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ABSTRACT 

Characterization of the TAT Cell Penetrating Peptide and Directed Evolution of New Cell 

Penetrating Peptides for Protein and Nucleotide Delivery to Neuronal-like Cells 

Shan Gao 

There has been tremendous recent growth in the discovery of biological therapeutic 

molecules, but they are often difficult to be utilized as efficacious therapies due to poor 

delivery and low pharmacological stability. Therefore, the delivery of macromolecules 

such as peptides, proteins and oligonucleotides has become a key issue in biological drug 

development. The additional biological barriers that evolved to protect brain cells have 

further restricted the application of biological therapeutics on the treatment of central 

nervous system disorders. In the last twenty years, a number of non-vial delivery 

technologies have been developed that exhibit low toxicity and immunogenicity, including 

cell penetrating peptides (CPPs). Although some studies have shown that the TAT 

peptide, one of the natural CPPs, can enter a variety of cell lines with high efficiency, others 

have observed little or no transduction in vivo or in vitro under conditions mimicking the in 

vivo environment. Here, we investigated TAT-mediated delivery of proteins and 

oligonucleotide-based cargos to a neuronal-like cell line and primary brain cells and offer a 

possible explanation for the conflicting results in the literature surrounding TAT-mediated 

transduction. In addition, we used a powerful tool in protein engineering, directed 

evolution, to identify a novel cell penetrating peptide that can be used as an efficacious 

penetration enhancer for lipid-based systemic drug delivery. 
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Using green fluorescent protein (GFP) as a model protein cargo, we demonstrated that 

transduction efficiency of GFP-TAT fusion protein is correlated to cellular 

glycosaminoglycan (GAG) expression in PC 12 cells which is dictated by culture conditions. 

This new observation may help to resolve some of the reported controversy surrounding 

TAT-mediated delivery efficiency. A DNA binding domain p50 was introduced into the 

fluorescent fusion protein to create a biofunctional chimeric protein p50-GFP-TAT (PGT), 

which we used for studying TAT-mediated delivery of oligonucleotide-based cargos. The 

PGT construct was able to deliver 30bp and 293bp oligonucleotides to PC 12 cells with an 

optimal ratio of 1.89 protein molecules per base pair of DNA length. This correlation was 

validated through the delivery of a red fluorescent protein (RFP) transgene encoded in 

plasmid DNA to PC 12 cells, but the overall delivery efficiency of the plasmid was very low. 

For small interfering RNA (siRNA) delivery, PGT-mediated siGFP delivery was unable to 

induce detectable RNA interfere (RNAi) in a cell line stably-transfected with a GFP gene. 

This was probably, due to endosomal entrapment of the complex. We conclude that TAT is 

an efficient delivery vehicle for proteins or peptides in a fusion protein construct, but it is 

not an ideal vehicle for the delivery of oligonucleotides due to problems with intracellular 

trafficking. 

We constructed a p50 based plasmid display system with a 14-mer randomized peptide 

library for the directed evolution of new CPPs. After four rounds of selection, we 

identified a novel peptide SG3, which exhibited significant penetrating abilities in both 

PC12 cells and primary astrocytes. In addition, the additive delivery effect of SG3 and 

Lipofectamine 2000 is much more significant than that of TAT and Lipofectamine, which 
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indicates the potential use of SG3 as an efficacious penetration enhancer for systemic drug 

delivery platforms which have been recognized as the most promising drug delivery 

strategies for biological therapeutics. 

Our work is one of the growing numbers of examples that demonstrate the advantages of a 

protein engineering methodology, directed evolution, for developing peptides or proteins 

with novel functions without requiring an in-depth understanding of either the structures or 

the detailed mechanism of their functions. 
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1 

Chapter 1 Introduction 

The general goal of this work is to develop novel peptides that can penetrate the brain cell 

membrane and could potentially be used as drug delivery agents for biological 

therapeutics for the treatment of central nervous system (CNS) disorders. The long term 

goal of this project is to establish a delivery system based on these peptides for specific 

delivery to brain cells across the blood-brain barrier. We have intensively investigated the 

delivery properties of the TAT peptide, one of natural cell penetrating peptides, for 

delivery of protein and oligonucleotide based cargos to neuronal-like cell lines and 

primary brain cells, through which we offer a possible explanation for the conflicting 

results in literature surrounding TAT-mediated transduction. In addition, we demonstrate 

that using a powerful tool in protein engineering, directed evolution, we are able to 

identify novel peptides that perform relatively complex membrane penetrating functions, 

similarly to the specific binding or enzymatic functions for which directed evolution is 

commonly used. Our concept is one of the growing numbers of examples that 

demonstrate the advantages of a protein engineering methodology, directed evolution, for 

developing peptides or proteins with novel functions without requiring an in-depth 

understanding of either the structures or the detailed mechanism of their functions. 

1.1 Delivery of biological drugs 

The growing understanding of the molecular basis of severe and complex diseases has 

provided a framework for new drug development. A vast array of therapeutic agents have 

been developed based on novel targets identified through the extraordinary advances in 

molecular biology and biotechnology of the last several decades [1]. However, current 
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biological therapeutics apply to only a small percentage of all possible molecular targets 

on or within cells involved in pathologic conditions [2]. Science and technologies are 

available to identify and derive peptides, proteins and oligonucleotides that can adjust or 

even alter the pathologic pathways at a molecular or cellular level, but these potential 

biological therapeutics cannot be successfully deployed unless they are able to overcome 

serial biological barriers after administration and before reaching the target sites in 

optimal quantities. Unfortunately, biological drugs, such as peptides, proteins or 

oligonucleotides, generally exhibit physicochemical instability, short half-life in plasma 

and circulation system, tendency of being cleared via the reticuloendothelial system, poor 

permeability through biological membranes and low efficiency of disrupting endosomal 

trapping [3, 4]. These barriers greatly limit the use of identified biological 

macromolecules as efficacious therapeutics in practice. 

In the late 1970s, it was predicted that gene therapy would be applied to humans within a 

decade [5]. However, gene therapy has still not become a routine practice in medicine due 

to the problems associated with the use of viral material for transgenic insertion [5]. 

Although viruses have evolved in nature to overcome the aforementioned biological 

barriers and viruses specifically engineered for gene therapy are indeed the most efficient 

gene delivery vectors with a large number already in clinical trial [6], the complexity of 

production, unfavorable immunological features as well as potential and real risks [6, 7] 

still restrict their application and require more research for improvements. At the same 

time, alternative non-viral delivery strategies have gained a great deal of attention, 

especially after the discovery of RNAi using small double strand RNAs, due to their less 
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severe immunogenicity and versatility of carrying diverse cargos. These delivery methods 

can be divided into three categories: 1) using external physical forces [7], including gene 

gun, jet injection, microinjection, hydrodynamic injection and electroporation; 2) using 

vectors, such as polymers [8-11], peptides [8, 12, 13], lipids [8, 14-16], and more 

advanced systems, including lipid, polymer or metal based nano-particles [17, 18] or 

vesicles (liposomes [17], polymersomes [13, 19-21] and lipoplexes [22]) with 

multi-functional surface modification groups; and 3) using the combination of the vectors, 

such as microbubbles [23] or metallic nanoparticles [24] and external forces such as 

ultrasound [25], magnetic field [26] or laser [24] to induce targeted deliver. 

For protein delivery, the situation is more promising but significant improvements of 

current delivery techniques would further lead to direct medical and social impacts. A 

number of naturally derived peptides and recombinant proteins have become successful 

drugs since the first recombinant product, human insulin, was approved by the FDA in 

1982. Despite the revolutionary progress in large-scale manufacturing of proteins and 

peptides, effective and convenient delivery of these agents in the body remains a major 

challenge due to the aforementioned biological barriers [4]. Degradation, non-specific 

interactions with off-target molecules or cells, fast renal clearance and wide tissue 

distribution result in more frequent and larger does than what would be needed if the 

administered protein or peptide could fully function at the target sites. This contributes 

greatly to the high cost of protein/peptide therapeutics. For most monoclonal antibody 

therapeutics with longer half-lives and specific affinity to targeted antigens, the delivery 

can be quite efficient [27]. For the growing number of peptide therapeutics with much 
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shorter half-lives and little specific targeting function [28], efficient delivery methods will 

be necessary to transform these peptides into successful drugs. Therefore, in the recent 

years tremendous efforts have been made to improve delivery of proteins and peptides. 

Besides using non-viral vector based delivery methods, such as polymers [29], liposomes 

[4] and nano-particels [17, 30, 31], more complex formulations have been developed to 

allow for more patient-friendly routes of administration, such as oral, inhaler and 

Transdermal form [4]. 

Although protein/peptide delivery and oligonucleotide based cargo delivery are at 

different stages in terms of clinical use and commercialization, the non-viral vector based 

methods are being studied and developed in both cases with specific features to solve 

significant problems in each application, e.g. endosomal escape [32] and targeting [17] 

for gene delivery and enhanced pharmacokinetic properties [28] and tissue penetration 

[27] for peptide/protein delivery. For either delivery system, there is always a balance 

between efficient delivery and reasonable cost. Technically, it is possible to integrate as 

many function groups as possible on a systemic delivery platform to achieve the highest 

therapeutic index (the ratio given by the lethal dose divided by the therapeutic dose), but 

would it be economic feasible for commercialization? On the contrary, if a delivery 

method can't be improved due to lack of investment, the low therapeutic index could 

simply mean an expensive and less efficacious drug. With the understanding of the 

metabolism and functions of biological therapeutics in vivo and a better tool box of 

delivery strategies, it is promising that cost-effective and efficacious delivery methods 

could be developed for specific biological therapeutics. 
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1.2 Drug delivery to brain cells across BBB 

Although a number of biological drugs have been used for severe diseases such as cancer 

[28], immunodeficiency disease [28], infection [28] and diabetes [28], few biological 

drugs have been widely used for treating CNS disorders [33]. On the other hand, there is 

growing demand for the treatment of CNS disorders with higher efficacy and less 

invasive techniques. Despite aggressive research, patients experiencing fatal and/or 

debilitating CNS diseases, such as brain tumors, HIV encephalopathy, epilepsy, 

cerebrovascular diseases and neurodegenerative disorders, far outnumber those dying of 

all types of systemic cancer or heart disease [34]. In addition, the number of people with 

certain CNS disorder will grow with an aging population. Currently, the lack of CNS 

drugs is not because few therapeutic agents have been identified but because most 

identified therapeutics are large molecules excluded by the blood-brain barrier [35]. 

The brain is one of the least accessible organs for the delivery of therapeutic compounds. 

The blood-brain barrier (BBB) is a unique physical and enzymatic barrier that segregates 

the brain from the systemic circulation (Figure 1.1). The BBB capillary endothelia lack 

fenestrations and are sealed by tight junctions, which inhibit any significant paracellular 

transport [36, 37], as shown in Figure 1.1b [36, 38]. Specific transporters exist at the BBB 

that permit nutrients to enter the brain and toxicants/waste products to exit [33, 39]. The 

BBB also functions as a diffusional restraint, with selective discrimination of substance 

transcytosis based on lipid solubility, molecular size, and charge [38, 40]. In addition, 

there is a high concentration of drug-efflux-transporters (i.e., P-glycoprotein, multi-drug 

resistant protein, breast cancer resistant protein) in the luminal membranes of the cerebral 
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capillary endothelium. The substrate specificity of these efflux transporters is very broad 

and they actively remove a broad range of drug molecules from the endothelial cell 

cytoplasm before they cross into the brain parenchyma [37, 41]. Lastly, the "enzymatic 

barrier" component of the BBB, capable of rapidly metabolizing peptide drugs and 

nutrients, is also of great significance in regard to peptide viability. As amino acids and 

their associated linkage are highly susceptible to enzymatic degradation, the nature and 

concentration of specific enzymes at the BBB can greatly affect the efficacy of a given 

peptide-based drug [37]. 

Besides the biological barriers discussed in 1.1, the BBB imposes these aforementioned 

more physiological related barriers for drugs to be delivered into targeted brain cells. In 

addition, unlike tumor tissues with enhanced permeability retention (EPR) [42] or 

vascular diseases with specific identified surface antigens or receptors [43], CNS 

disorders are less well characterized at the molecular or cellular level, which brings even 

more challenges to targeted drug delivery to brain cells. 

Existing brain drug delivery strategies include transcranial brain drug delivery, trans-nasal 

brain drug delivery, BBB disruption and small molecule lipidization [33]. These methods 

may seem to directly overcome the BBB but they are either invasive or have low 

efficiency. Given that the BBB is a regulatory biological monocellular layer rather than an 

absolute barrier, one can use the understanding of the mechanisms by which the BBB 

allows substances to cross it and inform a rational approach to drug development. For 

example, endogenous BBB transporters located on the luminal and abluminal membranes 

of the capillary endothelial cell (Figure 1.1 a.a) function as a route for solute exchange 
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between blood and brain interstitial fluid. The endogenous BBB transporters can be 

classified into three categories: CMT (carrier-mediated transporters, e.g. GLUT1 glucose 

transporter), active efflux transport (AET, e.g. P-glycoprotein) and receptor mediated 

transport (RMT, e.g. insulin receptor). Whereas the CMT and AET systems are 

responsible for the transport of small molecules between blood and brain [44, 45], the 

RMT systems are responsible for the transport across the BBB of certain endogenous 

large molecules. Natural insulin and engineered peptidomimetic mAbs, known as Trojan 

horse molecules, are used to deliver proteins [46, 47], PNA [48], and liposome 

encapsulated plasmid DNA [49] across the BBB through a RMT pathway in rats or mice. 

The disadvantage of using RMT for delivery is that the mAb developed for model species 

may not be active in human. 

Despite the barriers associated with the BBB, non-vial vector based delivery also finds its 

place in trans-BBB delivery. Well designed polyplexes [50], peptides [51], proteins [52], 

liposomes [53] and nanoparticels [54, 55] have been demonstrated in delivery of proteins 

[52] or oligonucleotide based cargos [50-54] across the BBB and perform desired 

functions in the brain. 

Besides the transcellular transport pathway, alternative methods have also been exploited 

for transs-BBB delivery. For example, recent advances in barrier research led to the 

discovery of an increasing number of epithelial and endothelial tight junction modulators, 

derived from toxins or peptides selected from phage libraries that bind to integral 

membrane tight junction proteins, which can reversibly increase paracellular transport 

with less toxicity than conventional absorption enhancers [56]. These modulators have the 
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potential to be used in trans-BBB drug delivery, but their toxicity and safety need to be 

further evaluated. 

1.3 Cell penetrating peptides for drug delivery 

In the last twenty years, a group of peptides have played a significant role in almost every 

aspect of drug delivery. They lack any significant homology, and generally consist of 

fewer than 30 amino acids. They tend to be rich in positively charged lysine and arginine 

residues, which may preferentially interact with the negatively charged cellular membrane. 

This group of peptides was given a name of 'cell penetrating peptides' (CPPs) or 'protein 

transduction domains' (PDTs). They received such a great deal of attention due to their 

simple constructs, low cytotoxity and efficacious delivery of various cargos [57], 

including small molecules [58], peptides or proteins [59], oligonucleotide based cargos 

[60], nano-particles [61] or vesicles [62] and bacterial phages [63] into a variety of cell 

lines and primary cells or tissues in vivo [12]. The first discovered natural CPP, TAT 

peptide, is derived from a transactivation protein, TAT, from HIV-I virus. Literature cites 

enormous studies of using TAT to delivery a number of cargos into many cells [12]. The 

internalization mechanism of TAT has been quite controversial, with theories of both an 

energy and receptor independent pathway and an energy dependent endocytic pathway. 

Recently, although macropinocytosis [64] has been proposed as the major internalization 

pathway for TAT protein, peptide and complexes with various cargos [65, 66], other 

endocytic pathways have also been identified probably due to the varied sizes and 

properties of the diverse cargos [12, 67, 68] (Figure 1.2 [12]). Macropinocytosis is a 

subset of endocytosis with a much larger endosome scale of >lum and without defined 
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receptor dependency. The non-specific interactions between the positive charges of TAT 

and negatively charged molecules on cell membrane, such as HS (heparan sulfate) or 

glycosaminoglycan (GAG) are believed to be the initial step of internalization [69-71], 

which also explains why TAT is able to penetrate a number of cells without obvious 

specificy. Although the non-specific membrane penetrating function makes TAT a potent 

cell penetrating domain, it is a less desirable trait in drug delivery. Peptides that 

specifically penetrate targeted cells will have greater utility in drug delivery. 

In 1999, the first in vivo work using TAT for protein delivery brought even more attention 

to CPPs [72]. A wide tissue distribution and the trans-BBB delivery of the 

TAT-p-glacatodisase fusion protein into brain cell was demonstrated after intra-peritoneal 

injection of the protein into mice. Subsequently, several other studies have also reported 

effective biodistribution of therapeutically important proteins in vivo using TAT [73-79]. 

Despite successful applications, questions about potency of TAT-mediated transduction 

across the BBB still remain unsolved. For example, no TAT-mediated transduction in the 

brain was observed [80, 81] and TAT-mediated delivery of a neuronal protective agent to 

neurons didn't exhibit desired biological function due to endosomal trapping [82]. 

A number of studies by different groups have demonstrated that TAT is an efficacious 

delivery vector for peptides or proteins to a number of cell lines and non-brain tissues. 

The systemic constructs of TAT with liposomes [85] and nano-particles [86] has also been 

proven quite successful for the delivery of siRNA or plasmid DNA. However, unmodified 

TAT-mediated plasmid delivery varies significantly among the published work. For 

example, several studies have reported TAT-mediated delivery of DNA oligonucleotides, 
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antisense DNA, or plasmids, and the results varied from no obvious delivery [87-92], to 

no desired biological activity [93], to the observation of a fair percentage of transfected 

cells [94]. In addition, the introduction of other peptides, polymeric domains, or nuclear 

transport signals [95] with a stronger affinity for DNA may facilitate the DNA delivery. 

For example, when the TAT peptide has been conjugated to poly-lysine [87], poly-TAT 

[92] or the Mu peptide [91], the TAT fusions exhibit significantly improved DNA delivery 

abilities compared to the TAT peptide alone. 

Although it has been shown TAT exhibits little cell specificity, there are cases in which 

the transduction of TAT to some cell lines such as MDCK epithelial cells [83, 84] and 

CaCo-2 colonic carcinoma cells [84] has been shown very low. To help solve the 

controversies about TAT-mediated plasmid delivery and to determine the effect of cell 

type on TAT penetrating efficiency, we have designed a series of chimeric florescent 

protein construes to study the TAT-mediated delivery of fluorescent proteins and linear 

and plasmid DNA constructs. We are also interested in verifying and/or extending the 

delivery function of TAT into brain cells. 

1.4 Directed evolution for novel proteins 

Nature has spent billions of years to create all the complexity of living things using an 

algorithm of mutation and natural selection, from the amazingly accurate central dogma 

to individual protein molecules. Scientists and engineers have implemented their own 

version of this algorithm (Figure 1.3a) to develop novel proteins for desired functions that 

do not exist in nature. Instead of introducing limited random or site-directed mutants once 

at a time as it happens in nature, the fast-forwarding evolution process in laboratory by 
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generating millions or more mutants subjected to high throughput screening for desired 

functions has been successfully used to indentify enzymes with novel catalytic activities 

[96] or thermal stabilities [97] and antibodies [98], proteins or peptides with specific 

affinity to biomolecules [98] and inorganic or organic nanosized materials [99, 100]. This 

new tool, directed evolution, has demonstrated its power by enormous number of 

successful examples in the last 20 years. Despite significant progress made in deciphering 

the relationship between protein structure and function, the ability to design proteins de 

nova remains elusive. In this sense, the power of directed evolution lies in the ability to 

rapidly engineer proteins without requiring an in-depth understanding of either the 

structure or the detailed mechanism of its action [101]. 

Generally, directed evolution involves the construction of a library of genetic mutants, a 

display system through which a functional protein or peptide in the library is physically 

and specifically linked to the coding genetic DNA and an efficient and feasible screening 

method. 

At the early stage of directed evolution, libraries were generated consisting of random 

mutants through error prone PCR or saturation mutagenesis at specific sites or within 

specific regions. Later, studies have shown that error prone PCR is not an efficient 

method to generate a sufficiently diverse library for screening successful protein 

candidates. On the other hand, due to the technical limitations of most widely used 

display systems, a library generated from saturation mutagenesis in a region encoding 

more than several amino acids is sometimes not feasible to be fully transformed into a 

display construct for specific screening methods. This results in only a limited library for 
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the screening, where some promising members may not be included due to incomplete 

transformation of the library. As 'directed' in directed evolution refers to the specific 

screening process for desired functions, it is suggested that the construction of the 

libraries also be more 'directed', or made smaller in size to be readily transformed into 

display constructs based on rational criteria drawn from all the available information 

about structures or functions [102]. The use of smaller focused libraries has proved 

advantageous in some cases over a larger random library [103, 104]. Another widely used 

method for library construction is DNA shuffling using analogues of the proteins of 

interest from various species. 

A constructed library contains a pool of genetic candidates for identifying novel 

proteins/peptides that are required to be expressed in a host system as a pool of 

DNA-protein complexes for function screening. The DNA-protein complexes are referred 

to as a display system. A number of display systems [105] have been developed with 

different features and applications, including mammalian, yeast and bacterial surface 

display [106, 107], plasmid display [108-110], mRNA display [111], ribosome display 

[112], in vitro compartmentalization [113], etc (Figure 1.3b [114]). Among these methods, 

phage display is the most widely used not only in academia but also in the 

biotechnological industry. Because of the dependence on cell or bacterial transformation, 

phage display, cell surface display and plasmid display are restricted by the 

transformation efficiency so that aforementioned library size can be a crucial factor for 

successfully identifying peptides or proteins. In order to overcome the restriction of 

transformation efficiency, in vitro display techniques have been developed to build a 
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direct linkage between the genetic and protein/peptide variants, which allows the 

generation of a library with > 1010 variants whereas transformation dependent display 

systems are limited to 109 or 1010 variants. 

The development of a screening method for the desired function of the protein of interest 

is generally case dependent. Because phage display is mostly used for screening specific 

binding to materials or molecules, general screening methods, such as biopanning or 

chromatographic binding process, have been developed and widely used in different labs 

for different projects. It could be one of the reasons that phage display is more easily to be 

standardized and becomes the most popular display technique. 

1.5 Plasmid display 

Compared to phage display, plasmid display has not been widely used in directed 

evolution. However, it is a conceptually simple display method using non-covalent 

linkage between DNA and protein through a DNA binding protein. Several plasmid 

display constructs have been developed based on different DNA binding proteins, 

including lac repressor [109], NF-KB p50 [108] and GAL4 DNA binding domain [110]. 

The first system was used to screen a dodecamer random peptide library for peptide 

ligands against a model receptor. A pentamer motif with a consensus sequence similar to 

the natural ligand of the model receptor was identified after two rounds of selection [109]. 

Each of the latter two systems was reported with a proof-of-concept example of enriching 

a binding peptide from a mock library. There is no other reported directed evolution using 

any of these three display systems. 
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A schematic of directed evolution using the p50 based plasmid display system is shown in 

Figure 1.4. The DNA library can be cloned downstream of the p50 gene in the plasmid. 

The plasmid is transformed into E Colt and each fusion protein of p50 and the peptide 

variant in the library is expressed without induction because the Lac promoter sequence 

(GAATTGTGAGCGGATAACAATT) is partially substituted (underlined) by the last 

eight bases of the target-KB binding sequence (GGGAATTCCC) to inhibit the binding of 

Lac repressor [115]. After the fusion protein is expressed, it will form a homodimer and 

bind to the target-KB binding sequence to where it acts as a repressor to inhibit further 

expression of the fusion protein, which results in homogenous constructs of the fusion 

protein to the plasmid at the molar ration of 2:1. Without this system, the overexpressed 

fusion proteins not associated with plasmid would interfere with the screening process of 

the display complexes. The p50 protein and its fusions with maltose binding protein at 

either termini have shown similar high affinity to the binding sequence with measured K<j 

~ lOpM in 125 mM potassium chloride buffer. This highly specific and tight binding 

toward the binding site provides the protein-DNA complex the crucial quality to be a 

display system. 

1.6 Research goals 

To gain better understanding of TAT as a biological drug delivery vector to brain cells, we 

use traditional protein engineering techniques to study TAT-mediated delivery of green 

fluorescent protein, a model protein cargo, and a series of linear or plasmid DNA with 

direct fluorescent labels or transgenes of fluorescent proteins into PC 12 cells, a 

neuronal-like cell line. 
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To develop novel CPPs as a potential delivery vector for CNS disorders, we implement 

directed evolution using the p50 based plasmid display system modified for our specific 

project for the screening of a random peptide library for peptides with penetrating 

function against PC 12 cells. 
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Figure 1.1 (a) [38] Cellular constituents of the blood-brain barrier. The barrier is formed by 

capillary endothelial cells, surrounded by basal lamina and astrocytic perivascular endfeet. 

Astrocytes provide the cellular link to the neurons. The figure also shows pericytes and microglial 

cells, a: Brain endothelial cell features observed in cell culture. The cells express a number of 

transporters and receptors, some of which are shown. EAAT1-3, excitatory amino acid 

transporters 1-3; GLUT1, glucose transporter 1; LAT1, L-system for large neutral amino acids; 
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Pgp, P-glycoprotein. b: Examples of bidirectional astroglial-endothelial induction necessary to 

establish and maintain the BBB. Some endothelial cell characteristics (receptors and transporters) 

are shown. 5-HT, 5-hydroxytryptamine (serotonin); ANG1, angiopoetin 1; bFGF, basic fibroblast 

growth factor; ET1, endothelin 1; GDNF, glial cell line-derived neurotrophic factor; LIF, leukemia 

inhibitory factor; P2Y2, purinergic receptor; TGF(3, transforming growth factor-P; TIE2, 

endothelium-specific receptor tyrosine kinase 2. Data obtained from astroglial-endothelial 

co-cultures and the use of conditioned medium, 

(b) [36] The molecular components of tight junctions. 



www.manaraa.com

18 

Figure 1.2 [12] Model of cellular uptake and intracellular trafficking of cell-penetrating peptides 

(CPPs). Cellular uptake of CPP by the covalent (CPP-CS) and non-covalent (CPP-NCS) strategies. 

(1) Binding of CPPs or CPP/cargo complexes to extracellular matrix via the cell surface 

proteoglycan platform, (2) clustering of GlucosAminoGlycan platform triggers selective activation 

of small GTPase and remodelling of the actin network, (3) increase of membrane fluidity or 

microdomain dynamic promotes the cell entry and release in the cytosol of CPP-NCS and of 

CPP-CS (at high concentrations) via membrane fusion or cellular uptake of CPP-CS/CPP-NCS via 

(4) endocytosis pathway (a: caveolindependent, b: clathrin-dependent, c: clathrin- and 

caveolin-independent) or (5) macropinocytosis. After endocytic capture, (6): CPP-CS can escape 

from lysosomal degradation and enter the cytosol and the nucleus; (7): remain in the early or late 

endosomes, or (8): being delivered in the Golgi apparatus and the endoplasmic reticulum. 
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Figure 1.3 [114] Schematic of general concept of directed evolution (a) and display systems (b) 



www.manaraa.com

20 

b) 

Protein 
expression 

in vivo 
in vitro 

d) 

Lysis 

Selection 

c) 

Transformation 
p50 X 

Plasmid 
DNA 

purification 

rrn 
Plasmid 

Figure 1.4 [108] Schematic representation of one cycle of plasmid display enrichment, a: Fusion 

proteins are synthesised in the cytoplasm of E. coli. b: These bind to the p50 recognition sequence 

on the plasmid. c: Upon cell lysis, fusion protein-plasmid complexes may be selected, based on 

the p50 fusion partner binding to an immobilized ligand. d: Once non-bound complexes have been 

removed by extensive washing, the plasmids are purifed and used to transform bacteria for further 

cycles of enrichment or identification. 
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Chapter 2 TAT-mediated Intracellular Protein Delivery to PC12 cells* 

Abstract Although some studies have shown that the cell penetrating peptide (CPP) 

TAT can enter a variety of cell lines with high efficiency, others have observed little or no 

transduction in vivo or in vitro under conditions mimicking the in vivo environment. In 

this study we demonstrate that transduction of a green fluorescent fusion protein 

GFP-TAT is dependent on glycosaminoglycan (GAG) expression in PC 12 cells under 

varied culturing conditions. Experimental modulation of GAG content correlated with 

alterations in TAT transduction in PC12 cells. GFP-TAT transduced PC12 cells and did so 

with even higher efficiency following NGF differentiation into neuronal like cells. This 

correlation was further verified by PC 12 cells cultured under a different condition with 

different GAG content. We conclude that culture conditions affect cellular GAG 

expression, which in turn dictates TAT-mediated transduction efficiency. These results 

highlight the cell phenotype-dependence of TAT-mediated transduction, and underscore 

the necessity of controlling the phenotype of the target cell in future protein engineering 

efforts aimed at creating more efficacious CPPs. 

