Bioluminescence in the presence of metabolic inhibitor 

PPNs and exposed to 3 mM D-luciferin in the presence of 

3. A and B shows different trials. 
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4.4 CONCLUSION 

 We report the development of PPN-encapsulated protein as novel delivery and 

sensor platforms for cellular analysis. The PPNs show excellent stability and 

withstand chemical and physical manipulation. The porous surface acts as a size 

exclusion membrane and allows small hydrophilic molecules to diffuse and interact 

with the sensing protein while protecting the protein from proteolytic degradation. 

The modification of the PPN surface with the cell-penetrating, TAT peptide facilitates 

the delivery of the cargo to the intracellular milieu. Compared to free TAT-EGFP and 

Luc-TAT, EGFP and luciferase entrapped in PPNs show excellent stability and longer 

biological lifetime within the cell. The utilization of luciferase entrapped PPN as an 

ATP sensor was explored. The Luc-PPNs demonstrated stable bioluminescence for a 

period of 30-60 min from a few intact HeLa cells and gave a significantly larger 

signal for luciferase activity as compared to background (S/N > 3) and Luc-TAT. 

Dynamic changes in ATP levels were also monitored in the presence of the metabolic 

inhibitors KCN and NaN3. KCN treatment completely diminished bioluminescence 

within 8-10 min, whereas NaN3 reduced bioluminescence by ~40%, clear evidence for 

changes in concentrations of intracellular ATP levels.     
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CHAPTER 5: RECOMBINANT HUMAN PARATHYROID HORMONE 

ANALOGS FOR IMMUNOASSAYS 

5.1 INTRODUCTION 

 Human parathyroid hormone (hPTH) is an 84 amino acid polypeptide that 

plays a central role in calcium homeostasis acting directly on kidney and bone and 

indirectly on intestine by assisting calcium absorption.
260

 hPTH demonstrates both 

anabolic and catabolic effects on bone, and chronically high levels of hPTH causes 

elevated bone resorption resulting in hyperparathyroidism.
261,262

 Sporadically 

administered hPTH enhances bone formation and is effective in the treatment of 

osteoporosis.
262

 hPTH is therefore a molecule of significant interest for both 

biological and medical applications.              

 hPTH is synthesized by the chief cells of the parathyroid gland as a 115 amino 

acid precursor prePro-PTH.
263

 The peptide is subjected to its first proteolytic cleavage 

(25 amino acids) when it enters the lumen of the endoplasmic reticulum. The resultant 

ProPTH undergoes further proteolysis and loses another 6 amino acids as it matures to 

the primary circulating form of hPTH (1-84) in the secretory vesicles. hPTH (1-84) 

has a very short half life in circulation and acts on target tissue cells via a G protein-

coupled, seven-transmembrane helix receptor, to stimulate the adenylyl cyclase and 

phospholipase C pathways for calcium regulation.
263,264

  

 Both in vitro and in vivo studies have shown that the N-terminal 1-34 amino 

acids of hPTH have the same biological function as the intact hormone hPTH (1-
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84).
265,266

 hPTH (1-34) and (1-37) fragments are capable of maintaining calcium 

levels in blood via adenylate cyclase activation. They also stimulate bone formation, 

thus playing an important role in osteoporosis therapy. Mutagenesis studies conducted 

on hPTH (1-34) have revealed that the N-terminal amino acids are critical for receptor 

signaling and overall activity of the hormone.
267,268

 For instance, the N-terminal 

truncated peptide hPTH (3-34) and hPTH (7-34) show very low biological activity. 

Since hPTH (1-34) can act as the full agonist it is extensively utilized for functional 

and structural studies.  

 In order to obtain both intact hPTH (1-84) and (1-34) analogs for further 

studies, many attempts have been made to produce these analogs in high yield. Early 

efforts made to clone the gene for human prePro-PTH in prokaryotic and eukaryotic 

cells failed since the human prePro-PTH synthesized could not be cleaved to form 

hPTH (1-84).
269

 In 1988, Hendy group constructed an expression plasmid by 

incorporating a synthetic gene encoding hPTH (1-84) preceded by an ATG to express 

the protein directly in bacteria.
270

 While proteins of typically more than 100 amino 

acids can be expressed directly in E.coli without much difficulty, small polypeptides 

are prone to proteolysis in the cytoplasm. To avoid degradation during expression, 

Gram et al introduced the fusion protein approach to produce hPTH(1-38) on a large 

scale in E.coli.
271

 The gene encoding hPTH (1-38) was expressed in the presence of 

phage T4 gp55 protein, where an acid labile aspartyl-prolyl-prolyl linker was added 

between the gp55 and hPTH (1-38) to release the hPTH (1-38) after purification. 

Since this work, many reports have been published on the expression of hPTH (1-84) 
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and hPTH (1-34) analogs on a large scale utilizing the fusion protein approach 

accompanied with different linker sequences.
272-274

  

 Developing methods to detect biologically active hPTH is crucial for diagnosis 

of hypercalcemia, hypocalcemia, hyperparathyroidism, vitamin D deficiency, renal 

osteodystrophy etc.
275

 Early PTH assays were developed during the 1960s and 

employed until the late 1980s engaged radioimmunoassay (RIA) techniques.
276

 In 

RIA, isotopically-labeled full hPTH (1-84) or hPTH fragments compete with the 

unlabeled hormone for limited PTH antibody binding sites (Figure 5-1).
276,277

 

However, most RIAs for hPTH cross-reacted with N-terminal truncated PTH peptides 

or carboxy-terminal fragments along with the full length (1-84) PTH peptide. This 

produced irreproducible results for PTH levels and in many instances overestimated 

the concentration by several orders of magnitude. In addition, the radiation damage to 

hormone incurred during the labeling process affected the physical and chemical 

properties of the peptide leading to reduced biological activity.
277

  

 To overcome some of the limitations of RIA technique, an immunometric 

PTH assay was developed.
278,279

 Immunometric PTH assays employ two antibodies 

that bind to epitopes located in different portions of intact PTH (1-84). Here one 

antibody tagged with 
125

I or chemiluminescent substrate binds to an epitope located in 

the amino-terminal of the PTH peptide while a second antibody interacts with an 

epitope in the carboxy–terminal of the peptide (Figure 5-2).
276,278

 The second antibody 

is attached to a solid phase to physically separate the labeled peptides for 

quantification. Unlabeled PTH peptide fragments with varying lengths may also bind 
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to the carboxy-terminal antibody and precipitate in the solid phase. However, only the 

full length peptides will be recognized by the N-terminal antibody. Therefore this 

technique avoids the interference from various circulating truncated hPTH peptides. 

