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Synopsis

Human embryonic stem cell research is a rapidly evolving field with a great potential. Embryonic stem
cells can continuously reproduce themselves, and they are capable of forming the entire diversity of cells
in an adult. The growth of these cells in vitro requires a high level of control and the culture systems
are constantly improving. Embryonic stem cells are distinct from other cells in many aspects, and the
presence of the DNA base 5-hydroxymethylcytosine was recently found - a DNA base that in mammalian
cells is almost exclusive to embryonic stem cells.
Indolicidin is an antimicrobial peptide with a unique DNA binding capacity that can inhibit the DNA
synthesis in bacteria. The effect of binding to mammalian DNA has not yet been properly investigated,
and the possibility of an effect from binding to 5-hydroxymethylcytosine in embryonic stem cells was
the initial idea for this project.

The effect of indolicidin, the analogue indolicidin-4 and a new peptide IL4-RWT was tested on the em-
bryonic stem cell lines RH1 and T8. The cells were maintained in a culture system of MatrigelTM and
mTeSR R©1. Cytotoxic concentrations were determined, and IL4-RWT, that contains the fluorophore rho-
damine WT, was used to test the cellular uptake of the peptide. Flow cytometry showed a slow linear
uptake indicating an endocytosis related pathway and this was confirmed by fluorescence confocal laser
scanning microscopy showing inclusion bodies.

The effect of IL4 on the pluripotency of RH1 cells was first tested using a short assay. The morphology
of the cells was monitored and the expression of pluripotency transcription factors Oct-4 and Nanog was
determined using real-time reverse-transcription PCR. No significant effect was observed and a longer
assay using the T8 cells was conducted with IL and IL4. A clear positive effect was observed for IL4,
but a karyotype test revealed a mosaic making the results void.

DNA was isolated from the adult HDF cells and from the RH1 cells. The DNA was fragmented using
ultrasonication or digestion and imaged using AFM. Ultrasonication provided DNA of the desired size
without the need for extra cleanup steps as with enzymatic digestion, and this method was used to prepare
DNA for testing with IL4. The binding of IL4 to both HDF and RH1 DNA was confirmed, and a fast and
easy method for visualisation and analysis of the DNA molecules was described.
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Resume

Forskning i menneske embryoniske stamceller er et hastigt udviklende område med et stort potentiale.

Embryoniske stamceller kan ubegrænset reproducere sig selv, og de er i stand til at danne hele mang-

foldighed af celler i en voksen krop. Væksten af disse celler in vitro kræver en høj grad af kontrol og

kultur systemerne bliver konstant forbedret. Stamceller adskiller sig fra andre celler i mange henseender,

og tilstedeværelsen af DNA basen 5-hydroxymethylcytosin blev for nylig fundet; en DNA-base, der i

mammale celler næsten kun findes i embryoniske stamceller.

Indolicidin er et antimikrobielt peptid med en unik DNA-interagerende egenskab, der kan inhibere DNA-

syntese i bakterier. Virkningen af binding til mammal DNA er endnu ikke er blevet tilstrækkeligt under-

søgt, og muligheden for en interaktion med 5-hydroxymethylcytosin i embryoniske stamceller var den

indledende ide til dette projekt.

Virkningen af indolicidin, analogen indolicidin-4 og det nye peptid IL4-RWT blev testet på de embry-

oniske stamcelle linjer RH1 og T8. Cellerne blev groet i et kultur system af MatrigelTM og mTESR R©1.

Cytotoksiske koncentrationer blev bestemt, og IL4-RWT, der indeholder fluorophoren rhodamin WT,

blev anvendt til at teste cellulær optagelse af peptidet. Flowcytometri viste en langsom lineær optagelse,

hvilket indikerer en endocytose relateret pathway og dette blev bekræftet med fluorescens konfokal laser-

scanningsmikroskopi, der vidste inklusionslegemer.

Virkningen af IL4 på pluripotensen af RH1 celler blev først testet ved anvendelse af et kort assay.

Morfologien af cellerne blev overvåget, og udtrykningen af pluripotens transkriptionsfaktorer Oct-4 og

Nanog blev bestemt ved anvendelse af real-tids revers transkriptase PCR. Ingen betydelig virkning blev

observeret, og en længere analyse af T8 celler blev udført med IL og IL4. En klar positiv effekt blev

observeret for IL4, men en karyotype test afslørede en mosaik, der gjorde resultaterne ubrugelige.

DNA blev isoleret fra de voksne HDF celler og fra RH1 celler. DNA’et blev fragmenteret med ultralydbe-

handling eller med restriction enzymer og scannet med AFM. Ultralydbehandlingen producerede DNA

med den ønskede størrelse uden behov for ekstra oprensningstrin som med enzymatisk nedbrydning, og

denne fremgangsmåde blev anvendt til klargøringen af DNA til test med IL4. Bindingen af IL4 til både

HDF og RH1 DNA blev bekræftet, og en hurtig og nem fremgangsmåde til visualisering og analyse af

DNA molekyler blev beskrevet.
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Abbreviations

AFM Atomic force microscopy
AMP Antimicrobial peptide
bp Base pairs
DCM Dichloromethane
DMF Dimethylformamide
DNA Deoxyribonucleic acid
E. coli Escherichia coli
EGFP Enhanced green fluorescent protein
Fmoc 9-fluorenylmethyloxycarbonyl
GABA γ-aminobutyric acid
HDF Human dermal fibroblast
hESC Human embryonic stem cells
ICM Inner cell mass
IL Indolicidin
IL4 Indolicidin-4
IL4-RWT Indolicidin-4 + rhodamine water tracer
kbp Kilo base pairs
LiCl Lithium Chloride
MeOH Methanol
Oct-4 Octamer-binding transcription factor 4
PA Pipecolic acid
PBS Phosphate buffered saline
RH1 Roslin Human 1
RP-HPLC Reverse-phase high performance liquid chromatography
TFA Trifluoroacetic acid
TGF-β Human transforming growth factor β

TIS Triisopropylsilane
5-mC 5-methylcytosine
5-hmC 5-hydroxymethylcytosine
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1Introduction

Stem cells are a unique subset of cells that play a crucial role in the development and regeneration of

human life. They are important cells defined by the ability to continuously reproduce themselves, but

meanwhile retaining the ability to differentiate into various cell types. These characteristics make stem

cells ideal candidates for cell therapy or tissue engineering applications, and the use of stem cells in

regenerative medicine is a both promising and rapidly growing field [1]. Stem cells are found at all devel-

opmental stages, from embryonic stem cells - capable of forming the entire diversity of cells in the adult

organism - to adult stem cells, identified in most tissue types responsible for maintenance and repair of

the surrounding tissue [2]. Adult stem cells have been used in medicine for more than 50 years in appli-

cations such as bone marrow infusion for leukemia treatment [3]. The use of embryonic stem cells on the

other hand is an emerging field often limited by ethical controversies, but limitations of adult stem cells

makes the future development imperative: Most adult stem cells have a limited lifespan in culture and

they typically generate only the cell types of the tissue in which they reside [4], while embryonic stem

cells have full developmental potential to differentiate into any type of cell or tissue in the body, and they

have an almost unlimited self-renewal capacity in culture [2].

Controlling the growth and differentiation of embryonic stem cells is however a complex process. The

cells require specialised media and substrate conditions, and specialised feeder cells are often used just

to keep the cells from differentiation [5]. Embryonic stem cells are normally controlled by the use of a

specialised extracellular matrix and the addition of cytokines and growth factors that all target pathways

associated with the differentiation, survival and proliferation of the cells. Delivery of proteins into the

cell, instead of targeting surface receptors, provides a more direct approach. An example of the use of

intracellular targeting proteins was the use of a poly-arginine sequence to transport reprogramming fac-

tors into somatic cells creating induced pluripotent stem cells, adult cells reprogrammed to an ESC-like

state [6].

Indolicidin is an antimicrobial peptide [7] that has been demonstrated to interact with DNA in bacteria

preventing proper cell division [8]. The DNA binding affinity of indolicidin and analogues have been

intensely investigated [9,10,11,12,13], but the effect of binding to mammalian DNA has not yet been ex-

plored. Mammalian DNA differs from prokaryotic DNA in certain aspects, such as the packaging in

the chromatin, residency in the cell nucleus and the amount of chemical modifications. The binding of

indolicidin to mammalian DNA might therefore have a different effect than observed in bacteria. The

DNA base 5-hydroxymethylcytosine is in mammalian cells almost exclusive to embryonic stem cells,
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1.1 Human Embryonic Stem Cells

bone marrow and brain [14], and this DNA modification might also influence the outcome of indolicidin

binding to DNA. A membrane penetrating ability combined with a unique interaction with DNA makes

indolicidin a possible instrument in the control of embryonic stem cells.

1.1 Human Embryonic Stem Cells

The initial stem cell is the fertilised egg formed through the joining of male and female gametes. The

oocyte (unfertilized egg) and spermatocyte are formed during the first part of meiosis and both contain

only half the number of chromosomes found in normal somatic cells. During the second part of meiosis

the two fuse and the zygote is formed with a genotype comprising half maternal and half paternal chro-

mosomes. The zygote is totipotent, meaning that it is able to produce all differentiated cell types. The

first cell divisions (mitosis) of the zygote are called cleavage and the formed cells are called blastomers.

The blastomers become increasingly smaller, but up to the 8-cell stage they are considered as totipotent.

As the number of blastomers approaches 32 to 64 cells, a sphere of cells, the blastocyst, is formed with an

inner cell mass (ICM) later forming the embryo and outer cells later forming the embryonic membranes

and placenta. Human embryonic stem cell (hESC) lines are derived from the inner cell mass of the blas-

tocyst and as such are pluripotent, and they can under appropriate conditions undergo differentiation to

give rise to any cell type in the body. [15,2]

Figure 1.1: Early development of embryo. The joining of male and female gametes creates the totipotent zygote. The zygote
divides during cleavage and eventually loses totipotency as the blastocyst is created. The inner cell mass (ICM) of the blastocyst
is isolated and cultivated creating pluripotent embryonic stem cells. The pluripotent cells can form all three of the germ layers.

Once isolated from the blastocyst, the hES cell line is propagate in an environment that allows for cell

growth, but at the same time prevents the cells from differentiating. Such environment traditionally con-
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1.1 Human Embryonic Stem Cells

sist of a layer of mitotically inactivated fibroblast, called feeder cells, but feeder-free conditions have

also been applied [16,17]. Quality control, or selection of ES cells from differentiated cells when need

be, is done using the specific properties of the cell line. ES cells have an almost unlimited self-renewal

capacity and as such are not subjected to the cellular aging of somatic cells related to telomere shorten-

ing. The telomere is a region of repetitive nucleotide sequences at the end of a chromosome, which is

shortened through each cell division until it reaches a certain size, known as the Hayflick Limit, where

cell division stops. Immortal cells overcome the Hayflick Limit by expression of telomerase, an enzyme

responsible for maintaining telomere length. A high level of telomerase activity in ES cells compared to

somatic cells can be expected [18]. ES cells are also characterised by a high alkaline phosphatase activ-

ity [16], expression of the transcription factor Oct-4, which is exclusive to blastomeres, pluripotent early

embryo cells and the germ cell lineage [19]. Certain surface markers such as SSEA–3, SSEA-4, TRA-l-60

and TRA-1-81, which were all used in the first establishment of human embryonic stem cells [16], and

transcription factors such as Oct4, Sox2, c-myc, Klf4, Nanog or Lin28, used in the first reprogramming

of adult stem cells to pluripotent stem cells [20,21], also characterise pluripotent hES cells.

The morphology of ES cells versus differentiated stem cell is often evident, where pluripotent cells

appear as compact cells in well defined colonies and with a high nuclear to cytoplasmic ratio, while

differentiated cells tend be more dispersed and display a flatter morphology [22].

The T8 hES cell line
The T8 cell line is a tranfected human embryonic stem clonal cell line. H1 [16] cells were transfected with

an Oct4-EGFP plasmid, which express enhanced green fluorescent protein under control of the Oct4 pro-

moter. If Oct-4 expression is downregulated upon differentiation, the EGFP signal becomes a reporter of

pluripotency. A G418 resistance marker is also incorporated under control of the Oct-4 promoter. The

T8 cell line is of normal XY human karyotype. [23,24]

The RH1 hES cell
The Roslin Human 1 human embryonic stem cell line was after isolation propagated on a humanised

media using human dermal fibroblast as substitution for the earlier use of mouse embryonic fibroblast.

The cell line is XX euploid and carries a pericentric inversion of chromosome 9, which is considered to

be a normal human karyotype variant [17].

1.1.1 Human Embryonic Stem Cell Growth Conditions

Propagation of hES cells in culture must be done with an optimal growth rate and without the loss of

differentiation potential. This is traditionally done using mouse embryonic fibroblast feeder cell layers,

but the use of feeder cells includes risks. Mouse feeder cells can sustain both mouse and human ES
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cells, but the specific factors currently identified that sustain mouse ES cells do not support human ES

cells [25], and the excess of conditioning factors provided by the feeder cells may have unwanted effects.

Evidence of such can be provided by the influence of either mouse feeder cells or bovine derived "serum

replacement", which was the cause of human ES cells suddenly expressing a non-human sialic acid,

rendering the cells unsuitable for medical use [26]. Replacing animal feeder cells and animal derived

serum with human constituents removes the risks of zoonosis, but the use of serum products can give

batch variations [27,28]. The ideal environment for controlled ES cell growth is chemically defined and

such cell culture systems have been described [28], but the cost of some defined components often make

them impractical for everyday use. The main system used in this project is the media mTESR R©1, which

includes bovine serum albumin (BSA) [25], and the support MatrigelTM, a complex mixture of matrix

proteins derived from Engelbreth-Holm-Swarm mouse tumors [29].