2.1 Introduction 

A growing number of protein therapeutics are being developed, however the vast majority 

of these proteins suffer from an inability to cross the plasma membrane and enter cells, 

thereby greatly diminishing their therapeutic potential [1]. Methods such as 

microinjection, electroporation, viral and non-viral vectors, and lipid encapsulation have 

associated undesirable characteristics such as low transfer efficiency, limited cell 

targeting, damaging effects to cell membranes, and/or unwanted immunoresponse [2]. 

* Parts of this chapter are published in Biotechnology and Bioengineering, 2009,104(1), 10-19, Simon et al. 
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Engineering an efficient vehicle for transmembrane delivery, therefore, would have 

wide-spread applications. 

CPPs are short, mainly basic peptides that have the ability to cross the plasma membrane 

and enter cells [1,3-7]. At active concentrations, most CPPs have negligible effects on 

membrane integrity [8] and can be fused to heterologous proteins for delivery across cell 

membranes [9]. As opposed to viral vectors and cationic lipid complexes, engineered 

CPP fusion proteins require little processing and can be produced as a single protein 

construct. In addition, because the delivered cargo is the fully-functional, therapeutic 

construct, CPP-delivered cargoes can be immediately active. 

Although our understanding of neurodegenerative mechanisms in central nervous system 

(CNS) disorders, traumatic brain injury, and ischemia continues to increase, drug delivery 

to the CNS remains a major obstacle to therapeutic development [10, 11]. Entry of 

compounds to the brain is tightly regulated as there is limited substance distribution along 

extracellular fluid-flow pathways, and fluid is constantly cleared by CNS-specific 

lymphatics [12]. Even if these in vivo brain delivery barriers could be overcome, the 

difficult task of penetrating the cell membrane remains. Non-viral gene transfer into 

post-mitotic cells, including primary cortical and hippocampal neurons, has proven to be 

inefficient [13]. Therefore, there is a critical need for the development of a more 

efficient method of transducing brain cells, in particular. 

In a landmark study, the TAT peptide, a well studied CPP, was reported to deliver the 

active enzyme [3-galactosidase to all tissues in the mouse, including the brain, following 

intraperitoneal injection [14]. Subsequently, several other groups have used CPPs to 
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deliver functional neuroprotective cargos, such as the anti-apoptotic proteins Bcl-2 and 

Bcl-xL, into the brain in in vivo animal models [15-17], as well as into in vitro cultures of 

primary neurons [15, 16, 18] and hippocampal brain slices [19]. 

While early evidence suggested that TAT peptides could transduce the cell membranes of 

a variety of cell types in vitro with almost 100% efficiency [9, 15, 16], much of this data 

has been called into question in light of more recent experiments. Specifically, Richard 

et al. have convincingly demonstrated that the use of fixation prior to fluorescent 

microscopic analysis and/or a lack of trypsinization before flow cytometric analysis 

produce spurious results [20]. Many of the previously mentioned successful in vitro 

studies used immunohistochemistry to confirm cell transduction, which includes a 

fixation step following CPP transduction [9, 15, 16, 19]. Although many of these 

constructs provided neuroprotection both in vitro and in vivo, studies have shown that 

Bcl-2 is neuroprotective in hippocampal slice cultures when simply added to the medium 

[21]. 

The controversy of CPP-mediated transduction extends to non-brain cells as well. 

CPP-mediated transduction has been successful in cell lines such as Jurkat [9, 22, 23], 

HeLa [8, 24], and HEK293 [25], however poor or no CPP-mediated cargo delivery has 

been observed in other cell lines such as MDCK epithelial cells [24, 26] and CaCo-2 

colonic carcinoma cells [24], both of which are thought to be morphologically and 

biochemically representative of primary cells. Similar poor cell transduction has been 

observed in studies of muscle cells in vivo [27]. Moreover, several of the previously 

published successful in vivo results, including those of Schwarze et al. [14] and Cao et al. 
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[16] could not be repeated, even in some cases using the same construct [28]. As such, 

there is an unresolved controversy regarding the ability of TAT to cross plasma 

membranes and whether CPP studies performed on one cell type can translate to other cell 

types or even the same cell type under different environmental conditions. 

We hypothesized that variability in the amount of cell surface proteoglycan may 

contribute to some of the variability in TAT-mediated transduction efficiency between cell 

lines and between various primary cells both in vivo and in vitro. Although the exact 

mechanism by which TAT crosses the plasma membrane has been debated, it is 

commonly believed that the process involves an electrostatic interaction with cell surface 

proteoglycans, in particular heparan sulfate [29-36]; these conclusions have all been 

drawn based on studies of TAT-mediated transduction into cell lines. The amount of 

proteoglycan on the surface of a cell varies depending on cell type, location and function 

[37, 38], even within a single organ like the brain [39]. PC12 cells are derived from a 

transplantable rat pheochromocytoma, and, upon differentiation with nerve growth factor 

(NGF), show changes in cellular composition associated with neuronal differentiation 

[40]. PC 12 cells, therefore, serve as a model for primary neuronal cells. Herein, we used 

flow cytometry to quantify TAT-mediated delivery efficiency in undifferentiated and 

differentiated PC 12 cells to test our hypothesis. 

We observed significant differences in overall transduction efficiency for PC 12 cells 

grown under distinct culture conditions. Furthermore, we found that the different culture 

conditions affected the glycosaminoglycan (GAG) content of the cells. GAG content was 

positively correlated with efficiency of TAT-mediated GFP transduction. Elimination of 
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cell-surface GAG by trypsin treatment reduced TAT transduction whereas differentiation 

with NGF enhanced GAG production and increased transduction. Altering the cell 

density and duration of culturing also influenced GAG content, and showed a 

corresponding change in TAT transduction efficiency. We conclude that TAT-mediated 

protein delivery is strongly dependent on cell phenotype and growth environment, which 

in turn affect GAG content. Our results indicate that, while it may be an efficient 

delivery vehicle for cells with high GAG content, TAT may be an inefficient vehicle for 

many types of primary cells and tissues with low GAG content. Our results also 

highlight the pitfalls of extrapolating transduction efficiencies from cell-lines in vitro to 

primary cells in vivo, or even from cells grown in one environment to the same cells in a 

different environment, when engineering novel delivery vehicles. 

2.2 Experimental 

Materials Oligonucleotides were obtained from Integrated DNA Technologies 

(Coralville, IA). Enzymes for DNA cloning and manipulation were from New England 

Biolabs (Ipswich, MA). The QuickChange Site-directed mutagenesis kit was from 

Stratagene (La Jolla, CA). The Gel extraction kit, Miniprep kit and Midiprep kit were 

purchased from Qiagen (Valencia, CA). Complete protease inhibitor cocktail tablets were 

obtained from Roche Applied Science (Mannheim, Germany). SDS-PAGE gels, 

trypsin/EDTA, Quant-iT Picogreen assay and nerve growth factor were from Invitrogen 

(Carlsbad, CA). Centricon or Amicon Centrifugal Filter Units were from Millipore 

(Billerica, MA). The Bradford protein kit was from Pierce (Rockford, IL). 

Chromatography columns were obtained from GE Healthcare (Uppsala, Sweden). PC 12 
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cells and F12K medium were obtained from American Type Culture Collection 

(Manassas, VA). GC5 competent Escherichia coli cells, BL21 competent E. coli cells and 

all other chemicals used in the study were from Sigma-Aldrich (St. Louis, MO). 

Vector construction The GFP gene was encoded in a pRSET-S65T vector [41] 

containing a 6-histidine tag at the NH2-terminus of the GFP gene. The 14 amino acid 

TAT sequence (NGYGRKKRRQRRRG) was inserted onto C-terminus of the GFP gene to 

create the pGFP-TAT expression vector, as described in our published article [42] and in 

Chapter 4. 

Expression and purification of recombinant proteins As described in our published 

work [42], the GFP and GFP-TAT proteins were expressed in BL21 competent E. coli 

using the pRSET-S65T and pGT vectors, respectively. The proteins were purified using 

a HisTrap crude FF 5 ml column in an FPLC apparatus. The concentration of the 

purified proteins was determined by their absorbance at 280nm using 0.6766(mg/mL)"1 

cm'1 and 0.6737(mg/mL)"1 cm'1 as extinction coefficients [43] for GFP and GFP-TAT, 

respectively. Protein concentrations were verified using the Bradford kit. Construct 

molecular weights were verified by MALDI-TOF mass spectrometry. 

Cell culture PC 12 cells were plated onto poly-L-lysine coated 24-well plates at a 

density of 100,000 cells per well and grown in F12K medium supplemented with 15% 

horse serum and 2.5% newborn calf serum for approximately 7 days until confluent 

before protein transduction experiments. In some cases, the cells were plated onto 

poly-L-lysine coated 24-well plates at a density of 250,000 cells per well and grown in 

the same growth medium containing the serums. The protein transduction experiments 
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were performed on the next day. 

Differentiation was achieved by treating PC12 cells with lOOng/mL 2.5S nerve growth 

factor for 7 days. 

Quantification of protein transduction into PC12 cells To examine differences in 

GFP transduction efficiency between undifferentiated and differentiated PC 12 cells, the 

cells were incubated with 100|xg/mL GFP or GFP-TAT for 4 hours. In some cases, 

2.8nmol/mL GFP (87ug) or GFP-TAT (93u.g) was used for transduction. The optimal 

concentration was determined from previously calculated dose-response curves [42]. 

Cells were washed twice with PBS, trypsinized for 5 minutes, and resuspended in 300uL 

PBS. The trypsinization step was essential to remove any surface-bound protein, which 

could cause an overestimation of GFP transduction [20]. Cells were kept on ice until 

analysis using either an LSRII or a FACSCanto II flow cytometer. The percent increase 

in geometric mean fluorescence (excitation 488nm, emission 530/30nm) above 

background was calculated to account for autofluorescence. A total of 30,000 events per 

sample were counted. Statistical differences between GFP and GFP-TAT transduction, 

as well as between the GFP-TAT transduction of undifferentiated and differentiated PC 12 

cells were calculated using Student's t-tests with p<0.05. Equality of variance was 

confirmed using the Levene test and, if necessary, data was log transformed to ensure a 

normal distribution prior to statistical analysis. 

Quantification of GAG To determine cellular GAG content, cells under specific 

culture conditions were washed with PBS, incubated in 500LJL of lysis buffer (0.1M 

sodium acetate buffer, pH 5, containing 5mM EDTA, 5mM cysteine HC1, and 0.6U 
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papain/mL) overnight at 37°C, sonicated, and then analyzed using the 

1,9-dimethylmethylene blue (DMMB) dye-binding assay [44]. GAG content was 

normalized to total DNA content using the Quant-iT Picogreen assay. 

The role of GAG in GFP-TAT transduction To further discern the role of GAG in 

GFP-TAT transduction, GAG content was experimentally altered. Differentiation of 

PC 12 cells with NGF, as described above, has been shown previously to increase heparan 

sulfate proteoglycan expression [45]. Cell-surface proteoglycans were removed by 

treating undifferentiated PC 12 cells. Following the trypsin treatment, the cells were 

incubated in medium for 30 minutes prior to the addition of GFP or GFP-TAT. A 

decrease in GAG content was confirmed using the DMMB assay. The GAG/DNA content 

of the experimentally GAG-modulated PC 12 cells and serum-grown astrocyte 

monocultures was normalized to the untreated condition, and statistically compared using 

a Dunnett post-hoc comparison using the untreated condition as a control. 

To confirm the importance of electrostatic interactions at the cell surface, in particular 

with heparan sulfate proteoglycans, cells were pretreated with 100|J.g/mL heparin for one 

hour. Heparin has a structure that is similar to heparan sulfate, and if GFP-TAT does 

electrostatically interact with heparan sulfate, heparin should act as a competitive 

inhibitor and decrease GFP-TAT transduction [31]. The heparin was left on the cells 

during the GFP or GFP-TAT treatment. 

The geometric mean green fluorescence (excitation 488nm, emission 530/30nm) was 

measured for the protein transduced cells after each GAG-modifying treatment and was 

normalized to untreated undifferentiated PC 12 cells. Statistical differences were 
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determined using one-way ANOVA followed by a Dunnett post-hoc comparison to the 

control condition. Equality of variance was confirmed using the Levene test and, if 

necessary, data was log transformed prior to statistical analysis to preserve 

homoscedacity. 

A straight line was fit to plots of TAT transduction versus GAG content for PC 12 cells. 

To account for errors in both variables, the line was fit using a weighted least squares 

algorithm[46]. Confidence bands were calculated using the methods of Giordano [47]. 

To further verify the correlation of TAT transduction versus GAG content for PC 12 cells, 

the transduction of GFP and GFP-TAT to the PC 12 cells that had been cultured for only 

20-24 hours were also evaluated since the GAG content of these cells are higher than the 

cells cultured for 7 days. 

2.3 Results and discussion 

Protein construct and purification In this study, the TAT CPP sequence 

(NGYGRKKRRQRRRG) was fused to the carboxy-terminus of the GFP protein which 

contained an N-terminal polyhistidine purification tag. As opposed to previously 

reported PolyHis-TAT-GFP constructs [48-54], our construct allowed for the purification 

domain (polyhistidine) and the CPP domain (TAT) to be separated by the GFP protein, 

which may allow the TAT peptide to be more accessible to participate in cellular 

transduction by preventing potential confounding interactions by the polyhistidine 

purification tag. In addition, the GFP and GFP-TAT fusion proteins were purified by 

Ni2+ affinity chromatography under native conditions so that refolding of the protein was 

unnecessary. Many of the studies involving chimeric GFP-TAT constructs report 
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purification under denaturing conditions [49-53] while some report purification under 

both denaturing and native conditions [48, 54, 55]. 

Analysis of the purified GFP and GFP-TAT proteins by SDS-PAGE showed apparent 

homogeneity of the expressed products (Figure 2.1). Molecular weights obtained by 

MALDI-TOF mass spectrometry, 31,313 Da for GFP and 33,194 Da for GFP-TAT, 

compared well to the calculated theoretical molecular weights of 31,113 Da and 33,144 

Da. 

Protein transduction into PC12 cells Significant GFP-TAT transduction, in 

comparison to GFP alone, was measured into both undifferentiated (NGF-) and 

differentiated (NGF+) cells cultured for 7 days after inoculation (Figure 2.2A). In 

addition, overall GFP-TAT transduction into differentiated cells was significantly (p<0.05) 

more efficient than into the undifferentiated cells, indicating that the cell's phenotype may 

influence the transduction of GFP-TAT. 

We initially hypothesized that the discrepancy in TAT-mediated delivery efficiency in 

previous publications may have been due to culture condition and/or phenotypic state. 

Because mitotic activity is often required for DNA transfection [56, 57], it was possible 

that TAT transduction would be more efficient in dividing cells. However, our results 

indicated GFP-TAT fusion protein translocated into differentiated (non-mitotic) PC 12 

cultures significantly more efficiently than into undifferentiated, dividing cells. These 

findings were consistent with those of Matsushita et al., who reported limited 

CPP-mediated GFP delivery to PC 12 cells in the undifferentiated state and high 
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transduction efficiency after differentiation [19]. 

Role of GAG in transduction of PC12 cells In PC12 cells, NGF treatment enhances the 

expression of heparan sulfate proteoglycans [45], a typical chemical of GAGs, which 

have been shown to be essential for the initial electrostatic interaction between TAT and 

the plasma membrane before internalization [29-36]. In agreement with the literature, our 

NGF treatment significantly increased the GAG content of PC 12 cells by almost 50% 

(Figure 2.3a). The NGF treatment also caused significant increases in GFP-TAT 

transduction (Figure 2.3b). Trypsin treatment, which eliminates surface GAG [58], 

significantly reduced the GAG content by almost 30% and caused significant decreases in 

TAT transduction. Pretreatment with soluble heparin, which competitively blocks TAT 

from binding to cell surface GAG [31] also significantly decreased TAT transduction 

(Figure 2.3b). These results confirm that surface GAGs contribute to the ability of TAT 

to increase GFP transduction in PC 12 cells and that the electrostatic interaction can be 

competitively blocked by a negatively charged, soluble molecule like heparin. 

We identified a linear correlation between GFP-TAT transduction and cell GAG content 

of PC12 cells cultured for 7 days under different conditions (Figure 2.3c). The 

electrostatic interactions between the positive charges on TAT and the negative charges on 

GAG could be one of the major forces responsible for the association of a TAT fusion 

protein to the cell membrane, which leads to the internalization of the fusion protein. As 

such, the correlation between GAG content and TAT transduction provides many insights 

into the observed variability in TAT transduction efficiency. Some groups may have seen 

no cell-specificity, since GAG is present on all cells, and their culture conditions may not 
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have provided enough of variability in GAG content between cells to observe a difference 

in transduction efficiency. In contrast, other groups may have seen cell-specificity as a 

result of varying cell culture conditions. 

This dependence can also be exploited in an attempt to control TAT transduction. 

TAT-mediated transduction could be increased by increasing the number of negative 

charges on the cell membrane, as shown in this study, or by increasing the number of 

positively charged fusion proteins up to the point of saturation of the negative charges on 

the membrane. The latter can be seen by the dose-dependent property of TAT transduction 

into PC12 cells observed in our published work (Figure 4.3, Chapter 4) [42]. 

Interestingly, this correlation has been used in the past, but for the opposite purpose; 

Kumarasuriyar et. al. used the transduction of a GFP-TAT fusion protein to evaluate cell 

surface GAG expression [34]. 

To further verify the correlation between GAG and TAT transduction, we investigated the 

role of cell culture conditions, including culture density and duration, on GAG content 

and TAT transduction efficiency. Undifferentiated PC 12 cells were plated at a higher 

density of 250,000 cells/well on a PLL coated 24-well plate, and GAG content and 

GFP-TAT transduction were measured at 20-24 hours using the same protocols as 

previous experiments. 

When the protein transduction experiments were performed on the undifferentiated PC 12 

cells on the day after the inoculation, GFP-TAT exhibited higher transduction efficiency, 

indicating that the cell's phenotype may not only be affected by additives, such as nerve 
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growth factor, but also affected by other commonly employed cell culture conditions, 

such as the duration and density of culturing. After treatment with NGF, PC 12 cells stop 

dividing and start developing axonal structures at certain cell density [59]. However, the 

undifferentiated cells cultured side by side grow at a normal doubling time of 92 hours, 

according to the manual. Based on this doubling time, the cell density after culturing for a 

day was likely lower than the cells cultured for 7 days despite the cells being seeded at 

higher density. In fibroblasts, GAG production has been shown to be cell 

density-dependent. The fibroblasts cultured at low density synthesize significantly 

increased quantities of GAG in comparison to confluent cultures [60]. It is possible that 

the GAG production of PC 12 cells may also depend on cell density. Our results have 

shown a decrease in cell GAG content with an increase in PC 12 cell density and culture 

duration, which result in the differences of GFP-TAT transduction into undifferentiated 

PC12 cells. These results also explain the similar results revealed by Chauhan et al. [61] 

that extracellular application of CPP fusion proteins just a day after seeding of cells was 

successful albeit with low transduction efficiency whereas with relatively older and 

confluent cells, no transduction was observed. 

The numerical results from this culture condition of low cell density and short culture 

duration are consistent with the correlation obtained from trypsin-treated, NGF-treated 

and untreated PC12 cells cultured for 7 days in Figure 5.3c. This result further confirms 

that GAG content quantitatively dictates the ability of TAT to deliver GFP into PC 12 cells 

Our study has shown that the delivery efficiency of TAT into particular cells under a 

particular condition can be predicted by identifying the cell GAG content. This 
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correlation provides a much-needed explanation for the controversy in literature over TAT 

transduction efficiency in different cells, or even the same cell under different 

experimental conditions, and highlights the need for using the most physiologically 

relevant screens during protein engineering efforts. 

2.4 Conclusions 

In this study we determined that GAG content affects TAT-mediated delivery in PC 12 

cells. We showed a linear correlation between GAG content and TAT transduction in 

PC 12 cells experimentally modulated to increase or decrease GAG. In addition, we 

found that culture density and duration can drastically alter TAT transduction through the 

unforeseen consequence of altering GAG expression. Our results offer a possible 

explanation for the conflicting results in literature surrounding TAT-mediated transduction. 

While many studies attribute an inefficient TAT delivery in vitro or in vivo solely to the 

physicochemical or pharmacological properties of TAT, individual cell surface properties 

such as GAG content should also be taken into account. This study also highlight the 

crucial need for using a physiologic culture system in protein engineering efforts aimed at 

creating improved CPPs. 

There is a critical need for efficient and safe protein delivery vehicles to the brain. 

Because TAT does not show cell specificity due to the initiation of internalization by 

electrostatic interactions with cell membrane, and modulating GAG in vivo is difficult, it 

is unlikely that TAT can be used as a therapeutic delivery vehicle in its current form. A 

reengineering of TAT or incorporation of a targeting domain with specific interactions 

with the desired cells at the initial internalization step may therefore be necessary to 
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optimize protein transduction into a particular target cell-type under a specific 

environmental condition by introducing. Using a protein engineering process such as 

directed evolution, novel CPPs could be developed with these optimal cell targeting and 

cell penetrating properties. While the goal may be to generate novel CPPs with specific 

in vivo targets, the initial screening processes could be done in vitro due to the volume of 

cells needed and the ease of analysis. Our results highlight the critical necessity of using a 

physiologic in vitro screen during these protein engineering efforts so that results can be 

translated to primary cells in culture, as well as cells in vivo. 
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Figure 2.1 SDS-PAGE analysis of GFP and GFP-TAT purity. Samples were run on a 4-12% 

NuPAGE Bis-Tris gel under denaturing conditions. The gel was stained with SimplyBlue Safe 

Stain and shows apparent homogeneity of the expressed products. The construct molecular 

weights compare well to the calculated theoretical molecular weights of 31,113 Da and 33,144 Da 

for GFP and GFP-TAT, respectively. 



www.manaraa.com

(A) 

47 

350%-

Undifferentiated Differentiated 

x 6 

2 3 

X 2 

o 

=> GFP 
• GFP-TAT 

Undifferentiated -1 day 

Figure 2.2 Transduction of GFP and GFP-TAT into differentiated and undifferentiated PC12 cells. 

(A) Undifferentiated PC12 cells and differentiated (NGF-treated) PC12 cells were incubated in 100 

ug/mL GFP or GFP-TAT for 4 hours, and transduction was quantified using flow cytometry. 

Results are expressed as the percent increase in geometric mean fluorescence compared to 

untreated control cells, to account for background autofluorescence (n>3, error bars: ±SEM). TAT 

significantly enhanced GFP transduction into both undifferentiated and differentiated PC12 cells 

compared to GFP alone. *: Significance from Student's t-test (p<0.05). Overall GFP-TAT 

transduction was significantly greater in differentiated cells. #: Significance from Student's t-test 

(p<0.05). (B) Undifferentiated PC12 cells inoculated the day before the transduction were 

incubated in 2.8 nmol/mL GFP (87 ug) or GFP-TAT (93 ug) for 4 hours, and transduction was 

quantified and the results are expressed under the same conditions as (A). *: Significance from 

Student's t-test (p<0.05). 
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Figure 2.3 Dependence of GFP-TAT transduction on PC12 cell GAG content. (A) The average 

|ig of GAG / ng of DNA, normalized to the average |xg of GAG / ng of DNA in undifferentiated 

cultures is shown for undifferentiated PC12 cells treated to experimentally alter GAG content (n>4, 

error bars: ±SEM). There was a significant increase in GAG with differentiation, and a significant 

decrease in GAG with trypsin treatment. (B) Geometric mean fluorescence of the cells treated by 

GFP-TAT was normalized to undifferentiated PC12s (n>4, error bars: ±SEM). GFP-TAT 

transduction significantly increased in NGF-treated PC12 cells, and significantly decreased in both 

trypsin and heparin treated cells. *: significance from Dunnett post-hoc comparison to the control, 

undifferentiated condition. (C) Percent increase in GFP-TAT transduction, compared to GFP alone, 

showed a positive correlation with GAG content (n>4, three data points correspond to 

trypsin-treated, untreated, and NGF-treated PC12 cells, error bars: ±SEM), indicating that GAG 

content influences the ability of TAT to enhance GFP transduction. (D) The correlation in (C) was 

verified by the undifferentiated PC12 cells transduced by GFP-TAT the day after the inoculation. 

The undifferentiated PC12 cells used in A, B and C were cultured 7 days before the GFP-TAT 

transduction experiments were performed. The GAG content in the cells around 20 hours 
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post-inoculation is higher than the cells cultured for 7 days, which results in a higher GFP-TAT 

transduction. This relationship is consistent with the correlation of GAG content and GFP-TAT 

transduction efficiency obtained from trypsin-treated, NGF-treated and untreated PC12 cells 

cultured for 7 days in (C). 
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Chapter 3 Establishment and Characterization of Plasmid Display System 

Abstract Plasmid display is a conceptually simple display method. We are trying to 

display a random peptide library on plasmids using the plasmid display system developed 

based on NF-KB p50 protein that specifically binds to a DNA sequence built in the 

plasmid. This display system will be used for screening peptides capable of delivering 

cargos into mammalian cells or even specific types of cells as a potential drug delivery 

vehicle. Herein, we modified the plasmid display system in order to perform the desired 

delivery function. A series of model systems were constructed and characterized. The 

protocols of preparation and purification of these constructs were established. The 

presence of the desired constructs in the purified samples was verified. One of the model 

systems was proposed as a positive control by displaying p50-TAT fusion protein in the 

construct for a proof-of-concept example of applying plasmid display for cell penetrating 

peptide screening. However, the purified protein-plasmid complexes failed to deliver the 

fluorescent transgene into PC12 cells. We attributed this to the pronounced negative 

charges of the plasmid inhibiting the penetrating ability of TAT. Charge neutralizing 

agents, polyethyleneimine (PEI) and Lipofectamine, were studied and Lipofectamine 

facilitated the performance of our positive control over the negative control and was 

chosen as an assisting agent for the directed evolution of new CPPs using plasmid display 

in our later work. 

3.1 Introduction 

The plasmid display system based on p50 DNA binding domain discussed in Chapter 1 

was used for enriching maltose binding fusion protein (MBP-p50) from a mock library 
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consisting of MBP-p50 and GST-p50 at the molar ratio of 1:105. After three rounds of 

selection, 98% of the selected colonies were identified as MBP-p50 [1]. It has not been 

implemented for directed evolution to identify proteins/peptides with novel functions. 

Without detailed and sufficient understanding of receptors on brain cells for a rational 

design of homing peptides to specific brain cells, we chose directed evolution to indentify 

new CPPs for delivery to brain cells. Studies of using CPPs to deliver inherently 

fluorescent cargos suffer from the difficulty of identifying the fluorescent signal of the 

cargo associated with the outside of the membrane from the fluorescent signal of the 

cargo within the cytoplasm. This problem can be avoided if a cargo with biological 

function within the cells is applied. It is easy to clone a gene of a fluorescent protein with 

a mammalian cell promoter into the plasmid of plasmid display system, which can be 

used to perform directed evolution by screening fluorescent cells into which 

plasmid-fusion protein complex has been successfully delivered by the peptide displayed 

on the plasmid. A significant amount of protein-plasmid complexes for screening a library 

on mammalian cells by transfection is needed. Thus an efficient purification of the 

complexes from the bacterial lysate is also needed. Herein we construct pdTAT, pdCON, 

pdHA2-TAT and pdHA2-CON (pd stands for plasmid display) as model systems for 

evaluating p50 DNA binding domain based plasmid display for directed evolution to 

indentify new cell penetration peptides, establishing preparation and purification 

protocols for the complexes and designing a screening method for future directed 

evolution. 