By developing labeled antibodies directed towards the most amino-terminal portion of 

the PTH peptide this method was further developed into second generation 

immunometric PTH assays for exclusive detection of hPTH (1-84).
280

 

  

 

 

 

 

 

 

 

 

 

Figure 5-1: Schematic diagram showing a single antibody based RIA for hPTH 

detection
276

 



172 

 

 

 

 

Figure 5-2: Immunometric assays for PTH. Two antibodies are directed towards two 

different regions of the hPTH molecule.
276

  

 RIA and immunometric PTH assays are the two main assays currently used to 

detect PTH levels. PTH is a biologically challenging molecule which loses its activity 

when modifications are incorporated into the amino-terminal amino acids.
267

 In RIA, 

PTH was mainly labeled with 
131

I or 
125

I. During iodination, the hormone is exposed 

to strong radiation and oxidative conditions causing changes to the immunochemical 

structure which affects the immunoassay.
277

 The biologically active hPTH (1-34) has 

five lysine residues which facilitate labeling with amine reacting fluorescent probes. 

However, labeling may affect the biological activity of the peptide and the presence of 

five lysine residues makes homogenous labeling challenging. Multiple labeled 

products may be cumbersome to separate and may interfere with the analysis. These 

limitations hamper the development of alternative and better methodologies for PTH 

detection.  

For example, in 1993 the Kennedy group reported a rapid immunoassay using 

CZE-LIF for insulin detection utilizing fluorescently labeled insulin antigens.
281

 Both 
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non-competitive and competitive assays were performed and the antibody complex 

was separated from the antigens within 100 s of mixing. CZE based immunoassays 

demonstrate low mass detection limits and faster analysis. Here, both the antibody and 

the antigen are reacted in the solution phase. The reactants are not surface bound as in 

most conventional immunoassays. Thus the antigen and antibody binding can occur 

faster in diffusion rate limits. Since this initial work a number of CE-LIF based 

immunoassays have been developed.
282,283

 Therefore low cost, recombinant variants 

of hPTH peptide with enhanced analytical properties may prove particularly useful for 

developing alternative immunoassays for the analysis PTH levels in clinical samples.  

 Here, we report the preparation and utilization of novel recombinant human 

parathyroid hormone fragments of hPTH (1-34): hPTH (1-34-EGFP) and hPTH (1-

34-cys). These analogs facilitate a number of unique chemical analyses utilizing 

chemical separations, spectroscopic analysis and colorimetric analysis for qualitative 

and quantitative identification of hPTH in clinical samples. The utilization of these 

recombinant analogs in CZE-LIF based immunoassays was explored. The resulting 

chimeric peptides present a number of distinctive advantages for clinical assays and 

address a new paradigm for analysis of other hormone samples.    
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5.2. EXPERIMENTAL 

5.2.1 Materials 

 Restriction enzymes, reagents and kits for molecular biology were obtained 

from Promega (Madison, WI).  Plasmids were from BD Biosciences (San Jose, CA) 

and Novagen (Gibbstown,NJ). Lauria-Bertani (LB) broth, and benzonase were 

purchased from EMD/Novagen chemicals (Gibbstown,NJ). Ni-NTA resin was 

obtained from Qiagen (Valencia, CA). Alexa Fluor-488 maleimide was purchased 

from Invitrogen (Palo Alto, CA). Recombinant enterokinase (EK) was bought from 

Novagen (Gibbstown, NJ). Monoclonal antibody for PTH N-terminal (1-34) was 

bought from Meridian Life Science Inc (Saco, ME). Other chemicals were purchased 

from Sigma (St.Louis, MO) and used as received. All solutions were prepared using 

deionized water with a minimum resistivity of 18 MΩ. 

4.2.2 Construction of hPTH analogs 

The DNA encoding the enterokinase (EK) and the hPTH (1-34) sequence 5’ 

GAT GAT GAC GAT AAG TCC GTA TCA GAA ATA CAA CTA ATG CAT AAT 

CTG GGT AAA CAT CTG CAT TCA ATG GAA CGT GTA GAA TGG CTG CGT 

AAA AAA CTG CAG GAT GTA CAT AAT TTT 3’ was synthesized by MiniGene, 

(Integrated DNA Technologies Inc, Coralville, IA) and incorporated into the pZErO-2 

plasmid. The construct EK-hPTH-EGFP was made by amplifying the EK-PTH 

sequence in the pZErO-2 plasmid by using the forward primer   5’-/5Phos/ TAT G 

GA TGA TGA CGA TAA GTC CGT ATC AGA AAT ACA A and the reverse 



175 

 

 

 

primer 5’-/5Phos/CTA GCA AAA TTA TGT ACA TCC TGC AGT TTT TTA CG C 

AG and incorporating it to a pET28a (+)-6xHis-EGFP-stop vector between Nde I and 

Nhe 1 restriction sites. The construct EGFP-EK-hPTH-Cys was made by amplifying 

the EK-PTH sequence in the pZErO-2 plasmid by using the forward primer   5’-

/5Phos/GAT CCG ATG ATG ACG ATA AGT CCG TAT CAG AAA TAC AA and 

the reverse primer 5’-/5Phos/AGC TTG TTA GCA AAA ATT ATG TAC ATC CTG 

CAG TTT TTT ACG CAG and ligating it into pET28a (+)-6xHis-EGFP vector 

between BamH I and HindIII I sites. The construct EK-hPTH-Cys was made by 

amplifying the EK-PTH sequence in the presence of the forward and reverse primers, 

5’-/5Phos/GAT CCG ATG ATG ACG ATA AGT CCG TAT CAG AAA TAC AA 

and 5’-/5Phos/AGC TTG TTA GCA AAA ATT ATG TAC ATC CTG CAG TTT 

TTT ACG CAG and ligating it into pET28a(+) vector between BamH I and HindIII I 

sites. All constructs were verified by sequencing (DNA Sequencing Facility, 

University of Arizona.). 

5.2.3 Expression and purification of hPTH analogs 

The plasmids encoding EK-hPTH-EGFP and EGFP-EK-hPTH-Cys were 

transformed into BL21 E.coli strains and the positive transformants were selected in 

the presence of 50 µg/mL of kanamycin. A single colony was inoculated in a 5 mL 

starter culture and incubated at 37 º C and 250 rpm overnight to obtain a saturated 

culture. The culture was centrifuged and the bacterial pellet was re-suspended in 2 mL 

of  fresh LB/Kan , and added into a 400 mL culture of LB/Kan, and incubated on a 

temperature controlled shaker at 37 ºC and 250 rpm until O.D. 600 ~ 0.8. The culture 
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was induced for protein expression with IPTG to a final concentration of 0.5 mM, and 

maintained at room temperature with constant shaking for 8 hours. The cells were 

harvested by centrifugation. The cell pellet was re-suspended in 35 mL of lysis buffer 

(20 mM, Tris-HCl, 200 mM NaCl, pH 7.8) in the presence of protease inhibitor 

cocktail. The cells were lysed by sonication. Sonication was performed in twenty, 15 

sec bursts with a 1 min interval between each burst. The cells were kept on ice to 

prevent excessive heating of the lysate. The cell lysate was treated with benzonase for 

30 min to digest the nucleic acids, and was clarified by centrifugation (5000 rpm, 7 

ºC, and 30 min). The clarified lysate was applied to a pre-equilibrated Ni-NTA 

column and was washed with two column volumes of lysis buffer and then eluted 

with 20, 50,100, 250 mM imidazole in 20 mM, Tris-HCl, 200 mM NaCl, pH 7.8 

buffer. All purification steps were performed at 4º C. Protein chimeras were desalted 

and concentrated in 20 mM Tris-HCl pH 7.4 buffer, using Amicon centrifuge tubes 

with 10,000 molecular weight cutoff. The purity of proteins was monitored by SDS-

PAGE, and the concentration was determined by measuring the absorbance at 488 nm 

(ε = 61 000 M
-1

 cm 
-1

). Proteins were stored at -20 ºC in the presence of 50 % v /v 

glycerol and 3 mM DTT.   