1.2 Epigenetics of Embryonic Stem Cells

Epigenetic mechanisms refer to heritable changes in the gene expression of a cell other than changes in

the DNA sequence. The epigenetic state of a cell is inherited and can continue as "memory" of a cell

through many cell divisions [30], and it is in the epigenetic state that the difference between cell types

of identical DNA sequences lie. The pluripotent state of embryonic stem cells is the result of specific

epigenetic processes that regulate the expression of genes in regulatory and coding regions [31].

Epigenetic mechanisms include modifications of the nucleotides and the proteins in the chromatin. The

main type of nucleotide modification is the conversion of cytosine to 5-methylcytosine (5-mC), also

known as DNA methylation. DNA methylation usually happens on CpG dinucleotides (cytosine fol-

lowed by guanine), and 70%–80% of all CpG dinucleotides in human somatic cells are methylated [32].

Dense clusters of CpGs are know as "CpG islands", they are often found in promoter regions and it has

been observed that methylation of the CpG island is inversely correlated with gene expression [33]. Em-

bryonic stem cells possess a unique methylation signature compared to differentiated cells and cancer

cells [34], and pluripotent cells have been shown to possess a slightly higher overall methylation level

of CpG dinucleotides than fibroblast cells [35]. Methylation of cytosine in a non-CpG context is most

common in embryonic stem cells with nearly one-quarter of all methylation in non-CpG dinucleotides.

Non-CpG methylation is reduced upon induced differentiation [36].

1.2.1 5-Hydroxymethylcytosine in Embryonic Stem Cells

5-Hydroxymethylcytosine (5-hmC) is a DNA base first identified in 1953 in the bacteriophage T2, T4

and T6 [37]. The presence of 5-hmC in mammalian cells was indicated in 1972 [38], but only few mentions
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were made till recently when the base in 2009 was identified in mammalian cells [39,40] and in particu-

lar in mouse embryonic stem cells. An analysis of MspI cleavage sites in mouse embryonic stem cells

showed 4% of all cytosine species in CpG dinucleotides to be hydroxymethylated equaling 0.1% of all

cytosines in the genome [39]. 5-hmC may not be confined to CpG as is the case with 5-mC, and the total

percentage of 5-hmC is possible higher.

5-Hydroxymethylcytosines in DNA bacteriophages are glycosylated as part of a protective strategy to-

wards bacterial restriction enzymes [41], while the use of the base in mammalian cells is most likely

connected to a demethylation process catalysed by the Tet proteins [42].

Figure 1.2: Epigenetic modifications of the cytosine DNA base. Methylation of the 5 position of the cytosine pyrimidine ring (5-
mC) is often found in CpG dinucleotides, where methylation in promoter regions is inversely correlated with gene expression.
5-Hydroxymethylcytosine is formed by hydroxylation of 5-mC by Tet proteins and may be part of a demethylation process
important for embryonic stem cells.

1.3 The Antimicrobial Peptide Indolicidin

Antimicrobial peptides are host defence molecules produced by the innate immune system of species

throughout the animal and plant kingdom. The diversity of antimicrobial peptides is even greater than

the diversity of species from which they have been discovered, and the same peptide sequence is rarely

recovered from two different species [43]. The general features of antimicrobial peptides is a cationic

charge, a length of about 12-50 amino acids and some degree of amphipathicity due to a content of

both hydrophilic and hydrophobic amino acids [44]. Four main structural classes of antimicribial peptides

are normally considered based on their secondary structure. The four structural classes are: β -sheet

molecules stabilised by two or three disulphide bonds, amphipathic α -helices, extended molecules, and

loop structures created by a single disulphide bond [45]. Indolicidin does not exhibit either α or β struc-

tures and belong to the class of extended molecules [46].

Indolicidin is a 13 residue long cationic peptide isolated from the cytoplasmic granules of bovine neu-

trophils [8]. It has the amino acid sequence ILPWKWPWWPWRR-NH2, from which it is seen that

indolicidin contains both hydrophilic and hydrophobic amino acids and carries a net charge of +4 includ-

ing terminal amidation. It is characterised as a Trp-rich peptide owing to the five tryptophan residues.

The high degree of proline residues may contribute to why indolicidin does not adopt either α-helical or

β-sheet conformation, not even in membrane mimicking environments. However, it is well established
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1.3 The Antimicrobial Peptide Indolicidin

that indolicidin readily partitions itself into membrane bilayers of different lipid compositions, adopting

an extended wedge-like conformation. [47,8]

Figure 1.3: NMR determined structure of indolicidin bound to dodecylphosphocholine micelles [46]. Adapted from entry 1G89
of the RCSB Protein Data Bank.

Indolicidin has been shown to possess significant antimicrobial effects against Gram-positive and Gram-

negative bacteria, fungi and protozoa [9], and has furthermore been shown to have the ability to inactivate

HIV-1 [48]. All these abilities can be explained by the hypothesis that indolicidin has a membrane disrupt-

ing property, which however has not yet been fully understood [49]. Several different ideas about the mode

of action of indolicidin exist. Falla et al. [50] reports that the killing mechanism involves a barrel-stave

pore formation, whereas Shai et al. [51] suggest the toroidal model as the mode for indolicidin to cross

the membrane. Yet again, others suggest that the mechanism is without well defined pore formation,

and that the uptakes is caused by some sort of membrane aggregate that allows indolicidin to penetrate

into the cytoplasm [52]. Even though the mechanism is still inconclusive, Subbalakshmi et al. confirms

that indolicidin has the ability to permeabilise the inner and outer layers of bacterial membranes without

lysing the cells [8].

Indolicidin induces filamentation in E. coli at concentrations below the required for lysis of the bac-

terial membrane. This happens as a result of indolicidin binding to DNA, inhibiting DNA synthesis

but otherwise not significantly affecting either RNA or protein levels [8]. The DNA binding affinity and

unique tryptophan and proline content of indolicidin has attracted a lot of attention and brought about a

considerable amount of structural analogs.

1.3.1 Indolicidin Analogs

The short nature of indolicidin combined with the high proportion of tryptophan (38%) and proline (23%)

residues is believed to be involved in the antibiotic effect, but it also causes indolicidin to have a cytotoxic

nature, which impairs its therapeutic use [53]. Many indolicidin derivatives have been created, testing the

effect of etc. tryptophan [50] and proline [54] in order to minimise the hemolytic activity, while retaining

the antimicrobial effect. The indolicidin analogue omiganan (ILRWPWWPWRRK-NH2) [55] has even
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passed phase III trials and demonstrated statistically significant bactericidal and fungicidal effect [56].

Indolicidin analogues with tryptophan replaced by phenylalanine [57] or leucine [50] has been produced,

and a decreased hemolytic activity has been observed. The replacement of 4 tryptophan with leucine

produced the indolicidin analogues IL-4, IL-8 and IL-11, where the number indicates the last remaining

tryptophan. Earlier studies on IL4 using high-resolution AFM imaging has indicated an affinity for the

double helix structure of DNA comparable to that of indolicidin.

1.4 Atomic Force Microscopy

Atomic force microscopy (AFM) is a class of scanning probe microscopy (SPM), where a physical probe

is mechanically moved over a sample, generating an image by measuring the interaction between probe

and surface [58]. AFM measures the force and at short separation the force between neutral atoms or

molecules can be described by the Lennard-Jones potential:

w(r) = ε

[(re

r

)12
−2

(re

r

)6
]

(1.1)

where ε is the potential well depth, r is the separation between two particles and re is the separation

at equilibrium. The Lennard-Jones potential is plotted in Figure 1.4. Force is the negative slope of

potential and an attractive force occurs between particles at separation larger than re due to Van der

Waals interactions [(re/r)6], while a repulsive force occurs at separation smaller than re due to Pauli

repulsion [(re/r)12]. [59]

Figure 1.4: The Lennard-Jones potential plotted as function of separation. ε and re values for methane empirically deter-
mined [60]. Plotted in MATLAB.

The ultimate resolution of AFM is critically defined by the radius of the AFM tip. A single atom tip

would theoretically give an optimal resolution, but such a tip is also very fragile. Once the tip touches

the sample surface, no matter how soft the contact or gentle the touch, the tip will instantly become blunt.

Non-Contact mode AFM involves the use of an oscillating cantilever moving slightly above the sample.
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The tip is oscillated close enough to the surface that the Van der Waals forces between tip and surface

will affect the resonance frequency and amplitude of the cantilever. The impact is then used to maintain

the tip-sample separation constant so that a high resolution profiling of the surface can be obtained. [61]

A liquid meniscus layer will form on most samples in ambient conditions. In non-contact mode AFM the

tip is oscillated with a small amplitude ( < 5 nm) near the surface, and there is only a narrow region where

the oscillation amplitude is affected by the Van der Waals interaction, before the tip is captured by the

surface liquid. Once the tip is captured, a force is required to pull out the tip and resume a free oscillation.

To overcome this problem a larger amplitude is applied (typically 20-100 nm). The tip now "taps" the

surface, thus overcoming the stickiness of the liquid layer. This method is referred to as tapping mode. [62]

A simplified setup of an AFM is shown in Figure 1.5. A laser signal is reflected from the top of a

cantilever to a photodiode array, and the angle of reflection is used to measure the z-position of the tip.

The layout amplifies small changes in height of the cantilever and enables measurement of picometer

resolution [58]. Figure 1.5 B illustrates a tip scanning a surface. A single atom tip is not practical and

the effect of tip curvature on the lateral resolution is evident. AFM can therefore only provide precise

quantitative information about the height of a structure and not the width.

A B

Figure 1.5: Atomic force microscopy. A: Scheme of an AFM setup with laser (A), cantilever (B), tip (C), sample (D) and
photodiode array (E). B: The effect of tip curvature on lateral resolution.

1.5 Structure of DNA

DNA is a nucleic acid containing the genetic material of the cell. DNA is found in all living organisms

(excluding viruses as non-living) with little difference in the molecular structure. The DNA molecule is a

long polymer composed of the four nucleotides adenine (A), thymine (T), cytosine (C) and guanine (G).

The nucleotides are composed of a base, 2-deoxyribose and a phosphate group, where the phosphate

and 2-deoxyribose link the nucleotides forming a strand. The DNA molecule consists of two helical

strands coiled around the same axis held together by hydrogen bonds formed between the bases facing
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each other. Pairing of the bases obey the complementary base pairing principle stating that adenine pairs

with thymine forming two hydrogen bonds, while guanine pairs with cytosine through three hydrogen

bonds. The structure of the four bases is shown in Figure 1.6 (A). Figure 1.6 (B) shows the double-helical

B-form of the two DNA strands as determined by Watson and Crick. [63]

A B

Figure 1.6: The structure of DNA. A: The four nucleotides adenine (A), thymine (T), cytosine (C) and guanine (G) that make
up the DNA molecule. B: The double-helical structure of DNA as first published by Watson and Crick in 1952 [63].

The helical structure of the DNA molecule displays a great deal of plasticity. The B conformation of

DNA is believed to be predominant in cells, but other conformations such as the A and Z also exist.

The conformation that DNA adopts depends on the hydration level, supercoiling, chemical modifications

of the bases, concentration of ions and the DNA sequence [64]. The A, B and Z conformations are the

most common and the direction of the helix, residues per turn and diameter in solution are listed in

Table 1.1. Non-canonical DNA structures also exist, such as parallel helices [65], Holliday junctions [66]

or G-quadruplexes that hold important biological functions [67].

A-DNA B-DNA Z-DNA
Helix sense Right Right Left
Residue per turn 11 10-10.5 12
Axial rise (Å) 2.55 3.4 3.7
Diameter (Å) 23 20 18

Table 1.1: Selected geometric properties of A, B and Z conformation of DNA. [68]

The molecular structure of DNA so far described is valid for both pro- and eukaryotic cells. The general

layout of eukaryotic cells is shown in Figure 1.7. Both plant and animal cells are surrounded by a lipid

bilayer that confines the cytoplasm. Inside the cytoplasm a variety of organelles exist, usually enclosed

by independent membranes. The nucleus is a special organelle that holds the DNA of eukaryotic cells.

The membrane of the nucleus is selectively permeable and allows certain material such as mRNA to

move between the nucleus and cytoplasm, while DNA is confined to the nucleus [69]. Most molecules

smaller than 10 nm in diameter can normally diffuse freely through the nuclear membrane, while larger

molecules require a specific amino acid motif for translocation [70]. Other organelles in eukaryotic cells

also contain DNA, such as the chloroplast in many plant cells and mitochondria in animal cells. Human
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cells contain approximately 100-10,000 copies of the mitochondrial DNA, each of approximately 16,000

base pairs [71], which is a fairly small proportion of the total cell DNA.

