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Abstract 

TAT peptide is one of the best-characterised cell penetrating peptides (CPPs) 

derived from the transactivator of transcription protein from the human 

immunodeficiency virus 1 (HIV-1). TAT peptide is able to cross the cell 

membrane and deliver various biomolecules into cells with low 

immunogenicity and no toxicity. However, the exact mechanism of 

internalization still remains a subject of controversy. Lamellar neutron 

scattering was used to determine the location of TAT peptide in the negatively-

charged phospholipids bilayers. The results reveal two locations, one in the 

peripheral aqueous phase between the adjacent bilayers and the second one 

below the glycerol backbone region of the lipid bilayer. A concentration-

independent membrane thinning above a peptide concentration threshold 

(1mol%) and a contiguous transbilayer water channel at the largest peptide 

concentration (10mol%) were also found. This evidence led to the suggestion 

that the toroidal pore model might be involved in the transmembrane 

mechanism at high peptide concentration. Another set of neutron diffraction 

experiments examined the interaction between the TAT peptide and neutral 

phospholipids showed that TAT peptide preferentially intercalated into the 

hydrophobic core and the glycerol backbone region of the neutral lipid bilayer 

at the lowest peptide concentration investigated (0.1mol%), indicating that the 

insertion did not require negatively-charged phospholipids. There was also 

clear evidence for the concentration-dependent reorientation of TAT peptide.  
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A plasmid containing the human copper-zinc SOD gene linked with the coding 

sequence for a 11-aa HIV-TAT peptide (pGEX-TAT-SOD, 513bp) was 

constructed and used to express a recombinant fusion protein in Escherichia 

coli strain BL21 (DE3). High-level expression of TAT-SOD soluble protein 

with a GST tag (44-kDa) was achieved under optimal expression conditions 

and a small-scale glutathione affinity column or large-scale ion-exchange 

chromatography used for its purification. The potential protective effect of 

TAT-SOD against UV-induced cell damage was studied on UVC-irradiated 

MDCK epithelial cells.  

Before any further clinical study, the UV full-length absorption of TAT-SOD 

protein was measured. The results showed the potential UV protective effect of 

TAT-SOD was not due to the physical absorption of UV irradiation.  

In a preclinical study with five healthy volunteers, the penetration of TAT-SOD 

through human stratum corneum on the inner upper arm was identified by the 

tape stripping and specific SOD activity analysis. Significant increases on SOD 

activity were found on the outer layers of stratum corneum in TAT-SOD treated 

group, compared to placebo treated control, indicating that the TAT peptide 

assisted SOD to penetrate into the human stratum corneum .  

In a clinical study with ten healthy volunteers, eight showed a significant 

increase of minimal erythema dose (MED) with TAT-SOD pre-treatment. The 

median blood flow value of ten subjects at the UVB-irradiated site decreased 

with TAT-SOD pretreatment. Taken together, this evidence showed that TAT-
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SOD did have a marked protective effect against UVB induced skin damage. 

In a second clinical study, five healthy volunteers were challenged with a series 

of UVB doses. Skin punch biopsies were taken from four test sites on the lower 

back for H&E and immunohistochemical staining analysis. UVB-induced 

apoptotic sunburn cell (SBC) formation, p53 up-regulation and thymine dimer 

formation in epidermis were not attenuated by pretreatment with TAT-SOD.  

These data suggest that transdermal superoxide scavenger TAT-SOD reduced 

the UVB-induced inflammation, but did not abrogate the direct DNA damage 

of UVB irradiation on the skin. However, the hope of TAT-SOD could reduce 

UVA indirect DNA damage remains. 
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1.1     Introduction 

1.1.1     Cell membrane and lipid bilayer 

Biological membranes can be considered as the most important natural 

interfaces. They operate as barriers to compartmentalize living cells. The 

plasma membrane delineates the boundary of the cell and separates the 

cytoplasm from the extracellular environment. Inside the cell, intracellular 

membranes enclose organelles, allowing the subdivision of cellular activities 

and the more diverse and specialized functions found in eukaryotes (Anderson 

et al., 2002). This compartmentalization is a prerequisite for the development 

of living organisms. Being selectively permeable, membranes control the 

movement of different substances into and out of cells or organelles, regulating 

the composition of the fluid within individual cells (Helms et al., 2004).  

The basic structural framework of the membrane is the lipid bilayer. Lipids are 

of amphipathic nature, which means they have both a hydrophilic (water-

loving, or polar) headgroup and a hydrophobic (water-fearing, or non-polar) 

tail. For this reason they spontaneously self-assemble in an aqueous 

environment and form a double layered structure, with the headgroups toward 

the aqueous phase and the tails buried in the interior (Gennis, 1989). The 

resultant water-free hydrophobic core is the most important structural feature 

in the role of membranes as a barrier to molecular diffusion. It allows the 

passage of water and small-uncharged molecules but presents great 
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impediment to hydrated ions, as the transfer energy for moving ions from the 

aqueous solution into the bilayer core is extremely high (Paula et al., 1998).  

The bilayer lipid model of membranes was first proposed in 1925 by Gorter 

and Grendel (Gorter et al., 1925) and it was later refined in 1972 by Singer and 

Nicolson with the correct description of the assembly of proteins (Singer et al., 

1972). In this fluid mosaic model (Figure 1.1), the membrane has been 

characterized as a two-dimensional solvent with the lipid bilayer forming a 

matrix and proteins are embedded (integral membrane proteins) or free to 

diffuse laterally within the plane of the membrane (peripheral membrane 

proteins) (Singer et al., 1972). More recently, the model has been refined to 

take account that lipids and proteins may distribute inhomogeneously 

(Mouritsen et al., 1984), and that lipid-enriched microdomains or lipid rafts 

may also form in the membrane (Jacobson et al., 1995). This lateral 

heterogeneity has a strong influence on diffusion and direct transport in the 

membrane as well as signalling pathways (Simons et al., 1997; Jacobson et al., 

1999) . 
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Figure 1.1: The fluid mosaic model. The membrane is composed of a bilayer 
structure, integral and peripheral proteins and several other organic molecules. 
The membrane proteins and the lipids are free to diffuse laterally in the bilayer. 
The figure was adapted from Wikipedia web page 
(http://en.wikipedia.org/wiki/File:Cell_membrane_detailed_diagram_en.svg). 

1.1.2     Lipids 

From the previous section it is clear that the lipid is the building brick of the 

cell membrane. Membrane lipids consist of four classes: phospholipids, 

sphingolipids, glycolipids and sterols, where phospholipids are the most 

abundant. Each species can be categorized according to its headgroup, number 

of tails, tail length and degree of unsaturation, with each of these 

characteristics capable of influencing the phase behaviour of the lipid bilayer. 

As shown in Figure 1.2, a typical phospholipid consists of four components: 

fatty acid(s) which contains saturated or cis unsaturated acyl chains of varying 

lengths, the glycerol platform to which the fatty acids are attached, a phosphate, 

and an alcohol attached to the phosphate (Meer et al., 2008). The acyl chains 

are often referred to as the hydrophobic tails and the molecule attached to the 

phosphate group as the hydrophilic headgroup. The length of the acyl chains 
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varies from 12 to 24 carbons with a typical value being 16 or 18 (Eisenberg et 

al., 1976).  

Phospholipids can be divided into several subclasses depending on which 

alcohol moiety is attached as the polar headgroup. The most important classes 

for eukaryotic membranes are: phosphatidylethanolamine (PE), 

phosphatidylcholine (PC), phosphatidylserine (PS), phosphatidylglycerol (PG), 

phosphatidylinositol (PI) and phosphatidic acid (PA). Most phospholipids are 

negatively charged, while some are neutral in total charge because they are 

zwitterionic. Other important classes of membrane lipids are the glycolipids 

and the sterols, which contain a series of fused rings. Glycolipids are similar to 

phospholipids in that they have a pair of hydrocarbon chains, but a sugar 

residue replaces the phosphate group. Cholesterol is a member of the steroid 

family and is universally present in the plasma membranes of eukaryotic cells 

as a key regulator of membrane fluidity (Mouritsen et al., 2004).  

 

Figure 1.2: The chemical structure of phospholipids. The parts of 1-palmitoyl-
2-oleoyl-sn-glycero-3-phosphocholine (POPC) are displayed. Adapted from 
(Alberts et al., 2002). 
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Usually phospholipids are asymmetrically distributed between the inner and 

outer leaflets of the membrane. In plasma membranes, the outer leaflet is 

consists mainly of negatively charged lipids like PG, PS, and PI, while the 

inner leaflet is enriched with neutral PC and cholesterol  (Bretscher et al., 1973; 

Vance et al., 2005). The lipid asymmetry is of functional importance, and may 

be used to distinguish between live and dead cells. Under normal physiological 

conditions cells do not present PS lipids in the outer leaflet, but when the 

apoptosis process begins, the PS rapidly translocates from the inner to the outer 

leaflet (Alberts et al., 2002). The surface membrane potential is suddenly 

changed, the macrophages can identify the cells and phagocytosis starts. The 

recognition and phagocytosis of apoptotic cells protect the organism from the 

exposure to intracellular compounds leading to inflammation. It should also be 

noted that PS lipids have shown their presence on the surface of cancerous and 

other pathological cells (Downes et al., 2002). 

1.1.3     Lipid phase transition 

Apart from transitions between different lipid morphologies, lipids also 

experience phase transitions without drastic changes in morphology. Within 

the symmetrical lamellar structure lipids can experience several packing 

conditions in terms of lipid phases. As the structure changes from one phase to 

another, several physical properties of the lipid bilayer will dramatically 

change, including thickness, area, permeability, heat capacity, lateral diffusion, 

vesicle shape, etc. (Heimburg et al., 2007). All these structural changes are due 
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to conformational changes of the acyl chain, especially rotational isomerization. 

When the temperature is increased, four different phases occur (Figure 1.3) 

(Nielsen et al., 1999): 

 

Figure 1.3: Different lipid phases. From the left: crystalline, gel, ripple and 
fluid phases. Adapted from (Venturolia et al., 2006). 
LC: crystalline or native phase. 
Lβ’: solid ordered or gel phase. The acyl chains are packed highly ordered, rigid, 
and tilted. 
P β’: periodic gel phase or ripple phase. An intermediate between the fluid and 
gel phases where lipids are partially solid and partially fluid. 
Lα: liquid crystalline phase or fluid phase. The acyl chains are in a relatively 
flexible and disordered state.  

The transitions between these phases occur abruptly at well-defined 

temperatures, Tm, called the “phase transition temperature” of the lipid. The 

phase transition P β’→ Lα is called the main transition, whereas the transition 

Lβ’→ P β’ is called the pre-transition (Mouritsen et al., 2004). Generally, the Tm 

depends on the molecular details of the lipids themselves, such as chain length, 

chain saturation (number of carbon-carbon double bonds), head group size and 

charge, etc. (Nagle et al., 1980) . For example, for lipids with the same head 

groups but different lengths of saturated fatty acid chains, those with longer 

chains tend to have a higher Tm. For lipids with the same length of fatty acid 

chains, introduction of one or two carbon-carbon double bonds (CH=CH), 
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especially those with cis-configuration, into the chains makes the chains more 

disordered and greatly decreases the phase transition temperature Tm. 

Moreover, the Tm can also be altered by peptides and binding of molecules to 

the surface, etc. 

1.1.4     Lipid polymorphism 

Lipids in an aqueous environment exhibit polymorphic behaviour as they can 

assemble into different structures. The structure adopted by a lipid aggregate 

depends strongly on the intrinsic shape of the lipid molecule (Cullis et al., 1979) 

and a myriad of environmental conditions  (Dowhan et al., 2008). Lipid 

molecules can assemble either into a lamellar structure (lipid bilayer) or into 

non-lamellar phases (micelle, hexagonal, inverted hexagonal phases, and the 

cubic phase). The effective molecular shape can be described by a packing 

parameter P defined as (Israelachvili et al., 1992):  

! =
!
! ∗ !                       

where V is the volume of hydrocarbon chain(s), a is the area occupied by the 
headgroup, and l is the maximum length of hydrocarbon chains.  

The first group (P = 1) with the same areas of lipid head group and acyl chains 

can be envisioned as a cylinder. Such lipids favour planar bilayers and stabilize 

the lamellar phase. This group includes PC, PG, PS, PI, and PA. The second 

group (P > 1) with a small head group and much larger area of acyl chains can 

be shown as a truncated cone. They have a very strong tendency to induce a 

negative membrane curvature and subsequently form non-lamellar structures: 
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an inverse hexagonal phase, cubic or inverted micelle. These structures appear 

in a very short time scale span in living systems, but are of significant 

biological relevance. They are involved in functional roles such as cell division, 

membrane fusion, endocytosis and exocytosis, protein trafficking, fat digestion. 

(Nabi et al., 2003; Ikonen et al., 2000). This class is represented by PE - the 

most prominent bacterial phospholipid. The third group (P < 1) comprises the 

molecules resembling an inverted cone – they are characterized by a relatively 

big head group and a small acyl chain volume. These molecules favour a 

positive curvature and tend to form a normal hexagonal phase or micelle. 

Cholesterol is in this group. The impact of the effective shape as a function of 

packing parameter P with the corresponding aggregate structures is illustrated 

in Figure 1.4. 

 

Figure 1.4: Schematic illustration of different effective shapes of lipid 
molecules forming aggregates with varying structures. P < 1/3 yields spherical 
micelles, 1/3 < P < 1/2 rod-like micelles, 1/2 < P < 1 lamellar bilayers, and P > 
1 results in inverted hexagonal bilayer and finally inverted micelles. Adapted 
from (Ciobanasu et al., 2010) 
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1.1.5     Cell penetrating peptides 

The hydrophobic cell membrane represents an impermeable barrier for 

hydrophilic molecules and prevents them from translocating into cells. Cellular 

uptake of biologically active molecules is a major obstacle in pharmaceutical 

drug design and controlled drug delivery. Several strategies have been designed 

to improve cellular uptake of those molecules, such as adenovirus vectors, 

electroporation, microinjection, and liposome encapsulation (Luo et al., 2000). 

However, these internalization strategies have some inevitable drawbacks such 

as inefficient drug delivery, low bioavailability, short half-life and cellular 

toxicity.  

In 1988, a new class of peptides named cell-penetrating peptides (CPPs) was 

discovered. They are also known as membrane translocation sequences, 

“Trojan” peptides or protein transduction domains. Over the last couple of 

decades, intensive studies have been carried out within CPPs because of their 

apparent ability to cross cell membranes and deliver various biomolecules into 

cells, including oligonucleotide, DNA, siRNA, peptides and proteins as well as 

liposomes. CPPs are defined as a class of natural or synthetic, short (<30 

amino acids), highly basic and water-soluble peptides that are capable 

translocation across cell membranes without the help of a specific receptor. 

Today, nearly 100 CPPs have been identified but despite this, CPPs have still 

not been precisely classified due to difficulties in determining their 

internalization mechanism and the large variations in both their sequence and 
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secondary structure. One way to classify CPPs is to divide them into 

polycationic (arginine rich) peptides and amphipathic peptides.  TAT 

(transcription activating domain) (Vivès et al., 1997), penetratin (Derossi et al. 

1994), polyarginine and polyserine belong to the first class, while transportan 

(Pooga et al., 1998), model amphipathic peptide (MAP) (Oehlke et al., 1998), 

MPG (Morris et al., 1996), Pep-1 (Morris et al., 2001), and pVEC (Elmquist et 

al., 2001) are examples of the second family. Both MPG and Pep-1 are 

commercially available under the trademarks DeliverXTM and ChariotTM for in 

vitro delivery of siRNA and proteins, respectively.  

1.1.6     HIV-TAT Peptide  

TAT peptide was the first CPP to be discovered and is the best characterized. In 

1988, Frankel and Pabo (Frankel et al., 1988) , and Green and Lowenstein 

(Green et al., 1988), independently discovered that the transcription activating 

(TAT) protein from Human Immunodeficiency Virus type 1 (HIV-1) was able 

to penetrate the cell membranes and subsequently activate viral gene 

transcription. The 86 amino acid TAT protein is released by infected cells and 

plays an essential role in HIV replication (Jeang et al., 1999). Subsequently, 

the minimum length required for cellular uptake was discovered to be only 11 

amino acids (47YGRKKRRQRRR57). This fragment is known as the TAT 

peptide. This was found to be translocated more efficiently than the full length 

TAT protein (Vivès et al., 1997). The TAT peptide contains six arginine and 

two lysine residues making it highly positively-charged at physiological pH. It 
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has been shown that the extent and rate of internalization strongly depend upon 

the number of basic residues, specifically the number of arginines (Wender et 

al., 2000). Substitution of the non-charged glutamine residue with alanine had 

no effect on cellular uptake, but the substitution of any of the basic residues 

(arginine or lysine) significantly decreased the efficiency of cellular uptake. 

The HIV TAT peptide provides a very powerful tool for delivery of 

biologically-active molecules delivery (Tunnemann et al., 2006). It has been 

shown that proteins with a molecular weight exceeding 100-kDa, 40 nm 

magnetic nanoparticles, quantum dots and even 200 nm liposomes can be 

successfully delivered into cells using the TAT peptide (Torchilin et al., 2006; 

Fretz et al., 2010; Ruan et al., 2007). In general, CPPs are regarded as one of 

the most promising therapeutic tools for non-invasive delivery of 

macromolecules into cells with the potential to open up intriguing possibilities 

for future biomedical applications. 

1.1.7     Cellular Uptake Mechanism of TAT Peptide 

Although TAT peptide has been successfully adopted for the delivery of a wide 

variety of compounds into cells, the mechanism of cellular uptake still remains 

a subject of major controversy. Previous data have suggested that the uptake 

pathways can be categorized into two groups: energy-independent direct 

translocation and energy-dependent endocytosis. 

The first mechanism to be proposed for the TAT peptide was direct 

translocation through the cell membrane. Early flow cytometry and 



  13 

fluorescence microscopy studies on cultured cells showed that the rapid 

translocation of fluorescently labelled TAT peptides was not significantly 

reduced at low temperature (4°C) (Mann et al., 1991) or in the presence of 

endocytosis inhibitors (Vivès et al., 1997). In addition, inverse and retro forms 

of TAT peptide were able to enter cells as efficiently as the native peptide, 

suggesting that the uptake does not require any specific binding receptors 

(Tunnemann et al., 2008). These data dismissed the endocytosis pathway as a 

possible mechanism of translocation, leading to the belief that cellular uptake 

involved an energy- and receptor-independent process.  

1.1.7.1     Early artefacts of cell fixation 

Unfortunately, the CPP field took a dramatic turn in 2003 when Richard et al., 

discovered that earlier cell studies on CPPs may have suffered from artefacts of 

cell fixation and membrane-associated peptides (Richard et al., 2003). Firstly, 

following mild fixation with formaldehyde, fluorescently labelled TAT peptides 

were observed to escape from the endosome compartment and redistributed 

into the cytoplasm and the nucleus, leading to artefactual nuclear localization. 

Secondly, due to the cationic nature of TAT peptides and their apparently 

strong affinity for negatively charged cell membrane constituents, a large 

fraction of fluorescently labelled TAT peptides was associated with the outer 

leaflet of the cell membrane instead of being present within the cytoplasm. 

Thus, the cellular uptake of TAT peptides was overestimated in many studies 

using flow cytometry analysis to quantify the amount of internalization. This 
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issue could be addressed by an additional trypsin treatment to remove cell 

surface bound peptides. As a consequence, previous published work on CPP-

mediated internalization needs to be critically re-evaluated.  

Since 2003, a large number of studies have investigated the uptake mechanism 

using live cell experiments. These studies have suggested that energy-

dependent endocytosis is the major route for the internalization of cell-

penetrating peptides (Drin et al., 2003; Potocky et al., 2003; Nakase et al, 2004; 

Fischer et al., 2004). 

1.1.7.2     Energy-dependent endocytosis 

Endocytosis is a complex and ambiguous process involving several pathways 

(Jones et al., 2007).  It is generally accepted that the cellular internalization of 

TAT peptide is achieved by three major pathways: macropinocytosis, caveolae-

mediated and clathrin-mediated endocytosis. 

Caveolae-mediated endocytosis, a lipid-raft mediated form of endocytosis has 

been implicated in the uptake of TAT peptide. Caveolae are small, hydrophobic 

membrane microdomains that are rich in cholesterol and glycosphingolipids. 

Some studies have showed that TAT-GFP fusion protein co-localizes with the 

caveosomal marker caveolin-1 in HeLa cells (Fittipaldi et al., 2003). 

Additionally, TAT-GFP fusion proteins have also been shown to co-localize 

with cholera toxin, which is known to proceed through a caveolae-mediated 

pathway (Ferrari et al., 2003). 
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Macropinocytosis or “cellular drinking” is defined as the series of events 

initiated by extensive plasma membrane reorganization or ruffling, in order to 

form an external macropinocytic structure that is later enclosed and 

internalized. In 2004, Wadia et al., showed co-localization of an endosome 

marker with TAT peptides in live mice. This presented direct evidence for the 

macropinocytotic mechanism of TAT uptake (Wadia et al., 2004). In addition, 

they found a dose-dependent inhibition of TAT peptide uptake when cells were 

pretreated with amiloride, an inhibitor of macropinocytosis. Furthermore, 

methyl-β-cyclodextrin, an inhibitor of lipid raft formation, has been shown to 

produce a significant suppression of the cellular uptake of TAT peptides in 

Namalwa cells, suggesting that internalization is mediated by lipid raft 

dependent macropinocytosis (Kaplan et al., 2005). In contrast the delivery of 

oligoarginine in HeLa cells was not inhibited by incubation at low temperature 

or by pretreatment with amiloride, indicating a mechanism different from 

macropinocytosis (Zaro et al., 2006). 

Clathrin-mediated endocytosis is the major and best-characterized, endocytotic 

pathway. Clathrin-mediated endocytosis relies on the formation of clathrin-

coated vesicles, which occurs through the interactions of cytosolic proteins 

with components of the inner leaflet of the plasma membrane. The process 

normally occurs at specific sites, called coated pits, which are assembled in 

order to concentrate surface proteins for internalization  (Brown et al., 1999). 

Direct evidence has shown that CPP co-localizes with transferrin in HeLa cells, 
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a glycoprotein marker for endocytosis (Potocky et al., 2003). Another study 

demonstrated that chlorpromazine, a well-known inhibitor of the clathrin-

mediated pathway, significantly inhibited TAT uptake (Richard et al., 2005). 

Meanwhile, other studies with polyarginine conjugates showed opposite the 

result that it does not co-localize with transferrin (Nakase et al, 2004; Jones et 

al., 2005).  

Despite numerous studies, the contribution from each pathway remains elusive 

and one predominant mechanism has not been established. Most interestingly, 

in 2007, Duchardt et al., observed that the TAT peptide could internalize by all 

three endocytic pathways simultaneously at different peptide concentrations 

(Duchardt et al., 2007). At low concentrations below 10 µM, TAT preferred 

going through caveolae-mediated endocytosis and macropinocytosis, while at 

higher peptide concentrations clathrin-mediated internalization was more 

probable.  

In order to study CPP uptake mechanisms, a common approach is to 

manipulate the condition to inhibit one or several pathway. The most widely 

used strategy has been to treat cells with chemical inhibitors of endocytosis, 

prior to peptide exposure (Sieczkarski et al., 2002). However, it should be 

noted that the potential side effects and lack of specificity of chemical 

inhibitors might have added complexity to these studies. For example, methyl-

β-cyclodextrin affects both lipid raft and caveolin-coated vesicle formation. 

Thus it is difficult to distinguish macropinocytosis from caveolin-dependent 
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endocytosis (Kaplan et al., 2005). Likewise, no chemical inhibitor can 

completely shut down a specific pathway (Sieczkarski et al., 2002). 

Furthermore, some inhibitors like chlorpromazine can interfere with Ca2+-

dependent signalling pathways, and subsequently influence the uptake of TAT 

peptides (Marshak et al., 1985). Recently, new genetic manipulation has 

produced models that may be used to clarify the uptake mechanism of the TAT 

peptide. These are much more promising as they completely eliminate the 

potential side effects of chemical inhibitors for endocytosis (Ter-Avetisyan et 

al., 2009).  

1.1.7.3     Direct Translocation 

Today, energy-dependent endocytosis is recognized as a major route for the 

uptake of TAT peptides, especially when TAT peptides are coupled to large 

cargos. Although the focus has shifted towards endocytotic mechanisms, some 

evidence for a direct translocation pathways remains (Console et al., 2003). 

Recently, studies with live cells, which not been fixed, to reduce the possibility 

of artefacts, have provided some new clues for a non-endocytotic mechanism 

of cellular uptake of arginine-rich CPPs. Maiolo et al., identified the cellular 

distribution of arginine-rich CPPs in live cells by confocal microscopy (Maiolo 

et al., 2005). It was shown that the uptake characteristics were a mixture of 

punctate and diffuse staining. Incubating the cells at 4°C could eliminate most 

of the punctate staining, indicating that it is associated with the endocytotic 

uptake. Meanwhile, diffuse staining continued to occur at 4°C when the 
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endocytotic pathway was inhibited, which strongly suggested a second, non-

endocytotic and energy independent mechanism. Direct translocation is also 

suggested by several other studies usin cells incubated at 4°C (Ter-Avetisyan 

et al., 2009; Iwasa et al., 2006). Indeed, direct translocation of cationic 

peptides is an intriguing physicochemical phenomenon on its own and 

continues to attract considerable attention.   

1.1.7.4     Pore formation 

The generally accepted models that describe direct translocation of TAT 

peptides are the pore formation model and the inverted-micelle model. The 

pore formation model involves formation of transient pores in cell membranes 

with barrel stave or toroidal structures, which were originally discovered from 

the membrane translocations of anti-microbial peptides (Leuschner et al., 

2004). In the barrel stave model, amphipathic α-helical peptides insert in a 

perpendicular orientation to the plane of the bilayer, with the hydrophobic 

sides of helices facing fatty acid chains and hydrophilic sides. This forms a 

pore through which small molecules and ions can freely diffuse (Shai et al., 

2002). In the toroidal model, a limited number of peptides first assemble on the 

lipid bilayer surface and then insert into the bilayer with the hydrophilic 

regions of the peptides associating with the phospholipid headgroups while the 

hydrophobic regions associate with the lipid core. As soon as a threshold 

concentration of peptide is reached, a significant rearrangement of lipid bilayer 

happens and transient pores can be formed (Matsuzaki et al., 1998). 
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Using molecular dynamics simulations, Herce et al., in 2009, found that TAT 

translocates through the membrane by forming transient pores (Herce et al., 

2009). This process can be divided into four steps. Firstly, positively-charged 

TAT peptides bind to the negatively charged phosphate groups of the 

phospholipids and occupy a region beneath the phosphate groups. Secondly, 

accumulation of peptides on the membrane induces crowding of the phosphate 

groups near the peptides, which results in distortions in the lipid bilayer. The 

attraction between the peptides and phosphate groups on the proximal layer 

and the phosphate groups on the distal layer causes membrane thinning. 

Thirdly, arginine and lysine side chains on the peptide and the phosphate 

groups on the distal leaflet attract each other and start penetrating the lipid 

bilayer. Once the charged groups enter the hydrophobic lipid bilayer 

accompanied by water penetration, transient pore formation occurs. Fourth, the 

pore closes after translocation of a few peptides due to the diffusion of 

entrapped lipids (Herce et al., 2009).  

As opposed to the persistent pores formed by antimicrobial peptides, the pore 

formed by TAT peptide is open for about 100ns based on the molecular 

dynamics simulations. This could explain why leakage and cell death are not 

observed along with TAT peptide translocation (Cardozo et al., 2007). 

Obviously, the formation of transient pores by the TAT peptide does not 

explain cargo delivery satisfactorily.  
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 1.1.7.5     Inverted micelle 

The inverted micelle model was firstly described for penetratin (Derossi et al., 

1996). According to this model, an initial interaction between positively 

charged penetratin peptides and negatively charged lipids causes bilayer 

disruption, leading to the formation of inverted hexagonal structures with 

peptides entrapped in the hydrophilic micelle core. Then this micelle passes to 

the opposite side of the bilayer and releases its contents directly into the 

cytosol (Derossi, et al., 1998). In addition, it has been suggested that the 

electrostatic interaction between tryptophan residues on peptides and the 

phosphate groups of lipids are important for this mechanism. Most recently, 

Kawamoto et al., demonstrated by coarse-grained molecular dynamics 

simulation that the TAT peptide could form an inverted micelle structure in 

lipid bilayers (Kawamoto et al., 2012). Since the attractive potential between 

TAT peptides and lipid headgroups is so strong, such inverted micelle 

structures are favourably formed to minimize the potential energy of the 

peptide. They also found that the peptide moves from the outer vesicle to the 

inner vesicle through the membrane.  