The plasmid encoding EK-hPTH-Cys was transformed into E.coli DE3-

Rosetta and the positive transformants were selected in the presence of 50 µg/mL of 

kanamycin and 50 µg/mL chloramphenicol. A single colony was inoculated in a 5 mL 

starter culture and incubated at 37 º C and 250 rpm overnight to obtain a saturated 

culture. The culture was centrifuged and the bacterial pellet was re-suspended in 2 mL 

of  fresh LB/Kan, and added into a 500 mL culture of LB/Kan, and incubated on a 
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temperature controlled shaker at 37 ºC and 250 rpm until O.D. 600 ~ 0.8. The culture 

was induced for protein expression with IPTG to a final concentration of 1 mM, and 

maintained at 37 ºC with constant shaking for 6-8 hours. The cells were harvested, 

and the protein was purified as described above. Protein chimeras were desalted and 

concentrated in 20 mM Tris-HCl pH 7.4 buffer, using Amicon centrifuge tubes with 

3000 molecular weight cutoff. The purity of proteins was monitored by SDS-PAGE, 

and the concentration was determined by measuring the absorbance at 280 nm (ε = 

5500 M
-1

 cm 
-1

). Proteins were stored at 4 ºC in the presence of 3 mM DTT.  

5.2.4 Enterokinase digestion of hPTH analogs 

 EK cleavage was performed at an enzyme to substrate ratio (w/w) of 1/100 at 

room temperature for 16 hours. The protein sample after EK digestion was transferred 

to a Ni-NTA column and the cleaved hPTH-EGFP, and hPTH-Cys fractions were 

eluted with 20 mM Tris-HCl, pH 7.4. The cleaved proteins were reloaded into a 

benzamidine sepharose column to deactivate the EK and hPTH analogs were eluted 

with increasing concentrations of NaCl. The desalted proteins were stored at 4 ° C in 

the presence of 3 mM DTT. 

5.2.5 Conjugation of hPTH-Cys with Alexa Fluor-488 maleimide 

 A 10 moles excess Alexa Fluor-488 maleimide was added dropwise to each 

mole of hPTH-Cys protein while stirring. The reaction was allowed to proceed for 3 

hours at room temperature. The labeled samples were diluted and were analyzed by 

CZE-LIF. 
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5.2.6 Capillary electrophoresis of hPTH analogs 

Capillary zone electrophoresis (CZE) was performed using an instrument 

constructed in-house.
213

 Separation was carried out in 25 µm inner diameter (i.d.) 

capillaries (InnovaQuartz, Phoenix, AZ) following 5 s hydrodynamic injection of 

sample. Separation was performed at positive polarity with an electric field of 500 

V/cm using 50 mM HEPES, pH 7.4. Capillaries were conditioned with 0.1 M NaOH, 

nanopure water and running buffer for 10 min each prior to separation. Laser induced 

fluorescence was excited using the 488 nm line of an Ar
+
 laser.  Data collection was 

performed using software written in-house using LabView (National Instruments). 

Data analysis was performed using Cutter 7.0 (beta).
214

 

5.2.7 hPTH binding-assays 

 To perform antibody binding assay 50 nM of hPTH monoclonal antibody was 

added to hPTH-EGFP (10-300 nM) and was mixed thoroughly. The mixture was 

incubated at room temperature for 30 min. All reactions were performed in 50 mM 

HEPES, pH 7.4. The reaction mixtures were then analyzed by CZE and detected by 

LIF.   
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5.3 RESULTS AND DISCUSSION 

5.3.1 Preparation of hPTH analogs  

 To expand the assay methods available for PTH detection in clinical samples 

we have prepared low cost, recombinant variants of hPTH peptides with enhanced 

analytical properties. The analogs have the first 34 N-terminal amino acids (Figure 5-

3) of the intact hormone hPTH (1-84), which is necessary for proper biological 

activity. As the hPTH sequence starts with the amino acid residue serine not 

methionine, the incorporation of DNA coding sequence for hPTH (1-34) into an 

E.coli expression system is not straight forward. Methionine is encoded by the codon 

AUG which is the start codon required for the initiation of protein synthesis. Further, 

hPTH expressed in E.coli should have modifications to release the N-terminal hPTH 

peptide with Ser as the first amino acid. The presence of extra amino acids preceding 

the N-terminal Ser residue may obstruct the recognition binding site for the PTH 

antibody.    

1
SVSEIQLMHNLGKHLHSMERVEWLRKKLQDVHNF

34 

Figure 5-3: The first 34 N-terminal amino acid sequence of hPTH. This peptide 

demonstrates the full biological activity of the intact circulating hPTH (1-84) 

hormone. 

 

 To overcome the challenge of successfully releasing the recombinant hPTH 

analogs after expression, the DNA encoding sequence of the enterokinase (EK) 

substrate was integrated upstream of the hPTH sequence in all analogs. EK is a serine 
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protease which recognizes the amino acid sequence Asp-Asp-Asp-Asp-Lys and 

cleaves the peptide bond after the lysine residue. This cleavage mechanism of EK 

avoids the retention of any residual amino acids in front of the first Ser residue of 

hPTH. To construct the recombinant hPTH analogs, the DNA encoding sequence of 

EK-hPTH was incorporated into a pZErO-2 plasmid by MiniGene synthesis. The 

construct EK-hPTH-EGFP was prepared by amplifying and ligating the EK-hPTH 

sequence into a pET28a (+) vector containing an EGFP encoding sequence (Figure 5-

4A). The pET28a (+) vector also has a 6xHis tag at the N-terminal which facilitates 

the purification of the protein using an affinity column. The sequence encoding the 

EK-hPTH is located upstream to the EGFP coding region. EGFP, with an 

approximate molecular mass of 27 kDa, is an exceptionally stable fluorescent protein 

with a defined stoichiometry.
249

 hPTH cannot be homogenously labeled with small 

molecule amine reactive probes and the direct interaction of the fluorescent probes 

with the N-teminal lysine residues   may affect the biological activity of the peptide. 

The fusion of EGFP to hPTH (1-34) circumvents both the above limitations, i.e EGFP 

facilitate homogenous fluorescent labeling and does not directly influence the N-

terminal amino acid residues of hPTH.  