Figure 1.7: Cutaway diagrams of eukaryotic cells showing the main organisational features and principal organelles. A: A
generalised higher plant cell. B: A generalised animal cell. The DNA in eukaryotic cells is confined by inner membranes, the
main part of the DNA is located in the nucleus, but smaller organelles such as chloroplast and mitochondria also hold their
own DNA. [69]

The general layout of a prokaryotic cell is shown in Figure 1.8. Prokaryotic cells, such as bacteria,

lack the inner cells walls observed in eukaryotic cells and the prokaryotic DNA is therefore located

in the cytosol. No resctictive membranes shield the prokaryotic DNA leaving it openly accessible to

all components of the cytosol. This leads to significant differences in DNA related pathways and in

the DNA structure. Eukaryotic DNA is linear and each cell contain several pieces of different DNA

(chromosomes), while most prokaryotic cells contain a single circular chromosome. Telomere ends

are present in eukaryotes to avoid shortening of the DNA during cell division (stem cells avoid this by

expressing telomerase as described in Section 1.1), while the circular prokaryotic DNA has no need for

telomeres. Telomere sequences are noncoding (not coding for any protein) and just 2% of eukaryotic

DNA codes for proteins [72], while the number is 85–90% for prokaryotic DNA. Eukaryotic DNA is

tightly packed in the chromatin, which is made up by the DNA and proteins related to the packaging.

Prokaryotic DNA on the other hand is packed in a dense clump by super coiling without the aid of other

proteins. [69]
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Figure 1.8: Cutaway diagram of a generalised prokaryotic cell. The DNA in prokaryotic cells is located in the cytosol alongside
all other macromolecules that have entered the cell membrane. [69]

1.6 The Interaction Between DNA and Indolicidin

The interaction between indolicidin and DNA has classically been confirmed using gel retardation [73],

but fluorescence quenching, surface plasmon resonance [9], crosslinking and mass spectrometric foot-

printing approaches has also been applied [11]. Indolicidin displays a high degree of structural plas-

ticity with a globular and amphipathic conformation in aqueous solution, a wedge shape in membrane-

mimicking environments, and presumably a third conformation related to DNA binding. The mechanism

of interaction with DNA has been suggested as a two-state reaction model starting with electrostatic bind-

ing to the phosphate groups of the DNA duplex followed by insertion into the DNA groove [9]. The mul-

tiple positively charged amino acids suggest that indolicidin will bind strongly to the phosphate groups,

and molecular dynamics simulations has suggested that indolicidin and indolicidin-4 will preferentially

position itself in the major groove [74]. A sequence affinity has also been found showing a strong binding

to ds[AT], ds[CG] and ds[AG], but only a weak binding to ds[GT]. [9]

The binding of indolicidin to DNA hold the potential of inhibiting a large variety of DNA processing

enzymes. A known example is the inhibition of topoisomerase I mediated relaxation of DNA [11]. The

large size of the chromosome and the intense folding impose topological difficulties when essential en-

zymes require access to specific locations. The superhelical tension presents an obstacle that is overcome

by topoisomerase I by breaking the DNA backbone, relaxing the strand and resealing the DNA [75]. The

mechanism of topoisomerase I is shown in Figure 1.9.
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Figure 1.9: The catalytic cycle of a type I topoisomerase: The enzyme binds to DNA, nucleophilic attack leads to cleavage of
the DNA backbone, the DNA duplex is relaxed, the enzyme religates the DNA and dissociates. Adapted from Leppard et al. [75]

Indolicidin has also been shown to bind covalently to abasic DNA sites [11]. Abasic DNA sites can

be created spontaneously, under the action of radiations and alkylating agents, or enzymatically as an

intermediate in the repair of modified or abnormal bases as the loss of a base leaving a deoxyribose

residue [76].

1.6.1 Atomic Force Microscopy of the DNA-Indolicidin Interaction

AFM is one of few techniques that allows direct visualization of the DNA molecule, and it has the ad-

vantage of quick and simple sample preparation [77]. DNA can be imaged without the need for complex

preparation methods that could alter the molecules biological function, making it possible to investigate

the interaction between single DNA molecules and a wide range of proteins [78]. The preparations for

imaging DNA with AFM are quick and simple, but they are of utmost importance for the experiment to

mimic in vivo conditions, as the structure of DNA can be easily corrupted.

The conformation that DNA adopts when immobilised on a surface for AFM analysis depends on the en-

vironment and forces present during the binding process. A high concentration of salt [79] or dehydrating

agents, such as ethanol [80], can cause a transition from B-form to A-form, and as such should be avoided.

The binding of DNA to the surface must be strong enough to resist the motion of the moving tip during

AFM scan, but not too strong as to change the conformation of the DNA. Mica is a reliable and conve-

nient substrate for imaging of DNA as the crystal structure allows for perfect cleavage yielding a clean

and smooth surface. The surface of mica is negatively charged and the binding of DNA can therefore be

mediated by divalent ions, creating a reversible binding [81], or by a chemical modification of the surface
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in order to mediate a covalent binding of the DNA such as with aminopropyltrimethoxysilane (APTMS).
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2Experimental Procedure

Relevant materials are listed in Appendix A.

2.1 Peptide Synthesis and Purification

Indolicidin (Cambridge Bioscience) with a purity of ≥ 95% (HPLC peak area) was obtained and the two

indolicidin analogs IL4 and IL4-RWT were synthesized by Fmoc (9-fluorenylmethyloxycarbonyl) solid

phase peptide synthesis on rink amide resin. The peptides, abbreviation and amino acid sequence can be

seen in table 2.1.

Peptide Abbreviation Sequence

Indolicidin IL ILPWKWPWWPWRR
Indolicidin-4 IL4 ILPWKLPLLPLRR
Indolicidin-4 + fluorophore IL4-RWT ILPWKLPLLPLRR(Acx)1(Rwt)2

Table 2.1: Peptides obtained for use in the project. Common name or description in column 1, abbreviation in column 2 and
amino acid sequence in column 3. 1Amino hexanoic acid. 2Rhodamine water tracer.

2.1.1 Solid Phase Peptide Synthesis

The peptide IL4 was synthesised with a theoretical yield of 0.615 mmol and 20%, corresponding to

0.123 mmol, of the product was afterwards used to synthesise IL4-RWT. Synthesis was done following

the Fmoc/tBu approach as described by Chan and White [82]. An aminomethyl resin with a loading ca-

pacity of 1.23 mmol/g was utilised and 3 equivalences of Fmoc-amino acids (AnaSpec) with appropriate

side chain protection were used for each coupling. The resin was washed 3 times with DCM, DMF and

MeOH, and swelled in DCM for 20 minutes before each coupling step. Deprotection was carried out us-

ing 2 steps of 10 minutes mixing with 10 mL/mmol 20% piperidine/DMF follow by 3 times DCM/DMF

wash and a ninhydrin test [83] for primary amines and a chloranil test [84] for proline. Amino acids with

1.0 equivalence of Oxyma were dissolved in 10 mL/mmol DMF and activated for 10 minutes using 1.0

equivalence of DIC. Couplings were then performed with 360◦ mixing for 3 hours at room temperature

followed by a ninhydrin or chloranil test.

20% of the product was removed after coupling the last amino acid of IL4, and the spacer 6-(Fmoc-

amino)hexanoic acid as well as the fluorophore rhodamine water tracer were coupled following the above

procedure.
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Deprotection of both peptides and cleavage from the resin was performed by treatment with 10 mL/m-

mol of a TFA/TIS/DCM mixture (90:5:5) for 120 minutes with 360 ◦ mixing. The peptide was then

precipitated by three steps of adding -20 ◦C diethyl ether, mixing, 10 min centrifugation at 10,000 G

and decantation. The precipitates were finally vacuum dried and stored at -20 ◦C. Cleavage was done

on resin-peptide after the coupling of the first 13 amino acids and a deprotection, and after the coupling

of spacer and fluorophore. A preliminary small-scale cleavage of peptide-resin was initially carried out

using 1 mg of the product, where after the full amount was cleaved.

2.1.2 RP-HPLC Analysis and Purification of Synthesised Peptides

Products from synthesis of IL4 and IL4-RWT were analysed and purified using reverse-phase high per-

formance liquid chromatography (RP-HPLC). The mobile phase was composed of a H2O with 0.1%

(v/v) TFA and acetonitrile gradient.

Analysis was done on a Dionex Accalaim C18 reversephase column (4.6 mm x 150 mm, 3 µm, 300 Å)

by loading 100 µL 0.1% (w/v) TFA in H2O with a small amount of synthesis product dissolved. A flow

rate of 1 mL/min and a linear gradient from 5 to 80% acetonitrile was applied for both peptides. An

absorption spectrum from 214 to 600 nm in 2 nm steps was recorded.

Purification was done on a Dionex Gemini-NX C18 reverse-phase column (10.00 mm x 250 mm, 5 µm,

110 Å) by loading 2 mL 0.1% (v/v) TFA in H2O with a larger amount of synthesis product dissolved.

The amount of dissolved product was adjusted to a level ensuring proper peak seperation. Absorbance

at 280 nm was used for fraction collection of IL4 and 554 nm for fraction collection of IL4-RWT. The

collected fractions were freeze-dried and stored at -20 ◦C.

2.1.3 Mass Spectrometry

Mass spectrometry was performed using a Bruker Reflex III reflectron MALDI-TOF instrument (Bruker

Daltonik, Germany). A small fraction of the collected product from RP-HPLC was dissolved in a matrix-

solution composed of 3g/L 2,5-dihydroxy benzoic acid (Sigma) in acetonitrile and 0.1% TFA in water

(1:1). 1 µL solution was deposited on a sample support and left to dry before loading into the mass spec-

trometer. External calibration was performed prior to analysis using a pepmix calibrant mixture (Bruker).

Data was analysed in Mmass [85,86] and plotted in Matlab.
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2.2 Maintenance of hESC

Established human embryonic stem cell lines were sustained and augmented in a feeder free medium.

The cells were maintained in 6 well culture plates (Corning, Lowell, MA) coated with MatrigelTM (BD

Biosciences). RH1 cells were grown in mTESR R© 1 (StemCell Technologies) medium added 1% peni-

cillin, 1% streptomycin and 1% fungizone. T8 cells were grown on similar medium however with the

addition of 0.1% G418 (Life Technologies). Cells were maintained at a temperature of 37 ◦C and CO2

concentration at 5%.

The cells were fed every day by aspiration of the old medium and careful addition of 2 mL 37 ◦C new

medium. The cells were routinely passaged as well as treated to maintain an undifferentiated state. All

work was performed using aseptic conditions in a laminar flow hood.

Passaging of cells
The cells were monitored under microscope daily and passaged when a confluency of 90-100% was

reached. Passaging was done approximately every 5 days. 1 mL Matrigel stock solution (see Appendix

A) was added to each well of the 6-well culture plate and left to settle at room temperature for at least

one hour. Excess Matrigel was aspirated and 1 mL media added shortly before cells were plated. The

well containing cells was aspirated, carefully added 2 mL 37 ◦C PBS, aspirated and added 1 mL of room

temperature collagenase solution (see Appendix A). The plate was then incubated at 37 ◦C for 5 minutes

or until the colony edges started to loosen. Collagenese was aspirated and the well carefully washed

with 2 mL 37 ◦C PBS before 2 mL medium was added. The cells were then carefully scraped off the

well using a small cell scraper (Corning, Lowell, MA). The medium containing cells was then added

to the newly prepared wells; one well of RH1 was added to two new wells, while each well of T8 was

added to three new wells. An additional 1 ml medium was used to wash remaining cells of the old well

and transfer them to the new wells. All wells were added medium to a final volumen of 2 ml before

immediately being moved to the incubator.

Selection of undifferentiated cells
Cells with ES like morphology were isolated to promote the undifferentiated state of the cells, when other

morphologies became apparent. Areas of non ES like morphology were identified and removed using a

scraper and a localized continuous flow of 37 ◦C PBS. The remaining cells were afterwards passaged.

Haircut
The haircut method was used when colonies of different morphologies were not separatable. The well

was aspirated, added 1 mL room temperature collagenase and incubated for approximately 3 minutes at

37 ◦C. The collagenase was then aspirated and 37 ◦C PBS was carefully passed over the cells until cells
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of non ES morphology were washed off. The well was then aspirated, added 2 mL media and incubated

for at least 24 hours before further passaging.

2.3 Preparation of Single cell Suspension

Single cell suspensions were used in experiments where cell lumps were unfavourable and where cell

count was required. Each well of the 6-well culture plate was aspirated, carefully added 2 mL 37 ◦C PBS,

aspirated and added 1 mL 37 ◦C 0.025% Trypsin/EDTA solution (see Appendix A). The plate was then

incubated at 37 ◦C for 5 minutes or until the cells were dislodged. 2 mL media was added to neutralize

the enzyme, and the cells were harvested and dispersed to a single cell suspension using a serological

pipette. The cells were then transferred to a falcon tube and centrifuged at 200g for 5 minutes at room

temperature. The media was aspirated and the cell pellet resuspended in 2 mL 37 ◦C media previously

added 0.1% ROCK inhibitor (Millipore). 20 µL of the cell suspension was mixed with 60 µL Trypan

blue (Invitrogen) and the cells were counted a minimum of three times using a hemocytometer. The cell

suspension was then diluted to the desired concentration in media with 0.1% rock inhibitor and added to

Matrigel coated wells.

2.4 Preparation of peptide containing medium

Media containing IL, IL4 or IL4-RWT for experiments were prepared in advance and stored for up to

7 days at 5 ◦C. Peptides were dissolved in PBS and the concentration measured using A280 and A590

on a NanoDrop 1000 Spectrophotometer (Thermo Scientific, Waltham, Massachusetts). The solvated

peptides were added to the desired medium in less than a 1:100 ratio and the solution was filter sterilised.