However, although arginine-rich TAT peptide can easily enter cells, some other 

cationic peptides cannot, which means the electrostatic interactions alone are 

insufficient for cationic CPPs translocation. In fact, the important role of the 

arginine residues of TAT peptide in the cellular internalization has been 

suggested before (Rothbard et al., 2004). It is known that any substitution of 



  21 

arginine residues on the TAT peptide with alanine will decrease uptake activity, 

while substitution of neutral residues has no effect (Wadia et al., 2005). The 

unique bidentate hydrogen bonding between the guanidium groups of arginine 

residues and the phosphate groups of phospholipids is the most likely reason 

for the highest efficiency of TAT peptide translocation (Sakai et al., 2005). It is 

also a more accurate explanation of why arginine-rich peptides have better 

cellular uptake activity than lysine-, histidine- and serine-rich peptides, and 

why the efficiency of cellular uptake depends on the number of arginine 

residues (Mitchell et al., 2000).  

A consensus on the uptake mechanism has not yet been reached. Twenty years 

of research has certainly expanded our knowledge of the uptake of CPPs, but 

has also made its complexity increasingly clear. Despite the controversy and 

uncertainty, the property of CPPs to deliver bioactive molecules into living 

cells make the field attractive for researchers in the biological sciences as well 

as in medicine and biotechnology.  

1.1.8     Basic Properties of Neutron 

The neutron was first postulated by Ernest Rutherford (Rutherford et al., 1920) 

and was subsequently discovered in 1932 by the physicist James Chadwick 

(Chadwick et al., 1932). It is an electrically neutral, subatomic, elementary 

particle and with the proton is the building block of the nucleus. Bound in the 

nucleus the neutron is stable, whereas the free neutron is unstable with a 

lifetime of 885.9 seconds and undergoes beta decay into a proton, an electron 
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and an antineutrino.  

Since it has no charge and zero electric dipole moment, a neutron can penetrate 

matter far better than charged particles, making it a useful probe for 

investigating condensed matter. In 1994, Bertram Brockhouse and Clifford 

Shull were awarded the Nobel Prize in physics “for pioneering contributions to 

the development of neutron scattering techniques for studies of condensed 

matter”.  

The neutron also has the properties of wave and can display all wave behaviour 

such as diffraction, reflection and refraction. Accordingly, there are a number 

of techniques that make use of the wave properties of neutrons to probe 

different characteristic of materials, including small angle neutron scattering 

(SANS), neutron diffraction and neutron reflectometry.  

Two decades ago, neutron scattering was an exotic tool for solid-state 

physicists and crystallographers, but today it also serves as a powerful and 

versatile method to study the structure and dynamics of biological samples 

(Harroun et al., 2009). For example, neutron diffraction can readily be used to 

identify length scales in samples with sufficient pseudo-crystalline order, such 

as lamellar lipid bilayers. In the absence of order, small angle neutron 

scattering can be employed to identify the shape and size of large-scale 

assemblies in solution, such lipid nanoparticles. Lipid membrane surfaces can 

be studied by neutron reflectometry, when the neutrons are incident at glancing 

angles (Jackson, 2008). 
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1.1.9     Sources of Neutrons 

Neutron sources with flux intensities adequate for neutron scattering 

experiments are achieved either by nuclear fission chain reactions (e.g., NRU, 

Chalk River, Canada, and ILL, Grenoble, France) or spallation nuclear 

reactions (e.g., SNS, Oak Ridge, USA, ISIS, Oxfordshire, UK, and J-PARC, 

Tokai, Japan).  

Conventional fission reactors are based on the fission of heavy nuclides into 

lighter ones upon absorption of a neutron (Figure 1.5) (Duderstadt et al., 1976). 

Well-known fissile nuclides include U-233, U-235, Pu-239 and Pu-241. 

Nuclear reactors based on the most used fission reaction of U-235, can yield up 

to 2 MeV kinetic energy for neutron research. Each fission event releases not 

only huge amounts of energy, but also gamma rays and fast neutrons that can 

penetrate almost everything and require considerable amount of shielding. 

Reflectors (2H2O, Be) are used to reflect neutrons back into core and moderator 

(2H2O, H2O) used to slow them down to thermal energy (0.025 eV), 

respectively (Lamarsh et al., 1977). These slowed-down and delayed neutrons 

are vital to the operation of nuclear reactors where uncontrolled chain reactions 

must be prevented. 

Spallation sources are based on accelerated high-energy hydrogen ions striking 

a neutron rich heavy metal target (W-183 or U-238) and expelling neutrons 

from the target nuclei (Figure 1.6) (Katsaras et al., 2004). These neutrons are 

also moderated, reflected and contained, to produce energies around 1 MeV for 
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research use. Compared to fission reactors, the advantage of spallation sources 

is that they produce much less heat and much higher neutron fluxes. However, 

as the spallation sources are typically pulsed, even the most powerful spallation 

source produce smaller overall neutron fluxes than the fission sources (Harroun 

et al., 2006). 

 
Figure 1.5: Typical fission chain reaction. Adapted from (Duderstadt et al., 
1976). 

 
Figure 1.6: Spallation nuclear reaction. Adapted from (Duderstadt et al., 
1976). 
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1.1.10     Advantages of Neutron 

The intrinsic properties of neutrons give neutron scattering both advantages 

and disadvantages when compared to X-ray diffraction. Four advantages of 

neutrons as a probe of condensed matter follow. 

The cross section of neutron scattering of an atom varies with its atomic 

number in a seemingly random way. The relative neutron and X-ray total cross 

sections of some basic elements are compared in Figure 1.7. There is also 

variation between different isotopes of the same element. The classic example 

is hydrogen (1H) and deuterium (2H or D), which are nearly invisible to X-ray 

methods. Hydrogen has a negative coherent scattering length -3.74×10-5Å and 

deuterium has a positive length 6.67×10-5Å. For biological materials inherently 

rich in hydrogen, the judicious substitution of deuterium for hydrogen can 

selectively highlight the scattering contrast of particular parts of 

macromolecule. This powerful technique referred as “contrast variation” is one 

of the key advantages of neutron scattering over X-rays and visible lights 

(Jacrot et al., 1976). 

As non-charged particles, neutrons only interact weakly with atomic nuclei, 

allowing them to penetrate most condensed matter and travel long distances 

inside materials without being absorbed. This feature enables the neutron to 

probe very bulky samples and not just the surface. It also facilitates the design 

of sample environment with high atomic number (Z) and easily fabricated 

materials like aluminium (Hammouda et al., 2009). Furthermore, compared 
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with other avaiable scattering probes such as X-rays and electrons, only 

neutron scattering allows the measurement of samples under physiological 

conditions of pH, temperature, pressure and hydration, which is an important 

consideration for biological samples. 

 

Figure 1.7: The relative X-ray and neutron total cross sections of several basic 
elements. Adapted from (Harroun et al., 2006). 

The wavelengths of neutron are similar to inter-atomic distances, and neutron 

energy is comparable to the energy of atomic and electronic processes. All 

these properties allow neutrons to provide simultaneous information about the 

structure and dynamics (i.e., translations, rotations, vibrations) of condensed 

materials (Mangin et al., 2004). 

As spin-half particles, neutrons possess a magnetic moment that can be used to 

investigate magnetic structures or magnetic field gradients. Unpolarized 

neutrons can provide information about the periodicity and magnitude of the 

magnetic order, while spin-polarized neutrons can reveal the direction of the 

atomic magnetic moments (Fritzsche et al., 2006).  
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1.1.11     Disadvantages of Neutrons 

Like many other things in nature, the highly penetrating property of neutron is 

a double-edged sword. Neutrons are only weakly scattered, whilst they do 

penetrate deep inside a sample. Therefore large amount of sample are required, 

milligram quantities for single crystals and gram quantities for powder 

diffraction. This is a hindrance, especially for precious biological samples and 

expensive deuterated materials.  

Compared to X-ray sources, neutron sources have inherently low flux 

intensities, even at the most powerful fission neutron sources. This means that 

neutron experiments take much longer to achieve the same statistical quality of 

data as measurement carried out with X-rays (Hammouda et al., 1995). 

Another drawback of neutron scattering is the need for large facilities which 

make neutron experiments costly and access limited. In practice, neutron 

researchers travel all over the world to seek “beam-time” and conduct their 

scattering experiments with the help of local scientists. To some extent, this is 

helpful to enhance international academic exchanges and build up worldwide 

research collaborations. Nevertheless, despite the practical difficulties listed 

above, the many advantageous properties of the neutron make it a highly 

desirable probe.  
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1.1.12     Neutron diffraction  

Central to an understanding of neutron diffraction is the principle of Bragg’s 

law. Neutron diffraction has been used to determine the atomic structure of a 

lamellar repeated lipid bilayer profile perpendicular to its surface from 1970s. 

This is done through standard Fourier transformation of the neutron diffraction 

pattern to reconstruct a scattering length density profile (Pynn et al., 2009). 

With judicious deuterium substitution, neutron diffraction can precisely 

identify the distribution of water or of individual molecules in the lipid bilayer 

system. Although other microscopic probes such as atomic force microscopy 

(AFM) and electron microscopies can also provide highly detailed information, 

they are limited to probing the sample’s surface. Only neutron diffraction can 

peer deeply into the molecular interactions and alterations of lipid structure. 

Indeed, neutron diffraction is a reasonably probe of structure, whose data does 

not need extensive interpretation.  
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1.2     Aims 

The specific aims of this chapter were: 

• To investigate whether the TAT peptide will adopt any specific 

secondary structure in the aqueous or phospholipid environment using 

circular dichroism. 

• To determine the locations of TAT peptides in the partially negatively-

charged DOPC/DOPS lipid bilayers and the neutral DOPC lipid 

bilayers using neutron diffraction. 

• To answer whether the electrostatic attractions between the positively-

charged TAT peptides and the negatively-charged headgroups of 

phospholipids are necessary for the translocation of the TAT peptide. 

• To demonstrate which kind of model is most likely to be involved in 

the translocation of the TAT peptide? 
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1.3     Materials and Methods 

1.3.1     Circular dichroism 

Multilayer vesicles (MLVs) containing 20 mol% DOPS and 80 mol% DOPC 

were prepared from lipid films dried under nitrogen gas and then overnight 

under vacuum. The dried lipids were suspended in pure water, vortexed 

vigorously and subjected to five freeze-thaw cycles by immersion in liquid 

nitrogen for 2 minutes and then plunging them into a 50°C water bath until 

thawed. A stock solution of pre-lyophilised TAT peptide in PBS buffer (pH 7.2) 

was prepared. Peptide was added to the preformed MLVs to give a final 

peptide concentration of 250µM, and peptide to lipid (P/L) molar ratios of 

1:100, 1:50, and 1:30. TAT peptide was also dissolved in pure water, 0.5% SDS 

and 50% TFE to give final peptide concentrations of 250 µM.   

CD spectra were recorded on a JASCO J-810 spectropolarimeter, using quartz 

cuvettes of path length 0.01 and 0.02 cm, at 25°C. The scan range was 190-260 

nm, scan rate 10 nm/min, response 2 sec, and bandwidth 1.0 nm. The final 

spectrum obtained for each sample represented the average of 4 scans. 

Appropriate background spectra were obtained and subtracted from each 

sample spectrum using 50% TFE, water for the solvent studies, and MLVs at 

each lipid concentration for TAT vesicle-binding studies. Spectra were 

corrected for cell path-length, peptide concentration and molar mean residue 

weight. 



  31 

1.3.2     Sample preparation and neutron data collection 

The 11 amino acid TAT peptide (47YGRKKRRQRRR57) was synthesized by 

Almac Sciences Ltd. (20 Castle Terrace, Edinburgh, EH1 2EN, Scotland, U.K.) 

using solid-phase synthesis. Their purities were > 95%, as determined by 

analytical HPLC, MALDI-TOF mass spectrometry, and amino acid analysis. 

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

glycero-3-phosphoserine (DOPS) were purchased from Avanti Polar Lipids 

Inc., (Alabaster, AL, USA), and used without further purification. Chloroform 

is graded AR and purchased from Sigma-Aldrich (Irvine, UK). 

Partially negatively-charged lipid mixture samples were measured on the small 

momentum transfer diffractometer D16 at the Institut Laue et Langevin (ILL), 

Grenoble, France. Firstly, TAT peptide was dissolved in pure water at 20 mg/ml 

as a stock solution. Then, 20 mg of an 80:20 (mol%) mixture of DOPC and 

DOPS were dissolved in chloroform, adding different amounts of TAT peptide 

stock solution at specific peptide-to-lipid molar ratios (0.1~10 mol%), and 

finally deposited onto quartz microscope slides (75 mm x 25 mm) by a 

nitrogen-propelled airbrush. This results in multilayer stacks of highly aligned 

bilayers. The slides were then placed in a vacuum desiccator for over 12 hours 

in order to remove all traces of the solvent. The samples were protected from 

light whenever possible in order to reduce the chance of lipid peroxidation.  

The sample environment was a standard aluminium can, in which temperature 

control was achieved by circulating water through an integral water jacket and 
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the humidity was controlled by slightly adjusting the temperatures of the 

solutions in the two Teflon water troughs at the base of the can. Before 

measurements were made, each sample was hydrated in a backup aluminium 

can for at least 6 hours at a relative humidity of 95%, 97%, or 99%, and the 

2H2O concentration was set to 8.06% or 25% (v/v) for each level of relative 

humidity (Bradshaw et al., 1997). Finally, the fully equilibrated sample was 

quickly transferred straight into the test can and a series of continuous θ-2θ 

scans were initiated after a short equilibration time (1 hour) from θ = 1.5 to 

20.0°.  

All samples were run at 25°C. Each scan took approximately 3 hours to 

complete and 5 orders of Bragg diffraction were collected. The mosaic spread 

of the first order diffraction peak was determined for each sample using 

standard procedures. The diffraction intensity was obtained from the detector 

counts according to the pixel response, and the diffraction images were then 

collapsed into a linear spectrum for each scan using D16 instrument software 

LAMP. Background subtraction and peak fitting were performed using PeakFit 

(SPSS Software). Gaussian distributions were then fitted to the Bragg peaks 

and the angular position, width and intensity of each peak were recorded. Raw 

data correction and structure factor amplitude calculations proceeded as 

previously described (Bradshaw et al., 1997). Briefly, the method takes the 

peak intensities for each order (Ih) and corrects for neutron absorption (Cabs) 

and the Lorentz factor (Clor), resulting in the discrete structure factor 
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amplitudes F(h). Geometry corrections were not needed for the D16 

instrument. The two corrections are given by 

!!"# = sin 2!                                                                                                                                   Equation  (1) 

!!"# =
α

1− !!! , ! =
2!"
sin!                                                         Equation  (2) 

where µ  is the absorption coefficient, t is the sample thickness, σ  is the width 

of the beam, and µ is the calculated absorption coefficient. The structure factor 

amplitudes were calculated by taking the square-root of the corrected peak 

intensities:  

!(ℎ) = !!"#!!!!!!                                                          Equation  (3) 

The corrected structure factors F(h) were then used for the subsequent Fourier 

transformation, as described in the following section. 

Neutral lipid samples were measured on the N5 spectrometer at Canadian 

Neutron Beam Centre (CNBC), Chalk River Laboratories, Ontario, Canada. 20 

mg of DOPC was dissolved with different ratios of peptide (0.1 ~ 1 mol%) in 

chloroform and evenly spread onto silicon wafer slides. Then the slides were 

dried for 24 hours at room humidity in a dust-free environment and 

subsequently placed in a vacuum desiccator for over 12 hours in order to 

remove all traces of the solvent.  
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The sample environment of N5 was also a standard aluminium can, which is a 

much smaller can than the one of D16, allowing the quick equilibration of 

samples. Samples were hydrated at a predetermined relative humidity using 

saturated salt solutions of KCl, KNO3 or K2SO4 in 8.06 % or 25 % (v/v) 2H2O. 

These salt solutions set the relative humidity to 84%, 94% or 98%, 

respectively. All samples were run at a temperature of 25°C with a circulating 

water bath. Sample equilibration was determined after sequential θ-2θ scans, 

which showed no change in the position of the Bragg peaks. The mosaic spread 

of the first order diffraction peak was also determined for each sample using 

standard procedures. Every data set comprised at least five orders of 

diffraction.  

The following procedures were the same as carried out with the D16 data. The 

background was subtracted and Bragg peaks were fitted with Gaussian 

functions using Origin Pro 8.5 software. Gaussian distributions were then fitted 

to the Bragg peaks and the angular position, width and intensity of each peak 

were recorded. Correction of raw data and calculation of structure factor 

amplitudes proceeded as described above. Briefly, the method takes the peak 

intensities for each order (Ih) and corrects for neutron absorption (Cabs), 

experimental geometry (Cgeo) and the Lorentz factor (Clor), resulting in the 

discrete structure factor amplitudes F(h). Geometric corrections were needed 

for N5 instrument, which are given by 

!!"# =   
1

sin  (!)                                               Equation  (4) 
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1.3.3     Neutron data analysis 

Firstly, the D-repeat (lamellar spacing d) was calculated by least-squares fitting 

of the observed angles of diffraction (2θ) to the Bragg equation:  

!" = 2!× sin!                                                                                   Equation  (5) 

where n is the order of diffraction, λ is the wavelength of neutrons and θ is the 

scattering angle. 

The structure factors obtained from the same sample at 8.06% 2H2O with three 

different relative humidities can be simultaneously fitted to a single continuous 

transform in reciprocal space using Shannon's sampling theorem. The 

procedure was repeated as previously described (Worthington et al., 1971), 

least-squares fitting the data to sets of model structure factors F(H), each 

corresponding to a given D-repeat of D, and satisfied the following equation: 

! ℎ = ! !
!"#$

!!!

sin !"ℎ
! − !"

!"ℎ
! − !"

                                                          Equation  (6) 

where F(H) are the sets of model structure factors, F(h) values are the observed 

structure factors and d is the observed Bragg repeat spacing. 

Finally, phased and scaled structure factors F(h) and Bragg repeat spacings 

were used to reconstruct coherent relative absolute density profile by Fourier 

synthesis:  
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! ! = !(0)+
2
! ! ℎ
!"#$

!!!

cos
2!"ℎ
!                                                           Equation  (7  ) 

where ρ(0) is the average scattering density per unit length of the bilayer, x is 

the distance along the bilayer normal, F(h) are the scaled structure factors, and 

the sum describes the distribution in scattering lengths across the bilayer.  

The fact that a bilayer is composed of two monolayers, the average scattering 

density per unit cell ρ(0) can be estimated by summing the coherent scattering 

lengths of the atoms that comprise the unit cell. 

! 0 = 2/! !!!! + !!"#                          Equation (8) 

where nw is the number of waters per lipid, bw is the coherent scattering length 

of water and blip  is the coherent scattering length from a single lipid molecule. 

Furthermore, to estimate the significance of any feature in the scattering length 

density profiles, the errors of the profiles were calculated by (Ashley et al., 

2006). 

Δ! ! =
2!
! Δ! ℎ !

!"!"

!!!

cos!
2!"ℎ
!

!
!

                                                            Equation  (9) 

where Δρ(x) is the error in x at a confidence limit of 95%, t is the Student’s t 

factor (1.96) and ΔF(h) are the structure factor errors from the fitting process 

described by equation 6. 
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1.4     Results and discussion 

1.4.1     Circular Dichroism spectroscopy  

 

 

Figure 1.8: Far UV circular dichroism spectra of 250uM TAT peptide were 
acquired in pure water (blue), 50% TFE (red), Lipid (black) and 0.05% SDS 
(green). A quartz cuvette of path length 0.02 cm was used. 
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The far ultraviolet CD spectra of TAT peptide in the various solvents are shown 

in Figure.1.8. Satisfactory data could be obtained down to 190 nm; below this 

wavelength the noise levels prevented accurate determination of ellipticity. In 

pure water, TAT peptide exhibits a CD spectrum with a single minimum at 198 

nm, characteristic of a disordered structure, independent of the concentration of 

peptide. In 50% TFE, the CD spectrum also shows a spectrum characteristic of 

random coil secondary structure. Observation in 5% SDS is compromised by 

solubility problems. Due to the electrostatic attraction between the positive-

charged surface of the TAT peptide and the negative-charged headgroups of 

SDS, most of TAT peptides aggregated together with SDS and formed a 

precipitate. No secondary structure signal was detected in SDS solution due to 

insolubility of the peptide.  

To investigate whether TAT peptide will self-fold into its active conformation 

in a membrane environment, partially negative-charged vesicles composed of 

DOPC and DOPS at a molar ratio of 4:1 were used (Figure 1.8). The 

corresponding CD spectra obtained in DOPC/DOPS vesicles also showed a 

single minimum at 198 nm, indicative of mainly random coil conformations 

whatever the concentration of peptide used (Kelly et al., 2005). The result is 

very similar to those recorded in pure water, which demonstrated that the 

interaction of TAT peptides with negative-charged membranes does not induce 

significant changes in the secondary structure of the peptide.  
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These results are consistent with previous findings that the TAT peptide is a 

“disordered” cationic peptide and unable to adopt any specific secondary 

structure regardless of the aqueous or phospholipid environment (Eiríksdóttir et 

al., 2010). Based on these findings, some reports have hypothesized that the 

random coil backbone of the TAT peptide might facilitate peptide interacting 

with as many lipid headgroups as possible, and thus reduce the ability of the 

hydrophobic surface of the peptide to achieve polar/apolar separation (Su et al., 

2010).  Therefore, the random coil structure of TAT peptide should be a key 

element for rapid translocation without causing permanent damage to the 

membrane integrity, as compared with other pore-forming amphipathic 

antimicrobial peptides. 

1.4.2     Interaction between TAT peptide and negatively-charged 
phospholipid DOPC/DOPS  

Despite the fact that the interaction of the TAT peptide with model 

phospholipid membranes has been extensively studied for more than two 

decades, the precise location and orientation of the TAT peptide in the lipid 

membrane is still unknown. A myriad of indirect physical methods, including 

fluorescence spectroscopy, differential scanning calorimetry and nuclear 

magnetic resonance (NMR), have been employed to localize the TAT peptide 

within model lipid membranes. However, the results have been equivocal and 

sometimes contradictory.  
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Regardless of the uncertainty of the transmembrane mechanism, it is generally 

believed that the strong electrostatic attraction between the positively-charged 

TAT peptide and the negatively-charged headgroups of phospholipids is a 

prerequisite for the translocation of the peptide. With the aim of finding 

unambiguous evidence for the location of the TAT peptide within lipid bilayers, 

the most direct and sensitive method - neutron lamellar diffraction in 

combination with H2O/2H2O substitution was employed. This is the first study 

in which neutron diffraction has been used to observe the interaction of the 

TAT peptide with model phospholipid bilayers.  

Dioleoylphosphatidylcholine (DOPC) and dioleoylphosphatidylserine (DOPS) 

were initially considered for the model membrane systems, as their acyl chains 

are in the fluid phase at the temperature that the experiments were performed 

(25°C), amplifying the interaction of the phospholipids with guest molecules. A 

mixture of DOPC and DOPS (80:20 mol/mol) was used to mimic the 

negatively-charged state of cell membranes, without increasing the complexity 

of the membrane system. 

The isotopic substitution method is the most widely used approach to scale the 

structure factors from neutron scattering data. Bradshaw et al. first introduced 

the swelling-series method that can improve both the accuracy of structure 

factor measurement and reduce sample equilibration time (Bradshaw et al., 

1997). The key point of this method is to collect the neutron data at 8.06% 

2H2O. At this isotopic composition, the negative scattering of hydrogen nuclei 
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is exactly balanced by the positive scattering of oxygen and deuterium nuclei, 

making the scattering length density of the water layer zero (Darkes et al., 

2000). This allows more confident interpretation of the results. Furthermore, 

the low level of radiation damage caused by neutrons, due to their non-charged 

and weak interaction properties, allows several swelling-series points to be 

collected from the same sample. In practice, as the sample was not disturbed 

between measurements, the requirement for scaling between measurements in 

the same swelling series was not needed.  

Another advantage of the swelling-series method was that any bilayer 

disturbance and modification induced by peptide or protein would have a direct 

effect on the lipid scattering length density (SLD) profile, due to the strong 

positive scattering length from their chemical compositions like carbon, 

nitrogen, and oxygen. It was straightforward to locate the peptide distribution 

through the bilayer by comparing the lipid SLD profiles in the presence and 

absence of the peptide. 
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 1.4.2.1     Phase determination 

 

Figure 1.9: Demonstration of the phase determination of structure factors. The 
solid points are the corrected but unscaled structure factors at 3 different 
relative humidities, and the line is a fit of a continuous transform for phase 
determination (- - + - - for orders 1–5 in this example).  

To help phase the diffraction data, and obtain more detailed structural 

information, the lamellar D-repeat was systematically varied by changing the 

membrane hydration. Figure 1.9 illustrates how the data were fitted to assign 

phases to structure factors derived from diffraction peak intensities. The 

unscaled structure factors for 5 orders of diffraction at 3 different relative 

humidities were plotted in reciprocal space and systematically assigned 

positive or negative values to achieve the best least-squares fit to a smooth 

continuous transform, and thereby satisfying Shannon's sampling theorem.  
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1.4.2.2     Summary of structure factors 

Table 1.1 summarizes the experimentally derived structure factors used to 

calculate transbilayer SLD profiles in the presence of 8.06 mol% 2H2O, 

including the form factor errors from the fitting procedure as described in 

Methods.  

P/L ratio F(1) F(2) F(3) F(4) F(5) 

0% -21.21±0.50 -11.29±0.02 8.94±0.03 -5.44±0.01 -2.68±0.11 

0.1% -26.32±0.78 -13.56±0.10 10.74±0.13 -6.39±0.21 -3.73±0.01 

0.5% -39.10±0.02 -18.63±0.36 14.58±0.01 -7.51±0.07 -5.00±0.03 

1% -32.68±0.01 -16.06±0.34 12.17±0.07 -5.99±0.01 -4.35±0.13 

3% -36.04±0.54 -16.43±0.15  11.79±0.01 -5.73±0.01 -4.84±0.15 

5% -40.30±1.27 -18.89±0.01 11.96±0.02 -4.83±0.02 -5.72±0.14 

10% -48.56±0.68 -18.75±0.50 10.86±0.01 -2.84±0.22 -5.68±0.10 

Table 1.1: Experimentally determined, corrected, and scaled structure factors 
of DOPC/DOPS mixture lipid bilayers (80:20) in absence and presence of 
different concentrations of TAT peptide. 

1.4.2.3     D-repeat and bilayer thickness 

P/L ratio 0% 0.1% 0.5% 1% 3% 5% 10% 

D-repeat (Å) 
52.55 

±0.40 

52.62 

±0.41 

52.52 

±0.30 

52.53 

±0.37 

53.03 

±0.45 

52.68 

±0.56 

54.62 

±0.40 

Bilayer 

thickness (Å) 

34.97 

±0.30 

34.97 

±0.30 

34.97 

±0.30 

33.94 

±0.26 

33.94 

±0.26 

33.94 

±0.26 

33.94 

±0.26 

Table 1.2: D-repeat and putative bilayer thickness of DOPC/DOPS bilayer in 
presence and absence of the TAT peptide at 99%RH, with 8% 2H2O. 
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From Table 1.2, the lamellar D-repeat of an 8:2 (mol/mol) DOPC: DOPS 

mixture bilayer, calculated using the Bragg equation from 5 orders of 

diffraction at a relative humidity of 99%, was 52.55 ± 0.40 Å (mean ± SD, n = 

5). Interestingly, when up to 5mol% peptide (peptide/lipid ratio) was 

introduced, no significant difference in D-repeat was found. The D-repeats of 

various samples were 52.62±0.41 Å，52.52±0.30 Å，52.53±0.37 Å，

53.03±0.45 Å and 52.68±0.56 Å for DOPC/DOPS with 0.1 mol% TAT, 0.5 

mol% TAT, 1 mol% TAT, 3 mol% TAT and 5mol% TAT, respectively. These 

differences in D-repeat are well within the generally accepted error limit (up to 

1 Å) (Hauss et al., 2005). However, a significant 2 Å increase in D-repeat was 

observed at 10mol% peptide concentration, compared to the pure lipid 

(54.62±0.40 vs. 52.55 ± 0.40 Å).  

Bilayer thickness information, which may be defined as the distance between 

the two maxima in the profile for this purpose, was also extracted from the 

scattering length density (SLD) profile of lipid bilayer at 8.06% 2H2O (Figure 

1.10). The two maxima in a typical bilayer profile corresponded to the glycerol 

backbone and phosphate headgroups. The oxygens of the ester linkages 

attaching the fatty-acyl chains and head group to the glycerol, and the 

phosphorus and oxygen atoms of the headgroups increased the scattering 

length density of this region. Values for the bilayer hydrophobic thickness are 

presented in Table 1.2. When a small amount of TAT peptide was initially 

introduced (up to 0.5 mol%), no difference in bilayer thickness was found. 
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Membrane thinning only occurred when the peptide concentration reached a 

threshold (1 mol%). The bilayer thickness shrank from 34.97±0.30 Å for 0.5 

mol% sample to 33.94±0.26 Å for 1 mol% sample, and remained constant 

when more peptide was added. The amount of thinning was not directly 

proportional to the peptide concentration.   