3.2 Experimental 
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Materials Oligonucleotides were obtained from Sigma-Genosys (St. Louis, MO) or 

Integrated DNA Technologies (Coralville, IA). Enzymes for DNA cloning and 

manipulation were purchased from New England Biolabs (Ipswich, MA). The 

QuickChange site-directed mutagenesis kit was from Stratagene (La Jolla, CA). The Gel 

extraction kit, Ni-NTA Superflow, Miniprep kit and Midiprep kit were purchased from 

Qiagen (Valencia, CA). Complete protease inhibitor cocktail tablets were obtained from 

Roche Applied Science (Mannheim, Germany). SDS-PAGE gels, protein markers and 

trypsin/EDTA were from Invitrogen (Carlsbad, CA). Centricon or Amicon Centrifugal 

Filter Units and PVDF transfer membrane were from Millipore (Billerica, MA). 

Chromatography columns were obtained from GE Healthcare (Uppsala, Sweden). PC 12 

cells and F12K medium were obtained from American Type Culture Collection 

(Manassas, VA). GC5 competent E. coli cells, BL21 competent E. coli cells and all other 

chemicals used in the study were from Sigma-Aldrich (St. Louis, MO). 

Vector construction All ligations were performed using T4 DNA ligase at 16°C 

overnight. The resultant vectors from ligations were transformed into GC5 E. coli cells. 

Colonies were picked and used to inoculate 5ml cultures (LB broth containing 50ug/mL 

of kanamycin for plasmid display vectors and lOOug/mL of ampicillin for GFP vectors). 

Plasmid DNA was extracted from the cultures using Miniprep kit and each culture was 

screened by restriction digestion with appropriate restriction endonucleases in order to 

verify the insertion of the desired sequences. Mutants with the correct insert were verified 

by DNA sequencing using appropriate sequencing primers. 

The pRES115 vector [12] containing p50 gene and target-KB (GGGAATTCCC) was 
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kindly provided by Dr. Jonathan Blackburn at University of the Western Cape. The 

dsDNA fragment encoding the TAT peptide (NGYGRKKRRQRRRG) was generated by 

extending a sense oligonucleotide: 5'-GGG AGC TCG AAC AAC GGT TAC GGT CGT 

AAG AAG CGT CGT CAG CGT CGT CGT GGC TAA GAT ATC GTG-3' with a reverse 

primer: 5'-TCT TAA CTT AAG CAC GAT ATC TTA GCC-3'. The extension reaction 

was prepared using a Taq polymerase kits (Sigma,). The reaction was performed using a 

PCR thermocycler by 95°C for 40 seconds, 60°C for 30 seconds and 72°C for 12min. The 

PCR reaction was purified by electrophoresis on 2% agarose gel and the DNA fragment 

was extracted using Gel Extraction Kit. The purified DNA sample was doubly digested by 

Afl2 and Sacl in NEBuffer 4 at 37°C for 2 hours. The digestion was also purified by 

electrophoresis and gel extraction as mentioned above. The pRES115 vector was also 

double digested by Afl2 and Sacl and purified under the same conditions. The doubly 

digested insert and vector were ligated together to create the pPT vector. 

After cloning TAT into pRES115 vector, a hexahistadine and FLAG tag was cloned 

upstream of p50 in the pPT vector. A DNA fragment encoding a hexahistidine-FLAG tag 

was generated by annealing a pair of oligonucleotides: 5'- TAT GCA CCA TCA CCA 

TCA CCA TGA CTA CAA AGA TTC GGG CC-3' and 5'-GCT TAG AAA C AT CAG 

TAC CAC TAC CAC TAC CAC GT-3'. The annealed double-stranded DNA contained 

Apal and Ndel restriction sites. A unique Apal site was introduced into the pPT vector 

through site-directed mutagenesis with a pair of primers: 5'-CAT ATG GCA GAG GGC 

CCA TAC C -3' and 5'-GGT ATG GGC CCT CTG CCA TAT G-3'. The mutant pPT 

vector was sequentially digested by Apal and Ndel and the hexahistidine and FLAG tag 
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were ligated with the digested vector to create the pHPT vector. 

Subsequently, the gene of CMV promoter and enhanced yellow fluorescent protein 

(CMV-EYFP) was also introduced into the original pRES115 vector. CMV-EYFP gene 

was cloned from pEYFP-Mem vector (kindly provided by Dr. Lance Kam at Columbia 

University) using a forward primer and a reverse primer. The forward primer contained an 

Afl3 site and the reverse primer generated an Avr2 site in the PCR products. The PCR 

reaction was purified by electrophoresis and gel extraction before being doubly digested 

by Afl3 and Avr2 in NEBuffer 2 supplemented with BSA at 37°C for 2 hours. A unique 

Avr2 site was introduced into the pRES115 vector through site-directed mutagenesis with 

a pair of primers: 5'-CCT TTT TAC GGT TCC TAG GCC TTT TGC TGG-3' and 

5' -CCA GCA AAA GGC CTA GGA ACC GTA AAA AGG-3'. The mutant pRES 115 

vector was sequentially digested by Afl3 and Avr2 and the CMV-EYFP DNA fragment 

were ligated into the construct to create the pPE vector. CMV-EYFP gene was also 

introduced into pPT vector using similar method to create the pPTE vector. 

The pHPT (3.6k bp) and pPTE (5.3k bp) vectors were used to construct pTAT vector that 

contained a CMV-EYFP gene and a gene consisting of a hexahistadine-FLAG tag, p50 

and TAT (HPT). Specifically, there was a unique BspEl site in the middle of the p50 gene 

in both pHPT and pPTE vector. Both vectors were doubly digested with Afl3 and BspEl 

in NEBuffer 3 at 37°C for 2 hours, respectively. The digestion was purified by 

electrophoresis and gel extraction. The digested fragment of the pHPT vector containing 

the fused gene encoded the N-terminus of HPT (0.9k bp) and the digested fragment from 

the pPTE vector containing the gene encoding C-terminus of HPT and CMV-EYFP gene 
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(4.4k bp) were ligated together to create the pTAT vector. 

A control vector, pCON', was also constructed in a similar way using pHPT and pPE 

vectors. A stop codon (TAA) at the C-terminus of p50 where TAT was fused to the end of 

p50 was introduced to the pCON' vector by site-directed mutagenesis kit using a pair of 

primers: forward: 5'-CGT CAG AAG GGG AGC TCG TAA CAA CAA CAA CAA TAA 

C-3' and reverse: 5'-GTT ATT GTT GTT GTT GTT ACG AGC TCC CCT TCT GAC 

G-3'. The resultant vector was named as pCON. 

A mutant (ATT [25]->ATG) was later found in the lac promoter region for p50 gene in 

the original pRES115 plasmid. Site-directed mutagenesis was performed with pTAT and 

pCON vector using a pair of primers: forward: 5'-CCC AGC GGA TAA CAA TTT CAC 

ACA GGA AAC AC-3' and reverse: 5'-GTG TTT CCT GTG TGA AAT TGT TAT CCG 

CTG GG-3'. The pTAT and pCON vectors used in the later on experiments were the ones 

with the correct lac promoter. 

A double strand oligonucleotides containing the sequence of Histag, Flagtag and HA2 

was generated by overlap extension of a pair of single strand oligonucleotides partially 

complementary to each other (forward strand: 5'- AAC ATA TGC TAG CAC GGG GTT 

CTC ATC ATC ATC ATC ATC ATG ACT ACA AA GAT GGA CTG TTC GAA GCT 

ATC GAA GGA TTC ATC G-3' and reverse strand: 5'-CCA TCG ATC ATA CCT TCC 

CAT CCG TTC TCG ATG AAT CCT TCG ATA GC-3'). The dsDNA fragment was 

then sequentially digesting by Apal at 25°C for 1.5 hours and Nhel at 37°C for 1.5 hours. 

The digested dsDNA was the final HA2 insert for later ligation. For pTAT and pCON 

vectors, the Nhel and Apal sites between CMV and EYFP gene were knocked out using 
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site-directed mutagenesis with two pairs of oligonucleotides: Nhel-f: 5'-CGG TAG CGC 

TAA CGG ATC TGA CG-3', Nhel-r: 5'-CGT CAG ATC CGT TAG CGC TAC CG-3\ 

Apal-f: 5'- GGT ACC GCG GTC CCG GGA TCC A-3' and Apal-r: 5'- TGG ATC 

CCG GGA CCG CGG TAC C-3\ while a Nhel site was introduced to the sequence of 

C-terminus of p50 using a pair of oligonucleotides: Nhel+-f: 5'- GGA AAC ACA TAT 

GCT AGC ATC ACC ATC ACC -3 ' and Nhel+-r: 5'- GGT GAT GGT GAT GCT AGC 

ATA TGT GTT TCC -3 ' . The mutant vectors were sequentially digested by Apal and 

Nhel under the same condition as the HA2 insert was digested. The HA2 insert obtained 

earlier was then ligated with these linearized vectors respectively to generate pHA2-TAT 

and pHA2-CON vector. 

Due to the negative feedback design for the expression of p50 or its mutant proteins 

discussed in Chapter 1, 1.5, the expression yield of p50 or p50-TAT using pTAT or 

pCON vector would be very low. In order to characterize p50 and p50-TAT proteins, the 

genes of p50 and p50-TAT were amplified from pCON and pTAT vectors and cloned into 

pREST-S65T vector to replace GFP gene for the overexpression of p50 and p50-TAT 

proteins under T7 promoter. Specifically, p50 and p50-TAT genes were amplified from 

pCON and pTAT vectors by PCR using a pair of primers: PCR-p50-Xbal-f: 5'-CCT 

GTC TAG ATG CAC CAT CAC CAT CAC-3'and PCR-p50-Kpnl-r: 5'-AAA TGG 

TAC CAA AAG CCC GCT CAT TAG G-3', which generated a Xbal site upstream and 

Kpnl site downstream in the amplified fragment. The purified PCR products were doubly 

digested by Xbal and Kpnl restriction endonucleases in NEBuffer 2 at 37°C for 2.5 
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hours. After purification, the digested fragment was ligated with doubly digested 

pREST-S65T vector to generate pP50 and pP50-TAT vectors. 

Expression and purification of pdTAT and pdCON Vectors of pTAT and pCON were 

transformed into chemically competent XL 1-blue or home-made electrocompetent 

Ml061 cells through electroporation. A colony was picked up from the inoculated 

LB-agar plate containing 50ug/mL kanamycin and inoculated 5ml culture (LB broth 

containing 50ug/mL of kanamycin). One milliliter of the saturated culture was used to 

inoculate 50ml culture. Thirteen milliliters of the saturated culture from the 50ml culture 

was used to inoculate 1L culture. The 1L culture was grown at 37°C until the A600 of the 

culture reached 2.0. The cultures were then harvested by centrifugation at 5,000g for 

lOmin. The protein-plasmid complexes were prepared following the protocol described 

previously [12] with slight modification. Specifically, the harvested bacterial pellets were 

re-suspended in 40ml KB buffer (10 mM Tris-HCl pH 7.4, 75 mM KC1, 3 mM 

dithiothreitol, 0.02% (v/v) Triton X-100, 10% (v/v) glycerol) supplemented with 

lysozyme at the final concentration of 0.2mg/mL. The resuspension was incubated at 

37°C with shaking speed at 250rpm for 20min. The spheroplasts from the incubated 

resuspension were collected by centrifugation at 3,000g for lOmin. The supernatant was 

discarded and the spheroplasts were stored at -20°C for later use. 

The frozen spheroplasts were thawed at room temperature. One and a half milliliters (bed 

volume) of Ni-NTA resin were washed with 2x15ml MilliQ water and 2x15ml elution 

buffer (20mM Tris, lOOmM NaCl, 250mM imidazole, pH 7.9) before equilibrated with 

2x15ml KB buffer. The spheroplasts were lysed by re-suspending in 4ml MilliQ water 
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and swirled for -15 seconds before transferred to 11ml KB buffer. The resuspension was 

further clarified by centrifugation at 3,000g rpm for 5min. The supernatant was collected 

and added to the equilibrated resin before incubating with the resin at 4°C for 30 minutes 

with continuous and gentle agitation. The resin was then collected by centrifugation at 

5,000g for 2min. The supernatant was discarded and the resin was washed with 15ml KB 

buffer before centrifugation at 5,000g for 2min. The washing procedure was repeated five 

times before 7ml elution buffer was added to the resin and incubated together at 4°C for 1 

hour for elution of the protein-plasmid complexes. The resin was pelleted by another 

centrifugation and the supernatant was collected. The resin was further incubated with 

2ml fresh elution buffer for additional 30-60min. The supernatant was collected and 

combined with the previous elution. Any residual resin in the supernatant was further 

removed through a disposable column. Then, the elution was concentrated by Amicon 

YM-10 columns. The elution buffer of the concentrated sample was further changed by 

lxPBS buffer in the Amicon columns. The final concentrated protein-plasmid sample in 

PBS buffer was stored at -20°C and used for transfection within a week. The purified 

protein-plasmid constructs were named as pdTAT and pdCON where 'pd' stands for 

plasmid display. 

One microliter of the freshly purified protein-plasmid sample was diluted 100 times with 

MilliQ water. Ten micro-liters of the diluted sample was subjected to q-PCR for 

quantification of the plasmid concentration of the sample. Standard plasmid solutions 

were prepared using neat pCON plasmid at the concentration of 0.6, 0.06, 6x10~3, 6x10~4, 

6xlO~5and6xlO"6ug/mL. 
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Expression and purification of p50 and p50-TAT Vectors of pP50 and pP50-TAT 

were transformed into BL21 E. coli cells respectively for protein expression. The fusion 

proteins were expressed and purified following the protocol of purifying PGT using 

nickel ion affinity chromatography and size exclusion chromatography as described in our 

published work [2] and Chapter 4. 

Cell culture PC 12 cells were cultured in F12K medium supplemented with 15% horse 

serum and 2.5% newborn calf serum. The cells were plated a day before transfection or 

transduction experiments. The cells were harvested from tissue culture flasks using 

trypsin/EDTA, pelleted by centrifugation, and resuspended to 2.5xl05 cells/mL in culture 

medium. One milliliter of the cell resuspension was added to each well of a poly-L-lysine 

coated 24-welled plate. The cells were transfected or incubated with specific samples at 

indicated amount (based on the plasmid amount) with or without lOul Lipofectamine 

2000. 

Transfection of PC12 cells with pdCON and pdTAT PC 12 cells in a well from the 

24-well plate were transfected by certain amounts of purified protein-plasmid sample 

pdTAT or pdCON. A control transfection of cells with neat plasmid pTAT or pCON was 

also performed using lOul Lipofectamine 2000 following the vender protocol. 

Polyethylenimine (PEI) stock solution at the concentration of lOmM was made from 

branched PEI (Mw. 25,000Da) that is suitable for plasmid transfection. For PEI 

assisted-transfection, certain amount of PEI solution was incubated with pdTAT or 

pdCON at desired N/P ratio at room temperature for 20 minutes before incubated with 

cells. After the incubation for 4 hours, the transfection medium was changed with fresh 
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growth medium and the cells were cultured for additional 20-24 hours for the expression 

of YFP. The cells were then trypsinized, pelleted and re-suspended in PBS buffer for 

analysis using a flow cytometer. The gate was set using untreated PC 12 cells and the cells 

transfected with neat plasmid. 

3.3 Results and discussion 

Construction of plasmid vectors for plasmid display model system The plasmids of 

pTAT, pCON, pHA2-TAT and pHA2-CON were constructed from pRES115 by cloning 

Histag, EYFP, TAT and/or HA2 gene into the plasmid (Figure 3.1). The inserted genes 

were verified by sequencing. The mutant within the modified Lac operator region (Figure 

3.2) in the original pRESl 15 vector may affect the translation of p50 since the mutation at 

+21 caused the presence of a start codon (+19-+21) while the actual start codon is located 

at +39-+41. Therefore, we knocked out the mutant by site-directed mutagenesis. 

We introduced HA2 peptide derived from influenza virus hemagglutinin to the carboxyl 

terminus of p50 because it has been shown the HA2 peptide facilitates the disruption of 

endosmes, increasing the efficiency of TAT-mediate delivery of protein cargos [3]. 

Expression and purification of plasmid display model complexes In the previous 

plasmid display study of screening proteins with specific binding affinity to desired 

substrate [1], the separation of plasmid display complexes from the bacterial lysate using 

specific resin with immobilized metallic ion is the screening process. The plasmids 

containing successful sequences in the selected complexes can be purified and amplified 

for indentifying the DNA sequences of the selected protein or peptides. However, what 



www.manaraa.com

68 

we will try to screen for is the transfection ability of the peptides fused to p50. In this case, 

the separation of plasmid display complexes from the bacterial lysate is necessary for 

preparing sufficient amounts of complexes at certain purity for downstream transfection 

of mammalian cells. As a result, it is necessary to evaluate the purification of the plasmid 

display complexes that will affect downstream transfection. 

Due to the design of the negative feedback of fusion protein expression, the expression 

yield of the plasmid display complexes is extremely low. It is also challenging to 

maintain the construct of protein-plasmid complexes throughout the purification. More 

efficient lysis methods, such as sonication or using lysis buffer with high pH value or 

high concentration of detergent, would disturb the interaction between p50 and target-KB 

binding site or damage one of the components. A gentle lysis method such as osmotic 

shock leads to less efficient extraction of soluble content from the bacteria. In order to 

improve the yield, a modified expression and purification protocol was adopted. 

Specifically, the bacterial culture was harvested at optical density ~2 instead of -0.5. The 

incubation of bacterial lysate with Ni-NTA resin for the complexes binding to the resin 

through Histag was performed at 4°C instead of room temperature. The elution step was 

performed in a similar way. Using this modified expression and purification protocol, the 

yield of the complexes was increased by 6-8 fold, from ~5ng (amount of plasmid in the 

complexes) per liter culture to ~30-40ng per liter culture. 

Plasmid display complexes pdTAT and pdCON were purified side by side to ensure that 

the purification was carried out under identical conditions. Samples from each step of the 

purification were collected and assayed by SDS-PAGE on Bis-Tris polyacrylamide gel 
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without heat-denaturation (Figure 3.3). Each sample was also subjected to DNAsel 

digestion at 37°C for 30 minutes before loading to the gel in order to detect whether 

removal of plasmid DNA would cause any protein mobility shift. However, the DNAsel 

treatment did not affect the mobility of any protein which may indicate the SDS in the 

loading buffer could have disrupted the interactions between the protein and DNA. 

Multiple bands showed up in the elution sample while the faint minor bands (lane 5 and 6, 

Figure 3.3 a) appeared at the positions corresponding to the theoretical molecular weight 

of p50-TAT (monomer: 40,229Da, dimer: 80,457Da) and p50 (monomer: 38, 345Da, 

dimer: 76, 690Da ). In order to further identify the bands of the fusion protein, pdTAT 

and pdCON samples from another set of purification were assayed by Western blotting 

using the FLAG tag embedded between Histag and p50 (Figure 3.3 b). Anti-FLAG 

antibody identified protein bands in the lysate, flow-through and elution sample probably 

corresponding to the dimer conformation. However, it did not appear the protein dimer 

was enriched through the purification, especially for pdCON sample, for which the 

identified band was very faint. The presence of FLAG tag and the reasonable mobility 

corresponding to the protein dimer indicated the integrity of the fusion protein but the 

inefficient binding to the Ni-NTA resin may be caused by the degradation of Histag, 

which could be very rare, or the competitive interactions with other contaminated 

components. Although the yield of the pdTAT and pdCON is very low, the presence of 

the fusion protein in the purified samples was verified. 

In order to detect the presence of the plasmid, pdTAT and their digested samples were 

also assayed by polyacrylamide (Bis-Tris) gel running in Tris-Glysin-SDS buffer using 
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ethidium bromide staining (Figure 3.4). As it was shown in Lane 1, a significant amount 

of neat plasmid was excluded by the gel and stayed in the loading well even after 

electrophoresis, while several DNA bands in the gel indicated the presence of plasmids in 

other conformations. Some of the purified pdTAT was excluded by the gel, which could 

be the plasmid, while some DNA bands appeared in the gel, which could be DNA 

contamination or protein bound plasmid in other conformations (Lane 2, Figure 3.4). 

After being digested by a unique restriction site, EcoRV, on the plasmid, the DNA bands 

in the loading wells of both neat plasmid and pdTAT disappeared (Lane 3 and 4, Figure 

3.4) while the florescent intensity of the bands corresponding to the single digested 

plasmid increased, especially for the neat plasmid. After the neat plasmid was digested by 

EcoRl with two restriction sites in the plasmid, there were three distinct bands 

corresponding to the fragments due to the EcoRl sites in Lane 6. These three bands also 

appeared in Lane 5 with pdTAT digested by EcoRl, which indicated the presence of the 

specific plasmid. However, for all pdTAT samples (Lane 2, 3 and 5), the band 

corresponding to EcoRV single digested plasmid persisted as a major band even for 

undigested sample. It could be DNA contamination that happened to be at the same 

length as that of the linearlized plasmid with a single cut. 

In summary, the SDS-PAGE electrophoresis of purified pdCON and/or pdTAT with 

protein staining, Western blotting and DNA staining has shown the coexistence of the 

fusion protein and the plasmid in the purified sample. However, the yield of the purified 

complexes is very low even though the expression and purification protocol has been 

modified to increase the yield. In addition, there is fair amount of protein and DNA 
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contamination in the final purified samples that will affect the transfection of mammalian 

cells. 

The construct of pdHA2-TAT and pdHA2-CON were also verified by electrophoresis on 

agarose gel (Figure 3.5 a) and Western blotting (Figure 3.5 b). The removal of proteins in 

the purified pdHA2-TAT and pdHA2-CON using Miniprep kit significantly reduced the 

mobility shift of DNA bands on agarose gel (Figure 3.5 a), which indicated the interaction 

between the fusion protein and DNAs, including the plasmid. The Western blotting using 

anti-FLAG antibody on a native (Tris-Glycine) gel of selected samples from the 

purification process of pdHA2-TAT and pdHA2-CON using Ni-NTA resin indicated the 

presence of the fusion protein in the loading wells and in the gel with certain mobility 

(Figure 3.5 b). The fusion protein in the wells could be complexed with the plasmid since 

plasmids with a certain conformation tend to be excluded from the gel as indicated in 

Figure 3.4, Lane 1. The complexes could retain the construct in a native electrophoresis 

condition. The protein bands in the gel could be the uncomplexed protein. It appeared 

more fusion protein was in the loading well for pdHA2-TAT sample (Lane 5-8, Figure 

3.5 b) than for pdHA2-CON (Lane 9-12, Figure 3.5 b), which indicated stronger 

association between HA2-p50-TAT and the plasmid than HA2-p50 and the plasmid. It 

can be explained by the positive charges introduced with TAT that causes stronger 

electrostatic interactions. However, the digestion of each sample with DNAsel didn't 

seem to change the distribution of the protein bands, which may be caused by inhibition 

of DNAsel due to the presence of the fusion protein and other contaminating protein or 

DNAs as it was discussed above from Figure 3.3 and 3.4. 
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Expression and purification of p50 and p50-TAT proteins Because of the modified 

Lac operator with a feedback repression element in the pRESl 15 vector, the expression of 

p50 or its mutant protein was suppressed about 200 fold than under the original Lac 

operator [4]. We would like to characterized p50 and p50-TAT protein to further verify 

the expression of the protein in the plasmid display system. This construct may also be 

used as a protein based DNA delivery vehicle in the future. Therefore, we cloned p50 and 

p50-TAT genes into the pREST-S65T vector that is used for the expression of GFP under 

T7 promoter. The protein was expressed in BL21 E Coll following the protocols used for 

GFP or PGT, respectively. The bacterial pellets were lysated by sonication and lysozyme. 

The clarified lysate was loaded onto a HisTrap column and samples were collected 

throughout the purification. The chromatograph (data not shown) indicates little protein 

was eluted from the column. The collected samples were analyzed by SDS-PAGE and 

Western blotting (Figure 3.6). From the SDS-PAEG stained by SimplyBlue (Figure 3.6 a), 

it is hard to identify whether any specific protein was enriched after the purification. 

Therefore, a duplication gel running side by side with this gel was subjected to Western 

blotting using anti-FLAG antibody. Two major bands around 80kDa and 30kDa were 

identified by Western blotting in the elution sample lanes (Figure 3.6 b, Lanes 3, 4, 5 and 

6) while these two bands were barely detectable in the SimplyBlue stained gel (Figure 3.6 

a). The bands around 80kDa are very likely the dimer bands, while the bands around 

30kDa could be the degraded monomers. These two proteins were also purified after 

expressed from pTAT and pCON vectors in XL 1-Blue cells and similar results were 

obtained (data not shown). These results indicate the p50 and p50-TAT are expressed 
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either in plasmid display system or an overexpression system but the yield of the fusion 

protein is very low. Some proteolysis of the fusion protein of maltose binding protein and 

p50 is also observed in the original article described the plasmid display construct [1]. 

Sodeoka et al demonstrated that full length p50 protein was expressed in a similar 

overexpression system and purified by ion-exchange chromatography where a mixture of 

proteolyzed proteins was identified in the purified sample, which was confirmed as 

degraded p50 due to C-terminal proteolytic cleavage [5]. When fused to GST, the fusion 

protein was also successfully expressed and purified [6]. These results indicate that p50 

tend to be proteolyzed and the fusion to another protein domain could improve its folding 

and stability during the purification process. 

Transfection of PC12 cells with plasmid display model complexes The purified 

pTAT, pCON, pHA2-TAT and pHA2-CON were incubated with PC 12 cells for the 

plasmid transfection but none of the construct induced the expression of the EYFP gene. 

No fluorescent cells were detected either under microscope or through a flow cytometer. 

When used for testing and screening cell penetrating peptide, the plasmid display system 

resembles a plasmid or gene delivery system. Would TAT peptide be able to deliver a 

plasmid of 5.3kbp at the molar ratio of 2:1? Based on previously published work on using 

TAT, TAT based peptides or polymers for plasmid delivery, the molar ratio of peptide to 

plasmid ranging from hundreds to thousands for detectable delivery [7-11]. Work similar 

to ours has been done by Kilt et al. in trying to deliver a plasmid using TP10 peptide 

through a PNA link at the molar ratio of peptide to DNA at 1:1 [12]. This construct failed 

to deliver the plasmid. The addition of PEI facilitated the delivery of the plasmid but the 
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efficiency was low. We identify the reason that causes all our plasmid display model 

constructs to fail to deliver the plasmid is the pronounced negative charges on the plasmid 

that interact with positively charged TAT to prevent it from interacting with cell 

membrane to perform cell penetrating function. Therefore, we decided to find a 

'charge-shielding/neutralizing' agent to neutralize the negative charges on the plasmid. 

We firstly chose PEL 

PEI is a polycationic polymer commonly used for DNA transfection. It has been shown 

that a specific type of PEI with certain construct and molecular weight is suitable for 

delivering certain type of DNAs, such as small linear DNA, RNA or plasmid [13-16]. 

Branched PEI with Mw~25kDa is efficient for plasmid delivery [13]. We tried to find an 

optimal N/P ratio (molar ratio of the amine groups with positive charges of PEI to the 

phosphate groups with negative charges of DNA) for delivery of pCON or pTAT plasmid. 

The efficiency of PEI for delivery of lug pCON at various N/P ratios into PC 12 cells is 

shown in Figure 3.7. From this titration curve, the optimal N/P ratio is around 12:1 with 

the maximum transfection efficiency of 1.29±0.15%. There is also a quite narrow range 

of this optimal condition since the delivery efficiency reduced to almost half of the 

maximal efficiency with the two neighboring N/P ratios, 15:1 and 11:1. Compared to the 

transfection efficiency of the same amount of plasmid into PC 12 cells using lOul 

Lipofectamine at 50.8±3.5%, PEI is far less efficient than Lipofectamine. 

After obtaining the optimal N/P ratio for PEI assisted transfection, PEI was incubated 

with pdTAT and pdCON contain 50ng plasmid at N/P ratio of 1:6 and 1:12 calculated 

based on the plasmid amount in pdTAT and pdCON obtained from q-PCR. However, PEI 
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did not appear to enhance the delivery of pdTAT or pdCON compared to the untreated 

cells (Figure 5.8 a). It could be caused by the genomic DNA contamination in the purified 

samples as aforementioned since the transfection efficiency of PEI is quite sensitive to the 

N/P ratio. Although the N/P ratio for pdTAT and pdCON was calculated based on the 

amount of plasmid in the complex sample, the contaminated DNA was not included, 

which could interact with PEI and disrupt the interactions between PEI and plasmid so 

that it could dramatically change the actual N/P ratio of PEI to plasmid. 