2.5 Cell Viability Assay

Cell viability assay were performed based on an optimised protocol of the CellTiter-BlueTM Cell Via-

bility Assay [87]. 96 well cell culture microplates (Greiner Bio-one) were prepared by addition of 30 µL

Matrigel to each well followed by incubation at room temperature for atleast one hour. The Matrigel

was then removed and each well washed with 200 µL PBS. RH1 and T8 single cell suspensions were

concurrently prepared and 10,000 cells in 200 µL media with 0.1% ROCK inhibitor seeded in each well.

Media containing different concentrations of peptide was prepared as described above. The starting me-
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dia was removed from all wells after 24 hours and 200 µl 37 ◦C peptide containing media was added to

each well. This was repeated at 72, 120 and 168 hours.

Measurements were performed after 192 hours or when any well in a plate reached confluency. The

media was removed, all wells washed with 200 µL PBS and added 100 µL PBS and 20 µL Cell-Titer

Blue (Promega, Madison, WI) previously mixed and heated to 37 ◦C. The plate was incubated for 2

hours at 37 ◦C and fluorescence recorded with excitation/emission at 560/590 nm using an automated

plate reader with excitation applied from the bottom and emission acquired likewise from the bottom.

2.6 Measurement of IL4-RWT cellular uptake

RH1 embryonic stem cells were used for screening of peptide uptake. 100,000 cells were passaged into

each well of a 12 well plate as described in section 2.3. The media was replaced with new 37◦C media 24

hours after passaging, and medium containing 5 µg/mL IL4-RWT was prepared and kept at 37◦C. Wells

were then incubated with IL4-RWT media at different time points by aspiration of the existing media,

wash with 37◦C PBS and addition of 1 mL 37◦C of the IL4-RWT media. The time points corresponded

to final incubation times of 24, 12, 3, 2, 1, 0.5 and 0.25 hours. The cells were monitored using phase

contrast microscopy and fluorescence confocal laser scanning microscopy.

The cells were harvested by aspiration of the media, two times wash with PBS and addition of 0.5 mL

37◦C 0.025% Trypsin/EDTA solution followed by 5 minutes incubation at 37◦C. 1 mL ice cold FACS

PBS solution was then added and the cells were collected and dispersed to a single cell suspension using

a serological pipette. The cells were transferred to a falcon tube and collected by 5 minutes centrifugation

at 200g before resuspension in ice cold FACS PBS (PBS + 1% FBS). Centrifugation and resuspension

was performed twice with final resuspension in 500 µL. Cells were then kept on ice and used shortly

after for flow cytometric analysis on a FACSCalibur (BD Biosciences, Bedford, MA) flow cytometer.

Flow cytometry data was analysed using FCS Express 4 (De Novo Software).

2.7 RH1 in mTeSR Differentiation Assay

The effect of indolicidin-4 on RH1 embryonic stem cells growing on mTeSR medium was examined.

100,000 RH1 cells were passaged into each well of a 12 well plate, as described in section 2.3, and

incubated for 24 hours. mTeSR with 50 µg/mL IL-4 was prepared as described in section 2.4 and 3

wells were subjected to treatment by growth on mTeSR or mTeSR IL-4 medium for 5 days with daily

replacement of the media. Morphology was monitored daily using a phase contrast microscope and total
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RNA was isolated after the 5 days treatment as described in Section 2.10.

2.8 T8 in mTeSR Differentiation Assay

The effect of indolicidin and indolicidin-4 on T8 embryonic stem cells growing on mTeSR medium was

examined. The T8 cell line is a tranfected human embryonic stem clonal cell line expressing EGFP under

control of the Oct-4 promoter [23].

Six different media were prepared based on the mTeSR R©Basal Medium (StemCell Technologies,Vancouver,

Canada) and the mTESR R©1 5X Supplement without Select Factors (StemCell Technologies). A posi-

tive control was prepared by addition of the following select factors: 0.6 µg/mL Recombinant Human

TGF-β1 (R&D Systems), 0.1 µg/mL bFGF, 42 µg/mL Lithium Chloride, 129.7 ng/mL pipecolic acid and

103.1 ng/mL γ-aminobutyric acid (GABA). The positive control mimics the fully supplemented mTeSR.

A negative control was prepared without addition of any select factors. An intermediary medium was

prepared as the positive control but without addition of TGF-β. Three constrained media were prepared

be exclusion of TGF-β and bFGF, and from these media one was added 50 µg/mL IL4 and one 20 µg/mL

IL. The select factors and peptide additions to each media is listed in Table 2.2

Description bFGF TGFβ LiCl PA GABA IL IL4

Positive control
Negative control
-bFGF/TGFβ

-bFGF
+IL11
+IL4

Table 2.2: Media conditions used for the T8 in mTeSR differentiation assay. mTESR R©1 Basal Medium and mTESR R©1 5X
Supplement without Select Factor were used as basis and select factors or peptides were added: Recombinant Human TGF-β1
(TGF-β), basic fibroblast growth factor (bFGF), Lithium Chloride (LiCl), pipecolic acid (PA), γ-aminobutyric acid (GABA),
indolicidin (IL) and indolicidin-4 (IL4). Added constituents are marked with black .

1,000 T8 cells were passaged into each well of a 96 well plate and 30,000 cells into each well of a 6

well plate, as described in section 2.3, and incubated for 24 hours. 24 wells of the 96 well plate and 1

well of the 6 well plate were subjected to treatment by growth on each of the six different media for 7

days with daily replacement of the media. 4 wells of the 96 well plate of each condition were removed

and analysed every 24 hours starting just prior to the transition from mTeSR to the six different media.

Analysis was done by addition of 20 µL 10x Hoechst stain in PBS for a final concentration of 2 µg/mL

and incubation at 37 ◦C for 20 minutes before aspiration, addition of 200 µL PBS, aspiration and a final

addition of 200 µmL PBS. The fluorescence signal of each well was measured using an automated plate

reader with 485/510 and 350/470 excitation/emission filters, excitation and emission applied from the

bottom. Morphology was monitored daily using a phase contrast microscope.
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2.9 RH1 in E8 Differentiation Assay

The cells of each of the six media conditions in the 6 well plate were passaged when the positive control

reached 90% confluency. 30,000 cells of each condition were trypsin passaged into a new well of a 6

well plate and 1,000 cells were passaged into each well of a 96 well plate. Remaining cells pellets were

collected by centrifugation at 250g, aspiration of the media and a snapfreeze of the pellet to -80 ◦C. Total

RNA was isolated for real-time reverse-transcription PCR as described in section 2.10. 4 wells of the 96

well plate of each condition were removed and analysed every 24 hours by a capture of green and blue

fluorescence images of 3 areas of each well and cells were counted as described in Appendix C.

Passaging of the cell in the 6 well plate to new 6 well plates was performed a further two times for a total

of four passages. Remaining cells pellets were collected for RNA isolation.

2.9 RH1 in E8 Differentiation Assay

The effect of indolicidin and indolicidin-4 on RH1 embryonic stem cells growing on the fully defined E8

medium was examined. RH1 cells had been previously transitioned from mTeSR to E8.

E8 medium was prepared as described by Thomson et al. [27] with the extra addition of 1% penicillin,

1% streptomycin and 1% fungizone. E6 medium was prepared as E8 but without the addition of insulin

and TGFβ. E8 medium containing 50 µg/mL IL-4 or 20 µg/mL IL was prepared as described in section

2.4. 100,000 RH1 cells were passaged into each well of a 12 well plate, as described in section 2.3, and

incubated for 24 hours. 4 wells were used for each of the five media conditions: E8, E8 + IL4, E8 +

IL and E6, and each well was treated for 5 days with daily replacement of the media. Morphology was

monitored daily using a phase contrast microscope and total RNA was isolated after the 5 days treatment

as described in section 2.10.

2.10 Real-Time Reverse-Transcription PCR

Real-time reverse-transcription PCR was used for quantification of mRNA transcription levels.

Total RNA was extracted from cells using the TRIzol R©Reagent (Invitrogen) according to the manufac-

turer’s instructions. RNA concentration was determined using a NanoDrop 1000 Spectrophotometer and

0.5 µg RNA was reverse transcribed using oligo(dT)20 (Invitrogen) primers and the Superscript R©III RT

First-Strand kit (Invitrogen). A negative control, without addition of the enzyme, was always included,

and cDNA purity was confirmed by 2% agarose gel electrophoresis after performing PCR using GAPDH

primers and the BiotaqTM Red DNA Polymerase kit (Bioline). RQ1 RNase-Free DNase (Promega) was

applied to extracted RNA when required.
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2.11 Maintenance of Human Dermal Fibroblast

cDNA was quantified using the Dynamo Flash SYBR R©Green qPCR kit F-415 (New England Biolabs)

and a PTC-200 cycler with a Chromo-4 detection system (MJ Research). Each reaction was performed

using 0.5 ng cDNA in a final volumen of 20 µl with 200nM forward and reverse primer. The ampli-

fication profile consisted of 7 min initial denaturation at 95 ◦C, followed by 40 cycles of 15 s 95 ◦C

denaturation and 30 s 59 ◦C combined annealing and extension. Melting curves were finally aquired by

a 0.5 ◦/min increase in temperature from 65 to 95 ◦C.

Primers for GAPDH, Oct-4 and Nanog had previously been designed for a melting temperature of 64 ◦C.

2.11 Maintenance of Human Dermal Fibroblast

Human dermal fibroblast of neonatal foreskin origin were sustained and augmented for isolation of DNA.

The cells were grown in T75 flasks (BD Biosciences, Bedford, MA) in 10 mL Medium 106 added Low

Serum Growth Supplement (Invitrogen). Passaging of the cells was performed by aspiration of the media,

wash with 37 ◦C PBS and addition of 4 mL 37 ◦C 0.025% Trypsin/EDTA solution followed by 2 minutes

incubation at 37 ◦C. 6 mL media was added to neutralize the enzyme, the cells were harvested and then

transferred to a falcon tube for 5 minutes centrifuged at 200g. The media was aspirated and the cell pellet

resuspended in 8 mL 37 ◦C media. 2 mL cell suspension along with 8 mL 37 ◦C media was added to

each of four new T75 flasks and the flasks placed in the incubator. Passaging was performed every 3-5

days. The cells were fed every other day by aspiration of the old medium and addition of 10 mL 37 ◦C

new medium.

2.12 Fragmentation of DNA

DNA was isolated from RH1 and HDF cells using the DNeasy R© Blood & Tissue kit (Qaigen). RNase

A (Invitrogen) was applied as suggested in the protocol. The DNA was subsequently fragmented and

purified. Concentration was measured as A280 × 50 µg/mL.

2.12.1 Fragmentation of DNA by Sonication

Ultrasonification was done using a Branson 2510 ultrasonic cleaner (Emerson Industrial Automation,

St. Louis, Missouri) that generates a frequency of 45 kHz. 10 µg DNA in 200 µL DNAse free H2O

was loaded in 1.5 mL reaction tubes (Greiner bio-one) for a final concentration of 50 µg/mL (∼33 µM).

The test tubes were submersed so the inner solution was at level with the water of the tank. Sonication

was applied in 1 minute intervals interspersed by mixing and collection by brief centrifugation. The
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2.13 DNA Immobilisation on APTMS Coated Mica Surface

temperature was maintaned at 25 ◦C throughout the procedure.

2.12.2 Restriction Enzyme Digestion of DNA

A ten-fold overdigestion with the restriction endonucleases EcoRI (Fermentas) and XhoI (Fermentas)

were used to digest DNA. 10 µg DNA was digested using 200 U EcoRi, 200 U XhoI and the TangoTM

Buffer (Fermentas) in a total volume of 200 µL for 3 hours at 37 ◦C. The digested mixture was subse-

quently EtOH precipitated.

2.12.3 EtOH Precipitation

EtOH precipitation of DNA was performed by adding 1/10 volume of 3 M NaAc, pH 5.2, and 2 volumes

of 96% ethanol to the DNA solution, incubating the mixture at -20 ◦C and centrifuging for 30 minutes

at 20,000 g and 4 ◦C. The supernatant was carefully decanted, 1 volume 70% ethanol was added and the

mixture centrifuged for 10 minutes at 20,000 g and 4 ◦C. The pellet was air dried before dissolving in

DNase free H2O.

2.12.4 Agarose Gel Electrophoresis

Electrophoresis was used to analyse and purify DNA fragments. Gels were prepared by dissolving 1%

or 2% agarose (Sigma) in 1x TAE buffer (GibcoBRL), heating to 65 degrees, adding 1 µL EtBr and

cooling in a cast. The gel was placed in a 1x TAE buffer and samples were prepared by mixing DNA

with 6x loading dye (Fermentas) and DNase free H2O before depositing in the gel. 50 bp or 1 kbp DNA

GenerulerTM ladders (Fermentas) were used as reference. 50 V (5 V / cm) was applied for 90 minutes

and the gel was imaged using UV exposure.

2.13 DNA Immobilisation on APTMS Coated Mica Surface

Chemical vapour deposition of 3-aminopropyltrimethoxysilane (APTMS) (Sigma Aldrich) was used to

functionalise a mica surface for DNA binding. High quality muscovite mica (Electron Microscopy Sci-

ences) was cleaved using an adhesive tape and placed in a desiccator next to a solution of APTMS in

toluene (1:3). The desiccator was evacuated to approximately 50 mbar, briefly flushed with argon and

evacuated before leaving for 20 minutes. The APTMS treated surfaces were used immediately after

treatment.