Taken together, the data from the D-repeat and the bilayer thickness showed 

that the TAT peptide did lead to thinning of anionic membrane, above a certain 

concentration threshold (1 mol%). Moreover, the highest TAT peptide 

concentration investigated (10 mol%) appeared to be larger than the saturation 

required, resulting that a significant amount of peptide remained in the aqueous 

bulk between adjacent bilayers. This would explain that a 2 Å increase in D-

repeat was observed at 10 mol% peptide concentration, whereas the bilayer 

thickness remained unchanged.  
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1.4.2.4     Scattering Length Density Profile  

 
Figure 1.10 A: Neutron scattering length density (SLD) profiles of pure 
DOPC/DOPS lipid bilayers (black solid line) and of lipid with 0.1 mol% TAT 
peptide (black broken line) at 8.06% 2H2O, and difference profile calculated by 
subtracting structure factors for pure lipid from structure factors for lipid with 
TAT peptide (red broken line).  A fit of a single Gaussian function to the 
difference profile was used to determine the position, width and area of peptide 
distribution (blue solid line).  
 

 
Figure 1.10 B: Neutron scattering length density (SLD) profiles of pure 
DOPC/DOPS lipid bilayers (black solid line) and of lipid with 0.5 mol% TAT 
peptide (black broken line) at 8.06% 2H2O, and difference profile calculated by 
subtracting structure factors for pure lipid from structure factors for lipid with 
TAT peptide (red broken line).  A fit of a single Gaussian function to the 
difference profile was used to determine the position, width and area of peptide 
distribution (blue solid line).  
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Figure 1.10 C: Neutron scattering length density (SLD) profiles of pure 
DOPC/DOPS lipid bilayers (black solid line) and of lipid with 1 mol% TAT 
peptide (black broken line) at 8.06% 2H2O, and difference profile calculated by 
subtracting structure factors for pure lipid from structure factors for lipid with 
TAT peptide (red broken line).  A fit of a single Gaussian function to the 
difference profile was used to determine the position, width and area of peptide 
distribution (blue solid line).  

 

 
Figure 1.10 D: Neutron scattering length density (SLD) profiles of pure 
DOPC/DOPS lipid bilayers (black solid line) and of lipid with 3 mol% TAT 
peptide (black broken line) at 8.06% 2H2O, and difference profile calculated by 
subtracting structure factors for pure lipid from structure factors for lipid with 
TAT peptide (red broken line).  A fit of a single Gaussian function to the 
difference profile was used to determine the position, width and area of peptide 
distribution (blue solid line).  



  48 

 
Figure 1.10 E: Neutron scattering length density (SLD) profiles of pure 
DOPC/DOPS lipid bilayers (black solid line) and of lipid with 5 mol% TAT 
peptide (black broken line) at 8.06% 2H2O, and difference profile calculated by 
subtracting structure factors for pure lipid from structure factors for lipid with 
TAT peptide (red broken line).  A fit of a single Gaussian function to the 
difference profile was used to determine the position, width and area of peptide 
distribution (blue solid line).  

 

 
Figure 1.10 F: Neutron scattering length density (SLD) profiles of pure 
DOPC/DOPS lipid bilayers (black solid line) and of lipid with 10 mol% TAT 
peptide (black broken line) at 8.06% 2H2O, and difference profile calculated by 
subtracting structure factors for pure lipid from structure factors for lipid with 
TAT peptide (red broken line).  A fit of a single Gaussian function to the 
difference profile was used to determine the position, width and area of peptide 
distribution (blue solid line).  
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As described above, water composed of 8% 2H2O is effectively invisible to 

neutrons, so any neutron scattering by the water was eliminated; the resulting 

SLD profile came from the diffraction of the lipid (and peptide) only 

(Bradshaw et al., 1997). Figure 1.10 shows the SLD profiles of pure 

DOPC/DOPS bilayers (black solid line) and of DOPC/DOPS with different 

amount of TAT peptide (black broken line) at 8.06% 2H2O. The typical 

structural features of a lamellar lipid bilayer are well represented in the pure 

lipid SLD profile (King et al., 1986). The origin of the x-axis is the 

centrosymmetric centre of the unit cell, which corresponds to the centre of the 

bilayer. The interlamellar water layers lie at the two edges of the unit cell. Two 

maxima in the profile corresponds to the polar lipid headgroups, which were a 

combination of glycerol-ester and phosphate moieties. A minimum at the centre 

of the profile corresponded to the terminal methyl groups of the lipids. The two 

small kinks between maximum and minimum represented the double bond in 

the oleoyl fatty acid chains. From the above detailed depiction of lipid SLD 

profile, it is convenient to use the distance between these two maxima as an 

indication of bilayer thickness, though it more precisely represented the 

thickness of the bilayer between the glycerol backbones, and did not take into 

account any of the bilayer headgroup above the phosphate (Worcester et al., 

1976).  
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A series of experiments was conducted to compare the peptide distribution at 

different peptide concentrations (0.1 mol% to 10 mol%) in the DOPC/DOPS 

mixture lipid bilayer. Appropriate corrected neutron diffraction data were 

phased and placed on a relative absolute scale to reconstruct the SLD profiles 

by Fourier synthesis. In Figure 1.10, the broken red line is the difference 

between two lipid SLD profiles under 8.06% 2H2O in the presence and absence 

of peptide, representing the transbilayer peptide distribution. Two Gaussian 

shaped peaks could be fitted to the difference profile in reciprocal space, 

following the procedure already described (Ashley et al., 2006). By comparing 

the calculated structure factors of each difference SLD profile to the observed 

difference structure factors, two resulting parameters from the Gaussian fitting 

reveal important information of transbilayer peptide distribution. The first 

parameter is the position of the peak, which is centred at the time-averaged 

centre-of-mass of TAT peptide, as measured from the centre of the bilayer. The 

second parameter is the width of the peak, which indicates the time-averaged 

fluctuation amplitude of TAT peptides across the lipid bilayer. As shown in 

Figure 1.10, the blue solid line is a fit of a single Gaussian function to the 

difference profile, and whose parameters are summarized in Table 1.2. It 

should be noted again that all comparisons of the calculated and observed SLD 

profiles are carried out in real space, and the Gaussian fitting is carried out in 

reciprocal space.  
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As shown in Figure 1.10A, no significant difference between the SLD profiles 

in the presence and absence of 0.1mol% TAT peptide was detected. However, 

these two SLD profiles do not overlap perfectly. Indeed, two small increases of 

SLD density were located at around the two edges of the unit cell and the polar 

lipid headgroups of lipid, which are the same positions found in other higher 

peptide concentrations investigated. Therefore, I interpreted this observation 

not as an experimental error but as an important clue that the intercalation of 

TAT peptides inside the glycerol region of lipid and the perturbations of a lipid 

bilayer by TAT peptides occurred even at very low peptide concentration (0.1 

mol%). 
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1.4.2.5     Peptide distribution in DOPC/DOPS lipid bilayer  

 

 



  53 

TAT peptide distribution 
L/P= 

100:0.1 

L/P= 

100:0.5 

L/P= 

100:1 

L/P= 

100:3 

L/P= 

100:5 

L/P= 

100:10 

Gaussian 1 Position (Å) 23.7 24.8 24.8 24.4 24.3 24.6 

 Width (Å) 3.3 6.0 5.6 5.1 4.6 5.5 

 Occupancy (%) 58.0 53.2 41.5 50.8 44.6 49.3 

Gaussian 2 Position (Å) 15. 2 14.5 14.3 13.8 13.6 13.8 

 Width (Å) 3.0 4.6 5.1 4.9 4.9 5.1 

 Occupancy (%) 42.0 46.8 58.5 49.2 55.4 50.7 

Table 1.3: Summary of the parameters of the Gaussian fits of the calculated 
peptide (difference SLD) profiles in reciprocal space. Five orders of diffraction 
were used in the fitting procedure. The position of TAT peptide is expressed as 
the distance from the centre of the bilayer. The width is the full width at half 
height. 

From Figure 1.11, and Table 1.3, the best fits to observed peptide profiles 

clearly demonstrated that the interaction of TAT peptide with negatively-

charged DOPC/DOPS lipid bilayer took place at two positions. Some of the 

peptide was intercalated into the lipid/water interface region of the bilayer at 

around 14.3 Å from the centre of the lipid bilayer. The rest of peptide located 

in the peripheral aqueous phase between adjacent bilayers at around 24.6 Å 

from the centre of the lipid bilayer. With increasing peptide concentration, the 

first peptide distribution at the lipid/water interface region started to shift 

toward to the centre of the lipid bilayer, whereas the second distribution in the 

aqueous phase did not move. The centre mass of the peptide was found to 

reside 14.5 Å from the centre of the bilayer at 0.5 mol% peptide concentration, 

while the corresponding value for 3 mol% peptide concentration is 13.8 Å, 

moving 0.7 Å closer to the centre of the bilayer. In DOPC/DOPS mixture 

bilayers, this location is very close to the glycerol backbone region. Taking into 
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account the fact that the bilayer thickness of high P/L ratio sample is 1 Å 

thinner than that of low P/L ratio sample (33.9 Å vs. 34.9 Å), the TAT peptide 

was at nearly the same location relative to the lipid molecule.  

In addition, the width of peptide distribution showed little change after addition 

of the peptide to the bilayer. Even increasing the amount of peptide to the 

largest concentration (10 mol%) makes little difference to the width of peptide 

distribution obtained, which meant that TAT peptide was motionally 

constrained to a region around 5 Å region from the lipid/water interface. 

Moreover, Gaussian fitting to the difference SLD profiles also yielded the 

amount of TAT peptide located in the bilayer.  Interestingly, even at the lowest 

peptide concentration investigated (0.1 mol%), 42% of the peptide was 

positioned below the glycerol backbone region of the bilayer and 58% 

remained in the aqueous phase between adjacent bilayers. The proportion of 

TAT peptide distributed in the bilayer did not significantly change over the 

entire range of peptide concentrations investigated. It was likely that the 

distribution of individual peptide molecules between the two locations was a 

dynamic, rather than static, equilibrium. Unfortunately the time scale of the 

neutron measurements did not allow this to be determined. The bilayer profiles 

represent time-averaged distributions of neutron scattering length. The 

preference for the surface location (58% of the peptide) was probably due to 

the electrostatic attraction between the negatively-charged headgroup of 

phospholipid and positively charged TAT peptide.  



  55 

However, the above results also strongly indicated an intrinsic affinity between 

TAT peptide and a location just below the glycerol backbone region of the 

phospholipid bilayer, consequently leading to the conclusion that TAT peptides 

carpet the surface of the membrane. This was completely in agreement with 

recent work reported by Su et al. (Su et al., 2010), who proposed that TAT 

peptides penetrate into the glycerol backbone region of DMPC/DMPG bilayers 

and occupy a 5.5 Å region at the lipid/water interface using Solid-State NMR.  

Furthermore, the above findings raised an intriguing question of why TAT 

peptide remains at the same penetration depth and width in the DOPC/DOPS 

lipid bilayer. Recently, an interesting study on CPPs and antimicrobial peptides 

has suggested that the structural basis for the rapid translocation of arginine-

rich CPPs may lie in the ability of guanidinium to form hydrogen-bond 

stabilized bidentate complexes with lipid phosphates, which cannot be 

achieved by the mobile amine of the Lys side chains (Su et al., 2010). As each 

guanidinium ion can form up to five hydrogen bonds with lipid phosphates or 

water, the hexa-Arg TAT can form as many as 30 hydrogen bonds from the 

arginine side chains. Based on this assumption, the guanidinium-phosphate ion 

pair interaction between the arginine residues and phosphate groups of 

phospholipids, rather that the electrostatic attraction between the peptide and 

negative-charged headgroups, might be the determining factor for the 

membrane translocation of TAT peptide. This would be a reasonable 

explanation as to why TAT preferred to locate in the inner glycerol region of 
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phospholipid, while facing un-neglected anionic membrane surface. To 

investigate this hypothesis, further neutron diffraction experiments focusing on 

the interaction between TAT peptide and neutral phospholipids like DOPC will 

be conducted in the future. 

  



  57 

1.4.2.6     Water distribution in DOPC/DOPS lipid bilayers  

 
Figure 1.12 A: Neutron scattering length density (SLD) profiles of 
DOPC/DOPS lipid bilayer without TAT peptide at 8.06% 2H2O (black solid 
line) and at 25% 2H2O (black broken line), and difference water profile 
calculated by subtracting structure factors at 25% 2H2O from structure factors 
8.06% 2H2O (red broken line).  A fit of a single Gaussian function was fitted to 
the difference profile in order to determine the position, width and area of 
water distribution (blue solid line).  

 
Figure 1.12 B: Neutron scattering length density (SLD) profiles of 
DOPC/DOPS lipid bilayer with 0.1 mol% TAT peptide at 8.06% 2H2O (black 
solid line) and at 25% 2H2O (black broken line), and difference water profile 
calculated by subtracting structure factors at 25% 2H2O from structure factors 
8.06% 2H2O (red broken line).  A fit of a single Gaussian function was fitted to 
the difference profile in order to determine the position, width and area of 
water distribution (blue solid line). 
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Figure 1.12 C: Neutron scattering length density (SLD) profiles of 
DOPC/DOPS lipid bilayer with 0.5 mol% TAT peptide at 8.06% 2H2O (black 
solid line) and at 25% 2H2O (black broken line), and difference water profile 
calculated by subtracting structure factors at 25% 2H2O from structure factors 
8.06% 2H2O (red broken line).  A fit of a single Gaussian function was fitted to 
the difference profile in order to determine the position, width and area of 
water distribution (blue solid line). 

 
Figure 1.12 D: Neutron scattering length density (SLD) profiles of 
DOPC/DOPS lipid bilayer with 1 mol% TAT peptide at 8.06% 2H2O (black 
solid line) and at 25% 2H2O (black broken line), and difference water profile 
calculated by subtracting structure factors at 25% 2H2O from structure factors 
8.06% 2H2O (red broken line).  A fit of a single Gaussian function to the 
difference profile was to determine the position, width and area of water 
distribution (blue solid line).  
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Figure 1.12 E: Neutron scattering length density (SLD) profiles of 
DOPC/DOPS lipid bilayer with 3 mol% TAT peptide at 8.06% 2H2O (black 
solid line) and at 25% 2H2O (black broken line), and difference water profile 
calculated by subtracting structure factors at 25% 2H2O from structure factors 
8.06% 2H2O (red broken line).  A fit of a single Gaussian function to the 
difference profile was to determine the position, width and area of water 
distribution (blue solid line). 

 
Figure 1.12 F: Neutron scattering length density (SLD) profiles of 
DOPC/DOPS lipid bilayer with 5 mol% TAT peptide at 8.06% 2H2O (black 
solid line) and at 25% 2H2O (black broken line), and difference water profile 
calculated by subtracting structure factors at 25% 2H2O from structure factors 
8.06% 2H2O (red broken line).  A fit of a single Gaussian function to the 
difference profile was to determine the position, width and area of water 
distribution (blue solid line). 
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Figure 1.12 G: Neutron scattering length density (SLD) profiles of 
DOPC/DOPS lipid bilayer with 10 mol% TAT peptide at 8.06% 2H2O (black 
solid line) and at 25% 2H2O (black broken line), and difference water profile 
calculated by subtracting structure factors at 25% 2H2O from structure factors 
8.06% 2H2O (red broken line).  A fit of a single Gaussian function to the 
difference profile was to determine the position, width and area of water 
distribution (blue solid line). From A to G, the amount of peptide is increased. 

 
Figure 1.13: Summary of Gaussian fitting results to observed water (difference 
SLD) profiles at a series of TAT peptide concentrations in negatively-charged 
DOPC/DOPS lipid bilayers. The interbilayer water compartment is at the two 
edges of the graph. A pair of phospholipid molecules is shown above the graph 
to illustrate the orientation of the lipid bilayer. (All comparisons are based on 
the same D-repeat). 
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Water distribution 
Pure 

Lipid 

L/P= 

100:0.1 

L/P= 

100:0.5 

L/P= 

100:1 

L/P= 

100:3 

L/P= 

100:5 

L/P= 

100:10 

Gaussian 1 Position (Å) 21.8 22.5 22.5 22.7 22.7 22.7 21.4 

 Width (Å) 5.9 6.4 5.4 6.8 8.5 8.0 5.1 

 
Occupancy 

(%) 
100 100 100 100 100 100 85.2 

Gaussian 2 Position (Å) - - - - - - 6. 2 

 Width (Å) - - - - - - 3.6 

 Occupancy 

(%) 
- - - - - - 15.8 

 
Table 1.4: Summary of parameters of the Gaussian fits of the calculated water 
(difference SLD) profiles in reciprocal space. Five orders of diffraction were 
used in the fitting procedure. The position of water is expressed as the distance 
from the centre of the bilayer. The width is the full width at half height. 

Additional support for the penetration of the peptide into the lipid bilayer was 

given by the water distribution across the lipid bilayer. The dependence of the 

SLD profile on the 2H2O content in water vapour made it possible to calculate 

the water distribution across the bilayer by subtracting the structure factors 

8.06% 2H2O from those at high 2H2O concentration (25%). In Figure 1.12, the 

red broken line shows the difference SLD profile of the DOPC/DOPS lipid 

bilayers with a series of TAT peptide concentrations, representing the water 

distribution across the bilayer. Fitting of a single Gaussian function to the 

difference SLD profile was carried out, in reciprocal space, to determine the 

position, width and area of the water distribution, following the procedure as 

already described in the previous section. Each blue solid line in Figure 1.12 

shows the fit of a single Gaussian function to the observed water profile. All 

fitted water profiles are presented in Figure 1.13 for easy comparison and the 
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resultant parameters from the Gaussian fitting are summarized in table 1.4. A 

typical distribution of water in the pure lipid bilayer is well described by a 

single Gaussian peak at the two edges of the crystallographic unit cell, 

representing the water layer between adjacent bilayers. The water distribution 

profiles from lipid samples containing different TAT peptide concentrations (up 

to 5mol%) were very similar, and were centred around 22.5 Å from the centre 

of the bilayer and around 6.5 Å wide. The water distribution profiles in Figure 

1.13 show increasing amounts of water as the amount of peptide increases. 

This probably represented the additional water required to hydrate the peptide, 

plus hydrogen-deuterium exchange on the peptide. Furthermore, the water 

density in the lipid hydrophobic membrane core was marginal, indicating that 

no water penetrated into this region at a peptide concentration lower than 10 

mol%. However, for the lipid sample with 10 mol% TAT peptide, 16% of water 

population deeply intercalated deep inside the hydrophobic core at 6.2 Å from 

the centre of the bilayer, a position close to the double bonds of the oleoyl acyl 

chain. Meanwhile, the width of this water distribution was 3.6 Å, covering 

almost of whole hydrophobic region of the bilayer, which was direct evidence 

for the formation of a transbilayer pore formation. 

Taking all above information together, the toroidal pore model was strongly 

suggested. The neutron diffraction data observed were mostly in agreement 

with all the detailed aspects of the toroidal pore model.  A limited number of 

peptides first assembled on the lipid bilayer surface and then inserted into the 
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bilayer with the hydrophilic regions of the peptides associating with the 

phospholipid headgroups while the hydrophobic regions associate with the 

lipid core (Huang et al., 2000; Yang et al., 2001). As soon as a threshold 

concentration of peptide was reached, a significant rearrangement of lipid 

bilayer happens and transient pores could be formed.  

The barrel-stave pore model was excluded. Amphipathic α-helical peptides 

insert in a perpendicular orientation to the plane of the bilayer, with the 

hydrophobic sides of helices facing fatty acid chains and hydrophilic sides self-

assembling a pore, without formation of a carpet of peptide on the bilayer 

surface (Cafiso et al., 1994; Barranger-Mathys et al., 1994). As described in 

the CD data, TAT peptide mainly adopted a random-coil structure upon 

interaction with the model DOPC/DOPS membrane (80:20) employed in the 

these neutron diffraction experiments. More importantly, the barrel-stave 

model is unlikely, given the fact that TAT peptide is simply too short to span an 

undisturbed lipid bilayer without thinning. At 32~38 Å, the width of a typical 

amphipathic α-helical peptide is clearly far beyond the reach of an 11-amino 

acid TAT peptide (He et al., 1996; Zhang et al., 1995).  

However, it should be noted that the amount of bilayer thinning discovered 

from the neutron data was not directly proportional to the peptide 

concentration, which was an obvious difference between the theoretical model 

and experimental data. Moreover, it was also somewhat questionable whether 

the toroidal pore model was the actual transmembrane mechanism of TAT 
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peptide, as the contiguous transbilayer water channel and the toroidal pore 

formation occurred at an unphysiologically high concentration of TAT peptide. 

Most importantly, in contrast to those arginine-rich antimicrobial peptides 

(AMPs) that kill bacterial cells by the pore formation mechanism, the TAT 

peptide appears to translocate into the eukaryotic cells without causing long-

lasting damage to the integrity of the cell membrane and at very low peptide 

concentrations (Alves et al., 2009; Torchilin et al., 2001). The elucidation of 

the exact mechanism involved in the transmembrane of TAT peptide is 

complicated by these apparent discrepancies, however, I am confident that their 

presence does not detract from the valuable structure information revealed by 

neutron lamellar diffraction here that TAT peptides carpet the glycerol 

backbone region of the bilayer. 

1.4.3     Interaction between TAT peptide and neutral phospholipid DOPC 

In the previous neutron diffraction experiment, the localization of TAT peptide 

in partially negatively-charged DOPC/DOPS lipid bilayer was identified, and 

the existence of two populations of the peptide, one in the glycerol backbone 

region of the bilayer and one in the peripheral water phase between adjacent 

bilayers, was established. The surface distribution of peptide, in the peripheral 

aqueous phase, was proposed to be a massive exclusion of TAT peptide from 

its intrinsic location in the glycerol backbone region of the bilayer, due to the 

electrostatic attractions between the negatively-charged headgroups of 

phospholipid and positively charged TAT peptides. Thus, the role that the 
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negative-charged headgroups of DOPS lipid plays in the transmembrane of 

TAT peptide was proposed to be less important than previously thought. The 

guanidinium-phosphate ion pair interaction between the arginine residues and 

the phosphate groups of phospholipids might explain the propensity of TAT 

peptides to interact with the glycerol backbone region of the bilayer. The 

section sets out to determine whether the negatively-charged headgroups of 

DOPS lipid are necessary for the translocation of TAT peptide will be 

answered. Furthermore, the localization of TAT peptide in the neutral DOPC 

lipid bilayer and the perturbation of the water distribution in the lipid bilayer 

will be demonstrated. Due to the limited beam time available, the sample 

investigation was constrained to only two peptide concentrations (0.1 mol% 

and 1 mol%), both of which concentrations have shown intriguing changes in 

the previous section. 
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1.4.3.1     Bragg peaks and rocking curve 

 
Figure 1.14 A: Raw neutron diffraction data from DOPC lipid sample in the 
absence of TAT peptide at 98% RH. The inset graph is a rocking curve of the 
same lipid sample investigated. The two dips in the rocking curves at 0 and 
2.8° are due to the absorption by the samples of the direct and diffracted 
neutron beam by the sample, respectively. 

 

 
Figure 1.14 B: Raw neutron diffraction data from DOPC lipid sample in the 
presence of 0.1 mol% TAT peptide at 98% RH. The inset graph is a rocking 
curve of the same lipid sample investigated. The two dips in the rocking curves 
at 0 and 2.8° are due to the absorption by the samples of the direct and 
diffracted neutron beam by the sample, respectively. 
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Figure 1.14 C: Raw neutron diffraction data from DOPC lipid sample in the 
presence of 1 mol% TAT peptide at 98% RH. The inset graph is a rocking 
curve of the same lipid sample investigated. The two dips in the rocking curves 
at 0 and 2.8° are due to the absorption by the samples of the direct and 
diffracted neutron beam by the sample, respectively. 
 

Figure 1.14 shows 5 typical Bragg diffraction peaks. Significant intensity 

changes were observed between the pure lipid and the lipid mixtures with TAT 

peptides, and between the different concentrations of peptide. Prior to the 

collection of the diffraction data from lipid samples, the rocking curve of the 

first Bragg peak was first checked. A Gaussian-type rocking curve is evidence 

of a one-dimensional crystal. In the case of the pure lipid, a sharp peak with a 

mosaicity of less than 0.5° (FWHM, full width at half maximum) was 

obtained, which was proof of a well-aligned lipid sample. Once TAT peptides 

were introduced into the lipid bilayer (0.1 mol%), the rocking curve became 

broader as shown in Figure 1.14B, indicating that the lattice orientation of the 

bilayer was heavily perturbed. This resulted in significant changes of all Bragg 
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peak intensities, as the neutron scattering signal is spread over a wide angular 

range. Surprisingly, when the concentration of peptide was increased further, 

up to 1 mol%, the broad mosaicity disappeared and a significant recovery of 

FWHM of the rocking curve occurred (Figure 1.14C). It is intriguing that a 

disordered lipid bilayer could realign with an increase in TAT peptide 

concentration. Indeed, it is conceivable that such unusual recovery of bilayer 

perturbation might be due to an experimental artefact. The possibilities will be 

discussed in more detail below. 

1.4.3.2     D-repeat and bilayer thickness in DOPC lipid bilayer 

P/L ratio F(1) F(2) F(3) F(4) F(5) 

0% -9.07±0.01 -3.84±0.08 1.80±0.02 -0.57±0.07 -0.35±0.03 

0.1% -6.28±0.01 -2.72±0.01 1.35±0.01 -0.63±0.04 -0.29±0.02 

1% -14.08±0.02 -6.24±0.01 2.95±0.02 -0.76±0.07 -0.56±0.01 

Table 1.5: Experimental determined, corrected, and scaled structure factors of 
DOPC lipid bilayers in the absence and presence of different concentrations of 
TAT peptide. 

A table of all the experimentally derived structure factors used to calculate 

transbilayer SLD profiles in the presence of 8.06 mol% 2H2O, including the 

form factor errors from the fitting procedure as described in Methods, are 

summarized in Table 1.5.  

P/L ratio 0% 0.1% 1% 

D-repeat (Å) 52.45±0. 21 53.24±0.03 52.80±0.09 

Bilayer thickness 34.68±0.08 34.68±0.08 34.68±0.08 

Table 1.6: D-repeat and putative bilayer thickness of DOPC bilayer in 
presence and absence of TAT peptide at 98% RH, with 8.06% 2H2O. 



  69 

From Table 1.6, the lamellar D-repeat of DOPC bilayer, calculated using the 

Bragg equation from 5 orders of diffraction at a relative humidity of 98%, was 

52.45±0.21 Å (mean ± SD, n = 5). In comparison to the DOPC/DOPS mixture 

bilayer, the D-repeat of neutral DOPC bilayer is almost the same as the one of 

DOPC/DOPS anionic bilayer (52.55 ±0.40 Å). When TAT peptide was 

incorporated, no significant difference in D-repeat was found over all peptide 

concentration investigated, as all differences were well within the generally 

accepted error limit (up to 1 Å). The D-repeats of various samples were 53.24 

±0.03 Å and 52.80 ±0.09 Å for DOPC lipid with 0.1 mol% TAT and 1 mol% 

TAT, respectively. Furthermore, the bilayer thickness of neutral DOPC bilayer 

at 8.06% 2H2O was calculated by the distance between the two maxima in the 

neutron SLD profile. The bilayer thickness was totally unaffected by the 

presence of different amounts of TAT peptide (0.1 mol% and 1 mol%) and 

remained constant at 34.68 ±0.08 Å. Strikingly, no bilayer thinning was 

observed in the neutral DOPC lipid bilayer, whereas a bilayer thickness 

thinning had been seen in the previous neutron diffraction study at 1mol% 

peptide concentration for anionic DOPC/DOPS lipid bilayer. Indeed, the 

constant D-repeat and bilayer thickness strongly supported the high insertion 

capacity of TAT peptide. 
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1.4.3.3     Peptide distribution in DOPC lipid bilayer 

 
Figure 1.15 A: Neutron scattering length density (SLD) profiles of pure DOPC 
lipid bilayers (black solid line), of lipid with 0.1 mol% TAT peptide (black 
broken line) at 8.06% 2H2O, and difference profile calculated by subtracting 
structure factors for pure lipid from structure factors for lipid with TAT peptide 
(red broken line) is displayed.  A fit of a single Gaussian function to the 
difference profile was used to determine the position, width and area of peptide 
distribution (blue solid line).  