 Two approaches were explored to construct the hPTH-Cys analog; in the 

presence and in the absence of a fusion protein. The amino acid Cys was integrated 

into the C-terminus of the hPTH sequence by amplifying Ek-hPTH with appropriate 

primers. The PCR amplified sequence was directly cloned into a pET28a (+) vector to 

obtain the EK-hPTH-Cys analog (Figure 5-4B), whereas the sequence was integrated 

into the pET28a (+)-EGFP vector to acquire the EGFP-EK-hPTH-Cys analog (Figure 



 

 

5-4C).  Introducing a Cys residue to the C

terminal sequence. Importantly, t

thiol reactive probes, and since there is

product. A Cys group may also assist the attachment of hPTH peptide to different 

surfaces when developing new assays for PTH detection.    

 

Figure 5-4: Schematic diagram showing different hPTH constructs A) hPTH

B) hPTH-Cys developed by direct cloning C) hPTH

fusion protein EGFP. 

 

5.3.2 Expression, purification and EK cleavage of hPTH analogs

 The EK-hPTH-EGFP was ex

broth. The protein binds strongly to the Ni

imidazole. The purified EK

a Cys residue to the C-terminus of hPTH does not disrupt the N

Importantly, the Cys residue can be homogenously

thiol reactive probes, and since there is only one Cys residue, obtain a single labeled 

product. A Cys group may also assist the attachment of hPTH peptide to different 

surfaces when developing new assays for PTH detection.     

Schematic diagram showing different hPTH constructs A) hPTH

Cys developed by direct cloning C) hPTH-Cys cloned in the presence of the 

Expression, purification and EK cleavage of hPTH analogs 

EGFP was expressed efficiently in bacteria cultivated in LB 

broth. The protein binds strongly to the Ni-NTA column and is eluted with 250 mM 

imidazole. The purified EK-hPTH-EGFP shows a single band in the SDS
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polyacrylamide gel (Figure 5

calculated molecular weight of 33 kDa from the amino acid sequence. 

 

Figure 5-5: 12% SDS-Polyacrylamide gel of 

agarose column. Lane 1: molecular weight marker. Lane:

100 mM imidazole. Lane

was used as the running buffer.

 To obtain the hPTH

protein was treated with EK. The treatment cleaves the protein at the EK cleavage 

to release the hPTH-EGFP analog. During this process the 6xHis tag

The mixture was loaded into a Ni

from the uncleaved sample. This step was repeated twice to avoid contamination with 

uncleaved proteins. The sample was then passed through a benzamidine sepharose 

column to remove any residual enterokinase molecules. Benzamidine sepharose 

columns are excellent tools to remove serine proteases such as EK. The removal of 

excess EK   prevents any

polyacrylamide gel (Figure 5-5) and the molecular weight is comparable with the 

calculated molecular weight of 33 kDa from the amino acid sequence.  

Polyacrylamide gel of EK-hPTH-EGFP purified in Ni

: molecular weight marker. Lane: 2-4 washes with 20,

ane: 4-10 elution with 250 mM imidazole. 1X Tris Glycine

was used as the running buffer. 

To obtain the hPTH-EGFP analog from the EK-hPTH-EGFP protein, the 

protein was treated with EK. The treatment cleaves the protein at the EK cleavage 

EGFP analog. During this process the 6xHis tag is also removed. 

The mixture was loaded into a Ni-NTA column to separate the cleaved hPTH

from the uncleaved sample. This step was repeated twice to avoid contamination with 

aved proteins. The sample was then passed through a benzamidine sepharose 

column to remove any residual enterokinase molecules. Benzamidine sepharose 

columns are excellent tools to remove serine proteases such as EK. The removal of 

excess EK   prevents any non-specific cleavage of the protein which may occure as a 
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NTA column to separate the cleaved hPTH-EGFP 

from the uncleaved sample. This step was repeated twice to avoid contamination with 
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column to remove any residual enterokinase molecules. Benzamidine sepharose 

columns are excellent tools to remove serine proteases such as EK. The removal of 

specific cleavage of the protein which may occure as a 
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consequence of prolonged exposure to EK. The resultant hPTH-EGFP was separated 

by CZE and a single peak was detected in LIF as shown in Figure 5-6.   

 

Figure 5-6: CZE separation of purified hPTH-EGFP. Separation conditions: 25 µm 

i.d. capillary, 50 mM HEPES, pH=7.4, 500 V/cm.   

 

 Expression of EGFP-EK-hPTH-Cys was performed using similar 

experimental conditions as EK hPTH-EGFP. One way to avoid the degradation of 

small peptides during expression is the application of fusion protein technology.
284

 

Attachment of large fusion proteins make the small peptides less prone to 

proteolysis.
271

 EGFP was chosen as the fusion protein due to its exceptional stability 

and to achieve high expression levels of hPTH in the soluble form in the cytoplasm.  

Figure 5-7 shows the 12 % SDS-PAGE gel of the purified EGFP-EK-hPTH-Cys. As 

illustrated a number of fluorescent proteins with varying sizes were observed in the 

purified samples. The expression was repeated with a different E.coli strain DE3-
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Rosetta, which also yielded multiple products

different cleavage products during EGFP

 The attachment of the fusion protein EGFP to hPTH

protein, but the presence of multiple splice products caused complicatio

cleavage. The EK treatment produced a range of products and caused difficulty in the 

isolation of the hPTH-Cys fragment. 

Figure 5-7: 12% SDS-Polyacrylamide gel of 

NTA agarose column. Lane

50, and 100 mM imidazole. L

Glycine-SDS was used as the running buffer.

 The EK-hPTH-Cys fragment was directly cloned into the pET28a (+) vector 

as an alternative approach f

PTH-Cys was only 39 amino acids in length. When integrated into the pET28a (+) 

vector the expression protein contains about 74 amino acids with a molecular weight 

Rosetta, which also yielded multiple products. Overall, this suggests the production of 

products during EGFP-EK-hPTH-Cys expression.   

The attachment of the fusion protein EGFP to hPTH-Cys gave high yields of 

protein, but the presence of multiple splice products caused complicatio

cleavage. The EK treatment produced a range of products and caused difficulty in the 

Cys fragment.  

Polyacrylamide gel of EGFP-EK-hPTH-Cys purified in Ni

ane: 1,9 molecular weight marker. Lane: 2-4 washes with 20,

imidazole. Lane: 5-8 elution with 250 mM imidazole.

SDS was used as the running buffer. 

Cys fragment was directly cloned into the pET28a (+) vector 

as an alternative approach for the preparation of hPTH-Cys recombinant analog. EK

Cys was only 39 amino acids in length. When integrated into the pET28a (+) 

vector the expression protein contains about 74 amino acids with a molecular weight 

184 

 

the production of 

Cys gave high yields of 

protein, but the presence of multiple splice products caused complications during EK 

cleavage. The EK treatment produced a range of products and caused difficulty in the 

  

purified in Ni-

washes with 20, 

elution with 250 mM imidazole.1X Tris 

Cys fragment was directly cloned into the pET28a (+) vector 

Cys recombinant analog. EK-

Cys was only 39 amino acids in length. When integrated into the pET28a (+) 

vector the expression protein contains about 74 amino acids with a molecular weight 



 

 

of 8300 Da. Smaller polypeptides with l

challenging to express in 

Figure 5-8 when the EK-

protein fractions were obtained but with low yield. To op

hPTH-Cys the protein was expressed at 37 ºC for 6 hours. This gave a larger 

percentage of insoluble proteins in inclusion bodies. However, the purified EK

Cys from inclusion bodies had a larger yield. When inclusion bodies 

EK-hPTH-Cys was purified with 8M urea. Although purification under denaturing 

conditions provide more EK

eliminate high concentrations of urea before subjecting the prote

since, high urea concentrations inhibit the activity of EK.     