DNA from the human cells RH1 and HDF was prepared as previously described and the recombinant

plasmid cloning vector pUC19 (2686 bp) (Fermentas) was obtained for comparison. A 20 mM ammo-
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2.14 High-resolution Atomic Force Microscopy

nium acetate buffer, adjusted to pH 5.2 by hydrogen chloride, was prepared by filtration through a 0.2

µm filter (Sartorius Stedim Biotech) and brief centrifugation. DNA was diluted to approximately 1.25

µg/mL (A280=0.025 equaling 1.89 µM) in the ammonium acetate buffer and 40 µL was deposited on

the freshly prepared mica surface. The sample was incubated for 10 minutes at room temperature, the

surface gently washed with 1 mL DNase-free H2O and dried under a stream of N2.

A variation of the procedure was performed by preparing 10 µL 50 µg/mL IL4 or IL4-RWT, depositing it

on the DNA drop after 5 minutes of incubation and gently mixing using a 100 µL pipette. The procedure

was then completed by the last 5 minutes of incubation, wash and drying.

2.14 High-resolution Atomic Force Microscopy

High-resolution topographies were produced using a Digital Instrument Nanoscope IIIa Multimode (Dig-

ital Instruments/Veeco, Santa Barbara CA, USA) equipped with an J scanner having a maximum scan

area of 120 µm x 120 µm. The AFM was operated in tapping mode. A scan rate of 0.5 Hz and a max-

imum scan velocity of 2 µm/s were used. Cantilevers used were OMCL - AC200TS (Olympus) with a

nominal spring constant of 9 N/m and a working frequency at approximately 150 kHz. All topographies

were captured as 512 x 512 pixel images.

Topographies were plan subtracted and flattened using the WSxM 5.0 Develop 1.0 software [88].
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3Results

3.1 Peptide synthesis and purification

The peptides IL4 and IL4-RWT were synthesised using an Fmoc solid phase approach. The products

were quantitatively analysed and purified using reversed-phase high-performance liquid chromatography

and MALDI-TOF mass spectrometry was performed on isolated fractions for qualitative analysis.

3.1.1 Synthesis procedure

Synthesis of IL4 was performed with a theoretical yield of 0.615 mmol. The effectiveness of each de-

protection and coupling step was confirmed with a ninhydrin test for primary amines and a chloranil test

for proline. Deprotected N-terminus showed as a dark blue color, while a complete coupling yielded a

colorless or brownish result. The coupling step was repeated when the ninhydrin or chloranil test was

positive, and coupling times were adjusted corresponding to results obtained in the first couplings. The

following synthesis of IL4-RWT was performed with a theoretical yield of 0.123 mmol and the effectiv-

ity of each deprotection and coupling step was confirmed with a ninhydrin test.

A small-scale cleavage of peptide-resin was performed on both IL4 and IL4-RWT synthesis products

to ensure proper couplings. Mass spectrometry of IL4 and IL4-RWT yielded only one significant peak

each: 1614 and 2198. Further analysis was performed after cleaving the remaining peptide-resin.

3.1.2 RP-HPLC Analysis and Purification of Synthesised Peptides

The synthesis products were analysed using RP-HPLC. The analytical chromatogram obtained for the

product of the IL4 synthesis is shown in figure 3.1. The acetonitrile concentration was increased linearly

from 0 to 80% and the concentration corresponding to the measured absorption is plotted in the figure.

One main peak was observed at a retention time of 30.15 to 31.48 minutes (38.15 to 38.48 % ACN) at

both 214 and 280 nm, while minor peaks were present at higher concentrations. The area of the main

peak at 214 nm contained the main part of the measured absorption. Collection of the main peak in

suqsequent runs were based on the 280 nm signal.
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3.1 Peptide synthesis and purification

Figure 3.1: Analytical chromatography of IL4. A main peak is observed at a retention time of 30.15 to 31.48 minutes (38.15 to
38.48 % ACN).

The analytical chromatogram obtained for IL4-RWT is shown in figure 3.2. The absorption at wave-

lengths 214 nm, 280 nm and 550 nm are plotted, and all wavelengths showed a main absorption at a

retention time of 40 to 50 minutes (36.2 to 43.1 % ACN). Three peaks were observed at 550 nm, and the

two major peaks were used for suqsequent fraction collection. The two peaks are believed to correspond

with the two isomers of rhodamine water tracer [89].

Figure 3.2: Analytical chromatography of IL4-RWT. Main peaks are observed at retention time 40 to 50 minutes (36.2 to 43.1
% ACN)

3.1.3 Mass Spectrometry

Figure 3.3 shows the mass spectrum of the eluent obtained from RP-HPLC collection of the IL4 synthe-

sis product. The eluent corresponded to the main peak observed in Figure 3.1. The only significant peaks

in Figure 3.3 (A) were located around a m/z of 1614 and (B) shows an isotope distribution from 1614

to 1617. Mass spectrometry was performed with a positive ionisation, and the monoisotopic mass with

H+ ionisation was calculated (using GPMAW [90]) to 1614.073 g/mol. The monoisotopic mass correlates

with the first peak in the isotope distribution.
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3.2 Cell Viability Assay

A B

Figure 3.3: MALDI-TOF spectrum of the main RP-HPLC fraction from IL4 synthesis. (A) shows the spectrum from m/z 500 to
2500 while (B) shows that the major peak consist of an isotope distribution with the first peak corresponding to the monoisotopic
mass of IL4 with H+ ionisation (1614.073 g/mol).

The monoisotopic mass of IL4-RWT was calculated as 2197.35 g/mol. The mass spectrum of the IL4-

RWT synthesis product (not shown) yielded a main peak corresponding to an isotope distribution of

IL4-RWT with H+ ionisation.

3.2 Cell Viability Assay

Cytotoxicity of the peptides indolicidin, indolicidin-4 and indolicidin-4-RWT was tested on the ES cell

lines RH1 and T8. The cell viability assay was based on a mTESR and Matrigel system with growth

for 7 days or until confluency was reached. mTeSR was used as positive control, while PBS and 50%

DMSO/PBS were used as negative controls. Background correction was performed by substracting the

fluorescence of wells with no added cells, but otherwise the same conditions.

Plots of the obtained cell viability values are inluded in Appendix B. The cytotoxic concentration was

determined as the concentration of peptide that yeilded no apparent resorufin fluorescence at the end of

the assay and caused a complete loss of cell growth, as determind visually by phase contrast microscope.

IL was cytotoxic at ≥ 100 µg/mL, IL4 at ≥ 333 µg/mL and IL4-RWT at ≥ 100 µg/mL. Similar values

were obtained for both cell lines.

Peptide Cytotoxic concentration

Indolicidin 100 µg/mL
IL-4 333 µg/mL
IL4-RWT 100 µg/mL

Table 3.1: Cytotoxicity of IL, IL4 and IL4-RWT. The cytotoxic concentration was determined as the concentration at which a
100% reduction in fluorescence is observed with the CellTiter-BlueTM Cell Viability Assay.
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3.3 Measurement of IL4-RWT cellular uptake

3.3 Measurement of IL4-RWT cellular uptake

The uptake of the peptide IL4-RWT into living RH1 embryonic stem cells was tested using flow cytome-

try and high resolution microscopy. Flow cytometry was used to determine the kinetics of cell uptake of

the peptide while fluorescence confocal laser scanning microscopy was used to estimate the intracellular

location of the peptide. Phase contrast microscopy with wide-field fluorescence overlay showed a small

fluorescent signal from the Matrigel surface and the fluorescence intensity did not increase visibly from

0.25 hours to 24 hours incubation time. Figure 3.4 A shows a phase contrast microscopy image of RH1

cells after 1 hour of incubation with 5 µg/mL IL4-RWT in mTeSR followed by wash with PBS. The

same area was imaged with fluorescence illumination (B) and the signal has been overlayed (C) to show

the correlation between cells and fluorescence. Two different morphologies are observed in the phase

contrast image, the upper consist of compactly packed cells in a well-defined colony resembling ES cells,

while the lower consists of dispersed flat cells resembling differentiated cells. The fluorescence intensity

matches the cell density with the highest density of fluorescence located at in the dense colony, while the

dispersed non-ES like cells only show a low level of fluorescence.

A B C

Figure 3.4: RH1 embryonic stem cells incubated with 5 µg/mL IL4-RWT in mTeSR. A) shows a phase contrast microscopy
image of an ES-like colony and adjacent non-ES-like cells. B) shows a red fluorescence image captured of the same area and
C) shows the overlay.

Confocal laser scanning microscopy was used to investigate if the peptide was located only on the cell

surface or if there was a specific intracellular preference. Figure 3.5 shows images from a z-stack of

RH1 cells after 1 hour incubation with 5 µg/mL IL4-RWT in mTeSR followed by wash with PBS. The

reflection and fluorescence signal are merged to show the intracellular location of the peptide. The fluore-

scence was generally poorly distributed between cells, and areas with intense fluorescence was observed

on the Matrigel surface. A cell with a uniform intracellular distribution of fluorescence can be seen in

the center of the images and no intracellular preference was generally observed.
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3.3 Measurement of IL4-RWT cellular uptake

Figure 3.5: Intracellular location of the peptide IL4-RWT as demonstrated by confocal laser scanning microscopy. Seven
z-positions of the merged reflection and red fluorescence signal show the distribution of peptide through the cell.

Flow cytometry was used to quantitatively evaluate the cell uptake of IL4-RWT by measuring the fluo-

rescence intensity from a large number of cells. Forward scatter (FSC) correlates with the size of cells

while side scatter (SSC) correlates with internal complexity of cells, and a gating profile - previosuly

matched to living embryonic stem cells - was applied using said detectors. Figure 3.6 (A) shows the

FSC/SSC plot of the reference sample, added no IL4-RWT, and the gating profile "ES cells". The dis-

tribution of cell count obtained at different fluorescence intensities using a red fluorescence filter, and

applied the gating profile, is shown in (B).

A B

Figure 3.6: Flow cytometry analysis of RH1 ES cells. The "ES cells" gating is shown in A and the red fluorescence intensities
of the cells within the gating is given in B.

The same gating was applied to all samples and Figure 3.7 shows the distribution of cell count obtained

at different fluorescence intensities for the eight samples of increasing incubation time.
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3.3 Measurement of IL4-RWT cellular uptake

Figure 3.7: Flow cytometry analysis of RH1 ES cells. The distribution of cell count obtained at different fluorescence intensity
is plotted for the eight samples of increasing incubation time.

The cell count before and after application of the gating and the median of fluorescence intensity of each

sample is listed in Table 3.2.

Incubation time (h) Total events Gated events Median

0 28,110 19,050 6.45
0.25 26,478 19,096 30.51
0.5 26,413 18,516 50.48
1 27,068 19,028 80.58
2 27,140 19,034 128.64
3 27,097 19,186 171.54
12 27,305 15,932 339.82
24 27,474 17,064 352.27

Table 3.2: Summary of flow cytometry data for RH1 ES cells incubated with IL4-RWT. The amount of observed cells before and
after application of the "ES Cell" gating and the median of fluorescence intensity is given for all samles of different incubation
time.

The relative transduction efficiency was calculated from the median of fluorescence intensity. The refer-

ence with an incubation time of 0 hours was used as background and the sample of 24 hours incubation

was used as 100% transduction. The relative transduction as a function of incubation time is plotted in

Figure 3.8.

32 3. Results



3.4 RH1 in mTeSR differentiation assay

Figure 3.8: Uptake kinetics of the peptide IL4-RWT. RH1 cells were incubated with 5 µg/mL IL4-RWT in mTeSR at 37 ◦C for
0.25, 0.5, 1, 2, 3, 12 and 24 hours. The cells were harvested and analysed by flow cytometry at the indicated time points. A
saturation of uptake is achieved around 12 hours.

100% transduction, as seen at 24 hours incubation, equals a 50 fold increase of fluorescence compared

to the untreated sample. Saturation is achieved around 12 hours incubation.

3.4 RH1 in mTeSR differentiation assay

The effect of 50µg/mL IL4 in mTeSR was tested on RH1 embryonic stem cells by 5 days growth and

analysed by comparison with cells growing on mTeSR. A qualitatively analysis of the cell morphology

was performed using a phase contrast microscope, and consistensy between the biological replicates was

observed for both media conditions. Figure 3.9 shows the general morphology after 5 days growth for

both media conditions. The confluency is 95% to 100% and both conditions show almost only ES-like

morphology. No apparent difference is visible for the two conditions.

A B

Figure 3.9: RH1 morphology after 5 days growth in (A) mTeSR and (B) mTeSR + 50µg/mL IL4. Both conditions have reached
95%-100% confluency and show almost only ES-like morphology, while few non-ES like cells are present between colonies.
Scale bar, 100 µm.

Oct-4 and Nanog are pluripotency transcription factors and the expression of these genes are often used
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3.5 T8 in mTeSR differentiation assay

to characterise embryonic stem cells. The expression of the two genes was measured as the amount of

mRNA in the cell by isolating the total RNA, reverse transcribing to complementary DNA and quanti-

fying by real-time PCR. The housekeeping gene GAPDH was used as endogenous control to calculate

the change in relative expression of Oct-4 and Nanog. A detailed description of the reaction and data

processing are included in Appendix D.

Real-time reverse-transcription PCR was performed on the three biological replicates of each condition,

and three technical replicates were used in the PCR procedure. The relative change in Oct-4 and Nanog

expression compared to the RH1 cells growing on mTeSR is shown in Figure 3.10. A significant increase

in Oct-4 expression can be observed (22% increase with σ = 13%) while the expression of Nanog seems

unaffected by the addition of indolicidin to the growth media.