 
Figure 1.15 B: Neutron scattering length density (SLD) profiles of pure DOPC 
lipid bilayers (black solid line), of lipid with 1 mol% TAT peptide (black 
broken line) at 8.06% 2H2O, and difference profile calculated by subtracting 
structure factors for pure lipid from structure factors for lipid with TAT peptide 
(red broken line) is displayed.  A fit of a single Gaussian function to the 
difference profile was used to determine the position, width and area of peptide 
distribution (blue solid line).  
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A series of experiments has been conducted to compare the peptide distribution 

at two different concentrations (0.1 mol% and 1 mol%) in the DOPC lipid 

bilayers. Appropriate raw neutron diffraction data were phased and placed on a 

relative absolute scale to reconstruct the SLD profiles by Fourier synthesis. In 

Figure 1.15, the solid black lines are the SLD profile of pure DOPC and the 

broken black lines are the SLD profile of DOPC lipid with different amounts of 

TAT peptide at 8.06% 2H2O. The red broken line is the difference between two 

lipid SLD profiles under 8.06% 2H2O in the presence and absence of peptide, 

representing the transbilayer peptide distribution. The observed difference 

profile can be fitted as two Gaussian shaped peaks in reciprocal space 

following the procedure already described (Bradshaw et al., 1997), revealing 

the position, width and area of the transbilayer peptide distribution. The blue 

solid line is a fit of a single Gaussian function to the difference profile, and 

whose parameters are summarized in Table 1.7. 
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Figure 1.16: Summary of the Gaussian fits to observed peptide (difference 
SLD) profiles at a series of peptide concentrations, representing TAT peptide 
distributions in neutral DOPC bilayers. The interbilayer water compartment is 
at the two edges of the graph. A pair of phospholipid molecules is shown above 
the graph to illustrate the orientation of the lipid bilayer. The comparison is set 
on the same D-repeat. 
 

TAT peptide distribution L/P=100:0.1 L/P=100:1 

Gaussian 1 Position (Å) 17.8 16.0 

 Width (Å) 4.2 6.4 
 Occupancy (%) 55.0 100 

Gaussian 2 Position (Å) 5.8  

 Width (Å) 4.1  

 Occupancy (%) 45.0  

Table 1.7: Summary of the Gaussian fitting parameters for the calculated 
peptide (difference SLD) profiles in reciprocal space. Five orders of diffraction 
were used in the fitting procedure. The position of TAT peptide is expressed as 
the distance from the centre of the bilayer. The width is the full width at half 
height. 
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As shown in Figure 1.16 and Table 1.7, the best fit to the observed peptide 

profile clearly shows that the interaction between TAT peptides and neutral 

DOPC lipid bilayers takes place at two discrete positions at low peptide 

concentration (0.1 mol%). A fraction of the peptides were deeply inserted into 

the hydrophobic core of lipid bilayer at around 5.8 Å from the centre of the 

bilayer. The balance of the peptide remained in contact with the glycerol 

backbone region of lipid bilayer at 17.8 Å from the centre of the bilayer. When 

the peptide concentration further increased (1 mol%), the peptide distribution 

at the hydrophobic core region completely disappeared and only one broad 

distribution was detected at 16 Å from the centre of the bilayer. Compared to 

the distribution at 0.1mol% peptide concentration, the centre of mass of the 

peptide shifts 1.8 Å toward the centre of the bilayer and the width also expands 

from 4.2 Å to 6.4 Å, indicating that more TAT peptides are occupying the 

glycerol backbone region of the lipid bilayer. These findings are in very good 

agreement with the results of the rocking curve that the lattice orientation of 

the bilayer was heavily perturbed at 0.1 mol% peptide concentration and the 

lipid bilayer recovered to a well-aligned state at 1 mol% peptide concentration. 

More importantly, no peptide was found in the peripheral aqueous phase 

between adjacent bilayers in any of the peptide concentrations investigated, 

which is a marked contrast to the previous neutron diffraction study on anionic 

DOPC/DOPS lipid bilayer. This finally proves the previous assumption that the 

electrostatic attraction between the negatively-charged headgroups of 

phospholipid and the positively charged TAT peptide is an obstacle rather than 
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a facilitator for the intrinsic deep location of the TAT peptide in the glycerol 

backbone region of lipid bilayer. And TAT peptide preferentially inserts into 

the glycerol backbone region and the insertion is independent of the negative-

charged headgroups of DOPS phospholipid. 

Indeed, these conclusions are further corroborated by 31P NMR data. As 

previously reported (Afonin et al., 2006), TAT peptide can induce a 

pronounced lipid morphology in neutral DMPC bilayers, but not in anionic 

DMPG bilayers. This suggests that the electrostatic interactions of DMPG lipid 

with TAT peptide may compensate or shield the active sites of the peptide from 

their perturbing contacts with the zwitterionic phosphocholine headgroups. 

However, the role that the electrostatic interaction between the peptide and the 

negatively-charged lipid headgroups plays in the transmembrane movement of 

cell penetrating peptides is still highly controversial. An increasing number of 

papers are emerging to support both side of argument. These unique neutron 

results make an interesting contribution to this long-lasting scientific debate. 

Furthermore, at the lowest peptide concentration (0.1 mol%), 45 % of TAT 

peptide penetrates deeply into the hydrophobic core region of the lipid bilayer 

at a position close to the double bond of fatty acyl chain, at 5.8 Å. With the 

introduction of more peptides into the lipid bilayer, the peptide distribution at 

hydrophobic core region completely disappeared. From a physicochemical 

point of view, it is quite surprising that a highly positively charged peptide 

carrying a net charge of +8 could penetrate so deeply into the hydrophobic core 
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region. It is conceivable that the peptide distribution in the hydrophobic core 

region is due to an artefact of the sample preparation or the analysis procedure.  

Recently, Lau et al. has pointed out that, when a peptide is co-solubilized in 

chloroform with the lipids, it might deposit in the lipid bilayer during the self-

assembling of the membrane lamellar stacks, leading to the artefact that the 

peptide does not interact with the lipid from the water phase of the bilayer but 

is built into the bilayer (Lau et al., 2007). Such an artefact might be commonly 

present in experiments involving the amphipathic peptides like amyloid-β 

peptide, but not in experiments that employ the highly hydrophilic peptides 

like TAT peptide. As the TAT peptide was firstly dissolved in water before 

being mixed with the phospholipids in the preparation procedure, such artefact 

was absent here.  

In addition, the error in the Gaussian fitting procedure was also quantified, and 

expressed as the sum of the absolute difference between calculated and 

observed structure factors. The significance of the difference between the two 

SLD profiles by the presence of 0.1 mol% TAT peptide with respect to the error 

limits is illustrated in Figure 1.17. It is clearly shown that the difference in 

SLD profile induced by the TAT peptide is well outside the error limits. 



  76 

 
Figure 1.17: An illustration of the significance of the difference induced by the 
presence of 0.1mol% TAT peptide. The error in the Gaussian fitting procedure 
is expressed as the sum of the absolute differences between calculated and 
observed structure factors. The confidence limits are drawn in broken lines. 
Two distinct locations of TAT peptide are observed. 
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1.4.3.4     Water distribution in DOPC lipid bilayer 

 
Figure 1.18 A: Neutron scattering length density (SLD) profiles of DOPC lipid 
bilayers without TAT peptide at 8.06% 2H2O (black solid line) and at 25% 
2H2O (black broken line), and difference water profiles calculated by 
subtracting structure factors at 25% 2H2O from structure factors 8.06% 2H2O 
(red broken line).  A single Gaussian function was fitted to the difference 
profiles to determine the position, width and area of water distribution (blue 
solid line).  

 
Figure 1.18 B: Neutron scattering length density (SLD) profiles of DOPC lipid 
bilayers with 0.1 mol% TAT peptide at 8.06% 2H2O (black solid line) and at 
25% 2H2O (black broken line), and difference water profiles calculated by 
subtracting structure factors at 25% 2H2O from structure factors 8.06% 2H2O 
(red broken line).  A single Gaussian function was fitted to the difference 
profiles to determine the position, width and area of water distribution (blue 
solid line).   
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Figure 1.18 C: Neutron scattering length density (SLD) profiles of DOPC 
lipid bilayers with 1 mol% TAT peptide at 8.06% 2H2O (black solid line) and at 
25% 2H2O (black broken line), and difference water profiles calculated by 
subtracting structure factors at 25% 2H2O from structure factors 8.06% 2H2O 
(red broken line).  A single Gaussian function was fitted to the difference 
profiles to determine the position, width and area of water distribution (blue 
solid line). 

 

 
Figure 1.19: Summary of Gaussian fitting results to observed water (difference 
SLD) profiles at a series of TAT peptide concentrations in neutral DOPC 
bilayers. The interbilayer water compartment is at the two edges of the graph. 
A pair of phospholipid molecules is shown above the graph to illustrate the 
orientation of the lipid bilayer. All comparisons are set on the same D-repeat. 
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Water distribution Pure 
Lipid 

L/P= 
100:0.1 

L/P= 
100:1 

Gaussian 1 Position (Å) 22.2 22.5 22.2 

 Width (Å) 6.3 5.4 6.3 

 Occupancy (%) 100 64.6 100 

Gaussian 2 Position (Å) - 14.9  

 Width (Å) - 5.7  

 Occupancy (%) - 35.4  
Table 1.8: Summary of the parameters of fitting Gaussian distribution to the 
calculated water (difference SLD) profiles in reciprocal space. Five orders of 
diffraction were used in the fitting procedure. The position of water is 
expressed as the distance from the centre of the bilayer. The width is the full 
width at half height. 

Further support for the deep penetration of the peptide into the hydrophobic 

core region is given by the water distribution across the bilayer (Figure 1.19). 

Usually, the distribution of water can be accurately described as a single 

Gaussian peak centred near the edge of the crystallographic unit cell. 

Comparing the water distribution profiles in the absence and presence of 

different amounts of peptide, a markedly different distribution pattern was 

found in the sample with 0.1mol% peptide. Notably, the best fit to this water 

profile could only be modelled by two discrete Gaussian peaks, representing 

two water populations across the bilayer. One is located in the aqueous bulk 

between adjacent bilayers at 22.5 Å from the centre of the bilayer and the 

second is located in the glycerol backbone region at 15.0 Å from the centre of 

the bilayer. Uniquely two discrete water distributions originate from the 

intercalation of TAT peptide into the hydrophobic core region of bilayer, which 

requires more water penetrates into the bilayer to hydrate the peptide. 
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In light of the above evidence, it can be concluded that the distribution of TAT 

peptide in the hydrophobic core region is not due to an artefact of sample 

preparation or the fitting procedure. The following question is how the strongly 

charged TAT peptide is able to remain in the hydrophobic core region of the 

bilayer.  

1.4.3.5     Orientation of TAT peptide in the bilayer 

TAT peptide preferentially intercalated into the hydrophobic core and glycerol 

backbone region of the DOPC lipid bilayer at the lowest peptide concentration 

investigated (0.1mol%). When the peptide concentration is above a threshold 

value, a substantial redistribution of TAT peptide to the upright glycerol 

backbone position of bilayer is observed. This finding is clear evidence of the 

concentration-dependent reorientation manner of TAT peptide, which has been 

well described in the two-state model developed by Huang et al. (2000) for α-

helical antimicrobial peptides (AMPs). In this model, they emphasized that the 

most important parameter for controlling the orientation of peptide at constant 

physicochemical condition is the peptide/lipid ratio. Moreover, this change in 

orientation is strongly dependent on the lipid composition of the bilayer and is 

most pronounced for zwitterionic POPC lipid. As a typical example of this 

model, melittin initially orientates its helix parallel to the bilayer plane. When 

the peptide concentration reaches a critical threshold value, membrane-bound 

melittin reorients perpendicular to the bilayer plane and inserts hydrophobic 

core region, consequently forming transmembrane pores (Yang et al., 2001).  
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Figure 1.20: An artist’s impression view of the two orientations of TAT peptide 
in the lipid bilayer is shown. The molecular structures of TAT peptide are 
derived from Ho et al. (2001). The hydrophilic surface region of the peptide is 
coloured in blue, and the hydrophobic surface region is coloured in grey. The 
peptide SLD profile is also presented at the right for reference. 

Two alternative orientations of TAT peptide relative to the bilayer plane for 

both the surface-bound peptide and deep-penetrating peptide are suggested and 

shown in part A and B of Figure 1.20. From a physicochemical point of view, 

orientation of the peptide perpendicular to the bilayer plane is highly unlikely, 

since this would result in exposure of its hydrophilic surface to the 

hydrophobic centre of the bilayer (Figure 1.20A). Combined with the neutron 

data, the most plausible orientation for both peptide populations, localizing at 

the glycerol backbone region and the hydrophobic core region of the bilayer, is 

with the peptide axis parallel to the bilayer plane. Furthermore, the deep-

penetrating peptides are in equilibrium with the surface-bound peptides in a 

reversed parallel alignment with their hydrophobic surfaces facing each other 
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and hydrophilic surfaces facing to the outer water phase (Figure 1.20B). This 

self-assembled alignment of the TAT peptide would lead to a potential cavity of 

hydrophilic region in the centre of bilayer, thereby explaining the unusually 

deep penetration of water found in the water distribution profiles of the neutron 

data. However, such a structure would be in a relatively unstable state, as it is 

balanced by weak hydrophobic or van der Waals force and is easily disturbed 

by environmental changes, such as peptide concentration. Once the fragile 

balance is broken, the deep-penetrating peptides would randomly flip-flop 

from the hydrophobic core region to the upright glycerol backbone position of 

two bilayer leaflets.  

However, it should be pointed out that the orientation of TAT peptide discussed 

in this section still remains a matter of conjecture, since it is not possible to 

extract it from the neutron data. To determine further the unambiguous peptide 

orientation, the selectively deuterated amino acids would be needed. 

Nevertheless, the neutron data provided a reasonable explanation for the deep 

penetration of highly charged TAT peptide into the hydrophobic core region of 

the bilayer at low peptide content and the unique concentration-dependent 

reorientation observed. It is therefore enticing to think that the random flip-flop 

between bilayer leaflets and the reorientation of peptide may be associated with 

the transmembrane mechanism involved at physiologically low peptide 

concentration. 
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 1.5     Conclusions 

In summary, comparing with the two sets of neutron diffraction data, on 

anionic DOPC/DOPS lipid bilayers and neutral DOPC lipid bilayers, it may be 

concluded that the TAT peptide preferentially intercalated into the glycerol 

backbone region of the lipid bilayer and the insertion of TAT peptide was 

independent of the negative-charged headgroups of DOPS phospholipids. All 

the above data completely supports the previous assumption that the 

electrostatic interaction between the negatively-charged headgroups of 

phospholipids and the positively charged TAT peptides to some extent is an 

obstacle rather than a facilitator for the intrinsic deep location of TAT peptide 

into the glycerol backbone region of the lipid bilayers. In addition, when the 

peptide concentration further increased (1mol%), a substantial redistribution of 

TAT peptide to the upright glycerol backbone position of bilayer happened. 

This finding is clear evidence for the concentration-dependent reorientation of 

TAT peptide. It was suggested that two populations at low peptide 

concentration are in reversed parallel alignment to the bilayer plane with 

respect to the peptide axis, equilibrated with their hydrophobic surfaces facing 

each other. As such a self-assembling structure is unstable, the deep-

penetrating peptides will randomly flip-flop from the hydrophobic core region 

to the upright glycerol backbone position of two bilayer leaflets once the 

fragile balance is broken. Thus, the random flip-flop between bilayer leaflets 

and the reorientation of peptide might be the transmembrane mechanism 
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involved at physiologically low peptide concentrations. Further investigations 

using TAT peptides with the deuterated fragments on the C-terminal or N-

terminal end will be carried out. The localization of these labels will provide 

the precise orientation information of TAT peptide inside the bilayers. It is 

hoped that the data presented here will stimulate further structure studies on the 

transmembrane of TAT peptide, like molecular dynamics simulations. 
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Chapter 2 

 

Cloning, Expression, Purification and 

Identification of  

Recombinant TAT-SOD Protein 
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2.1     Introduction 

2.1.1     Oxidative Stress and Free radicals 

Reactive oxygen species (ROS), by-products of cellular metabolism, are 

ubiquitous in all aerobic organisms. ROS are oxygen-containing molecules that 

have unpaired valence shell electrons (Feig et al., 1994). It is conceivable that 

ROS have higher chemical reactivity than ground-state molecular oxygen, as 

they can readily accept another electron or transfer their unpaired electron to 

another molecule. ROS include not only oxygen-centered radicals such as 

superoxide (O2
−), hydroxyl radical (OH·) and peroxyl radical (ROO−) but also 

non-radical molecules like singlet oxygen (1O2) and hydrogen peroxide (H2O2). 

They are produced mainly by the incomplete reduction of oxygen during 

respiration, by exposure to radiation, by oxidative chemicals, or by release 

from phagocytic cells in response to bacterial invasion or tumor (Weijl et al., 

1997). 

Over the past decades, ROS have been implicated in the pathogenesis of a 

variety of diseases, including chronic inflammation, cardiovascular diseases, 

cancer, neuronal degeneration, ischemia-reperfusion injury, and premature 

aging (Berlett et al., 1997;Sun et al., 1990; Klann et al., 1999; Lander et al., 

1997; Tsubokawa et al., 2007; Kenneth et al., 1998). Other evidence has been 

presented suggesting that ROS at high concentrations might be cytotoxic, 

whereas ROS at low concentrations might be involved in the regulation of 
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several key physiological processes. These processes include cell 

differentiation, apoptosis, and cell proliferation, all of which are thought to be 

regulated by redox-sensitive signal transduction pathways (Allen et al., 1989; 

Hockenbery et al., 1993; Shibanuma et al., 1988). However, at high 

concentrations, ROS have detrimental effects on cells, as they are known to 

react easily with various intracellular targets, including lipids, proteins, and 

DNA. The resultant disintegration of membranes, DNA damage, and enzyme 

inactivation are severe events in cell biochemistry and frequently lead to cell 

dysfunction, mutation, death or carcinogenesis (Feig et al., 1994). Such a 

condition, in which there have been deleterious consequences of cell exposure 

to excess amounts of ROS, is referred to as oxidative stress. Therefore, ROS 

are considered to act like a double-edged sword in terms of physiological 

activities. 

Superoxide radicals are a major intracellular ROS in living organisms, and 

have been widely investigated in last decades. Aerobic organisms utilize 

molecular oxygen (dioxygen; O2) as the final electron receptor in the oxidative 

phosphorylation electron transport chain (Turrens et al., 1980). Generally, after 

receiving four electrons, oxygen is reduced to water and produces energy in the 

form of ATP to build cellular structures and maintain them. However, this 

process is not perfect and a small percentage (1% or less) is diverted via a one-

electron reduction of dioxygen to produce the superoxide radical (Turrens et 

al., 2003).   
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A primary source of superoxide radical generation is the mitochondrion. At 

least half of the superoxide, which can eventually reach the cytoplasm, is 

generated from complexes I and III of the mitochondrial electron transport 

chains (Han et al., 2003; Miwa et al., 2005). Superoxide radicals are also 

produced by cytosolic enzyme sources including NADPH oxidase, xanthine 

oxidase, and cytochrome P450 enzymes (Lambeth et al., 2004). Moreover, the 

presence of redox cycling compounds, such as paraquat, pyocyanine, or 

quinones, also contribute to the source of superoxide radicals. 

The superoxide radical is considered as a prime culprit of the toxicity of 

oxygen, due to its unique location in the mitochondria (Halliwell et al., 1999). 

However, the more damaging ROS derived from the superoxide radical are 

believed to play more important roles in superoxide toxicity.  

The superoxide radical can be converted to the hydroxyl radical (OH·), which 

is produced when the superoxide (O2
−) interacts with the free Fe or Cu ions 

through the Fenton or Haber-Weiss reaction (Figure 2.1) (Kamata et al., 1999). 

However, as these ions are normally chelated by specific proteins like ferritin 

and kept in tiny amounts in healthy physiological conditions, virtually no 

hydroxyl radical (OH·) is produced. Thus, the contribution of this Fenton 

reaction to superoxide toxicity is very limited in vivo.  
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The superoxide radicals can react with nitric oxide (NO) to form the 

peroxynitrite (ONOO−) (Liochev et al., 1999). Peroxynitrite can damage cells 

by promoting peroxidation of phospholipid membrane and nitration of proteins 

on tyrosine residues (Beckman et al., 1993). Furthermore, lipid peroxidation 

can lead to the formation of 4-hydroxynonenal (4-HNE), a highly toxic 

unsaturated aldehyde, which consequently causes rapid cell death associated 

with the depletion of sulfhydryl groups, disturbances in calcium homeostasis, 

inhibition of key metabolic enzymes, and inhibition of protein and DNA 

synthesis (Esterbauer et al., 1991). 

 

Figure 2.1: Metabolic pathways of reactive oxygen radicals. Adapted from 
(Kamata et al., 1999)  
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 2.1.2     Antioxidant defence system 

An efficient system for defending against ROS is essential for the survival of 

aerobic organisms in oxygen-rich environments. To ameliorate and cope with 

injury from oxidative damage, organisms have evolved both enzymatic and 

nonenzymatic antioxidant strategies, which can specifically remove, neutralize 

or scavenge ROS and their intermediates (Figure 2.1).  

The primary antioxidant enzymes include superoxide dismutase (SOD), 

catalase (CAT), glutathione peroxidase (GPx) and glutathione reductase (GSR). 

Intracellular SOD catalyzes the conversion of superoxide (O2
−·) to hydrogen 

peroxide (H2O2), which is further removed by CAT and GPx. On the other side, 

nonenzymatic antioxidant molecules include α-tocopherol (vitamin E), β-

carotene (vitamin A), ascorbate (vitamin C), glutathione, uric acid, thiols 

(Poppel et al., 1999; Lee et al., 1999), and phytochemicals such as isoflavones, 

polyphenols, and flavonoids (Harold et al., 2007) can neutralize ROS.  

In the body, these two antioxidant systems work in synergy with each other and 

interact in a complex fashion so that changes in the concentration or activity of 

one component can affect the whole physiological system (Shindo et al., 

1993). An appropriate balance between the production of ROS and their 

elimination, in terms of oxygen homeostasis, is crucial to normal physiological 

function of living organisms (Sun et al., 1996). Once this subtle balance is 

broken and the generation of ROS overwhelms the antioxidant defences, the 

cellular environment becomes highly reduced, referred to as oxidative stress. 
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Such an imbalance situation may subsequently lead to DNA damage, to the 

inhibition of cellular enzymes, and to cell death through activation of kinases 

and caspase cascades (Figure 2.2) (Giannattasio et al., 2008; Scherz-Shouval et 

al., 2007). 

Figure 2.2: The balance between production of ROS and elimination by 
antioxidants. Adapted from http://humanphysiology2011.wikispaces.com/ 
14.+Metabolism. 

 2.1.3     The discovery of SOD 

In 1968, McCord was the first to show that cytochrome C could be reduced by 

the superoxide released into free solution during the xanthine oxidase reaction 

and that an unknown protein inhibitor from blood could inhibit this reduction 

(McCord et al., 1968). This led to the discovery of the enzyme that catalyzed 

the dismutation of superoxide radicals, superoxide dismutase (SOD), which 

was purified by Fridovich and McCord from bovine erythrocytes obtained 

from a gallon of blood from a slaughterhouse (McCord et al., 1969). They also 

found that this enzyme contained copper, which was required for its activity, 

and that it was identical to the copper-containing erythrocuprein and 
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hemocuprein. In following years, it became clear that SOD is ubiquitous and 

exists in high concentrations in animal tissues such as bovine heart, brain, and 

liver, horse heart, and porpoise skeletal muscle. Many investigators recognized 

that O2
- was a common endogenous by-product of aerobic metabolism and that 

SOD acted as a scavenger of superoxide, through a two-step reaction involving 

reduction and reoxidation of the copper ion in its active site (Fridovich et al., 

1975). The exact enzymatic mechanism proposed for copper-zinc-SOD is 

reduction of the oxidized Cu(II) form of the enzyme by superoxide, releasing 

dioxygen (reaction 1), alternating with oxidation of the reduced Cu(I) form by 

another superoxide anion and two protons, generating hydrogen peroxide 

(reaction 2) (Rotillo et al., 1972; Klug-Roth et al., 1973; Fielden et al., 1974). 

These discoveries completely revolutionized the early thinking on the role of 

free radicals and related oxidants in biology, leading to intensive investigations 

of this field in the following decades. 

O2−· + Cu(II)ZnSOD → O2 + Cu(I)ZnSOD (1) 

O2−· + Cu(I)ZnSOD + 2H+ → H2O2 + Cu(II)ZnSOD (2) 
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2.1.4     SOD family proteins 

The SOD family is the first line of antioxidant defence systems against ROS 

and particularly superoxide radicals. The superoxide dismutase family 

commonly catalyzes the dismutation of O2
- to H2O2, which is further detoxified 

to water by catalase and glutathione peroxidase, thereby maintaining low 

steady-state levels of superoxide. Depending on the transition metal ion found 

at their active site, three distinct isoforms of SOD have been identified and 

characterized in mammals: copper-zinc superoxide dismutase (copper-zinc-

SOD; encoded by the SOD1 gene), manganese superoxide dismutase 

(MnSOD; encoded by the SOD2 gene), and extracellular superoxide dismutase 

(ECSOD; encoded by the SOD3 gene). These forms of SOD have similar 

functions, but are distinctly different from one another in terms of their protein 

structure, metal cofactor requirements, gene distribution, and cellular 

compartmentalization (Parge et al., 1992).  

SOD1, a homodimeric copper-zinc-SOD (32-kDa), is mainly present in the 

cytosol (cytoplasm) and nucleus and some is also seen in the intermembrane 

space of mitochondria (Sturtz et al., 2001). SOD2, a homotetrameric MnSOD 

(88-kDa), is present in the mitochondrial matrix. SOD3, a homotetrameric 

glycosylated copper-zinc-SOD (135-kDa), is found in the extracellular matrix 

of tissues (Fridovich, 1995).  
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2.1.5     The protein structure of copper-zinc-SOD 

 
Figure 2.3: The crystal structure of copper-zinc-SOD (SOD1). One monomer 
is colored from blue (N-terminal) to red (C-terminal), and the other is colored 
in gray. The residues bound to the metal ions are shown in stick representation. 
A disulphide bond anchors the loop (Glu-49–Asn-53, in stick representation) 
that contributes to the dimer interface. Copper is colored brown, while zinc is 
colored purple. Adapted from http://chemistry.berea.edu/~biochemistry/2009/ 
Chido/. 

The copper-zinc superoxide dismutase (SOD1) is a 153-residue, beta-barrel 

rich, 32-kDa homodimeric protein that is abundantly present in the cytoplasm 

of eukaryotic and bacterial cells (Valentine, 1998). Each monomer folds as an 

eight-stranded Greek key β-barrel, binds one catalytic copper ion and one 

stabilizing zinc ion, and contains an intra-subunit disulphide bond (Tainer et al., 

1982). The copper, which is essential for enzymatic activity, is surrounded by 

His-44, His-46, His-61, and His-118 in a distorted square planar geometry. The 

four ligands around the zinc are His-61, His-69, His-78, and Asp-81, and they 

are arranged in a tetrahedral structure (Oman et al., 1984). 

The two subunits are tightly packed and held together by strong hydrophobic 

interactions between the β strands. This makes the dimer extremely stable and 

it remains active under a broad range of harsh denaturing conditions (Arnesano 



  95 

et al., 2004). The intrasubunit disulphide bond formed between Cys57 and 

Cys146 in each monomer is a rare feature for a protein found in the reducing 

environment of the cytoplasm. Although it has long been known that the metal 

cofactors, copper and zinc, protect the disulphide bond from reduction, a recent 

series of studies on the wild-type enzyme has shed light on the structural and 

functional role of this unusual disulphide (Lindberg et al., 2004; Doucette et 

al., 2004).  

2.1.6     Physiological functions of SOD 

SOD is found in almost all organisms above the bacteria and the amino acid 

sequence is highly conserved, suggesting that SOD plays a pivotal function in 

physiological activities (Marklund et al., 1984). The past decade has brought 

much evidence that abnormal cellular superoxide radical accumulations are 

involved in many diseases. Thus it is a reasonable hypothesis that increased 

expression of SOD could eliminate oxidative stress and consequently reduce 

the pathology of diseases. This concept finally began to take firm hold in the 

1990s with the development of molecular biology techniques that allowed 

targeted deletion or expression of proteins. Later studies on the ablation of the 

SOD gene from organisms ranging from bacteria to mammals have 

unambiguously demonstrated that the absence of SOD contributes to multiple 

deleterious phenotypes in model organisms. Escherichia coli and yeast 

(Saccharomyces cerevisiae) lacking MnSOD gene exhibit impairment of 

metabolic processes, hypersensitivity to temperature, and growth defects under 

aerobic conditions (Sanchez et al., 2005; Farr et al., 1986). In Drosophila 



  96 

melanogaster, lack of copper-zinc-SOD causes hypersensitivity to paraquat, 

infertility, and an 80% decrease in lifespan (Phillips et al., 1989). Homozygous 

mutant mice lacking Mn-SOD died within the first 15 days after birth and 

showed dilated cardiomyopathy, an accumulation of lipid in the liver and 

skeletal muscle, as well as metabolic acidosis (Clair et al., 1991). Mutant mice 

lacking copper-zinc-SOD exhibited female infertility, noise-induced hearing 

loss, and an early onset of cataracts (Matzuk et al., 1998; McFadden et al., 

1999; Reddy et al., 2004). These deleterious phenotypes resulting from 

targeted deletion of SOD emphasized the critical importance of oxygen 

homeostasis, the delicate balance between ROS and antioxidants.  