Figure 5-8: 15% SDS-Polyacrylamide gel of 

agarose column. A) Protein expressed at room temperature

at 37 ºC. 1X Tris Tricine-

of 8300 Da. Smaller polypeptides with less than 100 amino acids are more 

in E.coli directly due to proteolytic degradation. As shown in 

-hPTH-Cys was expressed at room temperature more soluble 

protein fractions were obtained but with low yield. To optimize the production of EK

Cys the protein was expressed at 37 ºC for 6 hours. This gave a larger 

percentage of insoluble proteins in inclusion bodies. However, the purified EK

Cys from inclusion bodies had a larger yield. When inclusion bodies 

Cys was purified with 8M urea. Although purification under denaturing 

conditions provide more EK-hPTH-Cys, this lead to extensive buffer exchange to 

eliminate high concentrations of urea before subjecting the protein for EK cleavage,

igh urea concentrations inhibit the activity of EK.      

Polyacrylamide gel of EK-hPTH-Cys purified in Ni

. A) Protein expressed at room temperature and B) proteins expressed 

-SDS was used as the running buffer. 

185 

 

ess than 100 amino acids are more 

lytic degradation. As shown in 

Cys was expressed at room temperature more soluble 

timize the production of EK-

Cys the protein was expressed at 37 ºC for 6 hours. This gave a larger 
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B) proteins expressed 
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The EK-hPTH-Cys was cleaved by EK to release the hPTH-Cys recombinant 

analog. The reaction conditions used for EK cleavage was similar to that explained for 

EK-hPTH-EGFP. To verify the presence of the Cys residue in hPTH-Cys after EK 

digestion, both hPTH-Cys and the EK-hPTH-Cys were labeled with Alexa Fluor-488 

maleimide. The labeled samples were diluted and separated by CZE.  

   

Figure 5-9: Electropherograms of Alexa Fluor-488 maleimide labeled hPTH-Cys 

analogs. i) hPTH-Cys labeling. ii) EK-hPTH-Cys labeling. Peaks P1 and P2 are the 

labeled hPTH-Cys analogs and E1 and E2 are the labeled EK-hPTH-Cys fragments 

before EK cleavage. Peak M is the free Alexa Fluor-488 maleimide probe.  Separation 

conditions: 25 µm i.d. capillary, 20 mM borate, pH = 9.3, 500 V/cm.   

 

 Figure 5-9 shows the electropherograms obtained for Alexa Fluor-488 

maleimide labeled hPTH-Cys and EK-hPTH-Cys analogs. The peaks P1, P2, E1 and 

E2 could be possible cystine labeled analogs. The construct has a single cystine 

residue. The appearance of two labeled peaks could be due to the labeling of a spliced 

product.The migration times of peak P1 and P2 from the hPTH-Cys are 95 and 97 
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seconds, whereas the E1 and E2 of EK-hPTH-Cys separated at 97 and 105 seconds 

respectively. When EK-hPTH-Cys is treated with EK a peptide fragment with an 

approximate molecular weight of 4000 Da is cleaved off. Thus, hPTH-Cys may have 

a shorter migration time due the change in the charge to size ratio after EK digestion. 

A sample containing the fluorescent probe was also separated on CZE to confirm the 

observed peaks were not from the labeling molecule.  The CZE separation was 

conducted without separating the excess dye from the labeling reaction mixture. 

Further characterization, and utilization of the hPTH-Cys recombinant analog for 

developing immunoassays for PTH detection needs to be explored in the future.   

5.3.3 CZE based binding assay for PTH detection 

 The main goal of preparing recombinant hPTH analogs was to utilize other 

techniques, such as separation to develop alternative immunoassay platforms for 

hPTH detection. To explore the potential of recombinant hPTH-EGFP for CZE based 

PTH detection, different concentrations of hPTH-EGFP samples were incubated with 

the PTH antibody. The resultant mixtures were separated by CZE to verify the 

antibody-antigen complex formation. As shown in Figure 5-10, peak C with a 

migration time of 88 s was detected on the electropherogram, likely corresponding to 

the hPTH-EGFP:PTH antibody complex. The complex should have a different 

migration time from that of the free hPTH-EGFP due to the changes in the charge to 

size ratio. The control samples, free hPTH-EGFP and the PTH ab do not show any 

peaks at the same migration time. Figure 5-11 also shows the formation of peak C 

with changing concentration of hPTH-EGFP.  
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Figure 5-10: Electropherograms for binding-assay for hPTH-EGFP and PTH 

antibody. i) 50 nM PTH antibody reacted with 100 nM of hPTH-EGFP ii) 100 nM of 

hPTH-EGFP iii) 50 nM of PTH antibody. Peak F is the free hPTH-EGFP, peak C 

maybe the hPTH-EGFP:PTH antibody complex and peak M is a carboxyfluorescein 

internal standared. Separation conditions: 25 µm i.d. capillary, 50 mm HEPES, pH = 

7.4, 500 V/cm.   

 

Figure 5-11: Electropherograms for binding-assay for hPTH-EGFP and PTH 

antibody. 50 nM PTH antibody was reacted with different concentrations of  hPTH-

EGFP i) 300 nM ii) 150 nM iii) 75 nM iv) 50 nM v) 25 nM vi) 10 nM . Peak F is the 

free hPTH-EGFP, peak C maybe the hPTH-EGFP:PTH antibody complex and peak 

M is a carboxyfluorescein internal standared. Separation conditions: 25 µm i.d. 

capillary, 50 mm HEPES, pH = 7.4, 500 V/cm.   
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However, the experiment did not give consistent response for complex 

formation when multiple samples were analyzed. One possible reason for this 

observation could be the adsorption of the proteins to the capillary surface. To avoid 

this problem the capillary was re-generated after each run. Longer incubation times 

and different concentration ratios of the antibody and the hPTH-EGFP analog were 

also tested without improved complex formation. The competitive immunoassay in 

the presence of hPTH (1-84) peptide also did not give any recognizable complex 

peaks. Another likely reason could be the non-specific cleavage from the EK 

digestion. Although EK is considered a specific protease which recognizes the 

sequence DDDDK, non specific digestion cannot be ruled out. The cleavage of the 

first few amino acids could negatively contribute towards the proper binding of the 

PTH antibody to the N-terminal epitope. So far we have used only one antibody, and 

exploration with different antibodies may also assist in finding one with optimum 

properties to form stable antibody-antigen complexes. Therefore further experiments 

must be performed to improve the CZE-based immunoassay for PTH detection using 

the hPTH-EGFP recombinant analog. 
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5.4. CONCLUSION 

 Recombinant hPTH analogs with enhanced analytical properties were 

developed to perform immunoassays to detect hPTH levels in clinical samples. The 

resultant analogs have the first 34 N-terminal amino acids of the hPTH hormone 

which is required for the full biological activity. The analog hPTH-EGFP was 

developed by incorporating the fluorescent protein EGFP to the C-terminal of the 

hPTH (1-34) residue. Initial experiments show promise for use in CZE-LIF based 

immunoassays although more experiments are required to obtain consistent results. 