As PEI failed to enhance the delivery of pdTAT and pdCON, we then chose 

Lipofectamine as a charge neutralization agent for the plasmid in the complex. Ten micro 

liters of Lipofectamine was used for pdTAT and pdCON transfection following the 

manufacture's protocol (Figure 5.8 b). It appears that Lipofectamine and the presence of 

TAT peptide in the fusion protein can differentiate the pdTAT from pdCON, which could 

indicate that the addition of Lipofectamine may not be too overwhelming to erase the 

difference between a construct with a cell penetrating peptide and another one without so 

that peptides with cell penetrating ability could be selected during the library screening in 

directed evolution. 

3.4 Conclusions 

We have established four plasmid vectors, pTAT, pCON, pHA2-TAT and pHA2-CON, 

based on pRESl 15 vector, for preparation and characterization of plasmid display model 

systems. The model systems were expressed and purified from E coli. with a modified 

protocol for obtaining better yield. Electrophoresis and Western blotting has verified the 

desired complex construct in the purified samples together with fair amount of other 
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protein and DNA contamination. None of the model systems achieve any detectable 

transfection into PC 12 cells due to the pronounced negative charges on the plasmid. PEI 

failed to improve transfection efficiency of pdTAT and pdCON even though the optimal 

N/P ratio was adopted. The addition of Lipofectamine enhances the transfection 

efficiency of pdTAT and pdCON and differentiates pdTAT from pdCON with a higher 

efficiency. Lipofectamine may be needed in the transfection for screening the CPP 

library. 
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Figures: 

r, PRES115 )\ 

Figure 3.1 Constructions of pTAT, pCON, pHA2-TAT and pHA2-CON from pRES115 and the 

constructs of pdTAT, pdCON, pdHA2-TAT and pdHA2-CON 

A: plasmid; B: homodimer of the fusion protein expressed from the plasmid A. 

target-KB binding site 

CMV-EYFP gene 

I I p50 gene (A) or p50 protein (B) 

gene (A) or peptide (B) of interest: TAT for pdTAT; absence for pdCON; a random library 

member for pdLIB 

\. . I hexahistidine-FLAG gene (A) or peptide tag (B) 

F~l hexahistidine-FLAG-HA2 gene (A) or petide (B) 

£^2 other necessary genetic components of the plasmid, such as antibiotic resistant gene, 

origin of replication, etc. 
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+ 1 (original in Lac operoax) 

-10 | Lac operator +39 (stert codon) 
I IGAAT TGT GAG CGG ATA ACA ATTl [ 

TATGTTGTG GG GAAITCC CAG CGG ATA ACA ATT . -. ATG GCA GAT GGC CCA TAC CTT 

G 

Mutant 

Figure 3.2 Schematic of engineering Lac operator with a feedback repression element after 

incorporating a target-KB binding site [4] and a mutant found in the region. The numbers indicate 

position of the nucleotide relatively to the transactional start site (+1, A). Color code: pink: 

target-KB binding site; blue: important positions; Red: the mutant. 

-35 

CACCCCAGGCTTTACA.. 
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Figure 3.3 SDS-PAGE (a and b) and Western blotting (c) of pdCON (a) and pdTAT (b) samples 

collected during the purification using Ni-NTA resin. For DNAsel treatment, the sample was 

digested by DNAsel in DNAsel buffer at 37°C for 30 minutes before electrophoresis. 

In panels a and b: 1. Bacterial lysate; 2. DNAsel digested bacterial lysate; 3. Flow-through; 4. 

DNAsel digested Flow-through; 5. Elution; 6. DNAsel digested elution; M. Protein markers 

In panel c: 1. Bacterial lysate with pdCON; 2. Flow-through from the resin after binding step of 

pdCON; 3. Elution of pdCON; 4. Bacterial lysate with pdTAT; 2. Flow-through from the resin after 

binding step of pdTAT; 3. Elution of pdTAT. 
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M 1 2 3 4 5 6 

33 
"^^^ I M P ^pppp. jf, . 

Figure 3.4 Electrophoresis of EcoFM and EcoRV digested pdTAT on SDS gel running in 

Tris-Glycine-SDS buffer and stained by ethidium bromide 

M. 1 kbp DNA ladders; 

1. Neat plasmid pTAT; 

2. pdTAT; 

3. EcoRV digested pdTAT; 

4. EcoRV digested pTAT; 

5. EcoR I digested pdTAT; 

6. EcoR I digested pTAT; 
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(a) (b) 
M 1 2 3 4 i J r 3 4 5 6 i A 9101^12 

| 
84 * f fell 

Figure 3.5 Electrophoresis of pdHA2-TAT and pdHA2-CON purified from Ni-NTA resin (a) on a 

agarose gel with ethidium bromide staining. The purified plasmid display complexes was sampled 

and the protein in the sample was removed using Miniprep column starting from adding equal 

volume of N3 buffer to the sample. M. 1kbp DNA ladders; 1. pdHA2-CON; 2. Miniprep purified 

pdHA2-CON ; 3. pdHA2-TAT; 4. Miniprep purified pdHA2-TAT; (b) Western blotting of pdHA2-TAT 

and pdHA2-CON after SDS-PAGE on a native Tris-Glycine gel using anti-FLAG antibody. 

pdHA2-TAT: 1. flow through; 2. flow-through after 1st wash; 3. flow-through after 2ndt wash; 4 

flow-through after 3rd wash; 5.1s t elution; 6. DNAsel digested 1st elution; 7. 2nd elution, 8. DNAsel 

digested 2nd elution; 

pdHA2-CON: 9. 1st elution; 10. DNAsel digested 1st elution; 11. 2nd elution, 12. DNAsel digested 

2nd elution. 
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(a) (b) 
1 2 M 3 4 5 6 M 1 2 M 3 4 5 6 M 

<*—80kDa—• 

*—50kDa — • 

+— 30kDa—• I 

Figure 3.6 SDS-PAGE and its Western blotting of samples collected during the purification of 

p50 and p50-TAT through HisTrap column (a). Simplyblue stained SDS-PAGE gel; (b). Western 

blotting of an identical SDS-PAGE gel as (a) using anti-FLAG antibody. 

1. Flow-through from the lysate containing expressed p50-TAT; 

2. Flow-through from the lysate containing expressed p50; 

3. Elution fraction 1 of p50-TAT; 

4. Elution fraction 2 of p50-TAT; 

5. Elution fraction 1 of p50; 

6. Elution fraction 2 of p50; 

M. Protein markers 
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Figure 3.7 PEI mediated plasmid delivery to PC12 cells. One microgram of pCON was incubated 

with certain amount of branched PEI (Mw. 25,000 Da) to the desired N/P for 20 minutes at RT 

before added to 600ul F12K medium and incubated with PC12 cells inoculated on a 24-well culture 

plate. Cells were analyzed by flow cytometer 20-24 hours after transfection. '1 OS' stands for the 

tranfection was performed at N/P=10:1 using PC12 culture medium containing serum. The results 

are expressed as percentage of cells with yellow fluorescence detected through FITC channel 

(n^3, error bars: SEM). The gate was set based on untreated cells and the cells transfected with 

the pCON using Lipofectamine. 
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(a) 

(b) 

blank pdCONJJpo pdTAT_Lipo 

Figure 3.8 PEI (a) or Lipofectamine (b) mediated delivery of pdCON and pdTAT to PC12 cells. 

pdCON or pdTAT containing 50ng of plasmid was incubated with branched PEI (Mw. 25,000 Da) or 

10ul Lipofectamine for 20 minutes at RT before added to 600ul F12K medium and incubated with 

PC12 cells inoculated on a 24-well culture plate. Cells were analyzed through flow cytometer 

20-24 hours after transfection. The results are expressed as percentage of cells with yellow 

fluorescence detected through FITC channel (n>3, error bars: SEM). The gate was set based on 

untreated cells and the cells transfected with the pCON using Lipofectamine. 
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Chapter 4 Bifunctional chimeric fusion proteins engineered for DNA delivery: 

Optimization of the protein to DNA ratio1 

Abstract Cell penetrating peptides (CPPs), such as the TAT peptide, have been used to 

deliver nucleotide-based therapeutics to mammalian cells, but this approach has often 

produced mixed results. Ionic interactions can occur between the cationic peptides and the 

nucleotide-based cargos, which may inhibit the effectiveness of the CPPs. In addition, 

covalent bonds between the CPPs and nucleotides may interfere with the bioactivity of the 

cargo. We have created a bifunctional chimeric fusion protein that binds DNA using the 

p50 domain of the NF-KB transcription factor and is functionalized for delivery with the TAT 

CPP. The green fluorescent protein (GFP) has been incorporated for tracking protein 

delivery. The new chimeric protein, p50-GFP-TAT (PGT), was compared to p50-GFP (PG), 

GFP-TAT (GT) and GFP alone (G) as controls for the ability to transduce PC 12 cells with 

and without oligonucleotide cargos of varying lengths. The PGT construct is capable of 

delivering 30bp and 293bp oligonucleotides to PC 12 cells with an optimal ratio of 1.89 

protein molecules per base pair of DNA length. This correlation was validated through the 

delivery of a red fluorescent protein (RFP) transgene encoded in plasmid DNA to PC 12 cells. 

This work demonstrates that self-assembling CPP-based bifunctional fusion proteins can be 

engineered for the non-viral delivery of nucleotide-based cargos to mammalian cells. 

4.1 Introduction 

The cellular plasma membrane is a formidable protective barrier, and considerable effort has 

+ A version of this chapter is published in Biochimica et Biophysica Acta 1790 (2009) 198-207, with co-authors Melissa J. 
Simon, Barclay Morrison HI and Scott Banta. 
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been aimed at the development of delivery strategies for the introduction of exogenous 

biomacromolecules into mammalian cells both in vitro and in vivo [1, 2]. The search for 

efficient delivery vehicles has been partially motivated by the development of many large 

and potentially valuable mechanism-based therapeutic molecules including peptides, proteins, 

natural products, carbohydrates and nucleotide-based molecules. Improved targeting and 

delivery strategies will increase the utility of available therapeutics and help realize the 

development of new treatments for a variety of devastating diseases and disorders. 

Cell penetrating peptides (CPPs), (also known as Trojan horse peptides, protein transduction 

domains, and membrane translocating sequences) are short, mostly basic peptides that have 

received a good deal of attention as potential delivery vehicles due to their ability to deliver 

various cargos to a wide variety of cell and tissue types [3-7]. One of the most well 

characterized CPPs is the TAT peptide which is derived from an HIV trans-activation protein 

[8, 9]. Despite a number of publications demonstrating the successful use of TAT for the 

delivery of proteins, nanoparticles, liposomes and phage particles into mammalian cells in 

vitro or in vivo [10-13], mixed results have been reported on the use of TAT for the delivery 

of nucleotide-based cargos. Several studies have reported TAT-mediated delivery of DNA 

oligonucleotides, antisense DNA, or plasmids, and the results varied from no obvious 

delivery [14-19], to no desired biological activity [20], to the observation of a fair percentage 

of transfected cells [21]. Modified synthetic peptides based on CPP sequences have been 

developed in an attempt to improve these results [14, 17, 18, 22, 23], but further 
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improvements will be required before TAT-inspired methods can be used therapeutically. 

Two major linkage strategies have been used in CPP-mediated delivery of nucleotide cargos: 

CPPs and nucleotides are mixed together to create non-covalent electrostatic complexes, or 

covalent linkages are introduced between CPPs and the nucleotide-based molecules [24-27]. 

In general, the non-covalently bound constructs have outperformed the covalently linked 

CPP-nucleotides [28]. The overall poor results observed with CPP-mediated 

nucleotide-based cargo delivery, however, may be caused by either charge neutralization 

between the CPP and the nucleotide cargo, which inhibits the transduction ability of the CPP, 

or interference of the CPP with the biological function of the nucleotide cargos. 

When the two conjugation approaches are combined, it has been shown that the addition of 

non-covalently bound CPPs improves the delivery of covalently conjugated CPP-cargos [24, 

25]. In addition, the introduction of other peptides, polymeric domains, or nuclear transport 

signals [29] with a stronger affinity for DNA may facilitate the DNA delivery. For example, 

when the TAT peptide has been conjugated to poly-lysine [14], poly-TAT [19] or the Mu 

peptide [18], the TAT fusions exhibit significantly improved DNA delivery abilities 

compared to the TAT peptide alone. Taken together, these results suggest that an optimal 

strategy may involve the creation of non-covalent protein/DNA complexes such that the 

DNA binding is mediated by a structured domain that is spatially separated from the cationic 

cell penetrating domain. 

In this study, a bifunctional recombinant fusion protein was designed to test this approach. 
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This new chimeric protein, p50-GFP-TAT (PGT) consists of a specific DNA binding domain 

(p50), a CPP domain (TAT), and a fluorescent labeling domain (GFP). The homodimeric p50 

domain, obtained from the NF-KB transcription factor [30], exhibits a high affinity (K<j < 

lOpM) [31] for its target DNA-binding sequence (GGGAATTCCC), and was introduced to 

the construct to prevent the charges on TAT peptide from being neutralized by anionic DNA 

molecules. Two other recombinant fusion proteins, p50-GFP (PG) and GFP-TAT (GT), were 

also prepared as controls. The ability of these protein constructs to transduce cultured PC 12 

cells was quantitatively evaluated using flow cytometry. The efficiency of oligonucleotide 

delivery using these protein vehicles was also evaluated using fluorescently-labeled double 

stranded DNA molecules of 30bp and 293bp lengths at varying molar ratios of protein to 

DNA. These results were used to predict an optimal molar ratio for general DNA delivery, 

and this prediction was applied to the functional delivery of plasmid DNA containing the 

DsRed fluorescent protein transgene. 

4.2 Experimental 

Materials Oligonucleotides were obtained from Integrated DNA Technologies (Coralville, 

IA). Enzymes for DNA cloning and manipulation were from New England Biolabs (Ipswich, 

MA). The QuickChange Site-directed mutagenesis kit was from Stratagene (La Jolla, CA). 

The Gel extraction kit, Miniprep kit and Midiprep kit were purchased from Qiagen (Valencia, 

CA). Complete protease inhibitor cocktail tablets were obtained from Roche Applied Science 

(Mannheim, Germany). SDS-PAGE gels and trypsin/EDTA were from Invitrogen (Carlsbad, 
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CA). Centricon or Amicon Centrifugal Filter Units were from Millipore (Billerica, MA). The 

Bradford protein kit was from Pierce (Rockford, IL). Chromatography columns were 

obtained from GE Healthcare (Uppsala, Sweden). PC12 cells and F12K medium were 

obtained from American Type Culture Collection (Manassas, VA). GC5 competent E. coli 

cells, BL21 competent E. coli cells and all other chemicals used in the study were from 

Sigma-Aldrich (St. Louis, MO). 

Vector preparation The GFP gene with an N-terminus hexahistadine tag was encoded in 

the pRSET-S65T vector [32]. The vector for expression of GFP-TAT, named pGT, was 

created by adding the 14 amino acid TAT CPP sequence (NGYGRKKRRQRRRG) onto the 

C-terminus of the GFP gene. The DNA sequence of TAT peptide was generated by annealing 

two sense oligonucleotides: a-5'GAT GAA CTA TAC AAA TTT-3' and b-5'AA CAA CGG 

TTA CGG TCG TAA GAA GCG TCG TCA GCG TCG TCG TGG CTA AGG TAC3' and 

one antisense oligonucleotide: c-5'CTT AGC CAC GAC GAC GCT GAC GAC GCT TCT 

TAC GAC CGT AAC CGT TGT TAA ATT TGT ATA GTT CAT CCA TG-3'. The insert 

was ligated into the vector using a unique downstream Kpnl site and a unique upstream SphI 

site which was introduced into the vector using the Quickchange kit with the following 

primers: d-5'GGG ATT ACA CAT GGC ATG CGA TGA ACT ATA CAA ATA-3' and 

e-5'-TAT TTG TAT AGT TCA TCG CAT GCC ATG TGT AAT CCC-3', where the 

insertion is shown in italics. The resultant vector, pGT was transformed into GC5 E. coli 

cells. Colonies were picked and used to inoculate 5ml cultures (LB broth containing 
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lOOug/ml of ampicillin). Plasmid DNA was extracted from the cultures using Miniprep kit 

and each culture was screened by restriction digestion with SphI in order to verify the 

insertion of the TAT sequence, as the insertion destroyed the SphI site. Mutants with the 

correct insert were verified by DNA sequencing. 

The pRES115 vector containing the p50 gene DNA-binding domain was kindly provided by 

Dr. Jonathan Blackburn [31]. A hexahistidine and FLAG tag sequence was generated by 

annealing a pair of oligonucleotides: f-5'- TAT GCA CCA TCA CCA TCA CCA TGA CTA 

CAA AGA TTC GGG CC-3' and g-5'-GCT TAG AAA C AT CAG TAC CAC TAC CAC 

TAC CAC GT-3'. The annealed double stranded DNA contained Apal and Ndel restriction 

sites. A unique Apal site was introduced into the pRES115 vector through site-directed 

mutagenesis with a pair of primers: h-5'-CAT ATG GCA GAG GGC CCA TAC C -3' and 

i-5'-GGT ATG GGC CCT CTG CCA TAT G-3'. The mutant pRES115 vector was 

sequentially digested by Apal and Ndel and the hexahistidine and FLAG tag were ligated 

into the construct to create the pRES115His vector. The p50 gene with the hexahistidine 

and FLAG tag was amplified from the pRES115His vector using PCR with the forward 

primer, j-5'-CCT GTC TAG ATG CAC CAT CAC CAT CAC-3', and the reverse primer 

k-5'- TCC GCC ACC TCC CGA GCT CCC C-3'. The forward primer generated an Xbal 

site and the reverse primer generated a tetra-glycine linker downstream of the p50 sequence. 

The GFP and GFP-TAT genes were amplified from pRSET-S65T or pGT vectors using PCR 

with the forward primer, l-5'-TCG GGA GGT GGC GGA ATG GCT AGC ATG ACT G-3', 
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and the reverse primer m-5'-CAG CAA AAA ACC CCT CAA GAC C-3'. The forward 

primer included the tetra-glycine linker used to fuse GFP or GFP-TAT to the p50 gene and 

the reverse primer generated a Kpnl restriction site. The amplified p50 gene with the 

hexahistidine tag was linked to the GFP or GFP-TAT gene through the overlap extension 

PCR reaction. The extended p50-GFP or p50-GFP-TAT fragments were purified and 

amplified by PCR with primer j and primer m described above. The amplified p50-GFP or 

p50-GFP-TAT fragments were doubly digested with Xbal and Kpnl and purified. The 

pRSET-S65T vector was doubly digested with Xbal and Kpnl and the doubly digested 

p50-GFP or p50-GFP-TAT genes were ligated to the linearized pRSET-S65T vector as 

described above for the pGT vector. Plasmids of the correct size containing the unique Apal 

site were then subjected to DNA sequencing to verify the inserted p50-GFP or 

p50-GFP-TAT sequences. The final plasmid constructs were named pPG and pGPT 

respectively. 

The plasmid containing the DsRed protein (pCMV-DsRed-Express) was obtained from 

Clontech (Mountain View, CA). pDsRed-BD containing the target-kB binding site 

(5'-GGGAATTCCC-3') was generated through two rounds of site-directed mutagenesis of 

the pCMV-DsRed-Express plasmid using primers, n-5'-GCT TGA CGG GGA ATT CCG 

GCG AAC GTG-3'(first round forward), o-5'- CAC GTT CGC CGG AAT TCC CCG TCA 

AGC-3' (first round reverse), p-5'-GAC GGG GAA TTC CCG CGA ACG TGG CG-3' 
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(second round forward), and q-5'-CGC CAC GTT CGC GGG AAT TCC CCG TC-3' 

(second round reverse). 

Expression and purification of recombinant proteins The G, GT, PG and PGT proteins 

were expressed in BL21 competent E. coli using the pRSET-S65T, pGT, pPG and pPGT 

vectors, respectively. Briefly, 1 L cultures were inoculated with lOmL saturated overnight 

cultures. The 1L cultures were grown at 37°C until the A6oo of the culture reached 1.0, upon 

which they were induced with 0.5 mM isopropyl-P-D-thiogalactopyranoside (IPTG) and 

grown at 20°C for 20 hours. The cultures were then divided in half and harvested by 

centrifugation at 7,000g for 15min. 

For G and GT, the bacterial pellets were re-suspended into 30 mL of resuspension buffer (50 

mM sodium phosphate, 300 mM sodium chloride, 25 mM imidazole, pH=7.4) before being 

frozen at -80°C for later use. For the PG and PGT constructs, the re-suspension buffer 

(pH=7.0) was supplemented with Complete protease inhibitor cocktail tablets. Thawed 

bacterial suspensions were lysed by sonication for 10 min with an interval of 2 sec between 

sonication pulses of 5 sec. The sonicated lysate was clarified by centrifugation at 13,000g for 

30 min. The supernatant was collected and loaded onto a HisTrap crude FF 5 ml column 

using an FPLC apparatus equilibrated with binding buffer (50 mM sodium phosphate, 300 

mM sodium chloride, 25 mM imidazole, 1 mM PMSF, pH=7.4 for G and GT, pH=7.0 for PG 

and PGT). The column was washed with the same binding buffer until a stable A280 was 

observed. Protein was eluted using elution buffer (50 mM sodium phosphate, 300 mM 
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sodium chloride, 250 mM imidazole, 1 mM PMSF, pH=7.4 for G and GT, pH=7.0 for PG 

and PGT). 

For the G and GT proteins, the fractions exhibiting green fluorescence were assayed by 

SDS-PAGE gels and pooled before concentration using ultrafiltration with a YM-10 

Centricon membrane. The elution buffer was exchanged to phosphate buffered saline (PBS) 

with 10% glycerol during the concentration process, and the protein samples were aliquoted 

and stored at -20°C for future use. 

For the recombinant protein PG, the fractions with green fluorescence were pooled before 

ultrafiltration concentration using a YM-50 Centricon membrane. The concentrated samples 

were further purified using size-exclusion chromatography in 20 mM HEPES buffer (PH=7.0) 

supplemented with 2 mM EDTA, 1 mM DTT and 1 mM PMSF. The fractions with green 

fluorescence were assayed using SDS-PAGE and desired fractions were pooled before 

ultrafiltration concentration. Glycerol was added to create a final concentration of 10% (v/v), 

and aliquoted samples were stored at -20 °C. 

For the PGT construct, the fractions with green fluorescence from the HisTrap column were 

pooled and loaded onto a Q-Sepharose FF ion exchange column equilibrated with PBS 

(pH=7.0) supplemented with 500 mM NaCl, 2 mM EDTA and 1 mM PMSF. The 

flow-through (non-bound) fractions with green fluorescence were pooled before ultrafiltation 

using a YM-50 Centricon membrane. The concentrated samples were further purified using 

size-exclusion chromatography and concentrated as the procedure described above for PG. 
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The concentrations of all of the purified proteins were determined using the Bradford method 

following the vendor protocol. Construct molecular weights were verified by MALDI-TOF 

mass spectrometry. 

Dynamic light scattering Dynamic light scattering (DLS) measurements performed using 

a Zetasizer ZS (Malvern, Worcestershire, United Kingdom) were used to measure the size of 

recombinant proteins. The sizes of proteins were determined using the particle sizing 

software package supplied by the manufacturer assuming the refractive index and viscosity 

of PBS buffer at room temperature. Particle sizes, obtained in triplicate, are reported as 

effective diameters. 

Agarose gel electrophoresis retardation assays Protein-DNA complexes were formed by 

combining O.lnmol of an unlabeled 30bp DNA oligonucleotide with or without the target-kB 

binding site (O.lumol/mL in lOmM Tris, ImM EDTA buffer, pH=7.4) or with 0.2ug of 

plasmid DNA with or without the target-kB binding site (0.35 mg/mL in 20mM HEPES 

buffer, pH=7.0) to 0.28nmol of protein solution (5mg/ml in 20mM HEPES buffer, 10% 

glycerol, pH=7.0) in a microcentrifuge tube. 20mM HEPES buffer (pH=7.0) was added to 

the DNA solutions to obtain a final volume of 15(4,1 for the mixed solutions. The mixed 

solutions were incubated at room temperature for 20 min to ensure complexation. The 

resultant solutions supplemented with 16% of a 2M sucrose solution were loaded into 

agarose gels (1% or 1.5%) and were run at 120 V for 35min. Gels were stained with ethidium 
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bromide, and both the DNA and fluorescent protein bands were visualized with a UV 

trans-illuminator. 

Fluorescent-labeled DNA oligonucleotides 30bp double stranded DNA was generated by 

annealing a pair of complementary primers with a forward strand labeled with Alexa-647, 

n*-5'-CTC GTA TGT TGT GGG GAA TTC CCA GCG GAT-3' and a reverse strand 

o-5'-ATC CGC TGG GAA TTC CCC ACA ACA TAC GAG-3'. Double stranded DNA of 

293bp was generated by PCR using pRES115 as a template and Alexa-647 labeled primers, 

p*-5'- GAC CGA GCG CAG C -3' and q*-5'-GCC CGA ATC TTT GTA GTC ATG -3 ' . 

Cell culture PC12 cells were cultured in F12K medium supplemented with 15% horse 

serum and 2.5% newborn calf serum (culture medium). The cells were harvested from tissue 

culture flasks using trypsin/EDTA, pelleted by centrifugation, and resuspended to lxlO5 

cells/ml in culture medium. One ml of the cell resuspension was added to each well of a 

poly-L-lysine coated 24-welled plate, and cultured for approximately five to seven days until 

confluency before transduction. 

Samples for transduction For each well of PC 12 cells in a 24-well culture plate, a 

2.8nmol protein sample was used for transduction, which was based on the dose dependent 

transduction efficiency of GT. To prepare the mixtures of protein and DNA, 2.8nmol 

protein samples were mixed with 0.005nmol, O.Olnmol, 0.025nmol, 0.05nmol, O.lnmol, 

0.25nmol and 1.4nmol of fluorescently labeled DNA in a total volume of 50ul of 20mM 

HEPES buffer (pH=7.0). To prepare the mixtures of protein and plasmid (pDsRed-BD), a 
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lug plasmid sample was mixed with 0.7nmol, 1.4nmol or 2.8nmol of PGT or 1.4nmol of PG 

in a total volume of 50ul of 20mM HEPES buffer (pH=7.0). The mixtures were incubated at 

room temperature for 20min before dilution into 950ul of PC 12 culture medium for 

transduction. 

Transduction of PC12 cells and flow cytometry analysis For the transduction 

experiments, proteins, fluorescently labeled DNA, or mixtures of protein and fluorescent 

labeled DNA were diluted with PC12 culture medium to a final volume of 1 ml. For the 

protein only transduction experiments, cells were incubated with 0.32, 1.60, 2.41, 3.21, 4.82, 

6.42, and 9.64 nmol/ml of G, 0.30, 1.50, 2.26, 3.01, 4.53, 6.03 and 9.05 nmol/ml of GT, 0.30, 

1.40, 2.80, 4.20, 5.60, or 8.40 nmol/ml of PG or 0.30, 1.40, 2.80, 3.20, 4.20, 5.60, or 8.40 

nmol/ml of PGT. PC 12 cells were incubated in the medium containing the desired protein 

sample for 4 hours at 37°C. After incubation, cells were washed once with PBS buffer 

warmed to 37°C. The cells were trypsinized and re-suspended into 200ul PBS buffer for 

analysis using a LSRII flow cytometer (Becton Dickinson, San Jose, CA). For cells incubated 

with the samples containing fluorescently labeled DNA, the cells were incubated in 200ul 

DNAse I digestion solution (5U DNAse I diluted into 180(0,1 of 200mM sucrose solution 

supplemented with 20ul DNAse I buffer) at 37°C for 8min in order to remove the DNA 

extracellularly associated with the cell membranes prior to trypsinization. A total of 30,000 

events per sample were counted. Viable cells were gated in forward and side scatter plots. 