2.2     Aims 

The specific aims of this chapter were: 

• To construct a plasmid pGEX-TAT-SOD and express the recombinant 

TAT-SOD fusion protein in Escherichia coli. 

• To purify the TAT-SOD fusion protein by using a small-scale 

glutathione affinity column or large-scale ion-exchange 

chromatography. 

• To demonstrate the potential bioactivity of the TAT-SOD fusion protein 

against UV-induced cell damage in cultured MDCK epithelial cells. 
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2.3     Materials and Methods  

2.3.1     Strains, plasmids, enzymes and reagents 

Escherichia coli strains DH5 (Novagen, USA) and BL21(DE3) (Novagen, 

USA) were used as the hosts for subcloning and expression, respectively. The 

pUCm-T vector (Takara, Japan) was used as the vector for subcloning of the 

PCR product of TAT-SOD gene and pGEX-2T vector (GE Healthcare, USA) 

was used for expression. Taq DNA polymerase，Avian Myeloblastosis Virus 

(AMV) Reverse Transcriptase (Takara, China), Restriction endonuclease Bam 

H I, EcoR I, RNase，Ribonuclease H, T4-DNA Ligase，λDNA and high pure 

PCR product purification kit were purchased from Shanghai Sangon (China) 

and used according to the recommendation of the supplier. Wild type Cu,Zn-

SOD was purchased from Nanjing Jiancheng Bioengineering Institute 

(Nanjing, China). 

2.3.2     Chemicals 

Yeast extract and Tryptone were purchased from OXOID (Hampshire, 

England). All other chemicals used in this study were of analytical grade 

commercially available. Isopropylthio-D-galactoside (IPTG)，X-gal, 

ampicillin, EDTA, thrombin, Trypsin 1:250, Hepes (free acid), RPMI1640 

Medium and fetal bovine serum (FBS) were purchased from Sigma. The 

Glutathione Sepharose 4B resin and Sephadex G-25 were purchased from GE 

Healthcare (USA).  
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2.3.3     RNA extraction 

Total RNA was prepared from 25 to 50 mg of flash-frozen human liver tissue 

using the QuickPrepTotal RNA Extraction Kit (Shanghai Sangon, China). RNA 

integrity was examined and ensured by 1.2% agarose-formaldehyde gel 

electrophoresis. The concentration of purified RNA was determined by a 

Shimadzu UV3600 Spectrometer (Shimadzu, Japan), as was the purity, by the 

260/280 absorbance ratio. To eliminate any contamination by chromosomal 

DNA, the isolated total RNA was treated with DNase using RQ1 RNase-Free 

DNase (Promega, USA). The DNase-treated RNA was then subject to phenol 

extraction to eliminate carryover of magnesium that can inhibit subsequent 

cDNA synthesis. Subsequently, RNA was dissolved in diethyl pyrocarbonate-

H2O together with the ribonuclease inhibitor RNasin. Flash-frozen human liver 

was contributed by the First Affiliated Hospital of Fujian Medical University. 

2.3.4     cDNA synthesis 

With total RNA extracted from human liver as the template, a reverse 

transcription (RT) reaction was performed under the following conditions: the 

reverse transcription reaction mixture contained 5.0 µl total RNA (5.0 µg), 1.0 

µl dNTP (10 mM), 1.0 µl oligo (dT)18, 4.0 µl 5 buffer, 2.0 µl DTT and 6.0 µl 

RNase-free water. After incubation of the mixture at 70 °C for 10 minutes, the 

reverse transcription was carried out in the presence of 1.0 µl AMV reverse 

transcriptase (20 U/µl) at 42°C for 50 minutes and terminated at 70°C for 10 

minutes. The reverse transcription products were treated with ribonuclease H at 
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37°C for 20 minutes to remove the poly(A) sequence of mRNA hybridized 

with oligo(dT) and then stored at -20°C.  

2.3.5     PCR amplification 

Using the cDNA as the template, the SOD gene was amplified with the 

following primers: primer 1 (5’-GGATCCTATGGCAGGAAGAAGCGGAGA 

CAGCGACGAAGAGCGACGAAGGCCGTGTGCG-3’) and primer 2 (5’ -

GCGAATTCATGTTTATTGGGCGATCC-3’). Therefore, a BamH 1 site and 

an 11-aa HIV-TAT peptide sequence were introduced to the upper stream of the 

SOD gene, while an EcoR I site and a translational termination codon to the 

down stream of it. All primers used in this study were synthesized by Shanghai 

Sangon Biotech (China).  PCR amplification was performed in a Perkin-Elmer 

model 9600 (USA).  

The reverse transcription product (1.0 µl) was subjected to amplification in a 

25 µl mixture containing 1.0 µl Taq DNA polymerase, 2.5 µl 10×PCR buffer, 

0.5 µl dNTP, 0.5 µl primer 1 and primer 2 and 20 µl ddH2O. The reaction 

mixture was initially heat-denatured at 96 °C for 10 minutes, followed by 30 

cycles of denaturation at 96°C for 40 seconds, primer annealing at 57°C for 45 

seconds and DNA extension at 72°C for 90 seconds. Additional extension for 5 

minutes at 72°C was performed to ensure the completion of PCR products. A 

PCR without RNA template was also run as a negative control. The 

amplification products were analyzed on a 1% (w/v) TAE agarose gel by 
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electrophoresis and visualized by ethidium bromide staining.  

2.3.6     Construction of recombinant plasmid pUCm-TAT-SOD  

The resultant PCR fragments were subcloned into pUCm-T vector to generate 

pUCm-TAT-SOD vector by using a T/A Cloning Kit (Invitrogen, USA) and the 

pUCm-TAT-SOD vector was transformed into the subcloning E. coli DH5a 

strain.  The transformants were cultured on Luria Bertani (LB) medium plate 

with IPTG/X-gal and ampicillin for screening the white positive clones 

(Sambrook et al., 2001). The plasmids pUCm-TAT-SOD were identified with 

restriction endonuclease cleavage (Bam H I and EcoR I), and sequenced by 

Shanghai Sangon Biotech (China). 

2.3.7     Construction of recombinant expression plasmid pGEX-TAT-SOD 

The correct TAT-SOD gene fragment isolated from the pUCm-TAT-SOD 

vector by digestion with Bam H I and EcoR I was ligated into the pGEX vector 

digested by the same enzymes to obtain an expression plasmid, named as 

pGEX-TAT-SOD. For the ligation reaction, 8 µl Target gene fragment, 4 µl 

pGEX vector, 1.5µl 10×T4 DNA ligase buffer and 1.5µl T4 DNA ligase were 

added and the mixture was incubated overnight at 16°C. The schematic 

representation of construction of pGEX-TAT-SOD vector is shown in Figure 

2.4. The pGEX-TAT-SOD vectors were then transformed into E. coli BL21 

(DE3) to obtain recombinant expression E. coli BL21 (DE3)/pGEX strain. 
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Figure 2.4: Schematic representation of the construction of pGEX-TAT-SOD 
expression vector. The amplified TAT-SOD gene was ligated into pUCm-T 
vector. The resulting pUCm-TAT-SOD and pGEX were digested with Bam H I 
and EcoR I, then ligated by T4 DNA ligase. 
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2.3.8     Expression and optimization of TAT-SOD fusion protein 
A positively selected BL21 (DE3)/pGEX strain was used to inoculate an 

overnight pre-culture in LB medium with 100 µg/ml ampicillin at 37°C. This 

pre-culture was used to inoculate 1 litre of fresh LB medium with 100 µg/ml 

ampicillin. Approximately 4 hours later, the absorbance at 600nm of the 

bacterial broth reached 1.0. The flasks were then transferred to a 25°C 

incubator, and IPTG, CuSO4 and ZnSO4 were added to an optimal 

concentration of 1.0 mM/l, 0.5 mM/l and 0.1 mM/l, respectively. Five hours 

later, the cells were harvested by centrifugation at 12000 rpm for 30 minutes at 

4°C and resuspended in the lysis PBS buffer (50 mM/l, pH 7.4), then were 

disrupted by Ultrasonic Cell Crusher (JY92-2D, Ningbo Scientz 

Biotechnology, China) at 400W for 150 cycles (3 seconds working, 3 seconds 

free) in ice-water bath for small-scale preparation or by high pressure 

homogenizer (JG-1A, Ningbo Scientz Biotechnology, China) for large-scale 

preparation. The cell lysate was centrifuged, separated into supernatant and 

precipitate fractions and finally stored at -20°C for further purification. 

To yield the highest-level expression of TAT-SOD protein, the culture 

conditions such as the IPTG concentration (0.25, 0.5, 1.0, 1.5 mM/l), the 

culture temperature (19°C, 25°C, 30°C, 37°C) and the induction durations were 

optimized.  The broth was sampled every 1 or 2 hours and all the fractions 

were analyzed by 12.5% (w/v) SDS-PAGE with Coomassie Brilliant Blue 

staining. Protein concentration was determined by the Bradford method using 

bovine serum albumin (BSA) as standard (Bradford, 1976). 
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2.3.9     Small-scale purification of GST-TAT-SOD and TAT-SOD proteins 

The supernatant of cell lysate containing GST-TAT-SOD fusion protein was 

firstly filtered through a 0.22-µm cellulose acetate membrane filter (Millipore, 

USA) and then applied to a GST affinity column (10×100 mm) packed with 10 

mL of Glutathione Sepharose 4B resin which had been previously pre-

equilibrated in PBS buffer (50 mM/l, pH 7.4). The protein content in eluted 

fractions was measured by absorbance at 280nm with an on-line preparative 

UV detector. After washing to baseline absorbance with 5 volumes of PBS 

buffer, the bound proteins were eluted with PBS buffer (50 mM/l, pH 7.4) 

containing 20 mM/l reduced glutathione. The fractions containing GST-tagged 

fusion protein were pooled for the thrombin digestion step. The digestion was 

carried out overnight at 4°C with a thrombin concentration of 20 units/mg 

protein. After cleavage of the GST tag, the digestion mixture was applied to the 

above GST affinity column that had been equilibrated with PBS buffer (50 

mM/l, pH 7.4) and the un-adsorbed fraction was collected to obtain the TAT-

SOD protein without the GST tag. The column was regenerated sequentially 

with 20 mM/l reduced glutathione buffer and 0.1 M/l NaOH. Finally, the 

purified protein was desalted on a Sephadex G-25 column (26x100mm) in PBS 

buffer (50mM, pH 7.4) and lyophilized for long-term storage. 
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2.3.10     Large-scale purification of TAT-SOD fusion protein  

For large-scale purification, the supernatant of cell lysate containing the GST-

TAT-SOD fusion protein was firstly digested by thrombin overnight at 4°C 

with a thrombin concentration of 40 units per  mg protein to remove the GST 

tag. The digestion mixture was then separated by ethanol precipitation, cold 

absolute ethanol (4°C) was added to a final concentration of 45% (V/V) and 

kept cold at 4°C for 30 minutes. The suspension was centrifuged at 15,000 

rpm, 4°C, for 30 minutes. The resultant pellet was washed three times in 45% 

ethanol and lyophilized for 24 hours at -60°C, and then the pellet was re-

suspended in 20 mM/l Phosphate-Citrate buffer (pH 4.8).  

The above crude protein solution was further applied to a Toyopearl SP-650C 

cation-exchange column (2.5x25 cm) that had been pre-equilibrated with 20 

mM/l phosphate-citrate buffer (pH 4.8). Protein was eluted by a gradient of 

NaCl (0~0.5M) in 20 mM/l phosphate-citrate buffer (pH 7.0) at 0.5 ml/min 

flow rate and monitored online at 280nm with UV detector. The pooled 

fractions with high SOD activity were dialyzed overnight against 20 mM/l 

Tris-HCl buffer (pH 9.0). 

Then, protein sample with the highest SOD specific activity was applied to a 

Poros QE 20 Anion-exchange HPLC column equilibrated with 20 mM/l Tris-

HCl buffer pH 9.0 and eluted with a gradient of NaCl (0~1 M) in 20 mM/l 

Tris-HCl buffer pH 9.0 at 1 ml/min flow rate. The fractions with SOD activity 
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were pooled and dialyzed against 20 mM/l PBS buffer pH 7.0 overnight, then 

lyophilized as above. 

The protein content and SOD activity were monitored for each fraction and 

each purification step. The purified TAT-SOD protein is stable for 

approximately one week at 4°C in solution, and the lyophilized enzyme 

powder can be stored more than one year. 

2.3.11     Reversed-phase High Performance Liquid Chromatography  

Purified biologically active TAT-SOD was quantified and analyzed using a 

KROMASIL C18 column (Pore size: 300 Å, size: 250×4.6 mm, particle size: 

10 µm) on Biocad 700E Perfusion Chromatography Workstation (Applied 

Biosystems). A linear gradient elution was performed by mixing mobile phase 

solvent A containing 0.1% trifluoroacetic acid (TFA) in deionised water and 

mobile phase solvent B contains 0.1% TFA in 100% acetonitrile at a flow-rate 

of 1ml/min. The column temperature was kept at room temperature. The 

injection volume of the sample was 20 µl. Absorbance was read at 280 nm. 

2.3.12     Gel Electrophoresis 

Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) was 

carried out according to the method of Laemmli using 12.5% polyacrylamide 

gel (Laemmli, 1970). Protein bands were visualized by Coomassie Brilliant 

Blue R-250 staining. The following proteins were used as SDS–PAGE 

electrophoresis molecular weight standards: rabbit phosphorylase b (97.4 kDa), 
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bovine serum albumin (66.2 kDa), rabbit actin (43 kDa), bovine carbonic 

anhydrase (31 kDa), trypsin inhibitor (20.1 kDa), and hen egg white lysozyme 

(14.4-kDa). 

2.3.13     SOD Activity Assay  

SOD activity was assayed using the Sigma SOD assay kit (Sigma, 19160) 

following the manufacturer's instructions. This assay is based on the xanthine/ 

xanthine oxidase catalytic system (Spitz et al., 1989). Xanthine oxidase 

catalyzes the oxidation of xanthine to uric acid and in the process generates 

superoxide radicals O2
–.. The O2

–· production is coupled to the reduction of 

cytochrome C (a colorimetric reaction) allowing for quantitative measurement. 

The SOD containing sample added to the assay mixture will convert the O2
–· to 

H2O2 and O2, therefore slowing the rate of cytochrome C reduction, which is a 

colorimetric reaction. 

2.3.14     Cell Culture 

Human hepatic cells L-02, human hepatoma cells and Madin-Darby canine 

kidney (MDCK) epithelial cells were obtained from the Bio-resources 

Collection and Research Center of Taiwan (BCRC). Cells were cultured in 

Minimal Essential Medium/Earle's balanced salt solution (MEM/EBSS) 

(Hyclone Cat. No. SH30244.02) or RPMI1640 Medium (Hyclone Cat. No. 

SH30096.02), supplemented with 5 % fetal bovine serum (Hyclone Cat. No. 

SH30088.03HI) and antibiotics (80 mg/l penicillin and 100 mg/l streptomycin) 

in an incubator (Thermo Forma 3111, USA) at 37°C under 5% CO2 in air. Cell 
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culture media was replenished at 3-day intervals. 

2.3.15     MTT Cell Proliferation Assay 

Sensitivity of MDCK cells following treatment with TAT-SOD under UV 

irradiation was measured using 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) cell viability assay (Mosmann et al., 

1983). The MTT reagent is a soluble tetrazolium salt that is converted to an 

insoluble formazan pigment in active, viable cells via the enzymatic activity of 

a mitochondrial dehydrogenase. Dead or non-active cells will not cleave the 

tetrazolium salt to the insoluble formazan state. The quantity of formazan 

pigment was measured by spectrophotometry. 

MDCK cells were harvested from a 25 cm3 flask by centrifugation and 

resuspended in fresh medium to make a stock cell suspension containing 4×105 

cells/ml. The cells were trypsinized and plated in 96-well plates (100 µl per 

well) and allowed to adhere overnight. Culture medium was removed after 24 

hours and the cells were washed with PBS buffer. Then the cells were treated 

with different concentrations (560, 480, 400, 320, 240, 160 and 80 units) of 

TAT-SOD or SOD samples diluted with MEM and 10% FBS (200 µl per well). 

After treatment for 3 hours, the cells were exposed to UV-C light (253.7 nm, 

30 W, 220 V) for 45 minutes at a distance of 60cm. When the irradiation 

finished, the media without 10% FBS was refreshed and the cells were further 

incubated for 24 hours. Then 50 µl of MTT reagent (1mg/ml) was added to 

each well, and the plates were further incubated for 3 hours. Finally, the 
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supernatant was discarded and 150 µl of DMSO was added to dissolve the 

formazan crystals. The plates were shaken at room temperature for 10 minutes 

and absorbance was determined using a spectrophotometer at a wavelength of 

590 nm. Experiments were performed in at least triplicate. The cell survival 

rate was calculated by the following formula (Mosmann et al., 1983):  

Cell Survival Rate (%) ＝ A590 TREATED/ A590CONTROL × 100%. 

2.3.16     Statistical Analysis 

The significance of differences between control and treated groups was 

analyzed using Student's “t” test. Differences were considered significant at 

P<0.05 and significant values were represented by an asterisk. Data were 

analyzed using Excel 2000 software. All data were presented as mean ± 

standard deviation. 
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2.4     Results and Discussion 

2.4.1     Construction and transformation of TAT-SOD gene 

RT-PCR products were obtained with the total RNA of human liver as template 

by AMV reverse transcriptase and Taq DNA polymerase and inserted into the 

pUCm-T vector after cleavage and ligation reaction. The subcloning host E. 

coli DH5 was transformed with the pUCm-TAT-SOD vector and then the 

transformants were selected from LB plates containing ampicillin. The 

positively selected transformant clone containing the TAT-SOD gene was 

confirmed using agarose gel electrophoresis followed by DNA sequencing. As 

shown in Figure 2.5, the TAT-SOD gene consisted of 513 bp, which encoded a 

predicted protein of 171 amino acids. Sequence analysis showed that the main 

band of the TAT-SOD gene included the complete coding sequence of human 

copper-zinc-SOD cDNA (GenBank Accession No. NM00454) (Figure 2.6). 

Sequence encoding an 11-aa HIV-TAT peptide and two additional restriction 

endonuclease sites BamH I and EcoR I had been introduced at the 5’ and 3’end 

of the cDNA encoding human copper-zinc-SOD. The cloned TAT-SOD gene 

showed 99.8% identity with human copper-zinc-SOD. Only one substitution 

from glycine (Gly) to aspartate (Asp) was found at position 114, which was 

likely to be due to misincorporation by the Taq DNA polymerase during PCR 

(Huang et al., 1992). As this mutation was not found in the active site of 

enzyme (Yim et al., 1993), it seemed unlikely that it would result in a large 

reduction in SOD activity (which was subsequently confirmed by SOD assays). 



  110 

Finally, the above TAT-SOD gene (513 bp) was sub-cloned into the pGEX 

expression vector. The recombinant plasmid pGEX-TAT-SOD was identified 

by restriction endonuclease cleavage and sequencing (Figure 2.8). The 

sequencing results confirmed that the ORF encoding the correct TAT-SOD 

fusion polypeptide of 171 amino acid residues was present.  

 

Figure 2.5:  Agarose gel (1%) electrophoresis analysis of the RT-PCR product. 
Lane M, DNA Marker;  
Lane 1 and 2, RT-PCR product (TAT-SOD gene). 
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Figure 2.6:   Nucleotide sequence comparison of the cDNA encoding TAT-
SOD against GenBank database human copper-zinc-SOD nucleotide sequences 
(GenBank Accession No. NM00454).  
Sbjct: sequence of human copper-zinc-SOD from GenBank database;  
Query: sequence of TAT-SOD gene from RT-PCR product. 
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Figure 2.7：  The  restriction map of pGEX-TAT-SOD expression vector. 
 

 
Figure 2.8: Identification of recombinant plasmid pGEX-TAT-SOD by 
restriction enzyme digestion.  
Lane M1, DNA Marker 1;  
Lane 1, plasmid pGEX-TAT-SOD;  
Lane 2, plasmid pGEX-TAT-SOD digested by EcoR I;  
Lane 3, plasmid pGEX-TAT-SOD double digested by EcoR I and BamH I; 
Lane M2, DNA Marker 2. 
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2.4.2     Expression and optimization of recombinant GST-TAT-SOD 
protein  

Escherichia coli strain BL21(DE3) was used as host for the expression of 

recombinant GST-TAT-SOD proteins. The host strains, harboring the plasmid 

pGEX-TAT-SOD, were induced with 0.5 mM/l IPTG at 25°C for 8 hours. The 

fusion protein expression with or without IPTG induction was analyzed by 

SDS-PAGE as shown in Figure 2.9. The above results revealed that the GST-

TAT-SOD fusion protein of about 44 kDa was expressed in the soluble form, 

which was consistent with the predicted molecular weight (17 kDa from SOD, 

26 kDa from GST and 1 kDa from TAT peptide).  

 
Figure 2.9: SDS–PAGE (12.5%) analysis of GST-TAT-SOD fusion protein 
expression in E. coli BL21(DE3). The expression was induced with 0.5 mM 
IPTG at 25°C. 
Lane1, total proteins from crushed cells without induction;  
Lane 2, total proteins from crushed cells after 2 hours induction;  
Lane 3, total proteins from crushed cells after 4hours induction; 
Lane 4, total proteins from crushed cells after 6hours induction; 
Lane 5, total proteins from crushed cells after 8hours induction. 
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Recombinant proteins expressed in E. coli are often produced as aggregates 

called inclusion bodies. In most of applications, it is desirable to express target 

recombinant proteins in their soluble active forms, as the presence of inclusion 

bodies always limit further purification. Fortunately, in the present study, the 

GST-TAT-SOD protein was expressed efficiently in soluble form with proper 

biological activity in the E. coli strain.  The GST tag was chosen as carrier 

fused to the N-terminus of TAT-SOD to enhance the solubility of the 

recombinant TAT-SOD protein. Greater than 90% of the expressed target 

protein was soluble as demonstrated by comparing lane 5 with lane 6 in Fig. 

2.11. The host used in the study was the trxB /gor mutant E. coli BL21(DE3), 

which greatly facilitates disulphide bond formation in expressed proteins (Du 

et al. 2010). It was reported that the trxB /gor mutant strains had the potential 

to enhance disulphide bond formation and ultimately solubility and activity to a 

greater degree than the trxB -only mutants (Bessette et al. 1999).  

To maximize the yield of soluble and active enzyme, a series of expression 

trials were made (Figure 2.9, 2.10, 2.11). The best expression conditions for the 

GST-TAT-SOD protein were found as follows: optimal induction duration 8 

hours, optimal IPTG concentration 0.5 mM/l and optimal culture temperature 

25°C. As estimated by optical density scanning of lane 6 in Figure 2.11, the 

soluble GST-TAT-SOD protein comprised more than 40% of the total cellular 

soluble proteins. 



  115 

 
Figure 2.10： Effects of IPTG concentration on GST-TAT-SOD fusion protein 
expression. The expression was induced at 25°C for 8 hours. Lane 1: final 
IPTG concentration of 0.25 mM/l was added; Lane 2: final IPTG concentration 
of 0.5 mM/l was added; Lane 3: final IPTG concentration of 1.0 mM/l was 
added; Lane 4: final IPTG concentration of 1.5 mM/l was added. 

 

Figure 2.11: Effects of the induction temperature on GST-TAT-SOD fusion 
protein expression. The expression was induced at different temperatures for 8 
hours and a final 0.5 mM/L IPTG were added.  
Lane 1: total proteins from crushed cells induced at 37°C;  
Lane 2: supernatant from crushed cells induced 37°C;  
Lane 3: total proteins from crushed cells induced at 30°C; 
Lane 4: supernatant from crushed cells induced 30°C;  
Lane 5: total proteins from crushed cells induced at 25°C; 
Lane 6: supernatant from crushed cells induced 25°C; 
Lane 7: total proteins from crushed cells induced at 19°C; 
Lane 8: supernatant from crushed cells induced 19°C. 
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2.4.3     Small-scale Purification of TAT-SOD protein 

The existence of the glutathione S-transferase (GST) tag on the carrier protein 

provides an effective one-step purification of the fusion protein by glutathione 

affinity column chromatography. After IPTG induction, the cell pellet was 

sonicated and the supernatant was applied to a glutathione affinity column. 

Protein without GST tag was removed from the glutathione-Sepharose 4B resin 

by washing with PBS buffer (50 mM/l, pH7.4), and the fusion protein with 

GST tag was then eluted with PBS buffer containing 20 mM/l reduced 

glutathione. The eluted fraction was detected by SDS-PAGE and the purity of 

GST-TAT-SOD fusion protein was judged to be 90% (Lane 2, Figure 2.12). 

The purified GST-TAT-SOD fusion protein was then cleaved with thrombin for 

16 hours at 4°C to release TAT-SOD. The subsequent reaction mixture was 

reloaded onto the glutathione affinity resin for further purification. The TAT-

SOD protein was obtained in the flow-through, whereas the GST tag was 

retained by the resin. The apparent molecular weight of TAT-SOD was 

consistent with the calculated molecular weight of 17-kDa and the purity 

determined by optical density scanning of the SDS-PAGE gel was about 95% 

(Lane 3, Figure 2.12). A summary of the purification is presented in Table 2.1. 

Based on the Bradford protein assay, the final yield of purified TAT-SOD was 

about 300 mg/l culture broth and final recovery of this protein was 52%. This 

demonstrated a relatively higher level of recombinant protein expression, 

compared to those previously reported for recombinant copper-zinc-SOD 
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expression in a prokaryotic expression system (Hartman et al., 1986; Hong et 

al., 1992). 

 
Figure 2.12:  Purification of the TAT-SOD protein with SDS-PAGE (12.5%) 
analysis.  
Lane M, protein molecular marker; 
Lane 1, supernatant from crushed cells induced with IPTG;  
Lane 2, purified GST-TAT-SOD fusion protein; 
Lane 3, purified TAT-SOD protein after thrombin digestion.  
 

Purification steps 
Total 

activity 
(units) 

Total 
protein 
(mg) 

Specific 
activity 
(units/mg) 

Yield 
(%) 

Purification 
fold 

Crushed cell extract 
(supernatant) 2.063×106 10470 197 100  

First Glutathione 
affinity 

chromatography 
1.078×106 890 1211 52.3 6.15 

Second Glutathione 
affinity 

chromatography 
after Thrombin 
digestion 

0.85×106 300 2833 41.2 14.38 

Table 2.1: Small-scale purification of TAT-SOD from 1 litre E.coli culture 
broth. 
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2.4.4     Large-scale Purification of TAT-SOD fusion protein 

For large-scale purification, the supernatant of the cell lysate containing the 

GST-TAT-SOD fusion protein was firstly digested with thrombin overnight at 

4°C with a thrombin concentration of 40 units /1mg protein to remove the GST 

tag. One step of ethanol precipitation and two steps of preparative ion-

exchange chromatography followed. This made the purification profile much 

more economic than the previous procedure using the Glutathione affinity 

chromatography.  

The large-scale purification of the TAT-SOD protein from the crude culture 

broth to HPLC-grade purified protein is summarized in Table. 1. The total 

activity in the crude protein solution was 2.063×106 units with a specific 

activity of 192.4 units/mg. The crude protein solution was firstly subjected to 

ethanol precipitation. A preliminary experiment indicated that the optimum 

volume ratio of crude protein solution to ethanol was 55:45. The results 

showed that the activity recovered was 95.6% and the specific activity 

increased 1.26 fold at this stage. The precipitate once formed, was collected by 

centrifugation and dissolved in 20 mM/l phosphate-citrate buffer (pH 4.8) for 

further purification. 
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Purification steps 
Total 

activity 
(units) 

Total 
protein 
(mg) 

Specific 
activity 
(units/mg) 

Yield 
(%) 

Purification 
fold 

Crushed cell extract 
with Thrombin 

digestion 
(supernatant) 

2.063×106 10720 192.4 100  

Ethanol precipitation 1.973×106 8139.4 242.4 95.6 1.26 

SP-650C 
Cation-exchange 1.555×106 873.7 1779.7 75.4 9.25 

QE 20 
Anion-exchange 1.415×106 377.2 3751.8 68.6 19.5 

Table 2.2: Large-scale purification of TAT-SOD from 1 litre E.coli culture 
broth. 

The next step of the purification involved a Toyopearl SP-650C Cation-

exchange column (2.5x25 cm). Four fractions were found in the eluate with a 

linear gradient of 0~0.5 M/l NaCl in 20 mM/l phosphate-citrate buffer pH 7.0 

(Figure 2.13). 2 ml sample of each fraction was concentrated and analyzed by 

SDS-PAGE and SOD activity assay. The P1 fraction, which had the highest 

SOD specific activity was showed by two bands on SDS-PAGE with molecular 

weights of 17 kDa and 44 kDa, corresponding to the TAT-SOD and GST-TAT-

SOD fusion proteins respectively (Figure 2.14). The 17 kDa band was also 

observed in three other fractions containing SOD activity P2, P3 and P4. The 

band intensity correlated with the SOD activities in the fractions, indicating the 

presence of the TAT-SOD protein. The observation that the TAT-SOD protein 

eluted as a sharp peak when the eluate was 20 mM/l phosphate-citrate buffer 

pH7.0 without NaCl, indicated that TAT-SOD did not bind strongly to the 

column at pH7.0 and suggested that its isoelectric point (pI) is 7.0 or higher. 
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Then fractions corresponding to the P1 peak were pooled, concentrated, and 

used for the next purification step. At this stage, there was 9.25 fold 

purification and 75.4% recovery yield of the enzyme activity. 