Figure 3.10: Expression of the pluripotency transcription factors Oct-4 and Nanog as determined by real-time reverse-
transcription PCR. GAPDH was used as endogenous control and the expression was normalised to expression in mTeSR.

3.5 T8 in mTeSR differentiation assay

The T8 cell line was grown under selective pressure using a G418 resistance marker incorporated under

control of the Oct-4 promoter. The antibiotic was removed from the growth media shortly before pas-

saging cells into the assay. Figure 3.11 shows the typical morphology of a T8 colony and the expression

of the green fluorescent EGFP before the assay was started.
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3.5 T8 in mTeSR differentiation assay

A B

Figure 3.11: The expression of GFP by T8 cells at the beginning of experiments. A shows a phase contrast image of the
colony that consist of almost only ES-like cells. B) shows the green fluorescence of the same area. All cells express the green
fluorescent EGFP. Scale bar, 25 µm.

Very few cells of non-ES like morphology were present in the T8 cells when G418 was removed from

the media. Figure 3.12 shows cells during the experiment. Cells of non-ES like morphology can be seen

as the flat dispersed cells outside a colony of ES-like cells. The expression of EGFP corresponds with

cells of ES-like morphology.

A B

Figure 3.12: The expression of GFP by T8 cells during the differentiation assay. A shows a phase contrast image of the T8 cells
that consist of two morphologies: A compact colony of ES-like cells and dispersed cells of non-ES like morphology. B shows
the green fluorescence of the same area. The expression of EGFP by T8 cells correspond with ES like morphology. Scale bar,
25 µm.

4 wells of each condition were removed and analysed every 24 hours starting just prior to the transition

from mTeSR to the six different media. The cells were stained with the nuclear dye Hoechst stain, and the

total blue and green fluorescence of each well was measured with an automated plate reader. The EGF-

P/Hoechst ratio was calculated for each well, abnormalities of more than 10% deviation from average

of the 4 values of each condition was removed and the average of the remaining values was normalised

with respect to the positive control. The ratio is plottet in Figure 3.13. No clear pattern could be observed.
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3.5 T8 in mTeSR differentiation assay

Figure 3.13: Normalised ratio of EGFP/Hoechst signal from wells with T8 growing under different conditions. X-axis is days
since the initial seeding of cells in mTeSR media. Different conditions were applied at day 1.

The morphology of cells at the end of the first passage showed no difference between conditions, while

different morphologies were observed during passage 2. Figure 3.14 shows the six different conditions

at the end of passage two. Only ES like cells could be observed in the positive control, while the negative

control area-wise consisted of half ES like cells and half non-ES like cells. The removal of TGFβ in the

"-bFGF" sample showed no effect compared to the positive control at the end of passage two, but some

differentiation was observed in the three samples without bFGF and TGFβ. The addition of IL4 seemed

to decrease the amount of differentiation.

Figure 3.14: Passage two of the T8 in mTeSR differentiation assay. Phase contrast images show the development of cell
morphology of the six conditions described in Table 2.2. Considerable amounts of differentiation is evident in the negative
control. Scale bar, 100 µm.

Cell counting of EGFP positive cells was applied during the second passage. 4 wells of the 96 well plate

of each condition were removed and analysed every 24 hours by a capture of green and blue fluorescence
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3.5 T8 in mTeSR differentiation assay

images of 3 areas of each well and cells were counted as described in Appendix C. The ratio of EGFP

positive cells to Hoechst stained cells during the passage is shown in Figure 3.15. Cell counting was

performed from one day after passaging and for five days. Counting was not possible when the well

reached a higher level of cell density. The EGFP/Hoechst ratio of the positive control is near one, while

the negative control is significantly lower than the remaining conditions.

Figure 3.15: Ratio of EGFP positive cells to Hoechst stained cells during passage two. X-axis is days since the passaging of
cells.

Figure 3.16 shows the morphology of cells at the end of passage four. The positive control showed

only a neglectable level of differentiation, while the negative control and the cells added indolicidin now

consisted of two distinct non-ES like morphologies. The addition of IL4 had significantly decreased the

amount of cells of non-ES like morphology.

Figure 3.16: Passage four of the T8 in mTeSR differentiation assay. Phase contrast images show the development of cell
morphology of the six conditions described in Table 2.2. The positive control shows only ES like cells, while differentiation is
evident in the five other conditions. Scale bar, 100 µm.

Real-time reverse-transcription PCR was performed on the isolated RNA from all six conditions. The
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3.6 RH1 in E8 differentiation assay

relative change in Oct-4 and Nanog expression compared to the positive control is given in Figure 3.17.

No change was seen in the Oct-4 expression of the positive control, but more than a 60% drop was seen

in all samples except the "-bFGF" that was added TGFβ. The expression of Oct-4 was higher in the

sample added IL4 than in the "-bFGF/TGFβ" sample, which otherwise contained the same media. The

expression of Nanog remained constant in the positive control, but a characteristic drop in the second

passage and then increase to the fourth passage was evident for the other five conditions.

Oct4 Nanog

Figure 3.17: Expression of the pluripotency transcription factors Oct-4 and Nanog as determined by real-time reverse-
transcription PCR. GAPDH was used as endogenous control and the expression was normalised to the positive control at
passage 2.

3.6 RH1 in E8 differentiation assay

RH1 cells were gradually transitioned from mTeSR to the chemically defined E8 media over a five

passage period. RH1 cells transitioned to E8 showed signs of stress and around 20% of the cells were

differentiating. Figure 3.18 shows the general morphology of cells before passaging at the beginning of

the assay.

Figure 3.18: RH1 cells growing on E8 media. The cells were transitioned from mTeSR to E8 over a five passage period and
showed an increased degree of differential stress compared to the counterpart growing on mTeSR. Scale bar, 100 µm.
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3.6 RH1 in E8 differentiation assay

The effect of 50µg/mL IL4 or 20 µg/mL IL was tested by 5 days growth and analysed by comparison

with cells growing on E8. Four biological repilicates were used for all conditions. 24 hours of incubation

with indolicidin added to E8 medium had a drastic effect, as illustrated by the phase contrast images of

the four conditions in Figure 3.19. A clear loss of cells was observed in all wells where indolicidin was

added, while cell growing on E8, E8 + IL4 or E6 showed similar growth.

Figure 3.19: RH1 cells after one days growth in the media: (A) E8 + 50µg/mL IL4, (B) E8 + 20 µg/mL IL, (C) E8 and (D) E6.
The addition of indolicidin has caused a clear loss of cells. Scale bar, 100 µm.

The effect of 5 days growth is shown in Figure 3.20. Indolicidin-4 had a diminishing effect on the cell

growth, leaving the well at less than 80% confluency, while the E8 control was at 100%. The negative

E6 control showed the same morphology as E8 and no living cells could was left in the wells where

indolicidin was added.

Figure 3.20: RH1 cells after one 5 days growth in the medias: (A) E8 + 50µg/mL IL4, (B) E8 + 20 µg/mL IL, (C) E8 and (D)
E6. The addition of indolicidin has caused a clear loss of cells, while the addition of IL4 had a diminshing effect on the cell
growth. Scale bar, 100 µm.
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3.7 Fragmentation of DNA

The expression of the pluripotency transcription factor Nanog was estimated using real-time reverse-

transcription PCR. The relative expression of Nanog was compared to RH1 cells growing on mTeSR,

these cells were of the same passage as the ones transitioned to E8 and had been prepared as a control.

Figure shows the Nanog expression normalised to GAPDH and relative to mTeSR cells. The transition

to E8 caused the expression of Nanog to drop to 85% of what was observed for the control on mTeSR,

while the 5 days growth on E6 increased the expression to 95%. Fewer cells were isolated from the wells

added IL4 and the expression of Nanog in these cells dropped to 48% of the mTeSR counterpart. No

cells could be isolated from the wells added indolicidin.

Figure 3.21: Expression of the pluripotency transcription factor Nanog as determined by real-time reverse-transcription PCR.
GAPDH was used as endogenous control and the expression was normalised to expression in mTeSR.

3.7 Fragmentation of DNA

3.7.1 Fragmentation by Sonication

Sonication was used to fragment DNA isolated from human dermal fibroblast cells and from RH1 em-

bryonic stem cells. Figure 3.22 shows the effect of increasing sonication time on HDF DNA as observed

by gel electrophoresis. Unprocessed DNA was loaded in well B and the migration length corresponds to

the main part of DNA being larger than 10,000 bp, and the remaining part distributed somewhat evenly

at all sizes down to 250 bp. DNA fragmented by 1 minute sonication was loaded in well C, and the fol-

lowing wells show the effect of a one minut increase in sonication time up til 8 minutes, while a sample

of 20 minutes sonication is loaded in well K. A band of DNA larger than 10,000 bp was observed from

the unprocessed DNA and this band gradually decreased in size until it was completely degraded at 5

minutes sonication.
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Figure 3.22: Gel electrophoresis of HDF DNA fragmented by sonication. 1% agarose gel. B: unprocessed DNA, C: 1 D: 2, E:
3, F: 4, G: 5, H: 6, I: 7, J: 8 and K: 20 minute sonication.

Brightness distribution of the gel is shown in Figure 3.23. The color intensity along the migration length

of each well is plotted in the figure. The background signal has been subtracted and the mean of each

sample is shown with a vertical line. The position of ladder bands is marked on the x-axis. The brightness

along 3 lines of each column was measured using the RGB Profile Plot of ImageJ and the mean with a

20 point moving average plotted in MATLAB. The mean of the migration length was calculated as:

∑
x∗ i
it

, (3.1)

where x is the migration length from the well, i is the color intensity at said migration length and it is the

total intensity from the column. It can be observed that the DNA size decrease with increasing sonication

time, though in a somewhat erratic pattern.

Figure 3.23: Size distribution of HDF DNA at increasing sonication time. The brightness distribution along each column of
Figure 3.22 is given with a different style and the mean migration length is plotted with a vertical line. The DNA size decrease
with increasing sonication time.
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The effect of sonication on RH1 DNA as observed by gel electrophoresis is shown in Figure 3.24. The

unprocessed DNA was loaded in well B, and the migration length corresponds to almost the entire DNA

being larger than 10,000 bp. The following wells show the effect of increasing sonication times from 1

to 8 minutes and well K shows the effect of 20 minutes sonication. An increasing migration length is

observed as the sonication time is increased.

Figure 3.24: Gel electrophoresis of RH1 DNA fragmented by sonication. 1% agarose gel. B: unprocessed DNA, C: 1 D: 2, E:
3, F: 4, G: 5, H: 6, I: 7, J: 8 and K: 20 minute sonication.

Brightness distribution of the gel is shown in Figure 3.25. The color intensity along the migration length

of each well is plotted in the figure. The DNA size decrease with increasing sonication time. The main

fragmentation occurs during the first minute and then at a decreasing rate at longer sonication times. A

bell curve distribution can be observed at all sonication times with a Gaussian like distribution obtained

after 20 minutes sonication.

Figure 3.25: Size distribution of RH1 DNA at increasing sonication time. The brightness distribution along each column of
Figure 3.24 is given with a different style and the migration length is plotted with a vertical line. The DNA size decrease with
increasing sonication time.
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Gel electrophoresis of DNA subjected to prolonged sonication time (60 min+) is shown in Figure 3.26.

A distribution around 150 bp was obtained for both HDF and RH1 DNA. Further sonication did not

decrease the DNA size.

A B

Figure 3.26: Gel electrophoresis of HDF and RH1 DNA fragmented by 60 minutes sonication. A: 2% agarose gel. HDF DNA
loaded in well B and RH1 DNA in well C. B: Brightness distribution along the two columns.

3.7.2 Fragmentation by Restriction Enzyme Digestion

Gel electrophoresis of HDF and RH1 DNA digested using the restriction endonucleases EcoRI and XhoI

is shown in Figure 3.27. Both samples showed a distribution of sizes from approximately 750 bp to

larger than 10,000 bp. The main part of DNA had a size of 2,000 to 10,000 bp.

Figure 3.27: Gel electrophoresis of HDF and RH1 DNA digested with restriction endonucleases EcoRI and XhoI. 1% agarose
gel. B: HDF DNA, C: RH1 DNA.
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3.8 High-resolution Atomic Force Microscopy

Atomic force microscopy was performed on unprocessed DNA. Figure 3.28 shows the topograhy of HDF

DNA with no fragmentation attached to an APTMS coated mica surface. The scan size of 4µm x 4µm in

(A) shows a distribution of structures approximately 200 nm in width and less that 2 nm in height. The

1µm x 1µm scan size in (B) reveals that the structures consist of two components: Long curled strands

of several hundred nanometer length and aggregates of smaller strands. The height of single strands was

0.6 to 1.0 nm.

A B

Figure 3.28: AFM topography of HDF DNA immobilised on an APTMS-mica surface. (A) 4µm x 4µm scan size, (B) 1µm x
1µm scan size. The DNA was not fragmented before immobilisation. 40 µl of 1.25 µg/mL DNA was deposited.

RH1 DNA was likewise immobilised on an APTMS-mica surface and imaged using AFM. Figure 4.3

shows the topograhy of RH1 DNA with no fragmentation. Long curled strands and few shorter strands

were observed, but unlike the HDF DNA sample, no aggregates of short strands were observed, and the

majority of observed structure was composed of several hundred nanometer length strands. The height

of single strands was 0.5 to 0.9 nm.
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A B

Figure 3.29: AFM topography of RH1 DNA immobilised on an APTMS-mica surface. (A) 4µm x 4µm scan size, (B) 1µm x
1µm scan size. The DNA was not fragmented before immobilisation. 40 µl of 1.25 µg/mL DNA was deposited.