For cells transduced with protein, the geometric mean fluorescence of the viable cells 
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detected through the FITC channel (for GFP fluorescence, ex 488, em 515-545) was recorded. 

For cells transduced using protein and fluorescently labeled DNA, the geometric mean 

fluorescence of the viable cells detected through the Cy5 channel (for Alexa-647 

fluorescence of DNA) was also recorded. The protein transduction efficiency was evaluated 

by relative fluorescence of FITC based on control cells. The DNA delivery efficiency was 

evaluated by relative fluorescence of Cy5 based on cells incubated with the same amount of 

fluorescently labeled DNA. 

For the transfection with plasmid DNA or the mixture of plasmid and protein, the samples 

were diluted with culture medium to the final volume of lml. PC12 cells were incubated in 

the medium containing the desired protein/plasmid sample for 4 hours at 37°C. Then the 

medium was replaced with lml fresh culture medium. After a further 20-24 h of culture, the 

cells were washed once with PBS buffer warmed to 37°C, trypsinized, and resuspended into 

200ul PBS buffer for flow cytometry analysis. All cells from the wells were counted. Viable 

cells were gated in forward and side scatter plots. The cells exhibiting DsRed fluorescence 

were detected through the PE-TR channel (ex 488, em 600-620). The number of red cells 

was recorded through the gates set based on measurements made with untreated cells. The 

plasmid delivery efficiency was evaluated by the percentage of red cells from the viable cells. 

A control experiment with cells exposed to PGT and no plasmid was also performed to 

confirm that the fluorescence from the GFP was not detected in the PE-TR channel. 
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Statistical analysis Protein intensity results were expressed as mean relative fluorescent 

units (RFU) ± standard error. The differences between different protein constructs were 

analyzed using one-way ANOVA with a significance level of p< 0.05. Flow cytometry 

results were expressed as mean relative fluorescence (RF) ± standard error. Protein dose 

dependent transduction data were analyzed by one-way ANOVA. For the protein-mediated 

DNA delivery experiments, the effect of the addition of DNA on protein transduction 

efficiency and the effect of the addition of DNA on DNA delivery efficiency were analyzed 

by one-way ANOVA followed by post-hoc analysis with Tukey's test at a significance level 

ofp<0.05. 

4.3 Results 

Protein construction, purification and characterization Three new chimeric fusion 

protein constructs (GT, PG and PGT) were designed for this work (Figure 4.1). In all 

constructs, a hexahistadine tag was included on the N-terminus of the protein. In the 

constructs of GT and PGT, TAT peptide was appended to the C-terminus of the protein. In 

the constructs containing the p50 DNA binding protein, a linker of 4 glycine amino acids was 

inserted between the p50 and GFP domains. All proteins were expressed in E. coli, and 

their final purity was assessed by SDS-PAGE (Figure 4.2a), and by Western blots using a 

monoclonal anti-FLAG antibody (data not shown). Molecular weights obtained by 

MALDI-TOF mass spectrometry, 31,313 Da for G, 33,194 Da for GT, 68,410 Da for PG and 

70,407 Da for PGT, compared well to the calculated theoretical molecular weights of 31,113 

Da, 33,144 Da, 68,356 Da and 70,388 Da. The hydrodynamic diameters of the recombinant 
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proteins in PBS buffer (pH 7.0) obtained by dynamic light scattering (DLS) were 6.4±1.3 nm 

for G, 7.9±2.1 nm for GT, 10.8±4.1 nm for PG, and 10.5±2.9 nm for PGT. These values 

also indicate the correct relative sizes of the purified proteins. Since all of the fusion 

proteins contained the GFP fluorophore, the green fluorescence intensity per mole was 

compared (Figure 4.2b) and the lack of a statistical difference between the samples indicates 

similar purities of the samples and also demonstrates that the fusion constructs do not 

significantly impact the bioactivity of the green fluorophores. 

Dose response of Protein Delivery The transduction abilities of the new chimeric fusion 

proteins were tested using undifferentiated PC12 cells, which are a neuronal-like cell line. 

All proteins were dissolved in 1ml of PC 12 culture medium, and cells were incubated for 4 

hours at 37°C. Figure 4.3 shows the relative fluorescence of the cells as compared to 

untreated, control cells. The control protein G was not taken up by the cells at any dose, 

while the uptake of GT, PG and PGT by PC 12 cells displayed statistically significant dose 

dependencies. The fusion proteins penetrated the PC 12 cells with the following efficiency 

order: PGT » PG > GT. 

Interaction of Proteins and DNA Agarose gel electrophoresis (Figure 4.4) was used to 

assess the binding capabilities of the protein constructs to small linear oligonucleotides (Figs. 

4.4a & 4.4b) and plasmid DNA molecules (Figs. 4.4c & 4.4d). Since the p50 DNA binding 

domain is reported to be specific for the target KB sequence, DNA molecules with the 

binding sequence (Figs. 4.4a & 4.4c) were compared to similar constructs without the target 
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KB binding sequence (Figs. 4.4b & 4.4d). No obvious interaction between DNA of either 

size or sequence was observed with G alone (lane 3 in Figs. 4.4a, 4.4b, 4.4c & 4.4d). The 

GT fusion demonstrated some interaction with the small DNA samples as evidenced by a 

slight retardation of the oligonucleotides combined with an increased migration of the GT 

protein (lane 5 in Figs. 4.4a & 4.4b). This effect was independent of the presence of the 

target KB sequence. The interaction of the GT protein with the plasmid DNA samples was 

much more pronounced. The presence of the GT protein clearly retarded the migration of 

the plasmid DNA independently of the presence of the target KB sequence (lane 5 in Figs. 

4.4c & 4.4d). 

The addition of the p50 domain increased the interaction of the fusion proteins with the DNA 

for both the short oligonucleotides and the full plasmids. For the short DNA 

oligonucleotides, it appeared that there was a stronger interaction between PGT and the DNA 

as compared to PG, which was evidenced by an increased retardation of DNA in the PGT 

samples (lane 7 & 9 in Figs. 4.4a & 4.4b). And, in both cases, the presence of the DNA also 

caused the proteins to migrate farther into the gel. In the plasmid DNA samples (lane 7 in 

Figs. 4.4c & 4.4d), the PG protein significantly retarded the migration of the plasmid into the 

gel, and some protein and DNA were observed to be trapped in the loading well of the 1% 

gel. The interaction was even more pronounced for the PGT samples (lane 9 in Figs. 4.4c & 

4.4d), as the presence of the PGT construct appeared to prevent the migration of the DNA 

into the gel altogether. Interestingly, there was only a minor observation of ethidium 
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bromide-stained DNA trapped in the loading wells. It is possible that the strong interaction 

between PGT and the plasmid prevented the ethidium bromide from intercalating within the 

plasmid DNA. Similar results have also been observed in other electrophoresis retardation 

assays of DNA and cationic peptide or polymer complexes [14, 18, 19, 33-35]. 

Unexpectedly, the interaction of the protein constructs with DNA did not appear to be 

significantly dependent on the presence of the target KB sequence. For the small DNA 

oligonucleotides a small difference is possible, as there may be more pronounced smearing of 

DNA in the absence of the target KB sequence, but the difference, if at all, is minor (lane 7 & 

9 in Figs. 4.4a & 4.4b). For the plasmid samples, the target KB sequence does not appear to 

have any effect on the interaction of the protein with the plasmid (lane 7 & 9 in Figs. 4.4c & 

4.4d). 

Protein mediated linear DNA delivery The transduction efficiencies of the chimeric 

fusion proteins were evaluated using Alexa 647 labeled oligonucleotides of different lengths 

(30bp and 293bp) that contained the target KB sequence. In order to ensure the GFP signal 

was in a suitable range for detection, experiments were performed with a constant amount of 

protein (2.8 nmol) and varying amounts of DNA to create different DNA to protein ratios 

(Figure 4.5). The resulting charge ratios of the protein-DNA complexes can be found in 

Table 4.1. In all cases, the GFP signal was background corrected using untreated cells, and 

the Alexa647 signal was background corrected against cells treated with Alexa-labeled DNA 
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alone. These background corrections give the Relative Fluorescence (RF) values reported 

in Figure 4.5. 

The results with the GT construct suggest limited interactions between the TAT peptide and 

the DNA fragments. For the 30bp fragment (Figure 4.5a), the transduction of the GT 

protein was inhibited by the presence of the oligonucleotide at a molar protein to 

oligonucleotide ratio of 56:1, but none of the other interactions were significant. For the 

293bp oligonucleotide (Figure 4.5b), inhibition of the GT transfection did not reach statistical 

significance. The GT construct was able to deliver the oligonucleotide to the PC 12 cells at 

a protein to DNA ratio of 11.2:1 but none of the other ratios reached statistical significance. 

A much different effect was seen with the PG construct. As was observed with the GT 

fragment, the DNA had little effect on the transduction of the protein. The 30bp DNA 

fragment (Figure 4.5c) inhibited the transduction of the PG construct only at the highest 

DNA concentration, at which condition the molar ratio of protein to DNA is 2:1, and there 

was no significant inhibition effect by 293 bp fragment at any ratio (Figure 4.5d). The 

DNA delivery results showed a much different trend. The addition of the PG protein 

significantly inhibited the natural uptake of the DNA oligonucleotides as compared to the 

protein free control experiments at almost every ratio. This effect reached statistical 

significance for the 30bp DNA fragment at all molar ratios except 2:1 (Figure 4.5c), and for 

the 293 bp fragment it reached statistical significance at molar ratios of 56:1, 112:1, and 

280:1 (Figure 4.5d). These results suggest that the PG complex forms tight associations 
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with the DNA molecules, and this significantly decreases their availability for natural uptake 

by the PC 12 cells. 

When PC 12 cells were incubated with the mixture of PGT and DNA, significant delivery of 

DNA of both sizes was observed, but the presence of the DNA also inhibited the delivery of 

the PGT protein in both cases at certain molar ratios of protein to DNA (Figs. 4.5e & 4.5f). 

For the 30bp fragment (Figure 4.5e), the DNA inhibited the transduction of PGT at the 

highest DNA concentration, a molar ratio of 2:1. The delivery of DNA increased as the 

molar ratio decreased, and reached a statistically significant maximum at a molar ratio of 

11.2:1. The results with the 293bp fragment were more dramatic (Figure 4.5f). The 

presence of the DNA significantly inhibited the delivery of the PGT construct at the four 

highest DNA concentrations (molar ratios of 2:1. 11.2:1, 28:1, and 56:1). The larger 

oligonucleotide, however, required a higher protein to DNA ratio for delivery than the 30bp 

oligonucleotide. Three ratios reached statistical significance, 112:1, 280:1, and 560:1, with 

the latter ratio exhibiting the highest delivery efficiency. 

Protein mediated plasmid DNA delivery 

The ability of the PGT construct to deliver large plasmid DNA was also investigated. A 

4.6kbp plasmid expressing the DsRed fluorescent protein was created that included the target 

KB sequence. A linear correlation was hypothesized to exist between the ratio of protein to 

DNA and the length of the DNA molecule to be delivered. Assuming an intercept of zero, 
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this results in line with a slope of 1.89 (Figure 4.6a). Therefore, it was predicted that the 

delivery of a 4.6kb plasmid would require a PGT to plasmid ratio of 8600:1. 

To test this prediction, the delivery of the pDsRed-BD plasmid to PC 12 cells was tested with 

three different molar ratios of PGT to pDsRed-BD: 2150:1, 4300:1 and 8600:1. Untreated 

cells and cells transfected with neat pDsRed-BD were used as negative controls. Since PG 

was unable to deliver oligonucleotide DNA, the complex of PG and pDsRed-BD prepared at 

a molar ratio of 4300:1 was also used as a negative control. The pDsRed-BD plasmid was 

also delivered to PC 12 cells using Lipofectamine 2000 as a positive control, and this resulted 

in a transfection efficiency of 3.97 + 0.41% (data not shown). The protein-mediated 

transfection results based on the detection of the expressed transgene using flow cytometry 

are shown in Figure 4.6b. There was no significant difference among untreated cells, cells 

treated with naked plasmid, or cells treated with the PG/4300 complex. When PGT was 

used, all three ratios resulted in increased delivery of the transgene as compared to the 

negative controls, but only the PGT/8600 complex mixture reached statistical significance. 

4.4 Discussion 

In this study a chimeric fusion protein containing a cell penetrating peptide, TAT, and a 

DNA binding domain, p50, was evaluated for its ability to deliver oligonucleotides and 

plasmid DNA to cultured PC 12 cells. By introducing a fluorescent protein domain to the 

fusion proteins and fluorescent labels or transgenes to the DNA molecules, the translocation 

of both the protein vehicles and nucleotide cargos to the cells were studied simultaneously. 
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Successful delivery of nucleotide cargos to PC 12 cells required the presence of both the cell 

penetrating domain and DNA binding domain, even though fusion proteins containing either 

domain alone exhibited some transduction efficiency by themselves. These results are 

consistent with our design goal to show that the p50 domain performs a DNA binding 

function and better enables the TAT domain to exhibit CPP activity. A linear correlation for 

the molar ratio of protein to DNA length required for the delivery of nucleotide-based cargos 

was developed, and this will be valuable as future protein-based delivery vehicles are 

created. 

All of the fusion proteins created in this study were expressed in E. coli and were purified in 

their native states. The G and GT proteins were purified using Ni2+ affinity chromatography, 

and no additional purification was required. However, for the PG and PGT constructs, the 

addition of a protease inhibitor cocktail was necessary to reduce the degradation of fusion 

proteins. A size exclusion chromatography step was added for the purification of PG and 

PGT in order to remove impurities or hydrolyzed products at smaller molecular weights. 

An ion exchange chromatography step was also used to further purify PGT in order to 

remove genomic DNA contamination due to the strong interaction between the PGT protein 

and DNA. It has been reported that non-specific DNA binding of p50 cannot be detected at 

ionic strengths higher than 150mM. This appeared to be true for the PG fusion, since 

non-specific binding of DNA was removed through size exclusion chromatography with the 

running buffer at the ionic strength of 150mM. However, this was not the case for the 
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purification of PGT as DNA was co-purified with the PGT protein during size exclusion 

chromatography, and therefore an ion-exchange column was used under higher ion strength 

conditions (400mM) before size exclusion chromatography in order to obtain PGT with the 

desired purity. From the SDS-PAGE analysis of PG and PGT (Figure 4.2a, lane 3 and 4) 

there appears to be a heavier band at around 140 kDa and some lighter bands around 40 kDa. 

The heavier bands are likely dimers induced by p50 domain, and the lighter bands could be 

degradation products despite the presence of protease inhibitors and the use of multiple 

orthogonal purifications steps. 

The final protein products G, GT, PG, and PGT all exhibited similar fluorescent intensities 

(excitation wavelength: 489nm, emission wavelength: 509nm) normalized by the molar 

amount of protein. The absorbance spectra show that the three fusion proteins have 

absorbance maxima at 489nm, which is identical to GFP (data not shown). The emission 

spectra at an excitation wavelength of 489nm have peaks at 508nm for G, 519nm for GT, and 

503nm for both PG and PGT. The small shifts in the emission spectra upon the addition of 

the TAT and p50 fusions may explain the variations in the measured molar intensities of the 

purified proteins (Figure 4.2b), as they were all measured at an emission wavelength of 

509nm. These differences, however, did not reach statistical significance. 

The transduction abilities of the fusion proteins were measured using PC 12 cells. The cells 

were trypsinized before the flow cytometry assays in order to remove any fusion proteins that 

were associated with the outer cellular membranes. According to the dose dependent 
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uptake behaviors shown in Figure 4.3, the PG control construct was able to transfect cells 

with higher efficiency than the GT construct, despite the lack of an attached CPP sequence. 

This is not unprecedented, as it has been reported that some anti-dsDNA antibodies are 

capable of binding to the membranes of mammalian cells and exhibiting cellular penetrating 

abilities and that the residues required for binding DNA were necessary for the antibody 

penetration [36, 37]. Since the p50 domain used in our study is a DNA binding domain from 

the NF-KB transcription factor, it is possible that the p50 could also provide a similar cell 

binding and penetrating activity. Therefore, the p50 domain combined with the TAT 

domain could produce additive effects, and this was confirmed with the PGT construct 

exhibiting the highest cell penetrating behavior in this study. 

The DNA binding behaviors of the constructs were investigated using electrophoresis 

retardation assays, and the interactions observed between the proteins and DNA during the 

purification procedures were largely seen again in the electrophoresis experiments. The GT 

construct did not appear to interact with any of the DNA molecules, which was expected 

since the dissociation constant between unmodified TAT peptides has been estimated to be 4 

orders of magnitude higher than the dissociation constant between the p50 domain and its 

target DNA-binding sequence [31, 38]. And, surprisingly, both the PG and PGT constructs 

showed similar strong associations to DNA with or without the target-KB binding site. 

To test the ability of the constructs to deliver DNA to cells, two labeled oligonucleotides 

were created. One strand of the 30bp oligonucleotide with an Alexa-647 fluorophore on the 
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5' was directly hybridized to its complementary non-labeled strand in order to increase the 

hybridization efficiency, since the presence of a fluorophore on both strands might disrupt 

base-pairing and reduce the stability of the molecule. The 293bp oligonucleotide was 

prepared using PCR with a pair of fluorescently-labeled primers resulting in both ends of 

each duplex molecule being labeled with the fluorophore. Considering the fact that longer 

oligonucleotides are likely to exhibit decreased transduction rates as compared to smaller 

molecules, we anticipated that double-end labeling would facilitate fluorescence detection. 

Delivery experiments with the DNA oligonucleotides were performed similarly to the protein 

only experiments (Figure 4.5), but a DNAse I digestion was also included before the flow 

cytometry experiments to remove any extracellular DNA that may have been associated with 

the cellular membrane. As expected, the GT protein was unable to efficiently deliver DNA 

to the cells consistent with the results of others showing that the TAT peptide by itself 

exhibited only a slight ability to deliver a 21 bp oligonucleotide [15]. And the PG protein 

was also incapable of delivering DNA to cells even though in the absence of DNA it 

exhibited higher transduction efficiency than the GT protein. 

The PGT fusion was the most efficient DNA delivery agent examined in this work. 

Because of the strong interaction between PGT and DNA, the addition of DNA inhibited the 

intracellular delivery of PGT, and this effect was more pronounced with the longer 293bp 

oligonucleotide. The optimal molar ratio for intracellular delivery was found to be 11.2:1 for 

the 30bp oligonucleotide and 560:1 for the 293bp oligonucleotide. Assuming a linear 
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correlation through the origin between the optimal molar ratio for delivery and the length of 

the oligonucleotide, a slope of 1.89 is obtained (Figure 4.6a). Although this value is close 

to 2, and the PGT protein is likely homodimeric, the crystal structure of the p50 domain 

demonstrates that the p50 domain occupies more than one DNA base pair when bound [30], 

and therefore this correlation indicates that an excess of PGT is required for optimal delivery. 

This correlation results in a charge ratio (+/-) of approximately 22.7:1 (Table 4.1), which is 

similar to the charge ratio or N/P ratio of less than 40:1 where TAT or PEI was used for 

DNA delivery[18, 21, 23, 34, 39, 40]. 

The correlation was used to predict that the molar ratio needed for delivery of 4.6k 

pDsRed-BD plasmid would be around 8600:1. The results show that this was indeed the 

required ratio for delivery of the functional transgene, as the lower ratios of 2150:1 and 

4300:1 were not statistically different from the controls. However, the overall transfection 

efficiency was very low (less than 0.05%) compared to Lipofectamine 2000 mediated 

transfection (3.97 + 0.40%, data not shown). 

The low efficiency may be the result of poor intracellular trafficking, as the PGT/plasmid 

complex could be trapped in endosomes, or the strong interaction between PGT and plasmid 

could inhibit the release of plasmid for transcription of the DsRed transgene. The effects of 

endosomal trapping may not be easily detected in linear DNA delivery experiments due to 

the direct fluorescent labeling of the DNA. The fusion protein construct may be improved 

by incorporating a domain with endosomolytic activity such as polyhistidine [41]. 
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Polyhistidine is not able to interact with DNA at physiological pH of 7.4 but will be 

protonated under a slightly acidic milieu at endosomal pH levels, which results in the 'proton 

sponge' effect to facilitate emdosome escape. The transfection efficiency may also be 

improved by using lysosomotropic agents such as chloroquine during the transfection, which 

has recently been shown by Xavier et al [23]. In addition, the inclusion of the large GFP 

domain may also negatively impact the performance of the fusion protein constructs for 

DNA delivery. It is also notable that DsRed is one of the dimmest red fluorescent proteins 

[42] and a brighter flourophore that is better matched to the excitation wavelength the flow 

cytometer would likely result in larger relative estimates of the transfection efficiencies. 

In previous studies using TP10 [24], TAT-Mu [18], TAT-NLS-Mu[23] or TAT-poly lysine 

[14] for the delivery of plasmid DNA containing a transgenic marker, PEI or lipid based 

agents were needed to achieve significant transfection efficiencies. Therefore, although the 

transfection efficiency was low, it was notable that this was achieved without the addition of 

cationic polymers or lipids. 

4.5 Conclusions 

We have designed and created a new bifunctional recombinant protein construct that can be 

used to deliver nucleotide-base cargos to PC 12 cells in culture. Both the DNA binding 

domain (p50) and cell penetrating domain (TAT) were required for the highest observed 

intracellular delivery of DNA. The apparently optimal molar ratio of protein to bp of DNA 

length was found to be 1.89, and this ratio was used to deliver a functional transgene encoded 
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in plasmid DNA. Several research groups have previously reported fusion proteins that 

incorporate the TAT peptide to enable cellular delivery. We have incorporated a specific 

DNA-binding domain in order to create a self-assembling system that will link the TAT 

peptide to DNA cargos non-covalently. There are many advantages to non-viral gene 

delivery [43-45], and the modular protein engineering approach can be extended to 

incorporate additional domains such as "smart" stimulus responsive domains for targeting 

[46, 47], membrane active domains for endosomal escape [48, 49], and nuclear targeting 

domains [50, 51] to improve the specificity and efficiency of these novel vehicles. 
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Tables and figures: 

Table 4.1 Charge ratios of protein-DNA complexes at corresponding molar ratios of protein to DNA 

(The charge ratio was calculated based on the total number of histidine, lysine, arginine, aspartic acid 

and glutamic acid of the fusion protein and the total number of phosphate groups of the DNA 

molecule.) 

Molar Ratio 
GT-30bp DNA 
PG-30bp DNA 
PGT-30bp DNA 
GT-293bp DNA 
PG-293bp DNA 
PGT-293bp DNA 
PGT-DsRed plasmid 

2 

0.433 
0.533 
0.800 

0.0444 
0.0546 
0.0819 

-

11.2 
2.43 
2.99 
4.48 

0.248 
0.306 
0.459 

-

28 
6.07 
7.47 
11.2 

0.621 

0.765 
1.15 
-

56 
12.1 
14.9 
22.4 
1.24 
1.53 
2.29 

-

112 
24.3 
29.9 
44.8 
2.48 
3.06 
4.59 
-

280 
60.7 
74.7 
112 

6.21 
7.65 
11.5 
-

560 
121 
149 
224 
12.4 
15.3 
22.9 
-

8600 
-

-

-

-

-

-

22.4 
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Figure 4.1 Schematic of the four recombinant fusion proteins used in this study. All constructs 

have an N-terminal hexahistidine tag (Histag). The green fluorescent protein (GFP) contains the 

S65T mutation for increased fluorescence. The TAT amino acid sequence is NGYGRKKRRQRRRG. 

The p50 DNA binding domain is derived from the NF-KB p50 transcription factor. A 4 glycine linker 

was inserted between the p50 and GFP domains. 
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Figure 4.2 (a) SDS-PAGE of the recombinant protein constructs. Molecular weight markers are in 

lane 1, G is in lane 2, GT is lane 3, PG is in lane 4, and PGT is in lane 5. All proteins migrated at their 

expected molecular weights. The * indicates possible dimer formation by PGT, and PG to a lesser 

extent. The # indicates possible degradation products of the PGT construct, (b) Molar fluorescent 

intensities of purified recombinant proteins. Error bars represent standard errors. Each experiment 

was performed in at least triplicate (n >3). 
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Figure 4.3 Dose dependent uptake of proteins by PC12 cells, G (•), GT (o), PG (T) and PGT (A). 

Error bars represent standard errors. Each experiment was performed in triplicate (n = 3). 
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Figure 4.4 Protein and DNA interactions monitored by agarose gel electrophoresis retardation, (a) 

mixtures of proteins and linear DNA containing the target-KB binding site (30bp in length, 0.2nmol 

protein to 0.01 nmol DNA, 1.5% agarose gel), lane M: 100bp DNA molecular weight marker, lane 1: 

neat dsDNA oligonucleotide, lane 2: G, lane 3: G+DNA, lane 4: GT, lane 5: GT+DNA, lane 6: PG, lane 

7: PG+DNA, lane 8: PGT, and lane 9: PGT+DNA. (b) mixtures of proteins and linear DNA without the 

target-KB binding site (33bp, same molar ratio and agarose gel concentration) with same lane 

assignments as panel A. (c) mixtures of proteins and plasmid DNA containing the target-KB binding 
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site (~4.6kbp DNA, 0.2nmol protein : 200ng plasmid DNA, 1.0% agarose gel). Lane M: 1kb DNA 

molecular weight marker, all other lane assignments the same as panel A. (d) mixtures of proteins and 

plasmid DNA without the target-KB binding site (same plasmid size, molar ratio, and agarose gel 

concentration) with same lane assignments as panel C. 
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Figure 4.5 Delivery of DNA (labeled with Alexa647) and chimeric fusion proteins (containing the 

GFP fluorophore) to PC12 cells as monitored by flow cytometry. The protein amount was fixed in all 

experiments at 2.8 nmol (a) Uptake with a mixture of GT and 30bp DNA. (b) Uptake with a mixture of 

GT and 293bp DNA. (c) Uptake with a mixture of PG and 30bp DNA. (d) Uptake with a mixture of 
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PG and 293bp DNA. (e) Uptake with a mixture of PGT and 30bp DNA. (f) Uptake with a mixture of 

PGT and 293bp DNA. In all experiments, the 30bp DNA fragment contained a single Alexa647 

fluorophore, while the 293bp fragments were doubly labeled. Error bars represent standard errors. 

Each experiment was performed in at least triplicate (n ^ 3). The * indicates the value is significantly 

different from the protein-only control (DNA amount = 0) using one-way ANOVA and post-hoc Tukey's 

test (p < 0.05). 
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Figure 4.6 (a) Log-log plot of the correlation of the molar ratio needed for optimal transfection 

efficiency as a function of the length of the delivered DNA cargo into PC12 cells. The optimal molar 

ratios, 28:1 for 30bp DNA cargo (•) and 560:1 for 293bp DNA cargo (•) were obtained from PGT 

mediated linear DNA delivery experiments while the optimal molar ratio needed for delivering 4.6kbp 

plasmid (8600:1) was predicted from the correlation (—) based on 30bp and 293bp DNA cargos as the 

intercept of the linear fitting equation was set at the origin, (b) Delivery of the pDsRed-BD plasmid to 

PC12 cells using the chimeric protein constructs. Error bars represent standard errors. Each 

experiment was performed five times (n=5). The * indicates the value is significantly different from the 

untreated cells, neat plasmid transfected cells and PG plasmid complex at molar ratio of 4300:1 

transfected cells using one way ANOVA and post-hoc Tuke/s test (p<0.05). 
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Supplementary Data: 

Oligonucleotide sequences for protein-mediated linear DNA delivery study: 

Alexa 647 labeled 30bp DNA: 

The forward strand: 

5'*-CTC GTA TGT TGT GGG GAA TTC CCA GCG GAT-3' 

The reverse strand: 

5'-ATC CGC TGG GAA TTC CCC ACA ACA TAC GAG-3' 

Alexa 647 labeled 293bp DNA: 

The forward strand of the PCR dsDNA: 

5'*-GACCGAGCGCAGCGAGTCAGTGAGCGAGGAAGCGGAAGAGCGCCCAATACG 

CAAACCGCCTCTCCCCGCGCGTTGGCCGATTCATTAATGCAGCTGGCACGACAGG 

TTTCCCGACTGGAAAGCGGGCAGTGAGCGCAACGCAATTAATGTGAGTTAGCTC 

ACTCATTAGGCACCCCAGGCTTTACACTTTATGCTTCCGGCTCGTATGTTGTGGG 

GAATTCCCAGCGGATAACAATTTCACACAGGAAACACATATGCACCATCACCAT 

C ACC ATGACTAC AAAG ATTCGGGC-3' 

The reverse strand of the PCR dsDNA: 

5'*-GCCCGAATCTTTGTAGTCATGGTGATGGTGATGGTGCATATGTGTTTCCTGTG 

TGAAATTGTTATCCGCTGGGAATTCCCCACAACATACGAGCCGGAAGCATAAAG 

TGTAAAGCCTGGGGTGCCTAATGAGTGAGCTAACTCACATTAATTGCGTTGCGCT 

CACTGCCCGCTTTCCAGTCGGGAAACCTGTCGTGCCAGCTGCATTAATGAATCGG 

CCAACGCGCGGGGAGAGGCGGTTTGCGTATTGGG 

CGCTCTTCCGCTTCCTCGCTCACTGACTCGCTGCGCTCGGTC-3' 

('*' stands for Alexa-647 label.) 