 
Figure 2.13:  Cation-exchange chromatography of the ethanol precipitation 
fraction on a Toyopearl SP-650C column. The column was pre-equilibrated 
with 20 mM/l phosphate-citrate buffer (pH 4.8). 
 

 
Figure 2.14:  Silver stain of SDS-PAGE of prepared fractions from a 
Toyopearl SP-650C column.  
Lanes: 1, crushed cell extract with Thrombin digestion; Lane 2, Flow-through 
peak; Lane 3, Fraction P1; Lane 4, Fraction P2; Lane 5, Fraction P3; Lane 6, 
Fraction P4. The arrowhead indicates the position of TAT-SOD protein. 
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The final step of the purification involved a Poros QE 20 Anion-exchange 

HPLC column. Two resulting peaks 1 and 2 were found in the eluate with a 

linear gradient of 0~1 M/l NaCl in 20 mM/l Tris-HCl buffer pH 9.0 (Figure 

2.15). Each fraction was concentrated and analyzed by SDS-PAGE and SOD 

activity assay to determine the purity. These results (Figure 2.16) confirmed 

that the 17 kDa band did represent SOD activity, and since the resolving power 

of silver staining was 1ng, they were consistent with the conclusion that the 

final step resulted in complete purification of TAT-SOD protein. The purity of 

the final separation increased about 19.5 fold as compared to that of crude 

fermentation broth, with 68.6% recovery of the activity. 

 
Figure 2.15:  Poros QE 20 Anion-exchange HPLC chromatography of the 
fraction P1 obtained by preceding chromatography. The column was pre-
equilibrated with 20 mM/l Tris-HCl buffer pH 9.0. 
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Figure 2.16: Silver stain of SDS-PAGE of fractions from a Poros QE 20 
Anion-exchange HPLC column.  
Lane 1, Fraction P1 obtained by preceding chromatography; Lane 2, crushed 
cell extract with thrombin digestion (supernatant); Lane 3, Peak 1; Lane 4, 
Peak 2; Lane M, Molecular weight marker. The arrowheads indicate the 
positions of the GST-TAT-SOD and TAT-SOD protein, respectively. 
 

2.4.5     Characterization of the purified TAT-SOD protein 

The most commonly used method to check the purity of a protein preparation 

is 1D or 2D gel electrophoresis. An alternative method to gel electrophoresis is 

reversed-phase HPLC, which has several advantages of high resolution and 

allowing quantification (Dolan et al., 2002).  

The purity of TAT-SOD was further checked by a KROMASIL C18 reversed-

phase HPLC column. A single sharp peak was detected at 23.5 minutes using 

absorbance at 280 nm, indicating 100 % purity of the preparation (Figure 2.17).  
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Figure 2.17:  Reversed-phase HPLC chromatography of peak 2 derived from 
Poros QE 20 Anion-exchange HPLC. The purity was checked with a 
KROMASIL C18 reverse-phase column. Sample was eluted with a linear 
gradient made by solvents A containing 0.1% trifluoroacetic acid (TFA) in 
100% water and solvent B containing 0.1% TFA in 100% acetonitrile. The 
elution profile was monitored by absorbance at 280 nm. 

 

2.4.6     Effect of TAT-SOD on UVC-induced Cell Death 

To determine the influence of TAT-SOD on UV irradiated MDCK epithelial 

cell death, the mitochondrial activity of the cells was monitored by the MTT 

assay. Wild-type SOD without TAT peptide was used as a negative control to 

identify the intracellular delivery efficiency of the TAT peptide. Addition of 

TAT-SOD or wild-type SOD to the culture medium without UVC irradiation 

both showed no cytotoxicity at concentrations up to 100,000 units (data not 

shown).  
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Compared with un-irradiated MDCK epithelial cells, exposure to UVC 

irradiation for 45 minutes without administration of TAT-SOD resulted in a 

significant cell loss. However, the total count of MDCK cells after UVC 

irradiation increased remarkably with 500 units TAT-SOD treatment (Figure 

2.18). The effect was not due to TAT-SOD proliferative activity, because 

TAT-SOD alone did not affect the cell viability. Cell viability was also 

assessed by the MTT assay. The significant increase observed at different UVC 

irradiation time (15, 25, 35 and 45 minutes) following TAT-SOD treatment 

was consistent with those visual observed data (Figure 2.19). It also appeared 

that wild-type SOD did not exert a similar protective effect on UVC-induced 

MDCK cell death with the same concentration of TAT-SOD, which is 

consistent with the idea that wild-type SOD without TAT peptide hardly 

penetrates the cell membrane to quench the intracellular free radicals induced 

by UVC. 

 
Figure 2.18: MDCK epithelial cell loss after 45 minutes UVC irradiation.  
Normal group: Cells without treatment of TAT-SOD and UVC irradiation; 
Treated group: Cells with treatment of TAT-SOD (500 units) and UVC 
irradiation; Control group: Cells under UV irradiation without treatment of 
TAT-SOD. The photographs were taken with an inverted microscope. (200× 
magnification) 
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Figure 2.19: Effects of TAT-SOD and wild-type SOD on the viability of 
MDCK epithelial cells after exposure to UVC irradiation. 

 
Figure 2.20:  Effects of TAT-SOD and wild-type SOD pretreatment at different 
concentrations on the viability of MDCK epithelial cells after exposure to UVC 
irradiation. 

Also, cell viability after UVC irradiation increased in a dose-dependent manner 

following TAT-SOD treatment (Figure 2.20). The protective effect of TAT-

SOD on the UVC-induced cell death could be demonstrated from 80 units of 

SOD activity. Higher doses of TAT-SOD remarkably increased the positive 

effect as compared to wild-type SOD. Again, there was no significant 

difference between the test groups with or without wild-type SOD, which 
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indicated that the MDCK cells did not benefit from the treatment of wild-type 

SOD after UVC irradiation. These results above remind us that poor 

transmembrane efficiency is still a substantial obstacle to bioactive protein 

drug delivery. 

2.5     Conclusions 

In summary, the E. coli expression system described here provides a feasible 

and convenient low-cost approach for the production of soluble recombinant 

TAT-SOD fusion protein with biological activity. This lays the foundation for 

possible pharmaceutical applications of the TAT-SOD fusion protein. 

Evidence was obtained that the TAT-SOD fusion protein increased cell 

viability after UVC irradiation of cultured MDCK epithelial cells, 

demonstrating the protective effects of the TAT-SOD against the UV-induced 

cell damage. Further in vivo studies examining DNA damage after UV 

exposure will be described in the next chapter. 



 

 

 

Chapter 3 

 

Effects of TAT-SOD against  

Ultraviolet Induced Skin Damage 
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3.1     Introduction 

3.1.1     Skin structure and functions 

Skin is the largest complex organ of the human body with a surface area of 1.5-

2m2. It plays the extremely important role of providing a physical barrier 

against mechanical, chemical, and biological factors that may harm the 

physiological status of the body (Haake et al., 1999). In addition to these 

functions, skin also acts as a major sensory organ sensing the various 

environmental influences. It maintains the internal aqueous homeostasis, and 

provides a unique defence system against UV radiation (UVR) through 

pigments (Pathak, 1995). Human skin is structurally divided into three layers: 

epidermis, dermis and hypodermis (subcutaneous fatty layer). 

3.1.1.1     Epidermis 

The epidermis is an external, stratified epithelium devoid of blood or nerve 

supplies of 5-100 µm thickness (Tobin et al., 2006). It consists of five layers: 

stratum basale, stratum spinosum, stratum granulosum, stratum lucidum and 

stratum corneum (Figure 3.1). The epidermis keeps constantly self-renewing 

throughout life, retaining on an appropriate balance between cell loss from the 

surface of the stratum corneum and growth at the stratum basale.  
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Figure 3.1: The structure of skin. Adapted and modified from 
http://classes.midlandstech.edu/carterp/Courses/bio210/chap05/lecture1.htm.  

The stratum basale (also known as the basal layer or stratum germinativum) is 

a continuous single layer of cuboidal epithelial cells attached to a noncellular 

basement membrane, which separates the epidermis from the dermis. The main 

constituent of this layer is basal keratinocytes, epidermal stem cells, which 

proliferate and create daughter cells that migrate to the superficial layer 

(Alonso et al., 2003). In the stratum spinosum, the keratinocytes become large 

and polyhedral in shape with limited capacity for cell division. The stratum 

granulosum contains flattened, polyhedral non-dividing keratinocytes with a 

high density of maturing keratin granules in the cytoplasm. These cells are 

flattened as dividing cells underneath them progressively push them toward the 

skin surface (Baba et al., 2005). During migration through the stratum 

spinosum and stratum granulosum, the keratinocytes keep differentiating and 



  130 

undergoing huge changes in composition and structure. As a consequence, 

these keratinocytes convert to cornified cells that contain abundant keratin but 

lack cytoplasmic organelles, and eventually form the topmost layer of the 

epidermis, the stratum corneum (Fuchs, 2007).  

Other cells in the epidermis including melanocytes, Langerhan and Merkel 

cells, are scattered sparsely between the keratinocytes and they individually 

serve very specific functions (Figure 3.1). Melanocytes are responsible for the 

pigmentation of the skin and hair by transferring protective melanin to 

keratinocytes (Hirobe, 2004). Langerhan cells are the antigen presenting 

dendritic cells which play an essential role in immunological reactions (Liu, 

2001). Merkel cells, which are neuroendocrine cells, are responsible for the 

transmission of touch sensation through the cutaneous nerves (Kanitakis, 2002). 

3.1.1.2     Dermis 

The dermis is a much thicker layer around 1 to 4 mm under the epidermis. It 

provides nutritive, immune and structural support for the epidermal layers in 

addition to an important role in regulating temperature, pressure and pain 

(Young et al., 2000). The vast network of connective tissue (fibrous, 

filamentous and amorphous) determines the tensile strength and elasticity of 

the skin, and houses the blood vessels, lymph vessels, nerve fibres and 

appendages of the skin. Appendages such as the pilosebaceous units (hair 

follicles and sebaceous glands) and sweat glands (eccrine and apocrine) are 
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derived from this region (Powell et al., 2002). The main cells present in the 

dermis are fibroblasts that produce the connective tissue components (collagen, 

elastin, and fibrillin), mast cells that provide immune and inflammatory 

responses and macrophages (Marieb et al., 2007).  

3.1.1.3     Hypodermis 

Below the dermis is the hypodermis, which is predominantly made up of 

adipocytes (fat cells). It is an important part of thermoregulation, energy store 

and a buffer against mechanical injury (Kanitakis, 2002).  

Together these layers form an organ that is unique in its ability to protect us 

from the outside world, as well as to allow us to gain information about our 

surroundings. The skin is an amazingly versatile organ that has a major 

influence on the rest of the body. 

3.1.2     Ultraviolet radiation 

The electromagnetic radiation originating from the sun and reaching the earth’s 

surface has a wide range of wavelengths (Figure 3.2). It consists of various 

radiation types ranging from high frequency gamma radiation to low frequency 

radio waves, and including ultraviolet radiation (UVR) (Diffey, 2002). Among 

them, UVR is a potent environmental carcinogen and is largely responsible for 

the worldwide spread of skin cancer. 
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Figure 3.2: Complete electromagnetic spectrum with subdivision of UV 
spectrum. Adapted from (Elsner et al., 2007) 

The ubiquitous solar UV radiation can be subdivided into three spectral regions 

according to their wavelengths: UVA [400-320nm], UVB [320-290nm] and 

UVC [290- 200nm] (Figure 3.2).  These three spectral regions have been 

designated in this way by dermatological photobiologists on the basis of their 

biologic effects (Diffey, 1991). The energy level of UV light is inversely 

related to its wavelength with UVC possessing higher energy than UVB, while 

UVA has the lowest energy level. The stratospheric ozone layer screens out 

most of the biologically dangerous UV radiation, particularly UVC and up to 

90% of UVB. Thus, terrestrial UVR mainly consists of approximately 94–97% 

UVA and 3–6% UVB, and negligible amount of UVC reaches the earth’s 

surface as well as our skin (Parisi et al., 2000).  
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Figure 3.3: Relative penetration of UVR into human skin. Adapted from 
(Elsner et al., 2007). 

The penetration of UVR into the skin is dependent on wavelength, the longer 

the wavelength the deeper the penetration (Figure 3.3) (Ibrahim et al., 2008). 

Although UVA is less energetic than UVB, it penetrates more deeply into the 

skin, reaching the basal layer of the epidermis and even the dermal fibroblasts 

due to its longer wavelength (Marrot et al., 2008). Furthermore, recent studies 

have suggested that the effects of UVA radiation are more long-term, and 

exposure to UVA can build with time. While UVA has historically been 

implicated in skin aging, now it has been also linked with the development of 

skin carcinogenesis along with UVB (Latonen et al., 2005) .  

The level of UV radiation exposure is also affected by a number of conditions, 

such as the time of day, season, latitude, altitude and air pollution (McKenzie 

et al., 2003). Of special concern is the increased UVB radiation, resulting from 

ozone depletion in the upper atmosphere, which leads to an increase in the 

most carcinogenic part of UV radiation to reach the earth surface. Apart from 
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the natural sunlight, the popularity of UVA sunbed use for recreational tanning 

in the last decade has also raised additional concerns about artificial UV 

sources of human exposure (Gallagher et al, 2006). 

3.1.3     Skin damage by ultraviolet radiation 

3.1.3.1     Sunburn erythema 

Erythema or sunburn is an acute and conspicuous cutaneous inflammatory 

response that follows excessive exposure of the skin to ultraviolet radiation 

(Diffey, 1998; Harrison et al, 2002). It is caused principally by UVB and short-

wavelength UVA, and is associated with the classic signs of inflammation, 

such as redness, warmth, tenderness and edema (Clydesdale et al., 2001). The 

redness of the skin is caused by dilation of the blood vessels in the dermis. 

Much of the direct evidence that the action spectrum for erythema is consistent 

with cyclobutane pyrimidine dimers (CPD) induction. It also suggests that 

epidermal DNA is a major chromophore for erythema and that DNA damage is 

an important trigger for erythema (Marrot et al., 2008; Nakanishi et al., 2009). 

More severe reactions may lead to pain, blistering and peeling (Diffey, 1998). 

Since erythema is readily visible by non-invasive methods and can be 

monitored over time, it has often been used in photobiological studies on skin. 

The effectiveness of UV in inducing erythema declines rapidly as the 

wavelength increases. To produce the same erythemal response, approximately 

1000 times more UVA irradiation dose is needed compared with UVB (Parrish 
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et al., 1982). The time course of erythema also depends on the wavelength. 

UVB-induced erythema occurs approximately 4 hours after exposure, peaks 

around 8–24 hours, and fades over a day or so; in fair-skinned and older 

people, UVB erythema may last for weeks (Murphy et al., 2001; Sheehan et 

al., 2002). The time courses for UVA-induced erythema and tanning is 

biphasic. Erythema is often evident immediately after the period of irradiation; 

it fades partly or completely in several hours, but is followed by a delayed 

erythema starting at 6 hours and reaching a peak at around 24 hours (Ibbotson 

et al., 1999).  

The degree of erythema (sunburn) depends on many host factors, such as skin 

phototype, hydration, age, and anatomical site (Fitzpatrick, 1988). Compared 

with fair skin (skin type 1), moderately pigmented skin requires 3–5 times 

more exposure to cause erythema; dark skin requires up to 30 times more. Skin 

hydration is also an important factor, as UV radiation penetrates moist skin 

more effectively than dry skin. The erythema response also varies with the 

different anatomic site, because of regional variation regarding skin thickness 

and previous exposure (Olson, 1966). Furthermore, infants and elderly people 

tend to have lower erythema thresholds and are more susceptible to skin 

damage (Gilchrest et al., 1982).  

The minimal erythemal dose (MED) is the unit used to determine the ability of 

UV radiation to induce erythema. MED is defined as the minimum amount of 

radiation that produces erythema 24 hours after exposure (Harrison et al., 
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2002). One MED corresponds to 200 to 250 J/m2 in people with Fitzpatrick 

skin type I (Diffey, 1992; Moehrle et al., 2003). The MED is not a standard 

measure but encompasses the variable nature of individual sensitivity to 

ultraviolet radiation (Diffey, 1994). It has the advantage over radiometric units 

in that it is directly related to the biological consequences of exposure in a 

given individual. 

3.1.3.2     UV induced DNA damage  

DNA damage is a key-initiating event in the induction of skin cancer by UV 

radiation, and UVA and UVB have distinct genotoxic properties on the skin 

(Melnikova et al., 2005). UVB radiation gets absorbed by photosensitive 

molecules within the skin called chromophores. DNA is a direct chromophore 

for UVB radiation (Clingen et al., 1995), as it contains aromatic heterocyclic 

nitrogen bases. Adjacent pyrimidines in a DNA strand are particularly 

vulnerable to dimerization by UVB radiation. The most frequent photolesions 

induced by UVB are cyclobutane pyrimidine dimers (CPD) and pyrimidine (6-

4) pyrimidone photoproducts (6-4)PPs (Sage et al., 1993). The cyclobutane 

rings of CPDs are formed between the 5,6 bonds of two adjacent pyrimidine 

bases (thymine, cytosine, or 5-methylcytosine). (6-4)PPs arise through a 

complicated rearrangement and contain a stable single bond between position 6 

and position 4 of two adjacent pyrimidine bases. In most experimental systems 

studied, the CPDs are the predominant lesion and occur four to ten times more 

frequently than the (6-4)PPs (Tadokoro et al., 2003). Although the DNA repair 
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machinery is largely able to correct the damage, this is an error-prone process. 

Incorrect repair of these damaged DNA lesions leads to mutations in the 

epidermal cells, thus initiating the development of cancer. CPD and (6-4)PPs 

can subsequently lead to highly specific mutations, namely CC-TT double base 

substitutions and C-T substitutions at dipyrimidine sites; these are known as 

UVB fingerprint mutations (Brash et al., 1991).  

It was reported that over 50% of basal cell carcinoma (BCC) and squamous 

cell carcinoma (SCC) contain UVB fingerprint mutations (Ziegier et al., 1993). 

Even suberythemal doses of UVB can immediately induce CPD and (6–4)PPs 

in human skin (Young et al., 1998). In addition, several products based on less 

damaged DNA, such as certain purine dimers and pyrimidine photohydrates, 

are also created (Pfeifer, 1997). 

Earlier investigations of DNA photolesions have been based on the dogma that 

UVA absorption by DNA is weak, consequently leading to the methodological 

ease in utilizing UVC and UVB for research. However, there is growing 

evidence demonstrating that UVA can penetrate deeper into the skin than UVB 

and reach the dermal germinative layer (Bruls et al., 1984). In addition, UVA 

makes up around 95% of terrestrial UV and is 20-fold more intense than UVB 

in sunlight. Thus, the recognition of a potential role of UVA in the genesis of 

skin cancers has shifted the focus of photolesion research from UVC/UVB to 

UVA in the last decade. Indeed, the less energetic UVA photons trigger 

endogenous photosensitized processes in the skin. This leads to the release of 
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reactive oxygen species (ROS), which may then damage a broad range of 

cellular targets, including DNA, proteins, lipids and membrane (Cadet et al., 

2005). UVA radiation is now recognized as a class I carcinogen (Ghissassi et 

al., 2009).  

There has been some disagreement regarding the yields of cyclobutane 

pyrimidine dimers in the UVA range. Chromatographic measurements and 

analyses by the alkaline elution technique have shown that UVA radiation also 

induced CPD formation in keratinocytes and melanocytes, but required much 

higher doses than UVB (Mouret et al., 2006). Recent work has quantified all 

the possible DNA photoproduct species induced by UVB and UVA using 

sensitive mass-spec techniques, and found that the yield of UVA-induced CPDs 

was substantially greater than the ROS-associated photoproduct 8-oxo-7,8-

dihydro-2’-deoxyguanosine (8-oxo-dG) (Mouret et al., 2006; Courdavault et 

al., 2004). This series of observations support a role for UVA induced CPDs in 

photocarcinogenesis and also raised the question of whether the mutagenic 

properties of UVA was really mediated by the oxidative DNA damage or by the 

predominant CPD lesions.  

Numerous investigations have been made over the past decade to clarify the 

exact role of UVA in photocarcinogenesis and some confirmative evidence has 

emerged recently. Most interestingly, a striking spatial distribution of UVA and 

UVB fingerprint mutations was detected in human skin squamous cell 

carcinomas using laser capture microdissection and immunohistochemical 
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(IHC) staining UVA fingerprints were largely basally distributed as opposed to 

a suprabasal predominance of UVB mutations (Agar et al., 2004). The 

predominance of UVA mutations in the basal cell layer reinforced the pivotal 

role UVA played in skin carcinogenesis. It should also be noted that in the past, 

most sunscreens were formulated for UVB protection but not UVA. Around 

95% of tanning beds use UVA as a tanning source. The revised emphasis of sun 

protection not just from UVB but also from UVA irradiation would have a 

profound influence on the future prevalence of skin cancer. 

 
Figure 3.4: The major UVB- and UVA-induced DNA photoproducts are 
induced at different wavelengths. The diagram shows the subdivision of the 
solar UV spectrum. The specific DNA lesions produced by UVA and UVB in 
this range of wavelengths are indicated by arrows. Adapted and modified from 
(Pfeifer et al., 2012). 

3.1.3.3     p53 tumor suppressor gene and protein overexpression  

The p53 tumor suppressor gene is one of the most diversified and complex 

molecules involved in cellular functions. The p53 gene is a highly conserved 

11 exon gene that is located on the short arm of chromosome 17 (Lamb et al., 

1986). It codes for a 53-kDa phosphoprotein which is involved in gene 

transcription and in the control of the cell cycle by coordinating transcriptional 

control of other regulatory genes (Levine et al., 1991; Harris, 1996).  
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The pivotal roles of the p53 gene and its protein in the cellular response to UV 

induced DNA damage is beyond all doubt (Kuerbitz et al., 1992; Smith et al, 

1997). Normally, the p53 gene is quiescent, but in response to UV radiation, 

high levels of the p53 protein are induced (Hall et al., 1993; Healy et al., 

1994). UVB induces p53 protein overexpression in all epidermal layers, 

whereas UVA induces p53 protein mainly in the basal layer (Campbell et al., 

1993). Mutations of the p53 gene and the overexpression of p53 protein are 

found in chronically sunburn skin, actinic keratosis (Ak) and almost all skin 

carcinomas (Brash et al., 1991; Ren et al., 1996; Einspahr et al., 1997).  

As a ‘‘guardian of the genome’’ the tumor suppressor protein p53 plays a 

central role in photodamage by sensing the health status of keratinocytes and 

determining its fate. The overexpression of p53 protein leads to cell cycle 

arrest, allowing the cellular repair pathways to remove DNA lesions before 

progressing through the next cycle of DNA synthesis and mitosis (Harris, 

1996; Kuerbitz et al., 1992). In addition, p53 directly affects two major 

pathways of DNA repair, nucleotide excision repair (NER) and base excision 

repair (BER), by inducing the transcriptional activation of at least several 

downstream genes. When the amount of DNA damage is more than the cell can 

efficiently repair, the cell activates an apoptotic pathway that ultimately results 

in elimination of the damaged cell (Yonish-Roauch et al., 1991). It is obvious 

that the loss of p53 function by UV-induced mutation allows the replication of 

cells with damaged DNA, subsequently leading to accumulation of genetic 
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alterations that promote skin malignancy (Darnton, 1998). Thus, resistance to 

apoptosis is an initial event in keratinocyte carcinogenesis and conversely, 

elimination of keratinocytes containing excessive UV-induced DNA damage is 

a very promising and direct way to protect against skin cancer development. 

3.1.3.4     Skin cancer 

Singlet oxygen and the other ROS react predominantly with guanine and 

generate several oxidative DNA changes, including mutagenic 8-oxo-7,8-

dihydro-2’-deoxyguanosine (8-oxo-dG) (Kielbassa et al., 1997). This lesion is 

known to cause G-T transversions through mispairing of 8-oxoG with adenine, 

or A-C transversions through misincorporation of 8-oxoG nucleotides opposite 

adenine (Cheng et al., 1992). Other DNA lesions, such as oxidized 

pyrimidines, DNA strand breaks and DNA-protein crosslinks, are also found in 

a variety of experimental systems (Cadet et al., 1997; Douki et al., 1999; 

Cooke et al., 2000). These moleular mechanisms leading to DNA damage 

provide an explanation of why UV radiation can lead to skin cancer. 

Skin cancer is the most common type of cancer in light skinned populations 

around the world. It can be divided into two main types based on the origin of 

the malignant cell: cutaneous malignant melanoma (CMM) and non-melanoma 

skin cancer (NMSC) (Gruijl et al., 2001). The later includes basal cell 

carcinoma (BCC) and squamous cell carcinoma (SCC), which originate from 

keratinocytes. Although being more common when compared with CMM, SCC 
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and BCC are less aggressive and in general, rarely metastasized. UV radiation 

is the primary etiological agent for all three forms of cancer (Armstrong et al., 

2001). It is still not clear which type of UV light predominates in causing each 

of these carcinomas. However, it is possible that both UVA and UVB could be 

involved in synergistically in initiating and promoting skin carcinogenesis 

through their signature effects at the molecular level. 

3.1.3.5     Epidemiology of skin cancer in UK 

In recent years there has been a dramatic increase in the prevalence of skin 

cancer worldwide, including the United Kingdom (UK) (Keeney et al., 2008). 

From recent epidemiological data, there is an annual incidence of at least 

70,000 skin cancer cases accounting for at least 20% of all cases of cancer in 

the UK. However, this is almost certainly an underestimate because 

registration of non-melanoma skin cancer is incomplete and the actual number 

of skin cancer cases each year can reach at least 100,000 (Morris et al., 2009). 

Furthermore, the cases of malignant melanoma have more than doubled in the 

last 20 years. There are in excess of 2,000 deaths from skin cancer each year in 

the UK, of which around three-quarters are due to malignant melanoma (Quinn 

et al., 2001). Skin cancer places a huge burden on health care services due to 

the high incidence and cost of treatment. For example, the total cost of skin 

cancer in England in 2002 was estimated to be approximately £240 million and 

a third of dermatologist and plastic surgeons workload is accounted for by skin 

cancer care alone. Fifty-eight percent of the total cost of skin cancer is due to 
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malignant melanoma (Morris et al., 2009). 

3.1.4     SOD in the pathogenesis of skin diseases 

As skin is the largest, most readily exposed organ to the environment, it is 

imperative that an efficient defence system against oxidative stress is in place 

within the skin. Antioxidant enzymes like SOD are considered as the first line 

of defence - to maintain cellular redox homeostasis and to minimize the 

damaging effects of ROS. Numerous studies have shown that antioxidant 

enzyme expression and activity are drastically decreased in most human skin 

diseases, leading to spread of oxidative stress and progression of chronic 

disease. Nevertheless, the reduction can be compensated for by exogenous 

supplement or endogenous up-regulation of antioxidant enzymes, resulting in 

protection against associated oxidative injury. Indeed, previous studies have 

elicited many valuable clues indicating that the up-regulation of antioxidant 

enzymes is an effective and promising strategy to combat various skin 

diseases. 

A clinical trial using liposomal bovine copper-zinc-SOD to treat long-standing 

radiation-induced fibrosis (RIF) was carried out from 1984 to 1986 and 

followed for an average of 5 years. The results showed that 69% of 24 patients 

had a satisfactory outcome with a mean decrease in the fibrotic zone of about 

41% or 57% according to linear dimensions or surface area, respectively. 

Significant softening of RIF was noted in 86% of patients. This study totally 

challenged the postulate of the irreversibility of established fibrosis and 
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suggested that SOD could significantly reduce both early and long-standing 

radiation-induced fibrosis (Delanian et al., 1994). Furthermore, they conducted 

a follow-up study in 2001 and confirmed that liposomal copper-zinc-SOD 

reduced RIF and reversed RIF skin fibroblast phenotype (Delanian et al., 

2001). The most interesting part of this study was that RIF skin fibroblasts 

were successfully modulated by exogenous copper-zinc-SOD via indirect 

endogenous mitochondrial Mn-SOD activation, which might explain the cell 

phenotype reversion that was observed.  