The analog hPTH-Cys was challenging to develop. Various conditions for the 

expression and purification of the hPTH-Cys were studied to improve the yield. The 

Cys residue not only provides a site for homogenous labeling but also provides a 

platform for the development of other nanoparticle based immunoassays for PTH 

detection using spectroscopic and colorimetric techniques.       
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CHAPTER 6: SUMMARY AND FUTURE DIRECTIONS 

6.1 SUMMARY 

 Cells have complex architectures with thousands of simultaneous chemical 

interactions and reactions required to maintain normal cell function. The chemical 

interactions between different classes of molecules, e.g. ions, nucleic acids, hormones, 

neurotransmitters, proteins, etc., are important in the regulation of cellular function.
1
 

For example cellular signaling for insulin secretion in pancreatic β-cells is a complex 

process with many interactions with external and internal stimuli. Stimulation of 

insulin secretion in the presence of nutrients such as glucose depends upon the 

availability of a number of intracellular regulators within β-cells including cyclic 

nucleotides, Ca
2+

, phospholipid hydrolysis products such as inositol triphosphate 

(IP3), diacylglycerols (DAG), arachidonic acid (AA), and phosphatidic acid.
2
 These 

intracellular regulators act via various protein kinases, thus studying the kinase 

activity may aid in clarifying the mechanisms in GSIS. On the other hand, glucose 

metabolism changes the cellular ATP levels.
13

 The total intracellular ATP 

concentrations and dynamic changes in ATP levels provide important information 

about the metabolic state of the cell. Therefore developing novel technologies to 

monitor the activities of enzymes such as protein kinases and small molecular 

regulators such as ATP may help in elucidating the signaling involved in GSIS. We 

developed a series of chimeric and recombinant protein reagents to utilize in the study 

of protein kinases and ATP levels in both clonal and primary cells.        
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6.1.1 Analysis of protein kinase A activity in insulin-secreting cells using a cell-

penetrating protein substrate and capillary electrophoresis 

A cell-penetrating kinase substrate was prepared to selectively monitor 

glucose-dependent PKA activity in clonal and primary cells. The PKA substrate has 

five phosphorylation sites and is preceded by an EGFP tag and the PTD of the HIV-

TAT. The substrate was expressed in E.coli and was purified with metal affinity 

chromatography. The substrate translocated into a variety of mammalian cells 

including HeLa, βTC-3 and rat pancreatic islets by simple addition to the extracellular 

media. Cellular uptake was concentration and time dependent and demonstrated 

minimum damage to the cell membrane under appropriate incubation conditions. This 

approach proved useful for investigating PKA activity in rat pancreatic islets where 

transient expression is challenging. When loaded into βTC-3 and pancreatic islets, 

glucose dependent phosphorylation of the substrate was observed via capillary 

electrophoresis. This reagent enabled comparison of changes in PKA activity at 

varying glucose levels between different cell lines. Pancreatic islets showed maximal 

phosphorylation in the presence of 12 mM glucose whereas βTC-3 cells showed 

maximal phosphorylation with 3 mM glucose. PKA activity was also monitored in the 

presence and absence of PKA inhibitors and stimulators. The stimulator forskolin 

showed 33% increase in activity whereas 8-Br-cAMP showed a 16% increase. 

Staurosporin treated cells showed a 40 % drop in PKA activity whereas the specific 

inhibitor H-89 reported a 54% drop.  This approach should be easily extended to other 

kinases to investigate their influence on the GSIS.  
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6.1.2 Preparation and characterization of a cell-penetrating firefly luciferase 

chimera for intracellular ATP measurements 

We also prepared a cell-penetrating firefly luciferase chimera to monitor the 

dynamic ATP changes in both clonal and primary cells using bioluminescence. The 

TAT PTD sequence was attached to the C-terminus of the luciferase encoding gene. 

When compared to the enzymatic activity of luciferase lacking the transduction 

domain, Luc-TAT displayed similar activity after purification; however, the activity 

dropped at a higher rate upon storage. The resultant chimera Luc-TAT was 

translocated to different mammalian cells, including HeLa, βTC-3, COS-7 and 

pancreatic islets, via simple addition to the extracellular media, with minimum 

damage to the cell membrane. Luc-TAT retained its biological activity after 

transduction into mammalian cells as shown by bioluminescence studies on cell 

lysates. Optimal conditions for the delivery of the luciferase substrate, D-luciferin and 

its membrane permeable analogs were also explored. D-luciferin must be incubated in 

millimlolar concentrations for efficient translocation within a shorter period of time. 

The membrane permeable analog D-luciferin ethyl ester can be used in micromolar 

concentrations and releases D-luciferin within 15 min after incubation with HeLa 

cells. Attempts to detect bioluminescence response in small clusters of βTC-3 and 

COS-7 cells loaded with Luc-TAT and D-luciferin was unsuccessful, possibly due to 

the low transduction efficiency, degradation and reduced availability of free protein in 

the cytoplasm. Luc-TAT loaded HeLa cells show some promise, but further 

improvement to prevent intracellular localization is needed to overcome the 

limitations experienced on other cell lines.  
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6.1.3 Preparation, characterization and utilization of PPN-entrapped proteins 

for cellular analysis  

 Since free Luc-TAT translocated into mammalian cells displayed low 

biological activity, we developed PPN-encapsulated luciferase to evaluate its 

efficiency as novel delivery and sensor platform for cellular analysis.  The porous 

surface of the PPN allowed the small substrates D-luciferin and ATP to diffuse 

through the membrane to interact with the encapsulated luciferase, thus initiating 

bioluminescence. Luc-PPNs showed excellent stability after UV polymerization and 

were able to withstand chemical and physical perturbations. To reduce the loss of 

activity of luciferase during UV irradiation, polymerization was performed in the 

presence of free radical quencher ascorbic acid. Luc-PPNs also showed resistance to 

proteases compared to free luciferase which completely degraded after protease 

treatment. Modification of the PPN surface with cell-penetrating, TAT-peptide 

facilitated delivery of several PPN derivatives into the intracellular milieu (TAT-

EGFP-PPNs/ EGFP-PPNs/ Luc-TAT-PPNs/ Luc-PPNs). Compared to free TAT-

EGFP and Luc-TAT, EGFP and Luc entrapped in PPNs show excellent stability and 

longer biological lifetime within the cell. We explored the utilization of Luc-PPN as 

an ATP sensor. The Luc-PPNs demonstrated stable bioluminescence for a period of 

30-60 min from small clusters of HeLa cells and yielded significantly larger luciferase 

activity compared to the background (S/N > 3) and Luc-TAT. Dynamic changes in 

ATP levels were also monitored in the presence of the metabolic inhibitors KCN and 

NaN3. KCN treatment completely diminished bioluminescence within 8-10 min, 

whereas NaN3 reduced bioluminescence by ~40%, clear evidence for changes in 
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concentrations of intracellular ATP levels. This PPN based protein delivery method 

can be extended towards the delivery of other proteins for nanosensor and nanoreactor 

applications.  