Oligonucleotide sequences for gel retardation assay: 

30bp DNA with target-kB binding site: 

The forward strand: 

5'-CTC GTA TGT TGT GGG GAA TTC CCA GCG GAT-3' 
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33bp DNA without target-kB binding site: 

The forward strand: 

5'-GAACTATACAAATGATAACAACGGTTACGGTCG-3' 
Amino acid sequences: 
G: 
MRGSHHHHHH GMASMTGGQQ MGRDLYDDDD KDPPAEFMSK GEELFTGWP ILVELDGDVN 60 

GHKFSVSGEG EGDATYGKLT LKFICTTGKL PVPWPTLVTT FTYGVQCFSR YPDHMKRHDF 120 

FKSAMPEGYV QERTIFFKDD GNYKTRAEVK FEGDTLVNRI ELKGIDFKED GNILGHKLEY 180 

NYNSHNVYIM ADKQKNGIKV NFKIRHNIED GSVQLADHYQ QNTPIGDGPV LLPDNHYLST 240 

QSALSKDPNE KRDHMVLLEF VTAAGITHGM DELYK 275 

GT: 
MRGSHHHHHH GMASMTGGQQ MGRDLYDDDD KDPPAEFMSK GEELFTGWP ILVELDGDVN 60 

GHKFSVSGEG EGDATYGKLT LKFICTTGKL PVPWPTLVTT FTYGVQCFSR YPDHMKRHDF 12 0 

FKSAMPEGYV QERTIFFKDD GNYKTRAEVK FEGDTLVNRI ELKGIDFKED GNILGHKLEY 180 

NYNSHNVYIM ADKQKNGIKV NFKIRHNIED GSVQLADHYQ QNTPIGDGPV LLPDNHYLST 240 

QSALSKDPNE KRDHMVLLEF VTAAGITHGM DELYKFNNGY GRKKRRQRRR G 291 

PG: 
MHHHHHHDYK DSGPYLQILE QPKQRGFRFR YVCEGPSHGG LPGASSEKNK KSYPQVKICN 60 

YVGPAKVIVQ LVTNGKNIHL HAHSLVGKHC EDGICTVTAG PKDMWGFAN LGILHVTKKK 12 0 

VFETLEARMT EACIRGYNPG LLVHPDLAYL QAEGGGDRQL GDREKELIRQ AALQQTKEMD 180 

LSWRLMFTA FLPDSTGSFT RRLEPWSDA IYDSKAPNAS NLKIVRMDRT AGCVTGGEEI 240 

YLLCDKVQKD DIQIRFYEEE ENGGVWEGFG DFSPTDVHRQ FAIVFKTPKY KDINITKPAS 3 00 

VFVQLRRKSD LETSEPKPFL YYPEIKDKEE VQRKRQKGSS GGGGMASMTG GQQMGRDLYD 3 60 

DDDKDPPAEF MSKGEELFTG WPILVELDG DVNGHKFSVS GEGEGDATYG KLTLKFICTT 420 

GKLPVPWPTL VTTFTYGVQC FSRYPDHMKR HDFFKSAMPE GYVQERTIFF KDDGNYKTRA 480 

EVKFEGDTLV NRIELKGIDF KEDGNILGHK LEYNYNSHNV YIMADKQKNG IKVNFKIRHN 540 

IEDGSVQLAD HYQQNTPIGD GPVLLPDNHY LSTQSALSKD PNEKRDHMVL LEFVTAAGIT 600 

HGMDELYK 608 

PGT: 
MHHHHHHDYK DSGPYLQILE QPKQRGFRFR YVCEGPSHGG LPGASSEKNK KSYPQVKICN 60 

YVGPAKVIVQ LVTNGKNIHL HAHSLVGKHC EDGICTVTAG PKDMWGFAN LGILHVTKKK 12 0 

VFETLEARMT EACIRGYNPG LLVHPDLAYL QAEGGGDRQL GDREKELIRQ AALQQTKEMD 180 

LSWRLMFTA FLPDSTGSFT RRLEPWSDA IYDSKAPNAS NLKIVRMDRT AGCVTGGEEI 240 

YLLCDKVQKD DIQIRFYEEE ENGGVWEGFG DFSPTDVHRQ FAIVFKTPKY KDINITKPAS 3 00 

VFVQLRRKSD LETSEPKPFL YYPEIKDKEE VQRKRQKGSS GGGGMASMTG GQQMGRDLYD 360 

DDDKDPPAEF MSKGEELFTG WPILVELDG DVNGHKFSVS GEGEGDATYG KLTLKFICTT 42 0 

GKLPVPWPTL VTTFTYGVQC FSRYPDHMKR HDFFKSAMPE GYVQERTIFF KDDGNYKTRA 480 

EVKFEGDTLV NRIELKGIDF KEDGNILGHK LEYNYNSHNV YIMADKQKNG IKVNFKIRHN 540 
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IEDGSVQLAD HYQQNTPIGD GPVLLPDNHY LSTQSALSKD PNEKRDHMVL LEFVTAAGIT 600 

HGMDELYKFN NGYGRKKRRQ RRRG 624 
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Supplementary Figures: 
(a) 

G: metal ion affinity chromatography with HisTrap column 
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(g) (h) 

PGT: gel filtration after ion-exchange PGT: gel filtration after HisTrap 
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Supplementary Figure 4.1 Chromatography elution profiles for the purification of G, GT, PG and PGT. 

'*' stands for the desired protein peaks for further purification or concentration, 'x' stands for DNA 

contamination peak verified by agarose gel assay. '#' stands for the peak of DNA and PGT complex 

eluted in the void volume from the gel filtration column. 
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Chapter 5 Bifunctional chimeric fusion proteins for siRNA delivery 

Abstract RNA interference (RNAi) is becoming one of the most powerful tools in 

biological research and the most promising direction in gene therapy. The question of 

how to deliver siRNA into cells to perform desired RNAi function in vitro and in vivo 

has been one of the major issues for the potential applications of RNAi. A number of 

methods developed for DNA delivery have been applied to deliver RNA, which has 

brought us hopes and frustrations, as it always does when we step into a new scientific 

field. Due to the simplicity and low cytotoxicity, CPPs have obtained special attention 

as a siRNA delivery vehicle. Since we have demonstrated that PGT can delivery small 

dsDNA into PC 12 cells in Chapter 4, we are trying to expand these results by 

delivering small oligonucleotide cargo with a specific cellular function. siGFP has 

become our choice. Herein, we modified the sense sequence of siGFP into a DNA 

strand in order to incorporate a target-KB binding site into siGFP. However, the 

modified sense DNA-anti sense RNA duplexes do not perform RNAi function as well 

as siGFP. PGT-mediated delivery of siGFP or the duplexes didn't appear to induce 

RNAi function while the addition of Lipofectamine to the protein and 

oligonucleotides formulation induced significant RNAi function. 

5.1 Introduction 

The discovery of RNAi as a mechanism to selectively silence messenger RNA 

(mRNA) expression has brought revolutionary changes in studying and manipulating 

of the genotype and phenotype functions of cells or cultures in both fundamental 

biological research and gene therapy in clinic. The high specificity and efficacy of 
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siRNAs in gene silencing makes it a potent potential therapeutic method. In a side by 

side comparison, the siRNA inhibited the synthesis of GFP about 100 to 1000 fold 

more efficiently than single stranded anti-sense oligonucleotides in vitro while no 

activity of anti-sense oligonucleotides was noticed in vivo [1]. Despite the advantages 

of siRNAs for RNAi, 'naked' siRNAs are prone to nuclease degradation and their 

half-life is less than five minutes in plasma [2]. Furthermore, the inherent negative 

charges prevent siRNAs from approaching the cell membrane and not all cells can 

directly take up charged siRNAs into the cytoplasm [3]. How to deliver siRNAs to the 

right location at the right time has been a major issue in the application of siRNA in 

laboratories and the clinic. Chemical modifications of siRNAs have been extensively 

studied to increase the nuclease resistance and reduce hybridization-dependent 

off-target effects without compromising the gene silencing efficiency, which has been 

reviewed elsewhere [4]. I will focus on vector-based delivery of siRNAs in this 

Chapter. 

Thanks to the enormous research on DNA delivery, people have been trying to extend 

a number of methods used for DNA delivery to siRNA delivery. There are three 

categories of these methods, including 1) physical forces, such as microinjection and 

hydrodynamic injection [5]; 2) viral vectors [6] and 3) non-viral vectors, such as 

cationic polymers, polymer based micelles [7], lipids [8], lipidoids [9], lipid or 

polymer based vesicles [10] or nanoparticles [5, 9, 11] and peptides or proteins [12]. 

At the early stage, linear PEI was simply used to form complexes through electrostatic 

interaction with a siRNA for knocking out GFP expression in stably transfected CHO 
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cells [13]. However, due to the toxicity and limited delivery efficiency to some 

common cell lines, PEI by itself is not a robust vector for delivery of siRNA into 

challenging cell lines, primary cells or desired sites in vivo. As liposomes and 

nano-particles are becoming platforms of systemic delivery system [5, 9, 11], more 

functional motifs have been integrated into these systems by conjugating on the 

surface of liposomes or nanoparticles, such as a stabilizing domain (e.g. PEG), 

targeting domain (e.g. RGD or antibodies) and facilitating membrane penetrating 

domain (e.g. PEI or CPPs). 

Compared with these relatively complex formulation strategies, CPPs have obtained 

great attention due to their simple construction. Complexes of CPPs and siRNA are 

formed through covalent conjugation, electrostatic interactions or specific 

non-covalent binding between a RNA binding protein and its binding site [14]. For 

example, Penetratin conjugated to the 5' end of the sense strand of a siRNA through a 

disulfide bound was taken up by primary neurons and performed gene silencing 

activity with minimal cytotoxicity [15]. More recently, Eguchi et al. [14] developed a 

chimeric protein containing a triple TAT peptide domain and a dsRNA binding 

domain (DRBD) to non-covalently bind siRNA to form a TAT-siRNA complex at the 

molar ratio of 12:1. DRBD is a small (~65-residue) domain that specifically binds 

12-16 bp of the dsRNA backbone on 90° surface quadrants of the dsRNA helix, 

resulting in four DRBDs encompassing a single siRNA. The results indicate that this 

construct can deliver siRNAs into HI299 cells, primary murine T cells, primary 

human umbilical vein endothelial cells (HUVEC) and human embryonic stem cells to 
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inhibit targeted protein expression with little cytotoxicity. Besides natural CPPs used 

for siRNA delivery, new CPP based polymers with different constructs have also been 

developed for siRNA delivery. For example, using (Histidine)xLysine as a building 

block, eight-branched polymers with a sequence pattern of -HHHK- were found to be 

effective as carriers of siRNA [16]. 

Although CPPs have shown promising delivery functionality for siRNA, they still 

suffer from lack of specificity. While groups focusing on CPP study have chosen to 

address the cell penetrating efficiency, some groups have chosen to exam specificity 

first. For example, Song et al. [17] created a fusion protein containing the heavy chain 

Fab fragment of an HIV-1 envelope antibody and the nucleic acid binding domain 

protamine. siRNAs bound to F105-P induced silencing only in cells expressing HIV-1 

envelope protein. By targeting against the HIV-1 capsid gene gag, delivered siRNA 

inhibited HIV replication in hard-to-transfect HIV-infected primary T cells. Later, a 

relatively simple system was developed by generating a small chimeric peptide 

composed of a 29-amino-acid peptide derived from rabies virus glycoprotein (RVG), 

which binds to the acetylcholine receptor expressed by neuronal cells, and nine 

arginine residues, which condense siRNA through electrostatic interactions. It was 

shown that this RVG-9R peptide was able to bind and transduce siRNA to neuronal 

cells in vitro and in vivo without inducing inflammatory cytokines or anti-peptide 

antibodies after intravenous injection into mice. 

However, not every method transferred from DNA delivery to RNA delivery was 

successful. For instance, although PAMAM G5 dendrimer was efficient for plasmid 
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delivery, the PAMAM dendrimer covalently modified by TAT complexed with 

siRNA was introduced into NIH 3T3 MDR cells and primarily accumulated in 

intracellular vesicles but poorly effective for RNAi activity [18]. One of the reasons 

could be the endosomal entrapment that prevented the complexed siRNA from 

unpackaging and releasing to the RNAi machinery. PAMAM was designed as an 

efficient DNA condensing agent rather than a potent endosomolitic. It has also been 

shown that PAMAM-antisense oligonucleotides complexes tend to be trapped in 

endosomes [19]. Endosomal entrapment is not a specific issue for polycation based 

delivery methods but rather a general issue for most formulations generating large 

particles, including complexes formed by positively charged CPPs and delivery 

cargos, that would be internalized by cells through an endocytic pathway. Several 

strategies have been developed to enhance RNAi-mediated gene silencing by 

endosomal escape of RNA, including the use of endosomolytic reagents, e.g. 

chloroquine or HA2 peptide, stimulation of photosensitizers or photoinduction of a 

CPP modified with a fluorescent dye [14]. 

Unlike positively charged CPPs, amphipathic CPPs may follow a different 

internalization pathway by destabilizing cell membrane and overcoming endosomal 

entrapment. For instance, an amphiphathic peptide of 20 residues combining aromatic 

tryptophan and cationic arginine residues (CADY) was designed to deliver siRNAs 

into several cell lines for knocking out the expression of 3-phosphate dehydrogenase 

(GAPDH) and p53. It was also demonstrated that CADY entered cells through a 

mechanism which was independent of the major endosomal pathway [20]. 
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Since we have discovered that PGT can be used for delivery of small dsDNA to PC 12 

cells, we would like to test the delivery efficiency of siRNA using PGT. As a proof of 

a concept, we choose siGFP [21] as a model siRNA construct. We are not sure 

whether p50 domain would be sufficient to condense siRNA since it binds specifically 

to dsDNA with certain sequences. Therefore, our plan is to introduce the target-KB 

DNA binding sequence to the 5'of sense strand of siGFP through a hairpin linker to 

form a dsDNA region with the binding sequence. Based on the mechanism of RNAi 

(Figure 5.1), the antisense strand of siRNA is responsible for hybridizing with the 

targeting mRNA to block the protein expression. We have also noticed a sense-DNA 

and antisense-RNA duplex can perform RNAi function as a siRNA does [22]. 

Therefore, we design a ssDNA as the sense strand composed of a hybridization 

domain complementary to the antisense siGFP strand and a self-complementary 

target-KB domain flanked by a hairpin linker. In order to verify the RNAi function of 

sense-DNA-antisense-RNA construct, we also design a DRNA duplex that contains 

exactly the same antisense strand as the siGFP and a sense DNA strand with the 

sequence corresponding to the original siRNA sense sequence. The schematic of the 

constructs and proposed complex of PGT-hpDRNA are shown in Figure 5.2. 

We have tested the RNAi function of siGFP, DRNA and hpDRNA in C166-GFP cell 

using two different transfection agents, Lipofectamine 2000 and TriFectin. The CI66 

cell line established from cells from Fl embryos obtained by mating a female 

NMRI/GSF mouse with a male CD-I mouse that was transgenic for the human fes 

(fps/fes) proto-oncogene. The C166-GFP cell line was derived from the CI66 cell line 
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by transfection with a plasmid reporter vector, pEGFP-Nl, encoding EGFP. The flow 

cytometry results have shown that siGFP significantly inhibits GFP expression while 

DRNA and hpDRNA appears poor RNAi function. We also tested PGT or 

PG-mediated siRNA delivery but neither of them has shown significant gene 

silencing function. We further introduced endosomolytic domain HA2 into the fusion 

protein constructs and tested HPGT and HPG for siRNA delivery. Unfortunately, 

HA2 failed to enhance the delivery efficiency. We also tried to evaluate the mRNA 

level from the siRNA transfected cells using quantitative-RT-PCR but the results 

were inconclusive. 

5.2 Experimental 

Materials Silencer® GFP (eGFP) siRNA was obtained from Ambion, Inc (Austin, 

TX). Oligonucleotides for constructing D(R)NA duplexes and TriFECTin™ 

Transfection Reagent were obtained from Integrated DNA Technologies (Coralville, 

IA). Celldirect Two-Step SYBR® qRT-PCR kit and Lipofectamine 2000 were 

obtained from Invitrogen (Carlsbad, CA). C166-GFP cells and Dulbecco's Modified 

Eagle's Medium were obtained from American Type Culture Collection (Manassas, 

VA). All other chemicals used in the study were from Sigma-Aldrich (St. Louis, MO). 

siRNA and related constructs siRNA and D(R)NA duplexes for suppression of 

GFP expression were illustrated in Figure 5.1. siGFP were purchased from Ambion, 

Inc. Upon receiving, the lyophilized siRNA samples, including siGFP and a control 

siRNA with a scrambled sequence, were reconstituted in HEPES buffer (100 mM 

KOAc, 30 mM HEPES-KOH, 2 mM Mg(OAc)2, PH 7.4) at the concentration of 
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50uM. The overhangs were modified as thymine for a more stable siRNA construct. 

The oligonucleotides for creating DRNA constructs were reconstituted in the HEPES 

buffer at the concentration of lOOuM. The DRNA duplexes and hp- DRNA duplexes 

were obtained by adding equal amounts of the desired oligonucleotides stock solution 

into PCR tubes for annealing by denaturing at 95°C for 5min and reducing the 

temperature to 25°C at the rate of l°C/min. All siRNA and DRNA duplexes were 

stored in aliquots at -20°C. 

Vector construct and TAT fusion proteins for siRNA delivery The mutant 

proteins, PGT and PG, were prepared as aforementioned (Section 4.2, Chapter 4). The 

fusion proteins, HPGT and HPG, containing an influenza virus hemagglutinin HA2 

domain (H stands for HA2) were also prepared to study the endosomlytic function of 

HA2. Specifically, the gene of HA2-p50 was amplified from pHA2-TAT vector 

(Section 3.2, Chapter 3) using the pair of primers used to amplify p50 gene from 

pTAT vector (Section 3.2, Chapter 3). Then, the GFP gene in pPRSET-S65T vector 

was substituted by HA2-p50-GFP-TAT or HA2-p50-GFP gene using the same 

method of generating pPGT or pPG vectors (Section 4.2, Chapter 4). These two 

fusion proteins were expressed and purified under the same condition as that of PGT 

(Section 4.2, Chapter 4). 

Agarose gel electrophoresis retardation assays Fluorescent mutant proteins 

(0.2nmol) and siGFP or DRNA duplexes (O.Olnmol) were incubated in HEPES buffer 

at the total volume of 15ul at room temperature for 20min before supplemented with 

16% of a 2M sucrose solution and loaded on 1.5% agarose gels for electrophoresis. 
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Pure proteins, the duplexes and the complexes of proteins and 30bp DNA with 

target-KB binding site were also loaded on the same gel as controls. 

Cell line and cell culture C166-GFP cells were cultured in DMEM medium 

supplemented with 10% newborn calf serum and 0.2 mg/ml G-418. The cells were 

plated a day before transfection experiments were performed. The cells were 

harvested from tissue culture flasks using trypsin/EDTA, pelleted by centrifugation, 

and resuspended to 2xl05 cells/mL in culture medium. One milliliter of the cell 

resuspension was added to each well of a poly-L-lysine coated 24-welled plate. 

Transfection of C166-GFP cells with siRNA, R(D)NA duplexes The cells were 

transfected or incubated with specific amount of samples with or without TriFECTin 

following the vender protocol for 20-48hrs before trypsinized for flow cytometry 

analysis or qRT-PCR. For transfection using Lipofectamine 2000, the cells were 

incubated with samples for 4-6hrs before fresh medium was renewed. The cells were 

further cultured for 20-48hrs for assays. 

5.3 Results and Discussion 

Gel retardation of fusion protein and siRNA or RDNA complexes The gel 

retardation of PG or PGT and the duplexes was shown in Figure 5.3 a. All of the 

oligonucleotides samples in lane 3, 5, 7 and 9 exhibited desirable double-strand 

constructs in the electrophoresis as indicated by the sharp ethidium bromide 

fluorescent bands. The siGFP band appeared much fainter than DRNA and hpDRNA 

bands even though the same amount of samples were used for the electrophoresis, 

which indicated the siGFP could be degraded during the sample preparation and 
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electrophoresis. The stability of DRNA and hpDRNA was significantly increased due 

to the modifications of the sense strand from RNA to DNA. The faint DNA bands in 

lane 8 indicated further degradation of siGFP after incubated with the protein samples. 

The reason might be the presence of trace amount of ribonuclease in protein sample 

from bacterial lysate. Although the final resuspension buffer for the purified protein 

was made from autoclaved MilliQ water, it could be possible that there was some 

ribonuclease contamination from the purification process. It is hard to demonstrate the 

interactions between PGT and siGFP from the gel retardation assay because of the 

instability of siGFP. But PGT may be able to form complexes with siGFP. Although 

p50 protein exhibits specific affinity to its binding sequences, the gel retardation 

results (Figure 4.4, Chapter 4) shows similar interactions between PGT and dsDNA 

with or without binding site, which indicates significant non-specific electrostatic 

interactions between PGT and dsDNA. The negative charges on dsDNA are 

comparable to those on dsRNA at similar length. Therefore, the non-specific 

interaction between PGT and dsRNA is comparable to that of dsDNA. The 

substitution of RNA sense strand with DNA strand also increased the interactions 

with proteins as indicated by the smear and brighter DNA bands in Lane 6. The 

introduction of target-KB binding site through a hairpin construct significantly 

increased the stability and interactions with the proteins in Lane 4, which is 

comparable to the affinity between the proteins and dsDNA containing the binding 

site in Lane 2. 
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Gene silencing function of various constructs We chose Lipofectamine 2000 and 

Trifectin as control siRNA transfection agents. Trifectin was designed specifically for 

siRNA transfection with a much lower cytotoxicity than Lipofectamine so that it can 

be incubated with cells until they are harvested for flow cytometry assay. 

Lipofectamine is more toxic and it has to be replaced with fresh medium after being 

incubated with cells for 4-6hrs. The final concentration of siRNA for transfection was 

33.3nM using 2ul Lipofectamine and lOnM using 6ul Trifectin, following 

manufacture's protocols, respectively. With the increased amount of Trifectin from 

0.5ul to 6ul, the knockout of GFP becomes more significant, which is indicated by the 

histogram (Figure 5.9 b) of C166-GFP cells transfected by lOnM siGFP using varied 

amount of Trifectin. The gate of super-green cells was set individually on each 

histogram which is defined as the cells with higher fluorescent intensity than that of 

the most populated cells. Examples of the gate setting were given in Figure 5.4 for the 

untreated cells and siGFP transfected cells using Trifectin. This gate setting 

quantitatively reflects the percentage of cells shifted to the lower fluorescent intensity 

after GFP gene silencing. By setting the gate individually for each sample, it avoids 

potential error due to the slightly different overall distribution of cell population over 

the fluorescent intensity and avoids the interference of GFP fluorescence from the 

fusion proteins in protein mediated delivery. 

In order to verify the specific gene silencing activity, a complete set of controls were 

performed with or without transfection agents. The flow cytometry results of these 

cells under control conditions and cells transfected with siGFP, DRNA and hpDRNA 
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using Lipofectamine or Trifectin were shown in Figure 5.5. From the statistical 

analysis, neither of the duplex constructs has shown significant RNAi activity without 

transfection agents. Neither of the transfection agents affects the GFP expression of 

the cells. Cells transfected by antisense strand using either transfection agent are not 

significantly different from untreated cells. siGFP delivered by either transfection 

agent significantly inhibited the expression of GFP. The percentage of super green 

cells decreased from 51.8(±0.7)% for the untreated cells to 33.7(±1.7)% for 

Lipofectamine transfected cells and 39.8(±1.0)% for Trifectin transfected cells. 

However, neither DRNA nor hpDRNA appears inhibiting GFP expression using 

either of the transfection agents. 

Protein mediated siRNA delivery We tried our PGT and PG constructs for the 

delivery of siGFP, DRNA and hpDRNA. The calculated molar ratio of siGFP to PGT 

for successful delivery is around 1:40 based on the correlation between molar ratio for 

delivery and dsDNA bp length (Figure 4.6 a). Both PGT and PG were tested for 

siGFP delivery at the molar ratios from 1:10, 1:20 and 1:40 and the flow cytometry 

results were shown in Figure 5.6. It may appear that some GFP expression has been 

slightly inhibited at the molar ratio of 1:20 using PGT compared to the transfection at 

the other two molar ratios, 1:10 and 1:40, and the control transfection of antisense 

strand of siGFP using PGT at molar ratio of 1:20. However, they were not statistically 

significant from each other. In addition, when it was compared to the cells treated by 

protein (PGT or PG) only or other controls (untreated cells or cells treated by siGFP, 

DRNA or hpDRNA without any transfection agent), none of the protein-mediated 
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siGFP delivery induced any significant RNAi function. The addition of target-KB 

binding site to the sense DNA strand (hpDRNA) didn't enhance the knockout of GFP 

expression when delivered by PGT or PG. Nor did DRNA show any efficient function 

when delivered by PGT. There might be a slight reduction of GFP fluorescence when 

DRNA was delivered by PG compared to PGT but the results were not statistically 

significant from the controls. 

We didn't expect PG to be able to deliver any of the duplex construct. The results 

further proved our hypothesis. However, in order to understand why PGT failed to 

deliver siGFP, DRNA and hpDRNA, we asked three questions and tried to answer 

them with more experiments: 1) could endosomal entrapment be a problem? 2) could 

any contamination in our purified protein sample digest the antisense RNA strand 

during the incubation? 3) could DRNA and hpDRNA really perform similar RNAi 

function as siRNA does? 

Due to the lack of endosomolytic domain, the complexes of PGT and the 

oligonucleotides duplexes could be trapped in endosomes after internalized by the 

cells, which prevented the duplexes from functioning with RNAi machinery within 

cytoplasm. We had encountered the similar problem when PGT was used for plasmid 

delivery (Chapter 4). There are two ways to verify this hypothesis. One is to directly 

determine the distribution of the siGFP molecules in cytoplasm using fluorescently 

labeled siGFP. The other one is to introduce an endosomolytic strategy to improve the 

delivery efficiency. We chose the second strategy by introducing the HA2 peptide 

into our fusion protein constructs. 
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We used HA2-p50-GFP-TAT (HPGT) and HA2-p50-GFP (HPG) to delivery DRNA 

and hpDRNA at the molar ratio of 1:2 (corresponding the homodimer protein binding 

to the target-KB sequence on the sense strand) and 1:40 (calculated from the 

correlation in Figure 4.6 a). The results are shown in Figure 5.7. All of the 

formulations failed to induce RNAi function. Although HA2 domain has been 

successfully used to increase CPP delivery efficiency [23, 24], its function may differ 

from case to case. Since HA2 didn't help us with DRNA and hpDRNA delivery, we 

went further to question whether the antisense RNA strand was still available to be 

internalized by cells after incubated with our protein sample. We tested the RNAi 

efficiency of PGT complexed siGFP using Lipofectamine in C166-GFP cells. As a 

control, we also switched the order of forming the tri-component complexes by 

incubating siGFP and Lipofectamine before adding PGT for another incubation step. 