Epperly et al. (2000) demonstrated that intraesophageal injection of Mn-SOD–

plasmid/liposome (Mn-SOD–PL) complex into C3H/HeNsd mice blocked 

irradiation-induced esophagitis. Vorauer-Uhl et al. (2001) examined the effect 

of recombinant human copper-zinc-SOD liposome on the thermally injured 

tissue of rabbit back skin. They found that topical treatment of burn wounds 

with copper-zinc-SOD had a beneficial effect on the extent of postburn 

damage, such as skin swelling and necrosis in the zone of stasis. Decraene et 

al. (2004) found that a SOD mimetic (EUK-134) conferred a direct protection 

against UVB-induced oxidative stress; it inhibited the signal transduction of 

the mitogen-activated protein kinase (MAPK) pathways, resulting in a 

significant increase in human keratinocytes survival in vitro. Most recently, 

Tominaga et al. (2012) showed that the dysfunction of endothelial cells from 

human primary umbilical vein caused by lethal irradiation could be cured by 

exogenous copper-zinc-SOD treatment. Addition of copper-zinc-SOD before 
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or after irradiation could significantly enhance angiogenesis and activation of 

the MEK/ERK1/2 signal pathway, both of which were inhibited by irradiation.  

Strikingly, a growing body of evidence has also indicated that the impairment 

of the antioxidant defence system and the subsequent oxidative stress were 

involved in the etiology of UV-induced carcinogenesis. Sander et al. (2003) 

investigated the expression of antioxidant enzymes in the skin biopsy samples 

from SMMs, NMSCs benign melanocytic naevi, actinic keratosis and healthy 

controls. copper-zinc-SOD, Mn-SOD and catalase were analyzed by 

immunohistochemical techniques. In non-melanoma skin cancer, an impaired 

antioxidant defence with diminished copper-zinc-SOD expression caused by 

chronic UV exposure might contribute to multistep carcinogenesis, whereas 

melanoma cells equipped with an increased antioxidant capacity might 

facilitate the generation of more excessive ROS derivatives. These could not be 

scavenged in time by other antioxidant enzymes, subsequently leading to the 

damage of surrounding tissue and  carcinogenesis. The results confirmed that 

UV-induced oxidative stress plays very different roles in the pathogenesis of 

melanoma and non-melanoma skin cancer.  

To further define the role of oxidative stress in skin cancer, a large number of 

genetically engineered mice with SOD overexpression or SOD knockout have 

been developed and frequently used in the past decades. These carcinogenesis 

experiments with mice have yielded some important research clues. Takahashi 

et al. (2000) reported that the stable transfection of copper-zinc-SOD 
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expression vectors into human keratinocytes could make them more resistant to 

UVB-induced apoptosis. Zhao et al. (2005) found that the over-expression of 

Mn-SOD in the DMBA/TPA multistage skin carcinogenesis mouse model 

reduced tumor incidence and multiplicity, which provided a direct evidence of 

ROS involvement in skin carcinogenesis. Surprisingly, the heterozygous 

knockout of the Mn-SOD gene in the same mouse model did not lead to an 

increase in tumor incidence, accompanied by a significant enhancement on 

both cell proliferation and apoptosis. This suggested that Mn-SOD might not 

only play a role in tumor suppression, but also contribute to cell survival. 

Based upon the above findings, they hypothesized that inhibiting proliferation 

without interfering with apoptosis could be an effective measure to prevent 

tumor formation. Furthermore, to prove their hypothesis, a SOD mimetic 

(MnTE-2-PyP5+) was applied within a therapeutic window between apoptosis 

peak (6 hours) and proliferation peak (24 hours) in a carcinogenesis mouse 

model. A remarkable reduction in tumor formation was found without any 

effect on apoptosis (Zhao et al., 2005) These intriguing results suggested that 

the novelly timed antioxidant therapy was an effective strategy of tumor 

suppression and could potentially be used widely in combination with 

traditional radio- and chemotherapeutics. Murakami et al. (2009) reported 

copper-zinc-SOD deficient mice showed more serious atrophic morphology 

accompanied by the degeneration of collagen and elastic fibers in the skin, 

which could also be induced by the UV irradiation.  
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Taking all of the above evidence together, it appears that ROS play an essential 

role in UV-induced skin damage and the exogenous SOD supplementation may 

have strongly protective effects against UV-induced skin damage, even on skin 

cancers. 

3.1.5     Feasibility and safety of TAT-based transdermal delivery  

A major hindrance to confirm the importance of free radicals in skin biology 

has been the inability to manipulate reactive oxygen species (ROS) in vivo 

because of the lack of a method to deliver antioxidant efficiently through the 

relatively impermeable stratum corneum. The epidermal permeability barrier is 

not only the first line of defence against microorganisms but is also a 

substantial obstacle to transdermal drug delivery. Over recent decades, several 

physical methods, such as electroporation and iontophoresis, have been 

designed to tackle this poor transdermal efficiency, but the results have been 

disappointing. Nevertheless, Rothbard et al. (2000) found that R7-CsA, a TAT 

linked cyclosporin A, was translocated efficiently through the epidermis and 

inhibited cutaneous inflammation; unmodified cyclosporin A was topically 

ineffective in psoriasis. This drug entered a phase II clinical trial in 2003 for 

the treatment of psoriasis under the commercial name of PsorBan® by 

CellGate Inc. USA. However, the trail results showed that the release of the 

free drug was not rapid enough to compete with clearance, despite an efficient 

uptake of the drug (Vives et al., 2008). 
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Another TAT-modified drug is just beginning clinical trials. KAI-9803 (KAI 

Pharmaceuticals Inc. USA) is a δ-protein kinase C inhibitor used for the 

treatment of acute myocardial infarction (US Patent. 7265092B2). Bates et al., 

(2008) have claimed the positive results in the phase 1&2 trials: no serious side 

effects have occurred and all safety end points were similar in patients treated 

with KAI-9803 compared to the placebo group. A significant reduction in 

creatine kinase levels and improvements in infarct size values were found in 

the treated group compared to the placebo group. They concluded that KAI-

9803 had an acceptable safety and tolerability profile with primary 

percutaneous coronary intervention for acute myocardial infarction, and 

subsequently initiated the phase 2b clinical study in the collaboration with 

Bristol-Myers Squibb. From the results of clinical trails, it appears that TAT-

based delivery offers a promising and safe approach to enhance the transdermal 

absorption of therapeutic molecules for the treatment of skin diseases. In this 

chapter, the results of a series of clinical studies are reported, designed to 

identify whether the TAT-SOD had protective effects on the UV-induced skin 

damage. 
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3.2   Aims   

The specific aims of this chapter were: 

• To identify whether the TAT-SOD protein acts as a sunscreen against 

the UV radiation. 

• To identify the penetration of TAT-SOD proteins through the stratum 

corneum using tape stripping? 

• To investigate whether the TAT-SOD protein can reduce the UVB 

induced inflammation, like the erythema and the increased blood flow. 

• To investigate whether the TAT-SOD protein has a protective effect 

against UVB induced direct DNA damage. 
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3.3 Materials and Methods 

3.3.1     UV absorption spectra of TAT-SOD protein 

To identify whether TAT-SOD acted as a sunscreen against UV radiation, 

three concentrations of TAT-SOD pure protein (0.1, 0.2 and 0.5 mg/ml) were 

scanned for absorbance in the UV range using a Beckman 640B 

spectrophotometer (Beckman Instruments, Fullerton, CA). The protein 

concentrations used in the spectra scan were much higher than those used in 

the subsequent clinical studies. 

3.3.2     Clinical Study 1 

Ten healthy volunteers with either Fitzpatrick skin phototype II or III were 

recruited. None of the subjects had been exposed to recreational UV radiation 

or sun beds for at least 3 months prior to taking part, and were using neither 

topical nor systemic medication at the time of the study. The age range was 

23~30 y (median, 24 y), and there were three males and seven females. The 

procedures were explained in detail to all subjects. They gave signed informed 

consent prior to participation. The clinical study was undertaken in accordance 

with the Declaration of Helsinki (http://www.wma. net/e/policy/b3.htm) and 

was given a favourable ethical opinion by the Lothian Regional Ethics 

Committee (reference number: 10/S1103/38) and the NHS Lothian R&D office 

(reference number: 2010/R/DER/03). The study was performed at the 

Department of Dermatology, University of Edinburgh from March to May 
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2011. The subjects received a small allowance for their voluntary participation. 

 Study 1 

Subjects 

included 
10 

Sex (M/F) 3/7 

Mean Age 24 

Study Protocol  

Visit 1 

Evaluation of the UVB test, determination of the MED. 

Application of TAT-SOD cream (300 units/cm2 of skin area, 1 hour). 

Irradiation with 10 serial doses of UVB. 

Visit 2 
Erythema & Blood flow measurement of the test areas (24 hours 

after UVB) 

Table 3.1:  Basic information on the subjects and protocol of clinical study 1 

3.3.3     UVB source and irradiation 

 

Figure 3.5:  Custom made broadband UVB irradiation source 
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A custom made UVB radiation source (Figure 3.5) by Emeritus Professor 

Brian Diffey (Regional Medical Physics Department, Newcastle, UK) was 

used for the following UV irradiation experiments. This unit consisted of a 

broadband UVB lamp housed within an enclosed unit, with 10 apertures of 9 

mm diameter anterior to the UVB lamp to enable 10 serial doses to be 

delivered simultaneously. All 10 apertures were within an area of 7 cm × 3 cm. 

The maximum dose aperture did not contain any metal foil filter, the other 9-

dose apertures were backed by perforated metal foil with hole grids of differing 

but increasing sizes to allow for the nine increasing dose aperture ranges. The 

UVB lamp casing was made of translucent plastic that was opaque to UV. The 

unit also consisted of a digital photodiode that switched the lamp off 

automatically when appropriate doses at the apertures had been delivered. A 

Philips PLS 9w/12 (Philips, Eindhoven, Netherlands) fluorescent lamp with a 

main emission between 275 and 365 nm and a maximum at about 315 nm was 

used as the UVB source. All lamps and doses were calibrated to traceable 

national and European standards. 

3.3.4     Determination of Minimal Erythema Dose (MED) 

For all studies requiring assessment of the MED prior to commencement of the 

study, subjects attended on day one when they received ten graded doses of 

UVB on two symmetric areas of both inner upper arms. The MED range used 

was matched to body site and skin type using a departmental protocol 

(Waterston et al., 2004). Subjects returned 24 hours later to have their MED 
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read. A subject’s MED was defined as the minimal dose producing uniform 

erythema with clearly defined template margins. A Minolta spectrophotometer 

CM-2600d (Minolta Co., Ltd, Osaka, Japan) was used to measure skin color 

according to a 3-dimensional color system (L, a, and b values). The L value 

was an indicator of lightness of skin; the b value (blue-yellow axis) was an 

indicator of pigmentation; the a value (red-green axis) was a measure of 

erythema formation and the Δa value (a value 24 hours after irradiation minus 

a value before irradiation) were used to measure skin responses to UV 

irradiation (Stahl et al., 2000).  

3.2.5     Blood flow measurement 

Cutaneous blood flow, measured as red blood cell flux using a laser Doppler 

perfusion monitor, was used as an index of erythema. 24 hours after UVB 

challenge, the cutaneous blood flow at each irradiated site and adjacent non-

irradiated skin were measured by a contact Laser Doppler flowmeter 

(MoorLAB, Moor Instruments Ltd., Axminster, UK). The laser Doppler unit 

consisted of one main unit and two satellite units connected to the server, thus 

allowing flux readings from three laser probes to be recorded simultaneously. 

The perfusion monitor was connected to a PC and recordings displayed 

continuously by MoorSoft (version 1.31). During the measurement, the three 

laser probes were secured to the overlying test sites of the skin using a ring of 

double sided adhesive tape and data collected for at least 3 minutes, from 

which an average flux was calculated.  
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3.3.6     Epidermal tape strippings 

The skin surface was wiped twice with cotton gauze to remove residual 

formulation. D-Squame® (CuDerm Corp., Dallas, TX, USA) strips, diameter 

22mm, surface area 3.8 cm2, were used to sample the stratum corneum. Strips 

were placed on the skin and the skin outlined using a permanent pen to ensure 

sampling from the same site. Equal pressure was applied to each strip by 

pressing with a spring-loaded stamp for thirty seconds duration. The 

comparatively high pressure was a prerequisite for obtaining reproducible 

amounts of stratum corneum. Then the strips were then removed with tweezers 

in a single rapid movement and stored on a cellophane sheet at -70°C until 

further analysis. In this study 20 successive tape strippings (CuDerm Corp., 

Dallas, TX, USA) were collected from the inner upper arm. 

3.3.7     Protein analysis on tape strippings  

The total amount of protein on the D-squame® tape stripping was quantified 

after acid hydrolysis at elevated temperature. Each removed tape stripping was 

incubated in an Eppendorf tube containing 1.5 ml HCl (6 M/l) at 120°C for 20 

hours for complete hydrolysis. After centrifugation, the supernatant was diluted 

(1: 20) in 1 M/l borate buffer pH 9. The total protein content was the 

determined using a colorimetric Bradford protein assay (Bradford reagent, Bio-

Rad Labs., Hercules, CA) according to the microplate working protocol.  In the 

experimental setup, the protein assay was conducted by adding 250 µl of cold, 

Bradford Reagent to 25 µl of sample. After 5 minutes of incubation at room 
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temperature, the optical density was measured with a microplate reader at a 

wavelength of 595 nm (Multiskan EX; Thermo Electron Corporation Vantaa, 

Finland). The protein content of each removed adhesive tape was analyzed in 

triplicate (n = 3), and the mean value was used for further evaluation. Three 

blank adhesive tapes (n = 3) were also respectively extracted in exactly the 

same fashion as the protein-covered tapes, and were analyzed with every round 

of analysis. The mean value of these blank tapes served as the respective 

control to account for background noise. The total protein amount was always 

determined on the same stripping as the SOD activity analysis occurred. 

3.3.8     Detection of SOD activity on tape strippings   

The SOD assay was adapted from a well plate method. A D-squame® tape 

stripping was perforated with a punch and three small pieces of stripping (∅=5 

mm) were lined on the bottom of a well of an opaque 96-well plate (Corning, 

Costar, Acton, MA). SOD from bovine erythrocytes was used as an external 

standard, in which case a blank strip was put in the well. SOD activity was 

assayed using Sigma SOD assay kit (19160, Sigma, USA) following the 

manufacturer's instructions. The reaction was started immediately by adding 

220 µl of reaction mixture to each well. This assay is based on the xanthine/ 

xanthine oxidase catalytic system (Spitz et al., 1989). After the SOD 

measurement the tape strippings were removed and stored in an Eppendorf 

tube for protein analysis. Specific SOD activity was obtained after normalizing 

to the total protein content on the stripping. 
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3.3.9     Clinical Study 2 

Five healthy volunteers with either Fitzpatrick skin phototype II or III were 

recruited. None of the subjects had been exposed to recreational UV radiation 

or sun beds for at least 3 months prior to taking part, and were using either 

topical or systemic medications at the time of the study. The age range was 

23~56 y (median, 40 y), and there were three males and two females. The 

procedures were explained in detail to all subjects, who gave signed informed 

consent prior to participation. The clinical study was undertaken in accordance 

with the Declaration of Helsinki (http://www.wma. net/e/policy/b3.htm) and 

given a favorable ethical opinion by the Lothian Regional Ethics Committee 

(reference number: 10/S1103/38) and the NHS Lothian R&D office (reference 

number: 2010/R/DER/03). The study was performed at the Department of 

Dermatology, University of Edinburgh. The subjects received a small 

allowance for their voluntary study participation. 
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 Study 2 

Subjects  5 

Sex (M/F) 3/2 

Mean Age 40 

Study Protocol  

Visit 1 
Application of TAT-SOD cream (300 units/cm2 of skin area, 1 hour). 

Irradiation with 10 serial doses of UVB. 

Visit 2 
24 hours after irradiation 

Biopsies of irradiated and un-irradiated sites (2-fold MED)  

Tests H&E, p53 and thymine dimer immunohistochemical stainnings 

Table 3.2: Basic information on the subjects and protocol of clinical study 2. 

3.3.10     Full thickness punch biopsy 

The clinical protocol above resulted in four biopsy samples per subject. After 

MED quantification by eye, four 4 mm punch biopsies were taken from each 

subject under sterile conditions and local anesthesia (Lidocaine 1% + 

Adrenaline). This operation was conducted by Dr. Richard Weller in 

Department of Dermatology, University of Edinburgh. One was taken from 

non-irradiated, placebo treated skin and served as a negative control. A second 

was taken from placebo treated skin that had been irradiated with 2 MED of 

UVB and served as a positive control. A third biopsy was taken from non-

irradiated with TAT-SOD pretreatment. A fourth biopsy was taken from TAT-

SOD pretreated skin that had been irradiated with 2 MED of UVB. The exact 
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biopsy sites are illustrated in Figure 3.6. In all experiments where skin biopsies 

were taken a 4mm diameter sterile disposable punch biopsy was used (Stiefel® 

Laboratories, Bucks, UK). Biopsy wounds were closed using 4/0 ethilon 

sutures (Ethicon, Johnson and Johnson medical Ltd., W Lothian, UK). All 

4mm full thickness skin punch biopsies were fixed in 4% buffered 

formaldehyde for 24 hours and embedded in paraffin prior to processing for 

immunohistochemistry. 

 

Figure 3.6: Illustration of the biopsy sites taken in clinical study 2. 
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3.3.11     Histology & Sunburn cells quantification 

4 µm paraffin-embedded sections of each skin biopsy were deparaffinized 

through graded alcohol and routinely stained with hematoxylin and eosin to 

allow quantification of sunburn cells (SBC). SBCs were identified as epidermal 

cells with shrunken eosinophilic cytoplasm and a condensed nucleus. Sections 

were examined microscopically by the same observer in a blinded fashion for 

specific histopathologic alterations, and images were captured using a 

Hamamatsu CCD camera (C4742095, Hamamatsu, Japan) mounted on a Leica 

DMR microscope with the Leica application suit (ver. 2.8.1, Leica 

Microsystems, Solms, Germany). The number of SBC from the entire 

approximately 4 mm length of epidermis for each skin section was counted at 

high magnification using a x20 objective lens. The surface of the sections 

evaluated was calculated using ImageJ software  (National Institutes of Health, 

USA). The results were expressed as the mean percentage of positive 

eosinophilic cells related to an area covered by approximately 400 cells per 

slide. Positive cells in hair follicles and in the dermis were not included in the 

quantitative analysis, and a non-irradiated site was always served as a 

negative control for each series of experiments. 

3.3.12     Immunohistochemical staining and quantification 

4 µm paraffin-embedded sections of each skin biopsy were deparaffinized 

through graded alcohol, followed by antigen retrieval with 0.01 M citrate 

buffer in a microwave oven for 10 minutes. After washing with phosphate 
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buffered saline (PBS) buffer, endogenous peroxidase was quenched in hydrated 

tissue sections with 0.5% hydrogen peroxide for 5 minutes. The sections were 

washed with PBS buffer and incubated at room temperature for 30 minutes 

with 10% goat serum (Sigma-Aldrich Co., Gillingham, UK) in PBS to prevent 

nonspecific antibody binding. After washing with PBS, primary antibodies 

were added to the sections at required dilutions and incubated at 37°C for 90 

minutes. The primary antibodies used in IHC staining were as follows.  

• Monoclonal Mouse Anti-Human p53 Protein (1:500, DO-7, 

DakoCytomation, Glostrup, Denmark), which labels both wild-type and 

mutant p53. 

• Anti-Thymine Dimer, clone KTM53 (1:1000, Kamiya Biomedical 

Company, Seattle, USA), which stains CPD positive keratinocytes by 

reacting specifically with thymine dimers produced by UV irradiation 

in double- or single-stranded DNA.  

The sections were washed with PBS buffer, and then incubated with 

biotinylated anti-mouse secondary antibody (LSAB 2 System, Alkaline 

Phosphtase; Dako) in PBS for 10 minutes. Sections were rinsed with PBS three 

times and incubated with streptavidin-conjugated alkaline phosphatase (LSAB 

2 System, Alkaline Phosphatase; Dako) in PBS buffer for further 10 minutes. 

After rinsing with PBS buffer, the sections were finally stained with 

chromogen diaminobenzidine for 5~10 minutes, lightly counterstained in 

hematoxylin and mounted in glycergel mounting medium (DakoCytomation). 



  161 

Sections were examined microscopically by the same observer in a blinded 

fashion for specific histopathologic alterations, and images were captured 

using a Hamamatsu CCD camera (C4742095, Hamamatsu, Japan) mounted on 

a Leica DMR microscope with the Leica application suit (ver. 2.8.1, Leica 

Microsystems, Solms, Germany). The number of positively (brown) stained 

cells from the entire approximately 4 mm length of epidermis for each skin 

section was counted at high magnification using a x20 objective lens. The 

surface of the sections evaluated was calculated using ImageJ 

software  (National Institutes of Health, USA). The results were presented as 

the mean percentage of positive cells related to an area covered by 

approximately 400 cells per slide. Positive cells in hair follicles and in the 

dermis were not included in the quantitative analysis, and a non-irradiated site 

was always served as a negative control for each series of experiments. 

3.3.13     Statistical analysis 

The significance of differences between control and treated groups was 

analyzed using Student's “t” test. Results are presented as the mean value and 

the error bars correspond to the standard error of means. Differences between 

data sets were defined as being significant (*, 0.05>p>0.01), highly significant 

(**, 0.01>p>0.001), or very highly significant (***, p<0.001). Data were 

analyzed using Excel 2000 software. All data were presented as mean ± 

standard deviation. 
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3.4     Results and Discussion 

3.4.1     UV absorption spectra of TAT-SOD protein 

 
Figure 3.7: UV absorption spectra of TAT-SOD protein 
 

Figure 3.7 shows the UV absorption spectra of TAT-SOD protein used in this 

study: The UV peaks at 280nm are typical protein absorbance peak. As the 

concentration of TAT-SOD protein used in following clinical studies is much 

lower than 0.5mg/mL, the UV absorption in the UVB region is relatively very 

small. It is therefore unlikely that TAT-SOD by itself acts as a sunscreen. 
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3.4.2     Penetration of TAT-SOD on human stratum corneum by tape 
stripping 

 

 Figure 3.8: SOD activities on a series of 20 tape strippings from human 
stratum corneum with placebo treatment or TAT-SOD treatment (n=5). 

Effective dermal drug therapy requires that the active agent should be delivered 

through the stratum corneum (SC) in adequate concentrations, with few side 

effects. Many in vivo methods for measuring dermal absorption of drugs are 

either invasive or costly; they include blood withdrawal through a venous 

cannula, microdialysis and skin blistering (Herkenne et al., 2008). Recently, 

tape stripping has been widely used as a fast and relatively non-invasive 

technique to measure dermal drug absorption into the skin (Tokumura et al., 

1999; Reddy et al., 2002). Combined with validated analytical assays for the 

measurement of bioactive substances, tape stripping has been verified in 

various clinical studies as a superior and reproducible method to approximate 

transdermal permeability coefficients and partition coefficients in various 
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clinical studies. (Pershing et al., 2003; Umemura et al., 2008). Previous studies 

on human SC, using tape strippings and immunohistochemistry, have shown 

that the outer layers of the skin are exposed to high loads of different kinds of 

environmental sources of ROS, which will lead to a profound depletion of 

antioxidant enzyme expression in the epidermis (Redoules et al., 1999; Weber 

et al., 1999).  

Hence, the tape stripping was recruited in the present study to quantify the 

penetration of TAT-SOD through the human stratum corneum. As shown in 

Figure 3.8, the specific SOD activity was evaluated on a series of 20 tape 

stripping samples collected from each subject using two symmetric areas on 

both of the inner upper arm. In the placebo treated control arm, high values of 

SOD activity were found across the first 10 layers in SC, with lower values 

towards the skin surface. A peak value was measured at approximately around 

layer 7 and a low-value plateau was found from layer 10 onward. Due to the 

penetrating capacity of the TAT peptide, high values of SOD activity on the 

other arm with TAT-SOD treatment were extended to the first 14 layers. 

Furthermore, significant increases in SOD activity with around 60%~90% 

(p<0.01) were found on those 14 outer layers, compared to the placebo treated 

control arm. The above results lead to the conclusion that the TAT peptide 

does help SOD protein to penetrate into human stratum corneum.  
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3.4.3     Suppression of UVB-induced erythema by TAT-SOD  

 

Figure 3.9: The Minimal Erythema Dose values in placebo or TAT-SOD 
treated skin (300 units/cm2 of skin area). A line links value of placebo and 
TAT-SOD treated skin in a single volunteer (n=10).  

UVB-induced erythema in skin is considered as a marker of skin injury and 

inflammation. The effect of TAT-SOD topical pretreatment (300 units/cm2 of 

skin area) on erythema after UVB irradiation in ten healthy volunteers was 

examined. As shown in Figure 3.9, minimal erythema doses (MEDs) were 

significantly different between those two groups, with or without TAT-SOD 

treatment. Compared with baseline, eight subjects had an increased MED with 

TAT-SOD treatment, although two Asian subjects did not benefit in MED 

(Fig.10). Four subjects had a MED increase from 95 to 119 mJ/cm2 (p < 0.01) 

and two subjects had a MED increase from 119 to 150 mJ/cm2 (p < 0.01), 

while one subject had a profound increase on MED from 95 to 150 mJ/cm2. 
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Figure 3.10: Erythema response to serial UVB doses with or without TAT-
SOD treatment (300 units/cm2 of skin area). Placebo treated site and TAT-
SOD treated site on both of the inner upper arms of 10 healthy volunteers were 
examined. The results are shown as mean ± SD.  

The erythema intensity readings at different UVB doses are presented in Figure 

3.10. No significant erythema response was detected at from 38 to 95 mJ/cm2 

UVB doses. However, topical pretreatment with TAT-SOD (300 units/cm2 of 

skin area) before UVB exposure inhibited erythema response as accounted for 

10, 20, 40, and 33% respectively at 150, 189, 238 and 300 mJ/cm2 of UVB 

doses, compared to placebo treated group (p=0.013< 0.05). In this phase of the 

clinical study, TAT-SOD was pre-applied before UVB irradiation. Therefore, 

the reduction of the erythema is certainly due to the well-known radical 

scavenging properties of SOD, as erythema is largely caused by UV-induced 

reactive oxygen species. The findings from erythema measurement confirm the 

topical bioavailability of TAT-SOD in vivo that had already been shown in 

previous penetration experiment by tape strippings. In addition, no adverse 

events associated with this study were found. 
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3.4.4     Effect of TAT-SOD on UVB-induced blood flow 

 
Figure 3.11: The dermal blood flow values measured at different UVB doses 
(189 and 300mJ ⁄ cm2) with or without TAT-SOD treatment (300 units/cm2 of 
skin area) (n=10). Blood flow values in un-irradiated areas on both of the 
forearms are shown for comparison (0mJ ⁄ cm2). The results are shown as mean 
± SD.  

Cutaneous blood flow, measured as red blood cell flux using a laser doppler 

perfusion monitor, was used as another index of erythema. UVB causes 

increased blood flow and vascular permeability, leading to erythema and 

infiltration of macrophages and neutrophils into the skin, observed clinically as 

inflammation. Dermal blood flow measured by Doppler 24 hours after 

irradiation with different UVB doses (189 and 300 mJ ⁄ cm2) is shown in Fig.12. 

Blood flow values in an un-irradiated area on the forearms were used for 

comparison (0 mJ ⁄ cm2). The median blood flow values had changed at each of 

the irradiated sites, with prominent decreases in the TAT-SOD treated groups, 

26% and 25% respectively at 189 and 300 mJ/cm2 of UVB doses. Indeed, the 

median blood flow measured at un-irradiated sites was not significantly 

different between two groups, indicating that there was no adverse effect on the 

normal skin associated with TAT-SOD treatment. 
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Figure 3.12: Mean ± SD of blood flow at 300mJ/cm2 UVB dose with or 
without TAT-SOD treatment (300 units/cm2 of skin area) for a representative 
subject is shown.  