6.1.4 Recombinant human parathyroid hormone (hPTH) analogs for 

immunoassays 

    Recombinant hPTH analogs with enhanced analytical properties were 

developed to perform immunoassays to detect hPTH levels in clinical samples. The 

resultant analogs have the first 34 N-terminal amino acids of the hPTH hormone 

which is required for full biological activity. The analog hPTH-EGFP was developed 

by incorporating the fluorescent protein EGFP to the C-terminus of hPTH (1-34) 

residue. Initial experiments show promise for use in CZE-LIF based immunoassays 

although more experiments are required to obtain consistent results. The analog 

hPTH-Cys was challenging to develop. Various conditions for the expression and 

purification of the hPTH-Cys were studied to improve the yield. The Cys residue not 

only provides a site for homogenous labeling but also provides a platform for the 

development of other nanoparticle based immunoassays for PTH detection using 

spectroscopic and colorimetric techniques.  
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6.2 FUTURE DIRECTIONS 

6.2.1 Cell-penetrating substrates for PKC analysis 

 We reported a cell-penetrating, fluorescent protein substrate used to monitor 

intracellular PKA activity in cells without the need for cellular transfection. This cell-

penetrating substrate for PKA was phosphorylated in both βTC-3 cells and pancreatic 

islets, and proved useful to investigate the PKA activity in pancreatic islets where 

transient expression of substrate is difficult. The substrate also showed the importance 

of PKA in glucose stimulated signaling and distinguished differences in glucose 

response curves of immortalized and primary cell lines. This approach can be 

extended to study other kinases important in glucose stimulated insulin secretion.  

 For instance, developing cell-penetrating substrates for PKC to study its 

involvement in GSIS may provide important information about PKC signal 

transduction in pancreatic β-cells. Despite much research, the role of PKC in GSIS 

remains controversial. Due to various technical reasons it has been difficult to prove 

or disapprove the role of PKC in GSIS.
285

 β-cell lines, rat and mouse islets express 

multiple PKC isoforms, such as PKCα, βII, δ, ε, ζ and ι.
2
 PKC functions also differ 

between each of these cell types. Studies conducted to date on the involvement of 

PKC in GSIS are based primarily on translocation assays.
285

 Measurement of PKC 

translocation by immunoblotting suffers from redistribution artifacts during sample 

preparation and imaging studies based on subcellular localization yield spurious 

results due to overexpression artifacts or cross reactivity of antisera (for studies on 

endogenous proteins). Additionally, translocation does not necessarily indicate 
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activity of PKC or its isoforms. Therefore, demonstration of glucose stimulated 

phosphorylation of PKC substrates in β-cells have been contradictory and poorly 

correlated with insulin secretion.
60,68

  

 The approach we have taken to analyze PKA activity in GSIS by utilizing a 

cell-penetrating PKA substrate may overcome some of the aforementioned 

limitations. Cell-penetrating kinase substrates can be translocated into all mouse, rat 

and other model β-cell lines, thus a comparative study could be conducted on the 

effects of glucose concentrations on PKC phosphorylation on each model. Separation 

of phosphorylated products from un-phosphorylated substrates in CZE facilitates the 

calculation of percent phosphorylation, an indicator of protein kinase activity. 

Moreover, only small concentrations of cell-penetrating fluorescent substrate are 

needed for analysis due to low detection limits in CE. This diminishes the problems 

caused by artifacts in expressed substrates and reduces the interference of cell- 

penetrating analogs with native substrates. 

 Based on sequences of phosphorylated sites, the consensus phosphorylation 

motif for PKC was determined to be RXXS/TXRX, where X specifies any amino 

acid.
286

  In 1997, Nishikawa et al determined the substrate specificities of PKC 

isoforms and reported the optimal peptide substrate sequence for each isoform.
287

 

These peptide substrate sequences for each PKC isoenzyme can be used to develop 

cell-penetrating substrates for PKC isoenzymes utilizing EGFP as the fluorescent tag 

(Figure 6-1). Multi-phosphorylatable sites can be introduced to the substrates to 

resolve the phospho-PKC substrates from unphosphorylated PKC in CZE.    



 

 

 

Figure 6-1: Schematic of PKC isoenzy

Table 6-1: Optimal amino acid sequences for PKC isoenzyme substrates

PKC isozymes

PKCα 

PKC βII 

PKCδ 

PKCε 

PKCζ 

     

  This approach may help in understanding of influence of different PKC 

isoenzymes in GSIS. A comparative study 

along with other model β

of protein phosphatases by glucose counteract the activity of PKC.

effect of glucose concentrations on PKC activation can be studied in the presence and 

absence of phosphatase inhibitors.   

Schematic of PKC isoenzyme substrate phosphorylation.

Optimal amino acid sequences for PKC isoenzyme substrates

PKC isozymes Optimal sequence 

RRRRRKGSFRRKA 

YKLKRKGSFKKKA 

ARRKRKGSFFYGG 

YYXKRKMSFFEFF 

RRFKRQGSFFYFF 

his approach may help in understanding of influence of different PKC 

isoenzymes in GSIS. A comparative study could be performed on mice and rat i

along with other model β-cell lines. Early studies also have reported that stimulation 

of protein phosphatases by glucose counteract the activity of PKC.
2
 Therefore the 

effect of glucose concentrations on PKC activation can be studied in the presence and 

absence of phosphatase inhibitors.    
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Optimal amino acid sequences for PKC isoenzyme substrates
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his approach may help in understanding of influence of different PKC 

be performed on mice and rat islets 

cell lines. Early studies also have reported that stimulation 

Therefore the 

effect of glucose concentrations on PKC activation can be studied in the presence and 
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 Recombinant cell-penetrating substrates for PKC isoenzymes can also be 

developed by using different GFP varients as the fluorescent tag. A wide variety of 

monomeric fluorescent proteins have been developed for multiple labeling of fusion 

proteins.
288

 Constructing, cell-penetrating PKC isoenzyme substrates with different 

fluorescent proteins such as Cerulean or CyPet (λ ex =425/20 λem = 480/40), mCitrine 

or YPet (λ ex =495/10 λem = 525/20), mOrange or mKO (λ ex =545/10 λem = 575/25), 

mCherry (λ ex =585/20 λem = 675/130), may facilitate simultaneous analysis of 

different PKC isoenzyme activities. Multicolor detection conducted with carefully 

chosen filter sets may help to detect the different phosphorylated analogs with 

minimum cross talk.         