The flow cytometry results were shown in Figure 5.8. Both formulations induced 

similar RNAi function, which is significantly different from the siGFP-PGT 

formulation. The order of the incubation with PGT or Lipofectamine doesn't affect 

siGFP delivery, which indicates the amount of siGFP is sufficient to induce RNAi 

function after incubated with PGT if it can be effectively delivered into cells and 

available for RNAi machinery. It can be inferred that PGT fails to deliver siGFP 

efficiently either because it does not form stable complexes with siGFP or the 

complexes become trapped in the endosomes. 

Therefore, it's unlikely that the antisense RNA strand is digested by any ribonuclease 

contamination in protein samples during the incubation. For DRNA and hpDRNA 



www.manaraa.com

147 

constructs, do they really perform the RNAi function as siRNA does? The one-way 

ANOVA statistical analysis of flow cytometry results doesn't indicate gene silencing 

function from these two constructs compared with the controls. By inspecting the raw 

data from flow cytometry (Figure 5.9 c, d and f), it appears a slight shift to a lower 

intensity of the cell populations after transfected by DRNA using 6ul Trifectin or 2ul 

Lipofectamine. However, the shift is much more significant for the cells transfected 

by siGFP using the same amount of transfection agent. (Figure 5.9 a and b). For 

hpDRNA, the shift is even more subtle. Qualitatively, replacing the sense strand of a 

siRNA by the corresponding DNA strand may retain some RNAi function but it is 

very limited. In our case, it is not feasible to design a delivery system based on 

DNA-RNA duplex construct for RNAi application since the activity of the duplex is 

too low. 

The amount of siGFP and the duplexes used for transfections were determined based 

on the manuals for the transfection agent. The final concentration of siGFP and the 

other two duplexes ranged from 10-33.3nM. The reported concentration of siRNA 

transfection in vitro ranges from 8-300nM [14, 17]. For CPP-based siRNA delivery 

through non-covalent interactions, the molar ratio of peptide and siRNA ranges from 

6:1 to 80:1 [17, 20, 25, 26]. The values of the two parameters used in our experiments 

are comparable to the reported values. The gene silencing function of siGFP and the 

duplex could be improved if higher concentration is used. 

We also tried using q-RT-PCR to analyze the level of mRNA for GFP expression in 

cells after transfection with the presence of chloroquine as an endosomolytic agent. 
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The primers for qPCR of GFP, actin and GAPDH were adopted from a previous 

publication [27]. However, the qPCR result for the two housekeeping genes was not 

reliable and reproducible. Therefore, the data for GFP gene can't be analyzed without 

applicable normalization. 

5.4 Conclusions 

In Chapter 4, we have shown PGT fusion protein can deliver small dsDNA (30bp and 

294bp) into PC 12 cells but is not efficient for delivery of plasmid with a trans gene, 

likely due to the internalization of PGT-cargo complexes by endosomes. In order to 

verify the results obtained from delivering fluorescently labeled dsDNA, we used 

PGT to deliver oligonucleotide based cargos with a specific cellular function. We 

chose a RNAi system consisted of a cell line stably transfected with GFP plasmid 

vector and siGFP. We further introduced target-KB binding site to the 5' end of the 

sense strand to create a non-covalent link between RNA and TAT. We also replaced 

the whole sense strand with a DNA strand since it has been shown that sense 

DNA-antisense RNA duplex performs RNAi function [28]. However, we didn't 

expect the efficiency of this duplex could be so low even by standard transfection 

agent that it is not feasible to develop a delivery system for it. It has been shown that 

Penetratin conjugated to the 5' of the sense strand of siSOD and siCaspase [15] and 

TAT conjugated to the 3' of antisense strand of siGFP [29] induce desired RNAi 

activity in neurons and Hela cells. In both cases, the internal sequences of the siRNA 

were maintained intact. Although it has also been shown that sense DNA-antisense 

RNA duplexes and similar olignucleotide-based constructs can perform gene 
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knock-out functions[30, 31], they may follow a different mechanism from RNAi. The 

integrity of the siRNA double strand RNA with the overhangs could be necessary for 

RNAi function. It would be worth trying to create a construct by adding the hairpin 

and target-KB binding site directly to the antisense RNA strand of siGFP to ensure 

minimal modification of siGFP. In a successful chimeric protein construct for siRNA 

delivery, a less specific dsRNA binding domain was used to form a non-covalent link 

between TAT peptides and the siRNA [14]. The binding affinity of p50 to specific 

DNA sequence may diminish its oligonucleotide condensation ability as a general 

drug delivery agent. 

Similar to delivery of DNA plasmid by PGT, the reduced size of cargo doesn't solve 

the problem of endosomal entrapment. As PGT can efficiently bring small dsDNA 

into cells or endosomes, it is very likely that PGT could form fairly stable complexes 

with siGPF to be internalized by cells but incapable of disrupting the endosomes. The 

addition of Lipofectamine to PGT and siGFP complexes may have enhanced the 

disruption of endosomes leading to the significantly increased RNAi function. The 

addition of HA2 domain didn't seem improve the delivery efficiency but it could be 

caused by the inherent low activity of DRNA and hpDRNA. An amphipathic peptide 

could be useful to circumvent endosomal entrapment with its membrane destabilizing 

activity. 

The stability of siRNA may pose a significant issue for its application. The reliable 

and reproducible data in this study were collected within the first 3-4 months upon 

receiving the siRNA or antisense RNA samples. The samples were saved in -20°C 
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freezer in aliquots to minimize the number of cycles of freezing-thawing. The siGFP 

activity significantly reduced in the later experiments after 5-6 months storage. It will 

be valuable to increase the stability of natural siRNA through chemical modifications 

without compromising the RNAi function. 

In conclusion, PGT failed to delivery siGFP to C166-GFP cells probably due to 

endosome entrapment. DRNA and hpDRNA constructs didn't show significant RNAi 

function. The addition of HA2 domain didn't improve the delivery of DRNA or 

hpDRNA while the addition of Lipofectamine to siGFP-PGT system significantly 

improved the delivery of siGFP. In the future, more conservative modification of 

siRNA for PGT delivery may improve the performance of the delivery system. More 

efficient and appropriate endosomlytic agents should be explored. 
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Figure 5.1 Model depicting distinct roles for dsRNA in a network of interacting silencing 

pathways [32]. 
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(A)- siGFP 5'-CAA GCU GAC CCU GAA GUU Ctt-3' 
3'-ttGUU CGA CUG GGA CUU CAA G-5' 

(B): DRNA duplex 5'-CAA GCT GAC CCT GAA GTT Ctt-3' 
3'-rtGUU CGA CUG GGA CUU CAA G-5 

, 1 cccttaageg-5 
(C): hpDRNA duplex G ggg a a t tccc tCAA GCT GAC CCT GAA GTT Ctt -3' 

A Q A 3'-ttGUU CGA CUG GGA CUU CAA G-5' 

T iPjW' 
(D): complex of \ T ^ c c ^ rgg-5' 

G ggga?' ^cc tCAA GCT GAC CCT GAA GTT Ctt -3' 
hpDRNA duplex and PGT A G A ww y_nGUU C G A C U G G G A c m J C A A G 5, 

Figure 5.2 Constructs of anti-GFP siRNA and sense DNA-antisense RNA duplexes. 

(A) siGFP: anti-GFP siRNA from Silencer® GFP (eGFP) siRNA, Ambion, Inc. 

(B) DRNA duplex: DNA and antisense RNA duplex with the same antisense RNA sequence as 

that of anti-GFP siRNA. 

(C) hp-DRNA duplex: hairpin sense DNA and antisense RNA duplex with the same antisense 

RNA sequence as that of anti-GFP siRNA while target-KB binding site and a hairpin sequence 

was added to the sense DNA strand; 

(D): the proposed complexes of hp-DRNA duplex and PGT protein. 

DNA sequence color code: black: DNA; blue: RNA; pink: DNA sequence of target-KB binding 

site; orange: hairpin DNA sequence. 

PGT protein color code: blue: Histag; yellow: p50; grey: quadruple-glycine linker; green: GFP; 

red: TAT peptide. 
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(a) M 1 2 3 4 5 6 7 8 9 

( b ) M 1 2 3 4 5 6 7 8 9 

Figure 5.3 Agarose gel electrophoresis retardation. Mixtures of the protein, PG (a) or PGT 

(b), and linear oligonucleotides (0.2 nmol protein and 0.01 nmol DNA, 1.5% agarose gel), 

lane M: 100 bp DNA molecular weight marker, lane 1: protein; lane 2: protein+30bp dsDNA 

with target-KB binding site; lane 3: 30bp dsDNA with target-KB binding site; lane 4: 

protein+hpDRNA; lane 5: hpDRNA; lane 6: protein+ DRNA; lane 7: DRNA; lane 8: protein+ 

siGFP; lane9:siGFP. 



www.manaraa.com

154 

1 2 3 4 9 
10 10 10 10 10 

FITC-A 
C166-GFP_p8_blank1. 

1 2 3 4 S 
10 10 10 10 10 

FITC-A 
101 102 103 10* 105 

FITC-A 

1 2 3 4 S 
10 10 10 10 10 

C16S-GFP_p8_siGFP_1 UIJDT. c 166-GFP_p8_siGFP_6ul_IDT. Sample Name. 

C166-GFP D8 S I G F P 6ul IDT... 

C166-GFP OB siGFP 1u( IDT .. 

C1GG-GFP D8 Olankl.fcs 

Figure 5.4 Examples of gate setting for super-green cells on flow cytometry histograms. The 

gate for the super-green cells was set for each sample. The lower limit was set at the 

fluorescent intensity at which the cells was most populated and the maximum limit was set to 

include the most fluorescent cells. By setting the gate individually, the gated population will not 

be affected by slightly overall shift of the cell distribution over the range of the fluorescent 

intensity. 
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Figure 5.5 RNAi activity induced by delivery of various double strand oligonucleotides 

constructs with or without Lipofectamine 2000 ('L' or 'Lipo') or Trifectin (T or Trifec'). The cells 

were assayed by flow cytometry 20-24 hours after transfection. Results are expressed as the 

percentage of the cells with the fluorescent intensity no lower than that of the most populated 

cells over the total cell population (n>3, error bars: SEM). For Lipofectamine transfection: the 

final concentration of oligonucleotides is 20nM; 2ul Lipofectamine was used. For Trifectin 

transfection, the final concentration of oligonucleotides is 6nM; 6ul Trifectin was used. For all 

other controls, the final concentration of oligonucleotides is 20nM. The * indicates the value is 

significantly different from the controls and other transfections using one-way ANOVA and 

post-hoc Tukey's test (p < 0.005). 
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Figure 5.6 Delivery of siGFP, DRNA or hpDRNA using PGT or PG. The cells were assayed by 

flow cytometry 20-24 hours after transfection. Results are expressed as the percent of the cells 

with the fluorescent intensity no lower than that of the most populated cells over the total cell 

population (n>3, error bars: SEM). Twenty picomoles of oligonucleotides were incubated with 

0.2nmol, 0.4nmol or 0.8nmol of either protein at room temperature for 20min before adding on 

the cells in 600ul culture medium without the antibiotic. The data indicated by grey bars are the 

same set as that in Figure 5.3. The * indicates the values are significantly different from each 

other using t test (p < 0.01). 
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Figure 5.7 Delivery of DRNA and hpDRNA using HPGT or HPG. The cells were assayed by 

flow cytometry -40 hours after transfection. Results are expressed as the percentage of the 

cells with the fluorescent intensity no lower than that of the most populated cells over the total 

cell population (nS3, error bars: SEM). Six picomoles of DRNA or hpDRNA were incubated 

with 12pmol or 240pmol of each protein at room temperature for 20min before adding on the 

cells in 600ul culture medium without the antibiotic. The data indicated by grey bars are the 

same set as that in Figure 5.2. 
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I I 20hr; • • 40hr, M i 70hr. 

Figure 5.8 Delivery of siGFP using PGT and Lipofectamine 2000. The cells were assayed by 

flow cytometry at the indicated time after transfection. Results are expressed as the percent of 

the cells with the fluorescent intensity no lower than that of the most populated cells over the 

total cell population (ns3, error bars: SEM). Twenty picomoles of siRNA were incubated with 

2ul Lipofectamine or 0.4nmol PGT at room temperature for 20min before incubated 0.4nmol 

PGT or 2ul Lipofectamine at room temperature for 20min, respectively. The formulated 

samples then added on the cells in 600ul DMEM medium without antibiotics. The data 

indicated by grey bars are the same set as that in Figure 5.2. The * indicates the values are 

significantly different from siGFP delivered by PGT only other using t test (p < 0.01). 
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Figure 5.9 Flow cytometry histograms of transfected PC12 cells with siGFP, DRNA or 
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hpDRNA using Lipofectaming or Trifectin. The transfected cells were assayed by flow 

cytometry -40 hours after transfection. The data was processed using FlowJo software from 

Tree Star, Inc. (Ashland, OR 97520). 

a. Lipofectamine + siGFP; b. Trifectin + siGFP; c. Lipofectamine + DRNA; d. Trifectin + DRNA; 

e. Lipofectamine + hpDRNA; f. Trifectin + hpDRNA. The transfection was carried out following 

manufacture's protocol using 20nM oligonucleotides sample and 2ul Lipofectamine or 6nM 

oligonucleotides sample and 6ul Trifectin for the transfection without additional indication. 
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Chapter 6 Directed Evolution of New Cell Penetrating Peptides for Delivery to 

Neuronal-like Cells 

Abstract A novel random 14-mer peptide library on a plasmid display system was 

constructed and used for delivery a yellow fluorescent protein transgene into PC 12 cells 

in order to indentify peptides that could penetrate cell membrane, escaping from 

endosomes if applicable and deliver potential protein or nucleotide based cargos to cells 

for performing physiological functions within the cells. After four rounds of selection, 

three peptides were identified with repeated occurrences during the selection process. The 

delivery efficiency of the selected peptides was evaluated by delivering GFP in a fusion 

protein construct. One of the three selected peptides, SG3, was able to deliver GFP to 

PC 12 cells and primary astrocytes based on flow cytometry and/or confocal microscopic 

analysis. The delivery efficiency of GFP using SG3 to PC 12 cells and primary astrocytes 

is not as good as TAT but it is independent from cell GAG content and can be 

dramatically increased and even surpasses the performance of TAT with the addition of 

Lipofectamine 2000. These results demonstrate, for the first time, the plasmid display 

system can be used for directed evolution for screening peptides with complex property, 

such as delivery function to neuronal-like cells. 

6.1 Introduction 

As directed evolution is becoming one of the most efficient strategies of engineering 

novel peptides with desired functions, display technologies that establish a physical link 

between a peptide and the encoding DNA are crucial for screening peptide libraries. A 

number of display technologies have been developed for creating genotype-phenotype 
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links with their own merits and constraints. One of the most widely used display methods 

is phage display, which involves fusing the gene (or library) of the proteins of interest to a 

filamentous bacteriophage coat protein gene, and expressing the proteins on the surface of 

the phage as genetic fusions with the coat proteins, frequently pill [1] and occasionally 

pVIII [2], pVII and pIX [3]. This robust method is well-established and has been used for 

creating novel enzymes [4], antibodies or biomarker ligands [5] and peptides with high 

affinity to inorganic or organic nanosized materials [6, 7]. By displaying proteins on 

relatively larger cells such as bacteria [8], yeasts [9] and mammalian cells [10], cell 

surface display has allowed the application of high-throughput fluorescence-activated cell 

sorting (FACS) in the screening procedure [11]. However, the successful folding and 

desired proper functionality of the proteins of the interest may not be predicted through 

fusing to the membrane-associated protein for the cell surface display [11]. In order to 

overcome the constrain of library size due to the limit of transforming DNA library into 

cells, in vitro display methods [12] have been developed to transcribe or translate 

DNA/RNA libraries directly into peptide or protein libraries in a cell-free environment. 

Since ribosome or mRNA has to remain intact throughout the screening process, this 

method is inherently constrained to the applications of RNAse-free systems [11]. 

Plasmid display is a conceptually simple method. Each member of the peptide library is 

expressed in vivo in a fusion protein construct containing a DNA binding protein domain. 

The fusion protein binds to a specific DNA sequence embedded in the plasmid that also 

contains the gene encoding the fusion protein. There is less strict limit for the size of the 

expressed proteins. Three plasmid display systems have been developed based on 
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transcription factor NF-KB p50 [13], DNA-binding domain of the yeast transcriptional 

activator GAL4 [14] and Lac repressor [15]. As a proof-of-concept, these systems were 

tested by the enrichment of protein with desired functions, such as glutathione affinity, 

metallic ion affinity or specific affinity to a cell surface receptor. For the NF-KB p50 

based display system, the enrichment factor ranges from 69 to 5900 in a single round [13] 

while the enrichment factor was not reported for the GAL4 based display system. 

Transcription factor NF-KB p50 is a very well characterized DNA binding protein. 

Binding kinetics of the p50 domain to the DNA binding motif target-KB in the presence 

of 125mM potassium chloride obtained from surface plasmon resonance (SPR) 

experiments indicate the dissociation constant is around 7pM [13]. When fused to E. coli 

maltose binding protein at either terminus, the fusion protein exhibits similar binding 

kinetics as p50 does [13], which indicates that p50 is a robust DNA binding domain in a 

fusion protein construct and likely to retain its binding affinity to the binding site after 

fused to peptides or proteins of interest. 

Peptides that can be internalized by cells exhibit valuable potential applications as a 

non-viral drug delivery vehicle through conjugation to chemical molecules, especially 

biomolecular therapeutics. Current studies reporting development of novel cell 

penetrating peptides (CPPs) have been focused on selecting peptides with high binding 

affinity to cell membrane using phage display. Through cell panning or biopanning of 

libraries displayed on phage coat proteins against different types of cells, novel CPPs or 

even single chain antibody ScFv with penetrating property have been identified in vitro 

[16-23]. Through in vivo screening of a phage displayed peptide library against tumors or 
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organs, a number of homing peptides with specific tumor- or tissue-binding affinities 

were identified [24]. By adding an ex vivo step to enrich phage that bind to cells from the 

same tissue to be used in vivo, a number of homing peptides with cell penetrating 

properties have also been revealed [25, 26]. 

In this study, a plasmid display system, as introduced and constructed based on the p50 

binding domain in Chapter 3 was used to develop novel CPPs. A random 14-mer library 

was displayed on the plasmid display vector containing a fluorescent transgene as an 

internalization reporter. The plasmid display system was designed for screening peptides 

that not only perform high binding affinity to cell membrane but also exhibit successful 

internalization by the cells as well as allow DNA cargos to function within the cells. After 

four rounds of screening on PC 12 cells, a new cell penetrating peptide, SG3, was 

identified and it was further verified by delivering green fluorescent protein in a fusion 

protein construct to PC 12 cells and primary astrocytes. The delivery features of SG3 and 

TAT peptide were also studied, which indicates a possible difference in internalization 

mechanisms of these two peptides. This work has demonstrated that plasmid display 

could be useful in developing novel proteins or peptides with complex functions beyond 

specific binding affinity. 

6.2 Experimental 

Materials Oligonucleotides were obtained from Integrated DNA Technologies 

(Coralville, LA). Enzymes for DNA cloning and manipulation were purchased from New 

England Biolabs (Ipswich, MA). The QuickChange Site-directed mutagenesis kit was 

from Stratagene (La Jolla, CA). iQ SYBR Green Supermix and Plasmid Midiprep kit was 
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obtained from Bio-Rad Laboratories (Hercules, CA), The Gel extraction kit, Miniprep kit 

and Ni-NTA Superflow were purchased from Qiagen (Valencia, CA). Complete protease 

inhibitor cocktail tablets were obtained from Roche Applied Science (Mannheim, 

Germany). SDS-PAGE gels, trypsin/EDTA and CellTracker™ Red CMTPX were 

obtained from Invitrogen (Carlsbad, CA). Amicon Centrifugal Filter Units were from 

Millipore (Billerica, MA). The Bradford protein kit was from Pierce (Rockford, IL). 

Chromatography columns were obtained from GE Healthcare (Uppsala, Sweden). PC 12 

cells and F12K medium were obtained from American Type Culture Collection 

(Manassas, VA). M1061 Escherichia coli cells were kindly provided by Genentech and 

the electrocompetent M1061 were prepared in our lab. GC5 competent E. coli cells, BL21 

competent E. coli cells and all other chemicals used in the study were from 

Sigma-Aldrich (St. Louis, MO). 

Vector construction All ligations were performed using T4 DNA ligase at 16°C 

overnight. The resultant vectors in ligations were transformed into GC5 E. coli cells. 

Colonies were picked and used to inoculate 5ml cultures (LB broth containing 50ug/mL 

of kanamycin for plasmid display vectors and lOOug/mL of ampicillin for GFP vectors). 

Plasmid DNA was extracted from the cultures using Miniprep kit and each culture was 

screened by restriction digestion with appropriate restriction endonucleases in order to 

verify the insertion of the desired sequences. Mutants with the correct insert were verified 

by DNA sequencing using appropriate sequencing primers. 

The vectors containing a library for plasmid display, pLIB, were constructed using pTAT 

(section 3.2, Chapter 3). Specifically, The dsDNA fragment encoding the peptide library 
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was generated by a sense oligonucleotides: 5'-GGG AGC TCG (NNS)M GGC TAA GGT 

CTC GTA AGA AGC GT-3' and a reverse primer: 5'-ACG CTT CTT ACG AGA CCT 

TAG CC -3'. The extension reaction was prepared using a Phusion polymerase kit. The 

reaction was performed using a PCR thermocycler with a temperature profile of 98 °C for 

40 seconds, 60°C for 30 seconds and 72°C for 12min. The PCR reaction was purified by 

electrophoresis on 2% agarose gel and the DNA fragments were extracted using Gel 

Extraction Kit. The purified DNA sample was sequentially digested by Sacl in NEBuffer 

4 supplemented with BSA at 37°C for 2-2.5hrs and then by Bsal at 50°C for 2-2.5hrs. 

The digestion was also purified by electrophoresis and gel extraction to obtain the library 

insert. The Sacl site within the linker region between CMV and EYFP in the pTAT 

vector was knocked out by site-directed mutagenesis using a pair of primers, forward: 

5'-CAG ATC TCG AGC TGA AGC TTC GAA TTC-3' and reverse: 5'-GAA TTC GAA 

GCT TCA GCT CGA GAT CTG-3'. A unique Bsal site was introduced into the pTAT 

vector by site-directed mutagenesis using a pair of primers: forward: 5'- GAA CAA CGG 

TTA CGG TCT CGT AAG AAG CGT C- 3' and reverse: 5'- GAC GCT TCT TAC GAG 

ACC GTA ACC GTT GTT C-3'. The mutant pTAT was also sequentially digested by 

Sacl and Bsal and purified using a similar method under the same condition as the 

library insert was prepared. The doublely digested library insert and the vector were 

ligated together at 16°C for 20hrs to create pLIB vectors. The ligation reaction was 

terminated by adding 350ul N3 buffer from the Miniprep kit into 300ul ligation reaction 

and then purified using Miniprep columns. After washed by buffer PE, the DNA was 

eluted by MilliQ H2O. The purified ligation vector was then transformed into Ml061 
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electrocompetent cells through electroporation. Ten micro liters transformation culture 

from the total volume of 40ml was inoculated onto a LB agar plate containing 50ug/mL 

kanamycin and lOOug/mL streptomycin to evaluate the diversity of the library. The rest 

of the culture, ~40ml, was inoculated into 600ml LB supplemented with 0.2% glucose, 

50ug/mL kanamycin and lOOug/mL streptomycin. When OD reached -1.5, lOul of the 

culture was sampled and inoculated onto plates with serial dilutions. Glycerol stock was 

prepared from the rest of the culture. Five colonies from the plate inoculated after 

electroporation and 15 colonies from the plates inoculated with saturated culture were 

sequenced to verify the diversity of the library. 

The dsDNA fragments containing a Kpnl site and a Sphl site encoding selected peptides 

from directed evolution were generated by annealing three pairs of oligonucleotides, 

CPP-SG3-f 5' - GAT GAA CTA TAC AAA TTT CGG TTG TCG GGC ATG AAC GAG 

GTG CTG TCG TTC AGG TGG TTG GGC TAA GGT AC - 3'; CPP-SG3-r 5' - CTT 

AGC CCA ACC ACC TGA ACG ACA GCA CCT CGT TCA TGC CCG ACA ACC 

GAA ATT TGT ATA GTT CAT CCA TG - 3"; CPP-SG2-f: 5' - GAT GAA CTA TAC 

AAA TTT GTG AAA CGG CTG ATG AGG TGG GGG CAG GAG TTG GGG CGG 

TGC GGC TAA GGT AC - 3'; CPP-SG2-r: 5' - CTT AGC CGC ACC GCC CCA ACT 

CCT GCC CCC ACC TCA TCA GCC GTT TCA CAA ATT TGT ATA GTT CAT CCA 

TG - 3'; CPP-SGl-f: 5' - GAT GAA CTA TAC AAA TTT TAC AAC AAG CAC GAG 

GGG ACC ACA GGC GGC AGA ACC GAG ATC GGC TAA GGT AC - 3'; and 

CPP-SGl-r: 5' - CTT AGC CGA TCT CGG TTC TGC CGC CTG TGG TCC CCT CGT 

GCT TGT TGT AAA ATT TGT ATA GTT CAT CCA TG - 3'. Each of the annealed 
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oligonucleotide duplex was ligated respectively into pRSET-S65T plasmid using 

restriction sites Kpnl and Sphl to create pGFP-SGl, pGFP-SG2 and pGFP-SG3 using a 

similar method used to create the pGFP-TAT vector [27]. 

Preparation and purification of protein-plasmid complexes A pool of vectors 

containing the CPP DNA library, pLIB, was transformed into home-made 

electrocompetent Ml061 cells through electroporation. The CPP library displayed on 

plasmid, pdLIB, was expressed and purified following the same protocol as pdTAT and 

pdCON were prepared (Section 3.2, Chapter 3). Briefly, the bacterial pellets were 

harvested when OD reached 2 to make spheroplasts after digested with buffer contain 

lysozyme and 20% (V/V) sucrose. The spheroplasts were lysaed by freezing-and-thawing 

followed by osmotic shock in water. The pdLIB in the supernatant of the osmotic shock 

sample was purified using Ni-NTA resin. The elution sample was concentrated by 

ultra-filtration membrane before stored at -20°C or used for transfection of PC 12 cells. 

The plasmid concentration of the pdLIB sample was evaluated by q-PCR using the neat 

plasmid as a standard. 

Cell culture PC12 cells were cultured in F12K medium supplemented with 15% horse 

serum and 2.5% newborn calf serum. The cells were plated a day before transfection or 

transduction experiments were performed. The cells were harvested from tissue culture 

flasks using trypsin/EDTA, pelleted by centrifugation, and resuspended to 2.5xl05 

cells/mL in culture medium. One milliliter of the cell resuspension was added to each 

well of a poly-L-lysine coated 24-welled plate. The cells were transfected or incubated 
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with specific amount of samples (based on the plasmid amount) with or without lOul 

Lipofectamine 2000 following the vender protocol. 

Primary astrocytes were prepared and cultured as described in our previous work [28]. 

Screening of the library The schematic in Figure 6.2 illustrated directed evolution of 

novel CPPs by screening the CPP library displayed on the plasmid. Specifically, PC 12 

cells in a well on a 24-well plate were transfected by certain amount of purified 

protein-plasmid sample containing the CPP DNA library (Table 6.1) using lOul 

Lipofectamine 2000 following the vender protocol. Multiple replicate transfections 

were performed to accommodate the protein-plasmid sample. A control transfection was 

also performed using the same amount of neat plasmid and lOul Lipofectamine 2000. 

After 4hrs incubation, the transfection medium was changed with fresh growth medium 

and cultured for additional 20-24 hrs for the expression of YFP. The cells were then 

trypsinized and the replicates were combined for being sorted through a flow cytometry 

sorter. The gate was set using a negative control of untreated PC 12 cells and a positive 

control of the cells transfected with neat plasmid. Positive cells with yellow fluorescence 

from protein-plasmid transfected cells were collected in PBS buffer. The cell 

resuspension was briefly vertexed and centrifuged before distributed into PCR tubes with 

each tube containing -500 cells. The cell pellets were collected by centrifugation at 

2,000rpm for lOmin. The PBS supernatant was carefully removed before MilliQ H2O was 

added to the final volume of 10 u 1 in each PCR tube. PCRs were perform using Phusion 

polymerase on a Thermocycler (Eppendorf, Westbury, NY) using a temperature profile: 

98°C for 8min, 38 cycles of 98°C for 10 seconds, 61.5°C for 15 seconds and 72°C for 20 
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seconds and 72°C for 10 minutes for the final extension. The PCR products were 

separated by electrophoresis on a 1% agarose gel and the DNA at correct size was 

extracted. The purified DNA sample was sequentially digested with Seal and Bsal using 

the same protocol described in constructing library vectors. The digested DNA sample 

was purified by electrophoresis on a 2% agarose gel and the DNA fragment at correct size 

was extracted for the ligation with parent plasmid vector for sequencing and preparing 

glycerol stock for the next round screening as described in constructing library vectors. 