DNA fragmented by sonication was attached to APTMS-mica surfaces. Examples of the AFM topograhy

obtained for sonication of HDF DNA is shown in Figure 3.30. The sample in (A) was sonicated for

3 minutes and the sample in (B) for 6 minutes. Strand structures with length of 50 to few hundred

nanometers were observed in both samples. The structure varied in height from 0.4 to 0.9 nm.

A B

Figure 3.30: AFM topography of HDF DNA immobilised on an APTMS-mica surface. A: Fragmented by 3 minutes sonication,
and B: 6 minutes. Gel electrophoresis of the same samples are shown in Figure 3.22. 40 µl of 1.0 µg/mL DNA was deposited
on both samples. 1µm x 1µm scan size.

AFM topograhy of RH1 DNA fragmented by 3 minutes sonication is shown in Figure 3.31 (A) and 8

minutes sonication in (B). Strand structures with length of 50 to 1,000 nanometers was observed in both

samples. The structure varied in height from 0.6 to 1.0 nm
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A B

Figure 3.31: AFM topography of RH1 DNA immobilised on an APTMS-mica surface. A: Fragmented by 3 minutes sonication,
and B: 8 minutes. Gel electrophoresis of the same samples are shown in Figure 3.24. 40 µl of 1.0 µg/mL DNA was deposited.
1µm x 1µm scan size.

The size distribution of the strands observed from 3 and 8 minutes sonication of RH1 DNA was de-

termined from a total area of 4µm x 4µm. The same conditions as used for the above AFM scan was

applied. The length of all strands longer than 50 nm was measured and the distribution in 100 nm in-

tervals is shown in Figure 3.32. The 50 to 100 nm interval has been given the same width as those of

a hundred nm for visual effect. A displacement towards smaller sizes is evident from 3 to 8 minutes

sonications. The mean size (calculated using the measured lengths) was 280 nm for 3 minutes sonication

and 245 nm for 8 minutes sonication.

A B

Figure 3.32: Size distribution of strand structures observed in AFM. A: RH1 DNA fragmented by 3 minutes sonication. B: RH1
DNA fragmented by 8 minutes sonication. The length of all strands longer than 50 nm was measured in a total area of 4µm x
4µm.

Figure 3.33 shows a typical AFM topography obtained from DNA fragmented by restriction endonucle-

ase digestion. Strand structures with a wide distribution of lengths was observed with the smallest at

100 nanometers and the largest several thousand nanometers. A lot of smaller and larger "dirt" was also

observed.
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Figure 3.33: AFM topography of RH1 DNA immobilised on an APTMS-mica surface. The DNA is digested with restriction
endonucleases EcoRI and XhoI. Gel electrophoresis of the same samples are shown in Figure 3.27. 40 µl of 1.0 µg/mL DNA
was deposited. 1µm x 1µm scan size.

3.8.1 Binding of IL4 to DNA

IL4 was added to a droplet of the linearised plasmid pUC19 after 5 minutes incubation on the APTMS-

mica surface. The observed result depended on the concentration of IL4 added. Figure 3.34 shows the

AFM topography obtained when 10 µL ammonium acetate buffer with no IL4 was mixed with the DNA.

The average height of the strand structures was 6 to 8 Å.

A

B

Figure 3.34: AFM topography of pUC19 DNA immobilised on an APTMS-mica surface. A: 1µm x 1µm scan of the linearised
plasmid. B: Height profiles of the blue line on the topography image. The average height of the strand structures was 6 to 8 Å.
40 µl of 0.5 µg/mL DNA was deposited.

10 µL 50 µg/mL IL4 was added to 40 µl of 0.5 µg/mL pUC19 DNA for a final concentration of 6.2 µM

IL4 and 0.6 µM base pairs DNA. Figure 3.35 shows the AFM topography obtained. The average height
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of the strand structures was 1 to 1.2 nanometer.

A

B

Figure 3.35: AFM topography of pUC19 DNA, added a final concentration of 10 µg/mL IL4, immobilised on an APTMS-mica
surface. A: 1µm x 1µm scan. B: Height profiles of the blue line on the topography image. The average height of the strand
structures was 1 to 1.2 nm. 40 µl of 0.5 µg/mL DNA was deposited.

10 µL 1 mg/mL IL4 was added to 40 µl of 0.5 µg/mL pUC19 DNA for a final concentration of 124 µM

IL4 and 0.6 µM base pairs DNA. Figure 3.36 shows the AFM topography obtained. The general surface

topography varied 0.5 nm in height, and strand structures were observed with a total height of 1.4 to 2.0

nm.

A

B

Figure 3.36: AFM topography of pUC19 DNA, added a final concentration of 200 µg/mL IL4, immobilised on an APTMS-mica
surface. A: 1µm x 1µm scan. B: Height profiles of the blue line on the topography image. The average height of the strand
structures was 1.4 to 2.0 nm. 40 µl of 0.5 µg/mL DNA was deposited.
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The addition of 10 µL 50 µg/mL IL4 to RH1 DNA digested by 8 minutes sonication produced afm

topographies as the one observed in Figure 3.37. The final concentrations are 6.2 µM IL4 and 1.2 µM

base pairs DNA. Strand structures with an average height of 0.8 to 1.1 nm were observed.

A

B

Figure 3.37: AFM topography of RH1 DNA fragmented by 8 minutes sonication, added a final concentration of 10 µg/mL IL4,
immobilised on an APTMS-mica surface. A: 1µm x 1µm scan. B: Height profiles of the blue line on the topography image. The
average height of the strand structures was 0.8-1.1 nm. 40 µl of 1.0 µg/mL DNA was deposited.

10 µL 50 µg/mL IL4 was added to 40 µl of 1.0 µg/mL HDF DNA digested by 8 minutes sonication for a

final concentration of 6.2 µM IL4 and 1.2 µM base pairs DNA. Figure 3.38 shows the AFM topography

obtained. Strand structures with an average height 0.9 to 1.2 nm were observed. The DNA had been

treated with RNAse A before the experiment (see Section 4.11 for details).
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A

B

Figure 3.38: AFM topography of HDF DNA fragmented by 8 minutes sonication, added a final concentration of 10 µg/mL IL4,
immobilised on an APTMS-mica surface. A: 1µm x 1µm scan. B: Height profiles of the blue line on the topography image. The
average height of the strand structures was 0.9-1.2 nm. 40 µl of 1.0 µg/mL DNA was deposited.
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4Discussion

4.1 Peptide synthesis and purification

The success of each deprotection and coupling in the synthesis of the peptides IL4 and IL4-RWT was

confirmed using the ninhydrin [83] or chloranil test [84]. The ninhydrin molecule reacts with primary

amines in a condensation forming a chromophore if >1% of the amines are deprotected. This gives the

possibility of up to 12% and 14% peptide of unwanted sequence for IL4 and IL4-RWT respectively.

Deprotection was always performed twice as the ninhydrin test shows a positive result at >1% deprotec-

tion, and as such can not be used to ensure proper deprotection. The design of IL4-RWT included the

coupling of an amino hexanoic acid between the original IL4 structure and the rhodamine water tracer

fluorophore. This was done to minimise the effect of placing the dye next to the hydrophobic N-terminus

that, according to Marchand et al, might be important for the binding to DNA [11].

A
B

Figure 4.1: The molecular structure of the dye rhodamine water tracer. The dye has two isomers differing in the positioning of
the carboxylate groups on the phenyl: Meta (A) and para (B).

RP-HPLC analysis of the IL4 synthesis product showed a pure product eluted at approximately 38 %

ACN. 214 nm absorption detects the peptide bond and 280 nm detects the amino acids Tyr, Trp (to some

extent Phe and disulfide bonds) [91] of which only tryptophan was used in the synthesis. Few minor peaks

were detected at both 214 and 280 nm corresponding to products lacking amino acids or otherwise re-

sulting from a defective synthesis. Mass spectrometry showed an isotope distrbution with the first peak

at a m/z of 1614.2 corresponding to the monoisotopic mass of IL4 + H+ of 1614.073 g/mol, verifying

that the isolated peptide was indeed IL4.

IL4-RWT was less pure than IL4 and produced two peaks corresponding to the two isomers [89]. Separa-

tion of the peaks was not possible, but MS showed only one signal of 2198. The monoisotopic mass of
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IL4-RWT was calculated as 2197.35 g/mol confirming that the isolated product was IL4-RWT. Concen-

tration measurements were based on 550 nm absorption using an extinction coefficient of 87,000 [92].

4.2 Choice of Cell Culture System

Cell culture work was performed at the MRC Centre for Regenerative Medicine, University of Edinburgh,

working with a group focused on pluripotent cell translation [93]. The standard system for embryonic

stem cell growth was the media mTeSR R©1 and the support MatrigelTM, described in Section 1.1.1. The

cytotoxic concentration of the peptides was determined in mTeSR followed by a short term assay using

RH1 cells to test the effect of IL4 on stem cell pluripotency. The effect was then tested over several

passages using the T8 cell line. The complete mTeSR is a very rich media capable of supporting the

growth of embryonic stem cells without loss of differentiation potential over extended periods, and the

simpler E8 media was ultimately used to test the effect of the peptides on embryonic stem cells.

4.3 Cultivation of Cells

The human embryonic stem cell lines RH1 and T8 and a human dermal fibroblast cell line were utilised

in the project. RH1 cells introduced to experiments were at passage 72 to 80, T8 cells at passage 88 to

94 and HDF at passage 6 to 9. Both stem cell lines had been routinely used in differentiation assays and

tested for expression of stem cell related surface markers and transcription factors. Mycoplasma testing

was performed routinely. The routinely maintenance of RH1 cells rarely required the used of selection

pressure, as described in Section 2.2, but a small amount of spontaneous differentiation occurred, as was

expected. The T8 cell line required no selection pressure due to the G418 resistance marker incorporated

under control of the Oct-4 promoter. The expression of Oct-4 is a key regulator of pluripotency [94],

and differentiated cells were expected to lose the expression of Oct-4 and become susceptible to G418.

Spontaneous differentiation of T8 was however confirmed when G418 was removed from the media.

Figure 4.2 shows the generally observed morphology of healthy RH1 cells (A) next to WA16 cells (B)

maintained in TeSR1 as published in the original article describing the media [25]. The single colony in

(B) can be seen as representative of the ideal morphology of ES cells: Compact cells of approximately

14 µm [95] in well defined colonies.
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A B

Figure 4.2: Phase contrast image of healthy hES cells. (A): RH1 cells during routine maintenance during the project. (B):
WA16 cells maintained in mTeSR as published by Ludwig et al [25]. Both images were obtained by phase contrast microscopy
using 4 x magnification. Scale bar, 100 µm.

4.4 Cell Viability Assay

A cell viability assay was designed based on the CellTiter-BlueTM Cell Viability Assay [87]. The CellTiter-

Blue assay uses the indicator dye resazurin to measure the metabolic capacity of cells as a direct indicator

of cell viability. Viable cells retain the ability to reduce resazurin into the highly fluorescent resorufin

and the fluorescent signal is, under optimal conditions, proportional to the number of viable cells. The

amount of cells seeded into every well was adjusted low enough to ensure that confluency was not reached

within 8 days, and high enough to minimise dissociation-induced apoptosis. The cells were passaged us-

ing trypsin that hydrolyse adhesion proteins in cell-cell and cell-matrix interactions creating a single cell

suspension. Dissociated human embryonic stem have a poor survival rate and a ROCK inhibitor was

added to ensure their survival upon passaging [96]. 10,000 cells were placed in a flat well with a surface

area of 0.32 cm2 yielding a density of 31,250 cells/cm2. The density was observed to be high enough

that no significant cell loss was detected upon removal of ROCK inhibitor, and confluency was normally

not reached within the 8 days of the assay.

Indolicidin was cytotoxic to embryonic stem cells at ≥ 100 µg/mL, which is significantly higher than for

the bacteria E. coli (16 µg/mL [97], 5 µg/mL [50]) and in the range of what has been observed for red blood

cells (70 µg/mL [50]). Sub-cytotoxic concentrations could not be determined, but no cytotoxic effect was

observed at ≤ 50 µg/mL. Indolicidin-4 was cytotoxic to embryonic stem cells at ≥ 333 µg/mL, also

significantly higher than for E. coli (15 µg/mL [50]). The substitution of four tryptophan with leucine

made the molecule less toxic as was expected. The addition of amino hexanoic acid and rhodamine WT

to the N-terminus of IL4 increased the toxic effect of the peptide to cytotoxicity at ≥ 100 µg/mL.
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4.5 Cellular uptake of IL4-RWT

Specific short cationic peptides such as the Tat 48–60 (GRKKRRQRRRPP) and R9 (RRRRRRRRR)

possess cell-penetrating properties [98] making them capable of passing the membrane of most mam-

malian cells, and in particular stem cells [99]. Falla et al reported indolicidin to cross the outer membrane

of Escherichia coli via the self-promoted uptake pathway [97], but no such studies have been performed

for indolicidin-4. The high structural similarity to indolicidin and to the Tat and R9 sequences indicated

that IL4 might possess the same cell-penetrating properties, and a fluorophore was coupled to test this

hypothesis. The cytotoxic concentration of the new peptide IL4-RWT was between 50 and 100 µg/mL,

and a concentration of 5 µg/mL was chosen to test the cell uptake. Confocal laser scanning microscopy

showed single cells with a uniform distribution of peptide in the entire cell, but also concentration of

peptide into smaller inclusions. The smaller inclusions corresponds with uptake through endocytosis, a

process by which cells absorb molecules by engulfing them in vesicles.