6.2.2 Improving the bioavailability of cell-penetrating chimeric proteins 

 PKAS translocated efficiently into a variety of cell types and was accessible to 

PKA, which enabled us to monitor glucose dependent phosphorylation of PKA in 

both βTC-3 and pancreatic islets. However, Luc-TAT showed low biological activity 

inside cells, and attempts to detect bioluminescence in mammalian cells were 

unsuccessful, possibly due to low transduction efficiency, degradation or reduced 

availability in the cytoplasm. Although encapsulating luciferase in PPNs improved the 

stability and the biological lifetime of the protein, it is important to reduce entrapment 

of cargoes in endosomal compartments.  
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The Dowdy group conjugated the N-terminal 20 amino acids of influenza 

virus hemagglutinin protein HA2 sequence to TAT peptide to destabilize the 

endosome membrane at low pH levels.
156

 HA2 is a pH-sensitive fusogenic peptide 

that destabilizes lipid membranes at low pH. Therefore HA2 is ideal to disrupt the 

endosomal membranes that have an acidic environment. This work demonstrated the 

release of vesicular trapped cargo when conjugated to this peptide. The HA2 

(GDIMGEWGNEIFGAIAGFLG) encoding DNA sequence could be incorporated 

into plasmids encoding cell-penetrating chimeric proteins which would facilitate the 

release of cargoes from the endosomes 

  In 2010, Dowdy and coworkers developed a pH-sensitive nitrilotriacetic 

(NTA) linker to the TAT peptide to enable the delivery of histidine imidazole ring 

containing macromolecules into cells.
289

        

  

Figure 6-2: Cargo delivery via pH sensitive NTA-PTD.
289

 

The NTA3-TAT synthesized was able to deliver functional 6xHis-tagged- β-

galactosidase into H1299 cells following coordination with NTA3-TAT. They also 
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studied the delivery of 6xHis-Cre recombinase facilitated by NTA3-TAT, resulting in 

genomic recombination of loxP sites to initiate GFP expression in CHO reporter cells. 

The linker releases the cargo in a pH sensitive manner with increasing release with 

lower pH (pH drop from 7 to 5). Thus pH sensitive linker releases cargo once 

internalized into acidic endosomal compartments due to the pH drop.  

 Although Luc-TAT showed similar activity to Luc lacking TAT peptide upon 

purification, the activity of Luc-TAT dropped more raidly during storage. When Luc-

PPNs were prepared, Luc activity was more stable overtime than Luc-TAT-PPNs. 

The attachment of TAT peptide to the enzyme may affect the structural and biological 

functions of luciferase. In situations where direct attachment of TAT to the proteins 

affects the functionality of the chimera, the above approach can be utilized for 

delivery. For example 6xHis-Luciferase can be delivered into the cells by 

synthesizing the NTA3-TAT linker.   

 We used the protein transduction domain of TAT to deliver cargo into the 

intracellular environment. An alternative platform for translocation of kinase 

substrates, and luciferase or other proteins can also be explored based on the work 

done by the Peterson group.
290

 The Peterson group reported the synthesis of artificial 

cell surface receptors that enables oligohistidine affinity tags to function as metal 

dependent cell-penetrating peptides.
291

 They synthesized an artificial cell surface 

receptor with a plasma membrane anchor N-alkyl-3β-cholesterylamine linked to a 

metal chelator nitrilotriacetic acid (NTA). His-tagged GFP was successfully delivered 

using this NTA linker via endocytosis. This group also reported the synthesis of a 
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peptide to release cargo by selective disruption of early recycling endosomes.
292

 

Combining these two approaches His-tagged recombinant substrates for kinases and 

luciferase can be internalized into cells. This approach may be useful when TAT 

conjugation affects the activity of a protein.  

6.2.3 Cell-penetrating PPN entrapped proteins as nanosensors 

 We demonstrated the application of PPN entrapped luciferase as an 

intracellular ATP sensor. The porous nature of PPNs allowed small molecule, charged 

substrates ATP and D-luciferin to diffuse through the PPN membrane to initiate 

bioluminescence by interacting with the protein whereas the encapsulated protein 

luciferase was protected from proteases and interfering proteins in the cytoplasm, thus 

improving the biological lifetime. PPNs also show excellent stability for protein 

delivery to the intracellular environment. So far, we have used this platform to 

monitor the dynamic ATP changes in HeLa cells in the presence of the metabolic 

toxins KCN and NaN3. A future goal is to introduce ATP sensors into glucose- 

sensitive cells such as βTC-3 and COS-7 to monitor dynamic changes in ATP levels 

with changing glucose concentrations. It would be also informative to monitor ATP 

changes in the presence of different metabolic inhibitors. Both KCN and NaN3 affect 

the oxidative phosphorylation, thus glycolysis inhibitors such as 2-Deoxyglucose 

should also be used. Other proteins and enzymes with biological significance can also 

be delivered into cells using this platform (e.g. glucokinase, Epac-FRET sensor for 

cAMP detection etc).  
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6.2.4. Recombinant human parathyroid analogs for competitive immunoassays 

 We prepared novel recombinant parathyroid analogs hPTH-EGFP and hPTH-

Cys to develop alternative immunoassay platforms for PTH detection in clinical 

samples. Current PTH detection assays are based on RIA or immunometric 

immunoassays. Although fluorescently labeled PTH analogs would be useful to 

develop alternative detection assays, labeling the amino acids in the PTH sequence 

interfere with antibody binding and reduce the activity of PTH. Therefore we 

prepared recombinant PTH analogs with EGFP and Cys residues at the C-terminal.  

 hPTH-EGFP will be used as labeled PTH antigen in a CE based competitive 

immunoassays. The Cys group in hPTH-Cys can be used to attach the hPTH (1-34) to 

gold nano-particles to develop gold nanoparticle (AuNP) based colorimetric sensors 

for PTH detection in clinical samples. The advantage of color changes that occur in 

AuNPs due to interparticle plasmon coupling during AuNP aggregation (red to purple 

or blue) or re-dispersion (purple to red) can be utilized to detect the presence or 

absence of PTH in a given sample.
293

 Here both PTH antibody and hPTH-Cys can be 

incorporated to gold nanoparticle surface. The unknown PTH in the clinical sample 

will compete with the Au-NP-PTH (1-34) to limiting binding sites of the AuNP-anti-

PTH ab. The changes in interparticle forces during these interactions may cause a 

color change which would help in qualitative detection of PTH. Since AuNP 

colorimetric assays are compatible with many platforms, devices based on 

microfluidic or other solid substrates can also be designed for PTH detection. It would 

be interesting if an aptamer can be isolated to bind hPTH. For instance, aptarmers 
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have been isolated to bind human thyroid-stimulating hormone (hTSH) by SELEX 

and have been used to detect hTSH samples in nitrocellulose filter membranes.
294

 

Using this technique aptamers that bind the target with high affinity can be isolated. 

So far such aptamers have not been isolated for hPTH. If aptamers exist for hPTH, the 

AuNP can also be attached to the aptamer to develop a colorimetric detection device 

for PTH. Although we developed the recombinant analogs for hPTH detection, this 

approach can be extended towards other hormones.    
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