A representative change in blood flow with time is shown Figure 3.12. The 

blood flow values determined at irradiated sites after TAT-SOD treatment were 

lower than the values after placebo treatment. All above data show convincing 

evidence that the TAT-SOD protein has a protective effect against UVB 

induced skin damage.  
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3.4.5     Effect of TAT-SOD pretreatment on sunburn cell formation 

Epidermal apoptotic keratinocytes, referred to as “sunburn cells”, are a 

recognized characteristic of acute UV-induced skin injury  (Sheehan et al., 

2002). When stained with haematoxylin and eosin (H&E), they are easily 

identified morphologically with a pyknotic nucleus and a shrunken glassy, 

eosinophilic cytoplasm (Daniels et al., 1961). Nowadays, it has been realized 

that the importance of SBCs goes far beyond that of a biomarker for acute UV-

induced skin damage. Indeed, SBCs are seriously damaged keratinocytes that 

fail to repair their DNA damage, which will undergo programmed individual 

death and be eliminated through the apoptosis pathway. SBC is considered as a 

major self-defence mechanism against UV-induced skin damage, reducing the 

risk of further mutations that could lead to potential malignant transformation 

(Claerhout et al., 2006).  
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In Figure 3.13a shows the epidermal localization of SBCs stained by H&E at 

24 hours after 2-MED of UVB irradiation. Un-irradiated control contained no 

SBCs, but SBCs were clearly present at 24 hours post-irradiation on the 

irradiated control with an average incidence of 16.6±3.8 %. Irradiated site with 

TAT-SOD treatment resulted in the average formation of 15.2±4.2 % SBCs at 

24 hours.    However, no statistically significant difference was seen between 

the average numbers of SBCs treated with TAT-SOD compared to that of 

placebo treated control (p>0.05). It appears that the apoptotic SBC cell 

formation was not attenuated by the pretreatment of TAT-SOD.  
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3.4.6     Effects of TAT-SOD on p53 positive cells 

The tumor suppressor gene p53 has earned itself the name “guardian of the 

genome” by sensing the health status of cells and determining cell death 

(Ziegler et al., 1993). A high level of p53 protein results in a transient G1/S 

checkpoint arrest, allowing the DNA repair pathway to remove lesions before 

progressing through the cell cycle (Kuerbitz et al., 1992). Also critically, p53 is 

responsible for inducing the apoptosis pathway to eliminate the keratinocytes 

that have excessive DNA damage. Indeed, it has been demonstrated that 

preincubation of cells with antioxidant N-acetylcysteine (NAC) inhibits UV-

induced p53 activation, suggesting an involvement of oxidative stress in the 

UV activation of p53 (Renzing et al., 1996). Therefore, whether a pretreatment 

with TAT-SOD was also able to prevent or reduce p53 up-regulation following 

UVB irradiation was investigated. 
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Figure 3.14 shows the p53 positive cells stained by anti-p53 antibody at 24 

hours after 2-MED of UVB irradiation. In the non-irradiated control sites, only 

a few p53 positive cells were observed evenly distributed in the epidermis with 

an average percentage of 5.14±1.14 %. A large increase of p53 positive cells in 

the epidermis with an average percentage of 33.71±6.86 % was found after 2-

fold MED of UVB irradiation. Frustratingly, the number of p53 positive 

keratinocytes was not significantly reduced in TAT-SOD pretreated sites when 

compared to placebo-pretreated sites; respectively 38.14±5.43 % and 

33.71±6.86 % (p>0.05).  
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3.4.7     Effects of TAT-SOD on UVB induced thymine dimer  
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UVB irradiation induced two common DNA photoproducts, mostly 

cyclobutane pyrimidine dimers (CPDs) and 6,4 photoproducts (6,4-PPs). It is 

generally accepted that CPDs are the major pre-mutagenic lesions induced by 

UVB irradiation, which can consequently inhibit polymerases and arrest DNA 

replication. As the most predominant CPD in irradiated keratinocytes, thymine 

dimer is regarded as the marker of UVB induced DNA damage (Kemeny et al., 

2007). In this IHC study, I investigated whether the pretreatment with TAT-

SOD could reduce UVB induced thymine dimer formation in the epidermis. 

An independent UV dose based on the individual MEDs of each subject rather 

than a standardized UV dose was used; previous studies had shown that the 

yield of CPD after the same dose of UV irradiation could be totally different in 

individuals who had different sensitivity to UV irradiation. 24 hours after UVB 

exposure, skin biopsy specimens were taken from 4 test sites, as shown in 

Figure 3.6. Thymine dimers were visualized by immunohistochemistry using 

an anti-thymine dimer monoclonal antibody. In the non-irradiated control sites, 

few thymine dimer positive cells could be detected in the epidermis, with an 

average percentage of 11.14±5.0 % (Figure 3.15). Following 2-fold MED of 

UVB irradiation, the median percentage of positive cells increased to 

84.43±8.57 %, demonstrating the significant induction of DNA damage by 

UVB as expected. The finding that these CPD positive cells were evenly 

distributed throughout the epidermis is in accordance with the more superficial 

penetrative capacity of UVB irradiation and confirms the pattern of UVB 

fingerprint mutations noted. Furthermore, the number of thymine dimer 
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positive keratinocytes was not significantly reduced in TAT-SOD pretreated 

sites compared to placebo pretreated sites; 76.14±13.57 % vs. 84.43±8.57 % 

(p>0.05).  

One possible explanation is that an artificial defect was present within the 

experimental design. The MEDs of individual subjects involved in the clinical 

study 2 were only evaluated by eye before skin biopsies were taken. Therefore, 

the exact UVB irradiation doses on biopsied sites could have been lower than 

the real MEDs, subsequently leading to the lack of significant difference 

between the placebo groups and the TAT-SOD treated groups.  

Another possibility may be that UVA and UVB induced DNA damages via 

very different mechanisms. UVB irradiation is absorbed by photosensitive 

molecules within the skin called chromophores. DNA is a direct chromophore 

for UVB radiation, as it contains the aromatic heterocyclic nitrogen bases. The 

most frequent photolesions induced by UVB are cyclobutane pyrimidine 

dimers (CPD) and pyrimidine (6-4) pyrimidone photoproducts (6-4)PPs. UVA 

irradiation mainly produces reactive oxygen species (ROS) through interaction 

with endogenous photosensitizers. These ROS will cause indirect damage to 

DNA, proteins, lipids and membranes.  

Therefore, the above data suggested that transdermal superoxide scavenger 

TAT-SOD can reduce the UVB-induced inflammation, but not abrogate the 

direct DNA damage of UVB irradiation on the skin. However, the hope of 

TAT-SOD could reduce UVA indirect DNA damage remains. 
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3.5     Conclusions 

The UV absorption of TAT-SOD protein was firstly scanned over the entire 

UV range and the possibility of the UV protective effect of TAT-SOD was due 

to the physical absorption of UV irradiation was excluded. In order to confirm 

the penetration of TAT-SOD through human stratum corneum, tape stripping 

of that stratum and a specific SOD activity assay were used. Significant 

increases on SOD activity with around 60%~90% (p<0.01) was found in the 

outer layers of SC in the TAT-SOD treated group, compared to the placebo 

treated control. This result indicated that TAT peptide did help SOD protein to 

penetrate into human SC.  

The effect of TAT-SOD on UVB irradiation was further examined in two 

phases of clinical studies. In clinical study 1, ten healthy volunteers were 

finally recruited. MED and blood flow were measured as two indices of UV-

induced erythema response. Within the 10 subjects, eight subjects had a 

significant increase in MED with TAT-SOD pre-treatment (300 units/cm2 of 

skin area, 1 hour before irradiation), although two Asian subjects did not 

benefit from TAT-SOD. Furthermore, when challenged with different UVB 

doses (150, 189, 238 and 300 mJ/cm2), significant inhibition of the erythema 

response was commonly found in almost all subjects, when comparing the 

TAT-SOD treated groups with the placebo treated groups. The dermal blood 

flows of ten subjects were also measured 24 hours after UVB irradiation in ten 

subjects. The results showed that the median blood flow value of the ten 
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subjects at the UVB irradiated site was significantly decreased with TAT-SOD 

pretreatment. However, the median blood flow measured at the non-irradiated 

sites was not significantly different between the two groups. This indicated that 

there was no adverse effect on the normal skin associated with the TAT-SOD 

treatment. Taken together, the above data showed evidence that TAT-SOD did 

have protective effect against UVB induced skin damage. 

In clinical study 2, another five healthy volunteers were recruited. After 

challenge by a series of UVB doses, skin punch biopsies were taken from four 

test sites on the lower back for further H&E and immunohistochemical staining 

analysis. No statistically significant differences were seen between the average 

numbers of SBCs in the volunteers treated with TAT-SOD compared to those 

of the placebo treated controls. Also the number of p53 positive keratinocytes 

was not significantly reduced in the TAT-SOD pretreated sites compared to 

placebo-pretreated sites. The number of thymine dimer positive keratinocytes 

was also not significantly reduced in the TAT-SOD pretreated sites compared 

to the placebo pretreated sites. This had been expected to provide direct 

evidence for the protective effect of TAT-SOD on the UVB-induced DNA 

damage. It appeared that UVB-induced apoptotic SBC formation, p53 up-

regulation and thymine dimer formation in epidermis were not attenuated by 

the pretreatment of TAT-SOD. 

One possible explanation is that an artificial defect was present within the 

experimental design. The MEDs of individual subjects involved in clinical 
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study 2 were only evaluated by eye before skin biopsies were taken. Therefore, 

the exact UVB irradiation doses on biopsied sites might have been lower than 

the real MEDs, subsequently leading to the lack of significant difference 

between the placebo groups and the TAT-SOD treated groups. Another 

possibility may be that the UVA and UVB induced DNA damage via very 

different mechanisms. The above data suggested that transdermal superoxide 

scavenger TAT-SOD can reduce the UVB-induced inflammation, but not 

abrogate the direct DNA damage of UVB irradiation on the skin.  However, the 

hope of TAT-SOD could reduce UVA indirect DNA damage remains. 
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Chapter 4 

 

General Conclusion 
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4.1     Concluding remarks 

In chapter 1, two neutron diffraction studies on the anionic DOPC/DOPS lipid 

bilayer and the neutral DOPC lipid bilayer respectively was compared, it was 

concluded that the TAT peptide preferentially intercalated into the glycerol 

backbone region of the lipid bilayer and the insertion of TAT peptide was 

independent of the negative-charged headgroups of DOPS phospholipids. All 

the above data completely support the previous assumption that the 

electrostatic interaction between the negatively-charged headgroups of 

phospholipids and the positively charged TAT peptides to some extent is an 

obstacle rather than a facilitator for the intrinsic deep location of TAT peptide 

in the glycerol backbone region of the lipid bilayers. In addition, when the 

peptide concentration was further increased (1mol%), a substantial 

redistribution of TAT peptide to the upright glycerol backbone position of 

bilayer took place. This finding was clear evidence for the concentration-

dependent reorientation of TAT peptide. It has been suggested that two 

populations at low peptide concentration are in reversed parallel alignment to 

the bilayer plane with respect to the peptide axis, equilibrated with their 

hydrophobic surfaces facing each other. As such a self-assembling structure is 

unstable, the deep-penetrating peptides will randomly flip-flop from the 

hydrophobic core region to the upright glycerol backbone position of two 

bilayer leaflets once the fragile balance is broken. Thus, the random flip-flop 

between bilayer leaflets and the reorientation of peptide might be the 
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transmembrane mechanism involved at physiologically low peptide 

concentrations. Further investigations using a TAT peptide with the deuterated 

fragment on the C-terminal and N-terminal side will be carried out. The 

localization of these labels will provide the precise orientation information of 

TAT peptide inside the bilayers. It is hoped that the data presented here will 

stimulate further structure studies on the transmembrane of TAT peptide, like 

molecular dynamics simulations.In chapter 2, a plasmid containing the human 

Copper-zinc SOD gene linked with the coding sequence for a 11-aa HIV-TAT 

peptide (pGEX-TAT-SOD, 513bp) was constructed and used to express a 

recombinant fusion protein in Escherichia coli strain BL21 (DE3). High-level 

expression of TAT-SOD soluable protein (300 mg/l culture broth) with a GST 

tag (44-kDa) was achieved under optimal expression conditions. A small-scale 

purification using a glutathione affinity column gave the purified TAT-SOD 

(17-kDa) protein in 41.2% yield. A large-scale purification, which combined 

thrombin digestion, ethanol precipitation and ion-exchange chromatography, 

gave pure TAT-SOD protein in 68.6% yield. The E. coli expression system 

described here provides a feasible and convenient low-cost approach for the 

production of soluble recombinant TAT-SOD fusion protein with biological 

activity. This lays the foundation for possible pharmaceutical applications of 

the TAT-SOD fusion protein. Evidence was obtained that the TAT-SOD fusion 

protein increased cell viability after UVC irradiation of cultured MDCK 

epithelial cells, demonstrating the protective effects of the TAT-SOD against 

the UV-induced cell damage.  
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In chapter 3, The UV absorption of TAT-SOD protein was firstly scanned over 

the entire UV range and the possibility that the potential UV protective effect 

of TAT-SOD was due to the physical absorption of UV irradiation was 

excluded. In order to confirm the penetration of TAT-SOD through human 

stratum corneum, tape stripping of that stratum and a specific SOD activity 

assay were used. Significant increases on SOD activity with around 60%~90% 

(p<0.01) was found in the outer layers of SC in the TAT-SOD treated group, 

compared to the placebo treated control. This result indicated that TAT peptide 

did help SOD protein to penetrate into human SC.  

The effect of TAT-SOD on UVB irradiation was further examined in two 

phases of clinical studies. In clinical study 1, ten healthy volunteers were 

recruited. MED and blood flow were measured as two indices of UV-induced 

erythema response. Within the 10 subjects, eight subjects had a significant 

increase in MED with TAT-SOD pre-treatment (300 units/cm2 of skin area, 1 

hour before irradiation), although two Asian subjects did not benefit from 

TAT-SOD. Furthermore, when challenged with different UVB doses (150, 189, 

238 and 300 mJ/cm2), significant inhibition of the erythema response was 

commonly found in almost all subjects, when comparing the TAT-SOD treated 

groups with the placebo treated groups. The dermal blood flows of ten subjects 

were also measured 24 hours after UVB irradiation in the subjects. The results 

showed that the median blood flow value of the ten subjects at the UVB 

irradiated site was significantly decreased with TAT-SOD pretreatment. 



  185 

However, the median blood flow measured at the non-irradiated sites was not 

significantly different between the two groups. This indicated that there was no 

adverse effect on the normal skin associated with the TAT-SOD treatment. 

Taken together, the above data showed evidence that TAT-SOD did have 

protective effect against UVB induced skin damage. 

In clinical study 2, another five healthy volunteers were recruited. After 

challenge by a series of UVB doses, skin punch biopsies were taken from four 

test sites on the lower back for further H&E and immunohistochemical staining 

analysis. No statistically significant differences were seen between the average 

numbers of SBCs in the volunteers treated with TAT-SOD compared to those 

of the placebo treated controls. Also the number of p53 positive keratinocytes 

was not significantly reduced in the TAT-SOD pretreated sites compared to 

placebo-pretreated sites. The number of thymine dimer positive keratinocytes 

was also not significantly reduced in the TAT-SOD pretreated sites compared 

to the placebo-pretreated sites. This had been expected to provide direct 

evidence for the protective effect of TAT-SOD on the UVB-induced DNA 

damage. It appeared that UVB-induced apoptotic SBC formation, p53 up-

regulation and thymine dimer formation in epidermis were not attenuated by 

the pretreatment of TAT-SOD. 

One possible explanation is that an artificial defect was present within the 

experimental design. The MEDs of individual subjects involved in the clinical 

study 2 were only evaluated by eye before skin biopsies were taken. Therefore, 
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the exact UVB irradiation doses on biopsied sites could have been lower than 

the real MEDs, subsequently leading to the lack of significant difference 

between the placebo groups and the TAT-SOD treated groups. Another 

possibility may be that UVA and UVB induced DNA damages via very 

different mechanisms. The above data suggested that transdermal superoxide 

scavenger TAT-SOD can reduce the UVB-induced inflammation, but not 

abrogate the direct DNA damage of UVB irradiation on the skin.  However, the 

hope of TAT-SOD could reduce UVA indirect DNA damage remains. 

4.2     Further experiments 

In the biophysical part, further investigations need to be carried out using a 

TAT peptide with the deuterated fragment on the C-terminal and N-terminal 

side. The localization of these labels will provide information about the precise 

orientation of the TAT peptide inside the bilayers.  

In the physiological part, further clinical studies with a more carefully defined 

procedure will be needed to confirm the protective effect of TAT-SOD on UVA 

indirect DNA damage and UVB direct DNA damage on skin.  
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Appendix 1. Advertisements 

 

 

 
 
 
 
ADVERTISEMENT (1st PHASE) 
Version: 1.7 
Date: 1 November 2010 
 
Volunteers wanted for a study on whether applying a new formulation of anti-

oxidant to the skin reduces redness after ultraviolet exposure (similar to 

sunlight). We are looking for healthy volunteers to attend for 1 hour on two 

consecutive days. We will pay £5 for your time. If interested or you want to 

know more details, please contact Mr Xiaochao Chen on 0131 536 3229 or 

email r.weller@ed.ac.uk. 
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ADVERTISEMENT (2nd PHASE) 
Version: 1.7 
Date: 1 November 2010 
 
 
Volunteers wanted for a study on whether a cream containing a newly 

developed antioxidant reduces ultraviolet (sunlight) induced skin damage.  We 

are looking for healthy volunteers to attend for 1 hour on two consecutive days. 

We will pay £20 for your time. If interested or want to know more details, 

please contact Mr Xiaochao Chen on 0131 536 3229 or email  

r.weller@ed.ac.uk 
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Appendix 2. Volunteer information sheet 

 

 

 

 

 

 
 
 
 
 

 
VOLUNTEER INFORMATION SHEET  
Version: 1.7 
Date: 1 November 2010 
 
Study Title: 

Topical application of SOD mediated by TAT against UV 

radiation. 

 
 

1. Invitation 

You are being invited to take part in a research study. Before you decide it 

is important for you to understand why the research is being done and 

what it will involve. Please take time to read the following information 

carefully and discuss it with others as you wish. Ask if there is anything 
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that is not clear or if you would like more information. Take time to decide 

whether or not you wish to take part. Thank you for reading this. 

 

2. The purpose of the study 

Ultraviolet radiation (i.e. sunlight) produces biological changes in the skin 

such as redness and pigmentation, and also makes the development of skin 

cancer more likely. Research suggests that this is at least partly caused by 

the generation of substances called ‘free radicals’. The body produces a 

natural defence called ‘superoxide dismutase’ (SOD) which neutralises 

free radicals. Getting drugs such as SOD into the skin had always been 

difficult as one of the main roles of the skin is to act as an impermeable 

barrier to the outside world. A promising recent technique in delivering 

drugs across the skin barrier is the use of an agent called ‘TAT peptide’ 

which appears to be able to carry substances across cell barriers. Our study 

is to test whether TAT peptide allows the delivery of SOD into the skin 

and identify the role that free radicals play in UV-induced skin damage. 

 

 

3. Do I have to take part? 

It is up to you to decide whether or not to take part.  If you do decide to 

take part you will be given this information sheet to keep and be asked to 

sign a consent form. If you decide to take part you are still free to 

withdraw at any time and without giving a reason. No further data or 

tissue would be collected or any other research procedures carried out on 

or in relation to the participant although data or tissue already collected 

with consent would be retained and used in the study. A decision to 

withdraw at any time, or a decision not to take part, will not affect the 

standard of care you receive.  
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4. What will happen to me if I take part? 

 

This research study is divided into two phases. You can take part in just 

one of these phases. Each phase will take one hour at Department of 

Dermatology, University of Edinburgh and 12 hours at your home on two 

consecutive days. 

 

In first phase, you will receive a series of doses of ultraviolet A in 2 

distinct patches (10 x 8cm) on the back with a special phototesting lamp 

that we use to test sun-sensitivity in the Department of Dermatology. Each 

patch will have 10 different doses of UVA in a range of dots, each about 

2cm in diameter. Two kinds of cream will be applied to these two testing 

areas. One will be TAT-SOD cream and the other a control cream without 

TAT-SOD. Both these two creams will be applied 30 minutes before 

irradiation and four more times at 3 hour intervals after irradiation. At the 

first treatment, we will show you how to apply the cream. 24 hours after 

the irradiation, we will see you again to measure the blood flow in each of 

the irradiated dots with a special measuring device that is placed on the 

skin surface. Some of these irradiated dots will be red- just like an area of 

sunburn, but as they are so small this will not be particularly 

uncomfortable.   

 

In second phase, 4 small testing areas on the back will be treated with 

TAT-SOD cream and vehicle control cream without TAT-SOD as follows: 

The creams will be applied 30 minutes before irradiation and four more 

times at 3 hour interval after irradiation. Only 2 small dots (2cm in 

diameter) on the back will be exposed to UVA with the specific lamp used 

for phototesting. A single UVA dose will be chosen at which the maximum 

Ultraviolet.  Control Cream Ultraviolet. TAT-SOD cream 

No ultraviolet.  Control cream No ultraviolet.  TAT-SOD cream 
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reduction of blood flow was recorded from the first phase. 24 hours after 

irradiation, we will take 5 mm diameter punch biopsies from each of those 

four testing areas.  A 5mm diameter circular device is used - a little like a 

miniature pastry cutter- to remove the 4 small areas of skin.   The 

procedure is performed under local anaesthetic (the same type that your 

dentist uses if s/he does any work on your teeth) and thus will not hurt, 

although there may be a slight sting with the anaesthetic injection. The 

procedure takes about 10 minutes to do.  You will have a stitch to each of 

the biopsy sites which can be removed after a week. 

 

5. What are the side effects of any treatment received when taking part? 

UV radiation will cause redness in some of the treated patches, which may 

in some cases cause itching for a day or two.  Generally, as such small 

areas are treated, we do not find that this is a problem.  You will probably 

develop some temporary tanning in some of the treated patches.   The 

biopsy sites will heal over two to four weeks, and leave a small (3 to 4 

mm) scar. There is a risk of poor scar formation (Keloid scars) but we are 

not enrolling subjects who have a history of poor scar formation.  The 

injection of local anaesthetic often stings, and there may be some 

discomfort while the biopsy heals. All of the procedures involved are 

widely used in dermatological treatment and research. Furthermore, TAT-

SOD cream has been used as a cosmetic in China since 2007, and there are 

no reports of adverse effects from its use there.  

 

6. What are the possible disadvantages and risks of taking part? 

There should be no obvious disadvantages or risks to taking part. Your 

treatment will be unaffected by your taking part or not. Taking skin biopsy 

samples is potentially a painful procedure with possible risks of infection, 

poor healing or scar formation. These risks are very small and we perform 

several thousand biopsies of this type each year in the dermatology 



  215 

department.  

 

7. The possible benefits of taking part 

It is important to emphasise as stated earlier that there are no direct 

benefits of taking part in this research for you.  You should also 

understand that there is some minor discomfort involved such as the pain 

from injections into the skin, and of having local anaesthetic injections for 

skin biopsies.  In addition, we appreciate, that we are calling upon your 

time in significant degree. 

 

8. What if something goes wrong? 

Before conducting any research on humans considerable thought is given 

to likely benefits and disadvantages. We feel there are no significant risks 

to you if you agree to take part in this study. The University holds a 

clinical trial protection insurance policy which provides insurance cover in 

respect of the legal liability of the University in respect of accidental 

injury to a research subject arising out of a clinical trial undertaking in the 

name of the University. The University also holds a no fault insurance 

clinical trials protection policy which provides compensation to a research 

subject in respect of accidental injury arising out of a clinical trial 

undertaken in the name of the University. 

 

9. Confidentiality 

If you consent to take part in this research any of your records can be 

looked at by people from regulatory authorities to check that the studies 

are being carried out correctly and honestly. All information that is 

collected about you during the course of the research shall be kept strictly 

confidential. Any information about you that leaves the Hospital will have 

your name and address removed so that you cannot be recognised from it. 

At the end of this study, all the tissue samples will be disposed in 
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accordance with the Human Tissue Authority’s Code of Practice at 

Department of Dermatology, University of Edinburgh. The data from this 

study will be kept for 5 years after publication, but will not be identifiable 

to you.  

 

10. Will my own doctor be told of my participation? 

It is our normal practice, with the patient’s consent, to let their GP know 

that they have taken part in a research study.  We will therefore write to 

your GP saying that you are partaking in the study unless you wish us not 

to. 

 

11. What will happen to the results of the research study? 

We hope that the results of this study will contribute to improve treatments 

for patients with skin disease. Such results will be used in Xiaochao 

Chen’s PhD thesis  and the medical literature so that other doctors and 

patients can benefit from our findings.enrolling enough people to make the 

results meaningful. 
 

If you agree to partake in this study, you will be asked to sign a consent 

form, a copy of which you will keep. You will also be given a copy of this 

information sheet to keep. 

 

In the unlikely event that you needed urgent advice during the course of 

the study or afterwards please contact Dr Richard Weller on telephone 

number 0131 536 3229 or the on call Dermatology registrar via the Royal 

Infirmary switchboard telephone number 0131 536 1000.  Alternatively, if 

you wish to talk to an independent doctor then Professor Jonathan Rees 

(Professor of Dermatology, The Lauriston Building, Lauriston Place, 

Edinburgh, EH3 9YW, telephone 0131 536 2041) would be happy to 

provide more information. 
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Dr Richard Weller, MD, FRCP 
Senior Lecturer, Dermatology 
University of Edinburgh 
Lauriston Building, Royal Infirmary 
Lauriston Place 
EDINBURGH EH3 9YW 
TEL:  44(0)131 536 3229 
FAX: 44(0)131 229 8769 
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Appendix 3. Consent forms for adults  

 
 
 
 
 
 
 

 
 
 
CONSENT FORM FOR ADULTS (1ST PHASE) 
Version: 1.7 
Date: 1 November 2010 
 
Study Title:  
Topical application of SOD mediated by TAT against 
UV radiation. 
 
Name of Researcher:  Dr Richard Weller 
 
List any drugs and procedures to be given in the study explaining their 
action: 
 
1. 10 graded doses of UV will be applied in 2 areas on either side of the back 

in 2 distinct areas covering about 10 x 8cm.  Each individual dose of UV 
will be a small circle about 2cm diameter. 
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2. The two phototested areas will be treated with either vehicle control cream 
or TAT-SOD cream. This will be applied 30 minutes before irradiation and 
four more times at 3 hour intervals after irradiation. 

 
3. 24 hours after UV irradiation, blood flow at the irradiated sites will be 

measured. 
 
 
Please tick the following boxes to which you give your consent. 
 
 I confirm that I have read and understand the consent form and 

information sheet dated 1st November 2010 (version 1.7) for the above 
study and have had the opportunity to ask questions about them. 

 
 I agree for notice to be sent to my General Practitioner. 
 
 I agree to the provision of any clinically significant information to be 

given to my General Practitioner. 
 
 I understand that I am under no obligation to take part in this study and 

that a decision not to participate will not alter any future treatment that I 
would receive or any treatment I am currently receiving. 

 
 I understand that I have the right to withdraw from this study at any stage 

without giving a reason and again that this would not influence any 
treatment I am currently receiving or any treatment I might receive at some 
future date. 

 
 I understand that this is non-therapeutic research from which I cannot 

expect to derive any benefit. 
 
 
______________                ____________             ___________   
Name of Patient                  Signature                      Date 
             
  
______________               ______________           ___________   
Researcher                         Signature                       Date   
 
1 for patient;  1 for researcher;  1 to be kept with hospital notes  
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Dr Richard Weller, MD, FRCP 
Senior Lecturer, Dermatology 
University of Edinburgh 
Lauriston Building, Royal Infirmary 
Lauriston Place 
EDINBURGH EH3 9YW 
TEL:  44(0)131 536 3229 
FAX: 44(0)131 229 8769 
r.weller@ed.ac.uk 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

CONSENT FORM FOR ADULTS (2nd PHASE) 
Version: 1.7 
Date: 1 November 2010 
 
Study Title:  
Topical application of SOD mediated by TAT against UV 
radiation. 
 
Name of Researcher:  
Dr Richard Weller, MD, MRCP 
 
List any drugs and procedures to be given in the study explaining their 
action: 
 
1. 4 small areas on the back will be treated with either vehicle control cream 

or TAT-SOD cream. This will be applied 30 minutes before irradiation and 
four more times at 3 hour intervals after irradiation. 

 
2. Two small areas (2cm in diameter) on the back will be exposed to UV.  

One of these areas will have been treated with TAT-SOD and the other 
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with control cream  A single UV dose will be chosen at which the 
maximum reduction of blood flow was recorded from the first phase.  

 
3. After 24 hours, 5 mm diameter punch biopsies will be taken from each of 

these four areas (TAT-SOD or control cream, and with or without UV). 
This is performed under local anaesthetic. 

 
 
Please tick the following boxes to which you give your consent. 
 
 I confirm that I have read and understand the consent form and 

information sheet dated 1st November 2010 (version 1.7) for the above 
study and have had the opportunity to ask questions about them. 

 
 I agree for notice to be sent to my General Practitioner. 
 
 I agree to the provision of any clinically significant information to be 

given to my General Practitioner. 
 
 I understand that I am under no obligation to take part in this study and 

that a decision not to participate will not alter any future treatment that I 
would receive or any treatment I am currently receiving. 

 
 I understand that I have the right to withdraw from this study at any stage 

without giving a reason and again that this would not influence any 
treatment I am currently receiving or any treatment I might receive at some 
future date. 

 
 I understand that this is non-therapeutic research from which I cannot 

expect to derive any benefit. 
 
 
 
______________                ____________             ___________   
Name of Patient                  Signature                      Date 
             
  
______________               ______________           ___________   
Researcher                         Signature                       Date   
 
 
1 for patient;  1 for researcher;  1 to be kept with hospital notes  
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Appendix 4. NHS Lothian Ethics approval letters 
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Appendix 5. Certificates of training courses 
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Appendix 6. Publications 

Xiaochao Chen, Farid Sa'adedin, Bruno Deme, Pingfan Rao, Jeremy Bradshaw. 

Insertion of TAT peptide and perturbation of negatively charged model 

phospholipid bilayer revealed by neutron diffraction. Biochimica et Biophysica 

Acta (BBA) - Biomembranes, 2013 (1828):1982–1988. 

 