Expression and purification of recombinant fluorescent proteins The vectors 

pGFP-SGl, pGFP-SG2 and pGFP-SG3 were transformed into BL21 E. coli cells 

respectively for expression fluorescent fusion proteins. The fusion proteins were 

expressed and purified following the protocol of purifying PGT using nickel ion affinity 

chromatography and size exclusion chromatography as described in our previous work 

[27]. The concentration of purified protein was measured using Bradford kit. 

Transduction of recombinant fluorescent proteins to PC12 cells and astrocytes The 

fusion proteins and GFP were incubated with cells following the protocol in our previous 

study [28]. In brief, the cells and certain amount of proteins were incubated in appropriate 

growth medium for 4 hours at 37°C before evaluated using a flow cytometer (BDFACS 

Canto2). For Lipofectamine 2000 assisted transduction, lOul of Lipofectamine was used 

for each transduction of a well of cells on a 24-well plate with certain amount of protein 

in F12K medium following the vendor protocol. After incubating for 4 hours, the cells 

were evaluated through flow cytometry. The results were presented as the number of fold 



www.manaraa.com

174 

increase in geometric mean fluorescence of the live population compared to untreated live 

control cells. 

Confocal Microscope imaging In order to analyze the sub-cellular localization of the 

fusion proteins in live PC 12 cells, the cells were stained with CellTracker™ Red CMTPX 

during the last 30min of the incubation with fluorescent fusion proteins before 

supplemented with growth medium and immediately visualized under a confocal 

microscope (Leica, Wetzlar, Germany). 

6.3 Results and discussion 

Significance and limitation of plasmid display The significant advantage of using 

plasmid display for indentifying novel cell penetrating peptides from a random library is 

the delivery of transgene. A transgene could be delivered into cells with the expression of 

a fluorescent protein as a positive indication of successful delivery, including penetrating 

and possible endosome escape processes. The latter process could be a bottleneck for cell 

penetrating peptides since it has been discussed extensively in recent reports [29-31] and 

in our previous work [27]. The endosome escape issue might not be addressed using 

traditional cell panning selection method in previous phage display studies [17, 23]. We 

have also introduced influenza virus hemagglutinin HA2 peptide to our fluorescent fusion 

protein constructs GFP-TAT and plasmid display construct pdTAT but inconclusive 

result (Chapter 3) was obtained for the fusion protein transduction and HA2 didn't appear 

to promote the transduction of pdTAT to PC12 cells. 

In our previous work, TAT was unable to deliver the PD system at the molar ratio of 

fusion proteins to plasmid of 2:1 [27]. Much more protein or an assistant agent is 
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necessary to neutralize the significant negative charges on the plasmid for successful 

delivery. We have shown that PEI fails to facilitate the transfection of pdTAT and 

pdCON (Chapter 3) while Lipofectamine 2000 can differentiate pdTAT from pdCON by 

promoting fair transfection efficiency. In order to select peptides that would perform 

similar or better delivery efficiency as that of TAT, Lipofectamine 2000 was used for 

library screening. The addition of the Lipofectamine would shield the negative charges on 

the plasmid and prevent the interaction between the peptide and plasmid in order to make 

it available to perform its cell penetrating function. The need for a transfection agent for 

delivering plasmid with cell penetrating peptides is not surprising. For example, Kilk et al. 

[32] used PEI as an assisting delivery agent in order to achieve successful delivery of 

GFP plasmid conjugated to TP10 through a peptide nucleic acid (PNA) linkage. By 

keeping the amount of Lipofectamine the same while increasing the amount of 

protein-plasmid complexes for the transfection through rounds of selection, we reduced 

the molar ratio of Lipofectamine to PD complexes in order to select more potent peptides 

with desired delivery ability. 

The purification yield plasmid-protein complexes is quite low compared to purifying 

DNA or protein alone because the integrity of the complexes needs to be maintained 

through out the purification. By modifying a previous purification protocol [13], we 

reduced the temperature to 4°C during binding and elution step in order to obtain a higher 

yield. 

Peptides selected from CPP library After four rounds of screening, three peptides 

were repeatedly identified from sampled colonies. The sequence of peptide SGI 
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(N-YNKHEGTTGGRTEIG-C) was identified from two sequenced colonies after the third 

round screening. The sequence of peptide SG2 (N-VKRLMRWGQELGRCG-C) was 

indentified after the third and fourth round screening. The sequence of peptide SG3 

(N-RLSGMNEVLSFRWLG-C) was indentified from two sequenced colonies after the 

fourth round screening. 

Delivery of GFP to PC12 cells using selected peptides The three selected peptides 

fused to the C-terminus of GFP were prepared as described in detail in Section 4.2, 

Chapter 4. GFP-SG2 and GFP-SG3 were expressed and purified following the protocol 

described in Section 4.2, Chapter 4. However, GFP-SG1 was not found to be expressed 

as efficiently as the other two proteins in BL21 cells. Varied expression conditions, such 

as the concentration of IPTG, the inducing timing and the expression temperature, were 

tested but no green fluorescent protein was expressed and little protein products with no 

green fluorescence was recovered using HisTrap column (data not shown). The purity of 

successfully expressed and purified proteins was assessed by SDS-PAGE (Figure 6.1). 

Two point eight nanomoles of GFP, GFP-TAT, GFP-SG2 and GFP-SG3 were incubated 

with PC 12 cells for 4 hours before analyzing using a flow cytometer. The uptake of the 

fusion proteins by PC 12 cells is shown in Figure 6.3. GFP-TAT and GFP-SG3 exhibited 

significant transduction to PC 12 cells while GFP and GFP-SG2 didn't appear to be taken 

up by PC 12 cells. The uptake of GFP-TAT by PC 12 cells was significantly higher than 

thatofGFP-SG3. 
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GFP-TAT and GFP-SG3 were taken up by PC 12 cells in a dose dependent pattern (Figure 

6.4). GFP-TAT exhibited significantly higher transduction ability than that of GFP-SG3 

at each loading dose. 

The first identified peptide, SGI, with a repeated occurrence after the third round 

selection, was not expressed properly when it was fused on the C-terminus of GFP as 

other fusions were. The reasons could be that the addition of the peptide disrupted the 

folding of the GFP. The second identified peptide, SG2, with a repeated occurrence after 

the third and fourth round selection, can be successfully fused to GFP and expressed in E 

Coll However, it didn't deliver GFP into PC 12 cells better than GFP by itself. The third 

identified peptide, SG3, with a repeated occurrence after the fourth round of selection, is 

capable of delivering GFP into PC 12 cells even though it is not as efficient as TAT. The 

peptides with limited delivery function may result from the presence of Lipofectamine in 

the selection process. The selection aimed at identifying peptides capable of delivery and 

promoting the expression of the transgene, which is a complex process. Lipofectamine 

may have assisted or even dominated in one of the processes so that the penetrating 

ability of some selected peptides could be limited with Lipofectamine. However, the most 

capable peptide, SG3, retained in the library after rounds of the selections with less and 

less Lipofectamine used for unit amount of the PD complexes. 

The confocal microscopy analysis of PC 12 cells incubated with fluorescent fusion 

proteins demonstrated the cellular uptake of GFP-TAT and GFP-SG3 (Figure 6.5). There 

was significant overlap of the green protein fluorescence and red fluorescence in the 

membrane and cytoplasm, which suggests the entrapment of the protein within 
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endosomes (Figure 6.5 A and B). There was also a fair amount of protein that was 

distributed throughout the cytoplasm as indicated by the highlighted spots with the arrows 

(Figure 6.5 A and B). However, for the cells incubated with GFP, much less green 

fluorescence was detected. For the limited green fluorescent protein detected, most was 

associated with the cells on the extracellular membrane as indicated by the highlighted 

spot in Figure 6.5 C. 

Effect of heparin on fusion GFP transduction The inhibition effect of heparin on 

protein transduction was also studied using heparin treated PC 12 cells (Figure 6.6). PC 12 

cells were treated with 100u.g/mL heparin for an hour and heparin was present during the 

incubation of the cells with proteins. GFP-SG3 didn't exhibit a significantly different 

uptake by the heparin treated cells from untreated cells (Figure 6.6). However, the uptake 

of GFP-TAT was dramatically impaired by the presence of heparin. 

One significant difference between SG3 and TAT is the number of positively charged 

residues. The net charge of SG3 is not as positive as that of TAT even though positive 

charges seem to be a significant feature of TAT as well as a number of ^identified cell 

penetrating peptides. Our finding prove that positive charges may not be a necessary 

requirement for a cell penetrating peptide. A few of the previous identified CPPs do not 

have any charges, such as Kaposi fibroblast growth factor (kFGF) fragment 

AAVLLPVLLAAP [33]. In addition, peptides with penetrating ability indentified from 

phage libraries in vitro and in vivo are not necessarily positively charged [25]. 
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Our previous study [28] has shown that the transduction efficiency of TAT is 

proportionally correlated to cell GAG content. The addition of heparin significantly 

reduced the transduction of GFP-TAT while it hardly affected the transduction of 

GFP-SG3. We also believe that both GFP-SG3 and GFP-TAT are internalized by PC 12 

cells through energy dependent endocytic mechanism. Confocal microscopic analysis 

indicated that most amount of protein in the cells was trapped in the endosomes. However, 

the initial interactions between the peptides and membrane before internalization could be 

different, e.g. electrostatic interactions for TAT and hydrophobic interactions for SG3. 

Effect of Lipofectamine on fusion GFP transduction In order to evaluate the 

presence of Lipofectamine in the screening, we also studied the transduction ability of 

GFP-SG3 and GFP-TAT using Lipofectamine. The addition of Lipofectamine 

dramatically increased the uptake of GFP-SG3 by PC12 cells, which exhibited the highest 

protein transduction efficiency by PC 12 cells (Figure 6.7). The increased uptake of 

GFP-TAT due to the addition of Lipofectamine is not as significantly as that of GFP-SG3. 

It's possible that the positive charges from Lipofectamine could have more inhibiting 

effects than promoting effects on TAT transduction by repelling the positive charges on 

TAT and competitively interacting with negatively charged cell membrane. However, 

SG3 is much less positively charged and may interact with Lipofectamine through the 

hydrophobic residues better than TAT does. Therefore, the transduction additive effect is 

more pronounced. 

Delivery of fusion GFP to primary astrocytes using SG3 PC 12 cell line was used as 

a neuronal-like cell model to screen peptides that would target brain cells. We also 
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evaluated the transduction ability of SG3 on primary astrocytes (Figure 6.8). The delivery 

of GFP using SG3 or TAT followed a similar pattern as PC 12 cells in that GFP-SG3 was 

significantly taken up by astrocytes even though it was not as efficient as GFP-TAT 

(Figure 6.8). However, with the addition of Lipofectamine 2000, the uptake of GFP-SG3 

was significantly increased and surpassed the uptake of GFP-TAT which showed no 

significant difference from the uptake of GFP-TAT without the addition of Lipofectamine 

(Figure 6.8). It appears that Lipofectamine promoted the uptake of GFP-SG3 by 

astrocytes even more pronounced than it did with PC 12 cells. Interestingly, 

Lipofectamine also significantly promoted the uptake of GFP even though it was not as 

significantly as that of GFP-SG3. The results indicate a negative selection can be applied 

in the future to further address the specificity of desired peptides. 

6.4 Conclusions 

We have used a novel display method, plasmid display, to indentify a new cell 

penetrating peptide, SG3, through screening peptides for penetrating PC12 cells. This is a 

conceptually simple and versatile display method. The plasmid not only served as a 

carrier for the DNA library but also a cargo with a biological function, in this case, a 

transgene for a fluorescent protein, for penetrating peptides to deliver to cells. It is worth 

noting that plasmid display can be used for screening peptides or proteins that won't 

disrupt the binding property of the DNA binding domain and the presence of plasmid 

DNA won't interfere with the protein/peptide to perform its function. The purification 

yield of protein-plasmid complexes should be improved to accommodate the screening of 

a relatively large library. 
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The selected SG3 peptide demonstrates peptides without significant positive charges 

could also perform cell penetrating function. The additive delivery effect to PC 12 cells 

and primary astrocytes of SG3 and Lipofectamine is more significant than TAT and 

Lipofectamine. Besides being a novel cell penetrating peptide, SG3 may be a more 

efficacious enhancing delivery motif for lipid based systemic drug delivery vectors than 

TAT does. 

The screening may be performed by introducing negative selections over other types of 

cells in order to evolve specific cell penetrating peptides for targeted delivery. It may also 

be performed over in vitro blood-brain barrier to address the trans-BBB property that 

would be very often desired for delivery agents to brain cells. 
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Table and Figures: 

Table 6.1 CPP library transfection conditions during each round of screening 

Screening round 

Amount of library (plasmid-protein 
complex, based on plasmid amount) 

1st 

5ng 

2nd 

lOng 

3rd 

15ng 

4th 

20ng 

Ten micro liter of Lipofectamine 2000 was used to assist the transfection in each round. 

Control wells of cells were transfection with the same amount of neat plasmid using lOul 

Lipofectamine 2000. 
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Figure 6.1 SDS-PAGE of the purified fusion fluorescent proteins 

Lane M: Molecular weight markers; lane 1: GFP; lane 2: GFP-TAT, lane 3: GFP-SG3; lane 4: 

GFP-SG2. 
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Figure 6.2 Schematic cartoon of directed evolution of screening CPP library displayed on 

plasmid for novel CPPs 
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Figure 6.3 Fluorescent fusion protein transduction to PC12 cells 

Error bars represent standard errors. Each experiment was performed in triplicate (n=3). The * 

indicates the value is significantly different from the GFP treated cells using t test (p<0.05). 
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Figures 6.4 Dose dependent uptake of proteins by PC12 cells 

GFP (•), GFP-SG3 (o) and GFP-TAT (T) 

Error bars represent standard errors. Each experiment was performed in triplicate (n=3). 
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Figure 6.5 Confocal microscopy analysis of fusion protein cellular uptake by PC12 cells. A: 

incubation for 4 hours with GFP-TAT; B: incubation for 4 hours with GFP-SG3; C: incubation for 4 

hours with GFP. The cells were stained with CellTracker Red CMTPX for the last 30min of the 

incubation before analyzed through confocal microscope. 

Green: GFP signal; Red: CellTracker™ Red CMTPX. 

Yellow arrows: a typical spot on the image of Z plane, orthogonal X and Y plane. 

Pink arrows: another typical spot in GFP-SG3 sample on the image of Z plan, orthogonal X and Y 

plane. 
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Figure 6.6 Fluorescent fusion protein transduction to untreated and heparin treated PC12 cells 

Black bars: untreated cells incubated with 2.8nmol protein for 4 hours at 37°C; 

Grey bars: 10Oug/mL heparin treated cells incubated with 2.8nmol protein for 4 hours at 37°C. 

Error bars represent standard errors. Each experiment was performed in triplicate 

(n=3). The * indicates the value is significantly different from the heparin treated cells using t test 

(p<0.05). 
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Figure 6.7 Dose-dependent uptake of proteins by PC12 cells using Lipofectamine 2000 

The transduction was performed using varied amount of proteins and 10ul Lipofectamine following 

the vendor protocol. After incubated with the protein-Lipofectamine sample for 4 hours, the cells 

were analyzed using a flow cytometer. 

GFP (•), GFP-TAT (o) and GFP-SG3 ( • ) 

Error bars represent standard errors. Each experiment was performed in triplicate (n=3). 
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Figure 6.8 Uptake of proteins by astrocytes using Lipofectamine 2000 

The transduction was performed under similar conditions as indicated in Figure 6.7. Error bars 

represent standard errors. Each experiment was performed in triplicate (n=3). 
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Chapter 7 Summary 

In this work we investigated the use of the TAT peptide, one of natural cell penetrating 

peptides (CPPs), for the delivery of proteins and oligonucleotide derived cargos to 

neuronal-like cells. We also identified a new cell penetrating peptide, SG3, which may 

represent a new delivery peptide or an efficacious delivery enhancer in a systematic 

delivery platform. The new peptides was obtained from a 14-mer randomized library 

using directed evolution with a p50 DNA binding domain based plasmid display system. 

In chapter 2, we presented the significant effects of PC 12 cell surface properties induced 

by varied culture conditions on the delivery of GFP to the cells when the TAT CPP is 

fused to the C-terminus of GFP. We identified the correlation between transduction 

efficiency as a function of the cell glycosoaminoglycan (GAG) content. In addition, we 

verified the correlation by measuring the transduction efficiency of GFP-TAT to PC 12 

cells with much higher GAG contents. We concluded that culture conditions affected 

cellular GAG expression, which in turn dictated the TAT-mediated transduction efficiency. 

Some commonly applied culture conditions may significantly affect the transduction 

efficiency of TAT because of varied cellular GAG content, which offers a possible 

explanation for the controversy in literature surrounding TAT-mediated transduction to 

various types of cells under different culture conditions. These results highlight the cell 

phenotype-dependence of TAT-mediated transduction, and underscore the necessity of 

controlling the phenotype of the target cell in future protein engineering efforts aimed at 

creating more efficacious CPPs. 
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In chapter 3, we presented the construction, preparation and characterization of pdTAT, 

pdCON, pdHA2-TAT and pdHA2-CON as model systems for the evaluation of the p50 

DNA binding domain which is the basis of a unique plasmid display platform. This 

platform will be used in directed evolution experiments to indentify new cell penetrating 

peptides. We developed a method for the expression and purification of the new 

protein/plasmid constructs. However, TAT was unable to deliver the plasmid to PC 12 

cells for the expression of a fluorescent transgene in the model system. An endosomolytic 

domain of HA2 peptide derived from influenza virus hemagglutinin failed to enhance 

delivery, while Lipofectamine 2000 significantly enhanced the delivery of pdTAT and 

pdCON. This suggested that Lipofectamine would be needed as an assisting agent to 

neutralize the pronounced negative charges on the plasmid in order to obtain reasonable 

delivery, and this was used for further screening of the library displayed on the plasmid. 

In chapter 4, we examined the effect of length and conformation of DNA cargos on the 

delivery of DNA to PC 12 cells through the creation of a biofunctional chimeric green 

fluorescent protein, PGT containing a DNA binding domain p50 and a cell penetrating 

domain TAT. We identified a correlation between the transduction efficiency of linear 

dsDNA with fluorescent labels as a function of the optimal molar ratio of the chimeric 

protein to the dsDNA. In addition, we predicted that the molar ratio of protein to DNA 

needed for successful delivery of a plasmid containing a DsRed fluorescent transgene is 

8600:1. We then verified the prediction by measuring the delivery efficiency of the DsRed 

to PC 12 cells at the predicted molar ratio. However, the delivery efficiency was very low, 

which indicates that the biofunctional chimeric protein alone cannot be used as an 
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efficient assisting agent for delivery of the plasmid display library during directed 

evolution. 

To extend the application of the chimeric protein PGT to siRNA delivery, in chapter 5 we 

present results using PGT to deliver siGFP and two designed duplexes to a cell line (CI66) 

stably transfected by a GFP plasmid vector. We designed the duplexes with a sense DNA 

strand and an antisense RNA strand to increase the stability of RNA though an DNA/RNA 

duplex and we introduced the target-KB DNA-binding site to the sense strand through a 

hairpin linker (hpDRNA duplex). The electrophoresis results demonstrated that the 

duplexes were more stable than siGFP and with higher affinity to PGT than siGFP. The 

siGFP exhibited significant RNAi activity compared to a series of controls using two 

commercial transfection agents, Lipofectamine 2000 and Trifectin while the two duplexes 

induced minimal RNAi function after transfection using the two reagents. The siGFP and 

the duplexes were unable to induce RNAi function after transfection using PGT while the 

addition of Lipofectamine enhanced the RNAi activity of siGFP using PGT. 

In chapter 6, we presented the construction and preparation of a p50 based plasmid 

display system with a 14-mer peptide library using the protocol established in chapter 3. 

According to the conclusions drawn from chapter 2, 3 and 4, we designed a screening 

method for transfecting PC 12 cells under the culture condition inducing highest cell GAG 

content, with the purified library using Lipofectamine as an assisting agent. We decreased 

the molar ratio of Lipofectamine to plasmid display complexes at each round of selection. 

We identified three peptides from the library after four rounds of screening. One of the 

peptides, SG3, was able to deliver GFP to PC 12 cells and primary astrocytes in a similar 
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fusion protein construct as GFP-TAT, but with reduced transduction efficiency. However, 

the addition of Lipofectamine dramatically increased the transduction of GFP-SG3 with 

the highest efficiency compared to GFP-TAT under the same conditions as reported for 

PGT and PG as studied in chapter 4. These results demonstrated the successful use of 

directed evolution using the p50 based plasmid display to identify a new peptide with a 

complex cell membrane penetrating function. The 14-mer SG3 peptide 

(RLSGMNEVLSFRWLG) contains two positively charged residues and one negatively 

charged residue, which should exhibit almost neutral charge under physiological buffer 

conditions. This could be a desirable property compared to the strongly positively 

charged TAT and other CPPs in that a neutrally charged formulation may reduce 

non-specific electrostatic interactions with non-targeting cells or negatively charged 

molecules in vivo, thereby increasing the stability of the delivered complexes. For 

example, the transduction efficiency of GFP-SG3 is independent of the presence of 

heparin in culture medium, which indicates that the cellular GAG content will have little 

effect on transduction. The internalization mechanism of SG3 appears to be different from 

that of TAT which is presented in chapter 2. Hydrophobic interactions with cell membrane 

and/or specific interactions with cell surface receptors may contribute to the 

internalization of SG3 by PC12 cells and primary astrocytes. 

The specificity of SG3 to primary astrocytes needs to be verified in future work since the 

screening is performed on PC 12 cells and it is not clear whether PC 12 cells and primary 

astrocytes share receptors that are distinct from other cells. If so, it may indicate a 

possible specificity of SG3 towards primary astrocytes. In addition, a negative selection 
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over non-desired cell types may be performed in the directed evolution protocol in order 

to enhance the specificity of selected peptides towards certain cell types. The novel cell 

penetrating ability of SG3 peptide combined with its intrinsic compatibility with 

lipid-based polycationic transfection agents suggests that SG3 peptide may be useful not 

only as a CPP by itself, but also as an efficient penetrating enhancer for the growing 

systematic drug delivery platform, such as liposomes, lipoplexes, polymersones, 

microbubbles and lipid or polymer based nano-particles. These systems can incorporate 

multi-functional surface modification to facilitate the challenging delivery of biological 

therapeutics to previously restricted organs such as brain. 

It is still not clear whether SG3 will be a potent trans-BBB delivery vehicle without 

further modifications. As discussed in chapter 1, natural peptides are more easily 

susceptible to degradation within endothelial cell cytoplasm before they cross into the 

brain parenchyma. The half life of small peptides in circulation system is usually within 

minutes. In addition, the interactions between peptides and proteins or cells in the blood 

stream or cerebral extracellular fluid would also decrease the number of free peptide 

molecules available for uptake by endothelial cells or targeted brain cells. However, the 

trans-BBB efficiency of SG3-based delivery systems can be increased by rational 

modifications in order to increase the stability of the peptide in the circulation system and 

to improve the trans-BBB kinetics. The easiest ways to increase the stability of peptides 

within the circulation are PEGylation, glycosylation, and substitution of natural amino 

acids (L) with non-natural amino acids (D). The goal of these modifications is to increase 

the stability of peptides without compromising their penetrating ability. If necessary, 
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homing peptides or appropriate antibodies could also be used as a solution for targeting, 

which may also increase the half life of the peptides. The trans-BBB function of SG3 and 

its modified constructs can be tested using appropriate in vitro or in vivo BBB models. 

With sufficient characterization for reproducible results, these models can also be used in 

CPP library screening in directed evolution to identify trans-BBB peptides. The peptides 

identified using various screening assays can be used as modules with specific functions 

and these can be combined for desired applications. 

In our study, endosomal entrapment appears to be a significant problem for TAT-mediated 

delivery through the endocytic pathway. This may help to explain the low delivery 

efficiency for biologically active cargos, such as plasmids containing transgene (chapter 3, 

4 and 6) or siRNA (chapter 5) with RNAi activity, compared to the significant delivery 

efficiency for GFP (chapter 2, 4 and 6) and directly labeled linear DNA (chapter 4). The 

confocal microscopy analysis indicated endosomal trapping of GFP-TAT and GFP-SG3. 

SG3 may not be more efficient at disrupting endosomes since Lipofectamine may 

perform this function in the screening process. Although the HA2 peptide has been used 

as an efficient endosomolytic agent/domain in some published work, it didn't enable 

enhanced delivery efficiency for plasmid or siRNA delivery (chapter 3, 4 and 5). This 

may be caused by the strong hydrophobic property of the HA2 domain that may not be 

well folded in the fusion protein constructs for properly functioning. Alternative 

endosololytic methods can be explored in the future. For instance, the SG3 peptide and 

necessary peptide motifs can be cross linked by disulfide bonds such that the disulfide 

bonds will be disrupted under intracellular reducing environment to promote disruption of 
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endosomes. In addition, the polyhistidine domain has been shown to exhibit a proton 

sponge effect that would result in endosomal rupture. With its better biocompatibility, a 

polyhistidine domain could be a better choice than endosomolytic chemicals. 

The plasmid display construct is a critical part required for directed evolution as it creates 

a specific linkage between genotype and phenotype. Every display system has its limits, 

and it is worth noting some of properties of p50 based plasmid display should be 

considered before utilizing it for directed evolution. For instance, according to the 

screening concept of directed evolution, the function of the peptides/proteins of interest 

should not be significantly affected by linking to the DNA. Unfortunately, the negative 

charges on the plasmid appear to significantly inhibit the function of TAT or other 

potential positively charged CPPs in the library. We solved this problem by introducing 

Lipofectamine as a charge neutralization agent to successfully complete the directed 

evolution experiments and we identified a new CPP, SG3. However, the significant size 

and charges of the plasmid may be an issue in other applications. The second limit is the 

low yield of the protein-DNA complexes obtained from the bacterial cell lysates. It may 

not be an issue for certain screening assays with high sensitivity or when directed 

evolution is performed with bacterial pellets but it could be a bottleneck for the assays 

requiring purified complexes from amplified bacterial cultures. Following the strategy of 

improving the yield of protein-DNA complexes, the yield could be further improved by 

reducing the temperature and increasing the incubation time during the digesting step 

used for making spheroplasts. The third limit of p50 based plasmid display is the low 

protease stability of the p50 domain especially at C-terminus, as this has been indicated in 
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our work and others' work as discussed in chapter 3. Protease inhibitors and avoiding 

C-terminal fusion can be helpful. 

Plasmid display shares a general limit with other display techniques in that it depends on 

transformation. The size of the library is limited by the transformation efficiency. 

Q 

Generally speaking, any library with a size more than 10 can't be fully translated into 

display complexes if bacterial transformation is involved. In our work, the 14-mer 

complete random library is far beyond the limit of the plasmid display system to cover the 

whole library. The double stranded DNA fragments with random sequences used for 

ligation to construct the plasmid vector for the plasmid display system only account for 

~2xl0"9 of the library with a complete set of all random sequences. The library we used 

for performing directed evolution (chapter 6) was less than 0.25% of the library that we 

constructed. As it was discussed in chapter 1, creating smaller library with degenerated 

codons may lead more efficient library screening. 

Despite of the limitations of the plasmid display system, the identification of SG3 with a 

signification penetrating ability into PC 12 cells and primary astrocytes has demonstrated 

the successful application of directed evolution in engineering novel peptides with cell 

penetrating function. This method can be used to identify specific cell penetrating 

peptides towards certain cell types with modified screening assays. And this method can 

be used to create peptides that can be combined to exhibit specific desirable functions. 