Flow cytometry was performed to evaluate a larger number of cells. The cells were washed with PBS

and incubated in Trypsin to remove any membrane-bound peptide, and a test was made by adding 0.4%

trypan blue to the cells before flow cytometric analysis. This concentration of trypan blue quenched

most fluorescence from IL4-RWT in solution, but no reduction of fluorescence was observed during flow

cytometry. The correlation between cell uptake of IL4-RWT and incubation time is shown in Figure 3.8.

A linear correlation was observed within the first 2 hours, and the maximum uptake was not obtained

before 12 hours. The slow uptake indicates that the peptide is not trapped at the surface, but indeed enters

the cells. The linear increase within the first 2 hours matches the results of Yukawa et al. with Tat and

R8 [99], which indicates an endocytosis related pathway.

Uptake in the nucleus could not be confirmed and the access to DNA was therefore not certain. The

nuclear membrane allows free diffusion of most molecules smaller than 10 nm in diameter, but some

molecules are restricted, even though they, as IL4, are far smaller than the 10 nm [70]. Small nuclear lo-

calization sequences exist, and the coupling of e.g. the nuclear localization sequence of the transcription

factor NF-kB could have facilitated uptake in the cell nucleus [100,101], and thereby ensured the acces of

IL4 to DNA.

4.6 RH1 in mTeSR Differentiation Assay

Cell viability assays showed IL4 cytotoxic to embryonic stem cells at ≥ 333 µg/mL, but the effect on

pluripotency at lower concentrations had not yet been determined. A short assay was performed by

the addition of 50 µg/mL to mTeSR. 50 µg/mL was chosen as it is significantly lower than the cytotoxic

value, and higher than the MIC for E. coli. The morphology of cells showed no overall effect of IL4 in the
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5 days growth, and the expression of pluripotency transcription factors Oct-4 and Nanog were measured

to determine minor effects. No effect was observed on the expression of Nanog, but a 22% increase in

Oct-4 expression was observed. The expression of Oct-4 is rapidly downregulated upon differentiation,

but upregulation of Oct-4 expression might also induce differentiation [102]. The low increase combined

with an unaltered morphology suggests that short term exposure to 50 µg/mL IL4 has little to no effect

on the pluripotency of embryonic stem cells.

4.7 T8 in mTeSR Differentiation Assay

T8 is a pluripotency reporter cell line that express EGFP under control of the Oct-4 promoter. The cells

are normally grown under selection pressure of G418, selecting only Oct-4 expressing cells, but small

amounts of spontaneous differentiation was observed as soon as G418 was removed from the media. Six

different media were prepared based on mTeSR. IL and IL4 were added to samples without bFGF and

TGF-β to test for any positive effect of the peptides on pluripotency. mTeSR can support embryonic stem

cells over extended periods, but the growth factors bFGF and TGF-β play important roles for prolifer-

ation and differentiation [103,104], and the removal of these will lead to significant differentiation within

a few passages. The expression of EGFP by T8 cells was ment as an easy and noninvasive method to

monitor pluripotency of human embryonic stem cells [23]. The T8 in mTeSR differentiation assay was

performed in an attempt to develop a straight forward assay for screening of large libraries of compounds

on hES cells.

The nuclear dye Hoechst stain was used to stain all cells. Hoechst stains DNA and all cells will bind

the same amount of dye. The result of measurement of total fluorescence of each well during the first

passage is shown in Figure 3.13. A high fluctuation of values combined with a significant autofluores-

cence made the approach unsuitable for a sensitive differentiation assay. Cell counting of EGFP positive

cells was applied during the second passage. An EGFP/Hoechst ratio of 1 implies that all cells retain

pluripotency, while a lowering of the value implies differentiation. Figure 3.15 shows the EGFP/Hoechst

ratio during the second passage. The negative control drops to a minimum of 0.5 three days after pas-

saging, but increases to 0.7 during the next two days. This development is not surprising as stem cells

generally grow faster than differentiated cells. This also indicates that the used cell density of 3,125

cells/cm2 at passaging puts the cells under a stress that especially the negative control is subjective to.

The method of quantifying differentiation by counting of EGFP positive T8 cells proved to be a use-

full approach, and a small increase of EGFP positive cells in samples added IL and IL4, compared to

the reference, suggested that the peptides might have a positive effect on the preservation of pluripotency.

The assay was continued for two more passages. The morphology of the positive control remained ES

like for the four passages, but the negative control spontaneously differentiated into two distinct mor-
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phologies of which one consisted of elagonated mesoderm like cells. The sample added IL4 showed

a high level of ES like cells, and real-time reverse-transcription PCR was performed to more precisely

determine the effect on pluripotency. A positive effect of IL4 was evident, while IL had a negative effect

on the maintenance of pluripotency. The expression of Nanog increased from passage two to passage

four, which could not be explained, but Oct-4 expression correlated with the observed morphology. Only

a single biological replicate was used for the assay and a replication of the experiment, confirming the

result, would be required before any conclusion can be made of the effect of IL and IL4 on the preserva-

tion of pluripotency of embryonic stem cells.

A karyotype test was performed on the T8 cells, which showed that the cells used for the assay were

aneuploidic before being subjected to treatment. The mutation of the cells was most likely the result of

long time growth with G418. The test included 20 cells and also revealed a complex abnormal mosaic

karyotype with the presence of three unbalanced cells lines. The cell line was most likely heterogeneous

at the beginning of the assay and any results obtained could be a direct consequence of this.

4.8 RH1 in E8 Differentiation Assay

The E8 media is a simple media that consist of just eight components (including the DMEM/F12 base

medium) [27]. The E8 media is simpler than the previously used mTeSR, and a gradual transition to E8

over 5 passages left the cells stressed as seen in Figure 3.18, where a large part of the cells were showing

a flatter morphology than usual. The addition of 20 µg/mL IL had an immediate cytotoxic effect and

50µg/mL IL4 had a diminishing effect of the cell growth. These concentrations had no effect on the via-

bility of cells in mTeSR, and the increase in toxic effect most likely comes from the cells being stressed

and from the removal of BSA from the medium. mTeSR contains approximately 1% BSA (w/v), which

could have a stabilising effect on the cell membrane. The peptide concentration was significantly lower

than the required concentration for hemolytic activity and the exact cause of cell death could not be de-

termined. It was however clear that the stressed embryonic stem cells had a significantly lower tolerance

towards IL and IL4. The toxic effect of IL4 seemed to promote an unspecific differentiation as observed

by the decrease in Nanog expression. The assay was not repeated with lower peptide concentrations due

to the poor quality of the cells after the transition to E8 as seen from morphology and the drop in Nanog

expression.

4.9 Investigating the DNA of HDF and RH1 cells

The difference in the epigenetic state of pluripotent stem cells and adult cells made the investigation of

the DNA interesting, as chemical modifications of the nucleotides are unique to the state of the cells. The

modifications in the chromatin are described in Section 1.2, and it is in particular the methylation and
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hydroxymethylation of DNA that are of interest. Atomic force microscopy was chosen to investigate the

binding of peptides to DNA, to test if the modifications of DNA had an effect on the binding affinity.

4.10 Fragmentation of DNA

Total DNA was isolated from the adult cells human dermal fibroblast (HDF) and from the embryonic

stem cells Roslin Human 1 (RH1). Fragmentation of the DNA was desired as the length of the human

chromosomes range from 48 to 249 million base pairs [105] and the distance between the base pairs is 3.4

Å [106] equaling a total length of 1.6 to 8.5 centimetre! The persistence length of duplex DNA is on the

order of 500 Å [107], which means that a DNA chain larger than about 1,000 bp behaves like a flexible

chain and will be coiled in solution. A high level of coiling is undesirable for AFM imaging and the

fragmented DNA should not be larger than a few thousand base pairs.

4.10.1 Fragmentation by Sonication

Sonication of DNA was done using a Branson 2510. The apparatus is designed for ultrasonic cleaning,

a process much more crude than the sensitive fragmentation of DNA molecules. The sonicater produces

a frequency of 40kHz, which is in the range used for fragmentation of DNA [108,109]. Figure 3.22 and

3.24 shows that the sonication time required to obtain a certain level of fragmentation was higher for

RH1 DNA than for HDF DNA, but a repeat of the experiment showed that the difference was a result

of variation in sonication efficiency. The dimensions of the Branson 2510 water tank is 30 x 34 x 24

cm, and the positioning of the sample was of upmost importance as degradation of the DNA was only

observed when the sample was placed in the center of short-lived standing waves.

The unfragmented DNA consisted of fragments sized between 30 and 100 kbp and not of chromosomal

size. The large chromosomes were most likely ripped apart by shearing forces during pipetting and in

particular fragmented by the use of a filter and centrifugation during the isolation process. The size

distribution during the sonication process is shown in Figure 3.23 and 3.25. Background fluorescence,

gel impurities and varying amount of DNA loaded in the wells make it hard to interpret the data, but

a bell curved distribution is evident at increasing sonication times and espically in the RH1 DNA. The

width of the distribution decreases as the DNA is fragmented and a Gaussian like distribution is obtained

at prolonged sonication time, as seen in Figure 3.26. The degradation of DNA by sonication is belived

to be a non-random process resulting in the preferential halving of the DNA molecules in solution [110],

but a small preference for cleavage of d(CpG) has also been reported [109]. The obtained size distribution

showed no sign of any preferential cleavage, and a uniform degradation of the entire DNA was achieved.
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4.10.2 Restriction Enzyme Digestion of DNA

The restriction enzymes EcoRI and XhoI both have a recognition site length of 6 base pairs. Both

enzymes should therefore statistically cleave once every 4,096 bp. The obtained size distribution was

750 bp to larger than 10,000 bp, and performing the digestion again had no effect on the size suggesting

that a complete digestion had been performed.

4.11 High-resolution Atomic Force Microscopy

DNA isolated from HDF and from RH1 cells was successfully attached to APTMS-mica surfaces and

imaged using atomic force microscopy. DNA molecules of several thousand nanometer length formed

bundles on the surface and were unsuitable for investigation of the binding affinity of peptides. Aggre-

gates of short strands (>100 nm) were observed in the HDF sample (Figure 3.28), but not in the RH1

sample (Figure 4.3). The entangled structure of the aggregates match the description by Limanskii et

al. of single-stranded RNA molecules forming condensed multichain structures [111]. The HDF sample

was treated with RNase A (Invitrogen) and gel electrophoresis (Figure 4.3) showed that the previously

observed nucleic acids, smaller than the genomic DNA, was RNA. The multichain structures were not

observed in AFM topography after treatment with RNase A. An incomplete treatment with RNase during

cell isolation was probably the cause of RNA only showing in the HDF sample.

A
B

Figure 4.3: Gel electrophoresis of HDF DNA, before (A) and after (B) treatment with RNase A. 1% agarose gels. RNA with a
size distribution of 250 to 10,000 bp is clearly seen to be digested.

DNA fragmented by sonication was imaged using AFM and the correlation to the size observed on gel

was investigated. 3 minutes sonication of RH1 DNA yielded a distribution on gel with a mean migration

length at 1,800 bp and a maximum concentration of 1,300 bp. The plotted mean however did not take

into account the logarithmic correlation between DNA size and migration length [112]. The DNA ladder

points are marked on the x-axis in Figure 3.25, and the DNA size as function of migration length obeys

the exponential equation f(x) = aebx. The constants were fitted using MATLAB and the mean of the
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DNA size distribution was calculated as 2,781 kbp for 3 minutes sonication and 2,643 kbp for 8 minutes

sonication. It is essential to remember that a weighted mean is being used, as the fluorescence measured

from the gel is proportional to the amount of base pairs. The mean size in a distribution composed of a

single DNA piece of 1 kbp and 100 DNA pieces of 10 bp is 505 bp using the weighted mean, but only

19.8 bp when the arithmetic mean is calculated. The arithmetic mean can be determined from the DNA

size distribution as

∑
f (x)∗ i

∑
i

f (x)

, (4.1)

where f (x) is the DNA size corresponding to the migration length from the well and i is the color inten-

sity at said size. The arithmetic mean DNA size after 3 minutes sonication of RH1 DNA was 1,966 bp

and after 8 minutes 1,334 bp.

DNA is mainly in B-form when attached to a mica surface [113], and the axial rise of B-DNA is 0.34 nm /

base pair. The mean DNA size observed with AFM was 280 nm for 3 minutes sonication and 245 nm for

8 minutes sonication (Figure 3.32) equal to 824 and 732 bp respectively. The DNA sizes observed with

AFM were smaller than the corresponding gel electrophoresis results, and only few long DNA fragments

were observed. The main reason for this result is most likely the formation of aggregations by long DNA

strands, and degradation due to shear stress during the washing step before AFM imaging.

The average height of the fragmented DNA was only 6 to 8 Å, smaller than the theoretical diameter of

20 Å for B-DNA or the width of the minor groove of 12 Å [114]. Liu et al reported that DNA is mainly

in B-form when attached to a mica surface functionalised by an amine, and they measured a height of

0.54 nm ± 0.07 [113]. The decrease in size compared to dissolved DNA is most likely the result of force

applied by the tip and attractive capillary forces mediated by the thin water layer that will always be

adsorbed from the gas phase [115].

DNA fragmented by restriction endonuclease digestion contained a considerable amount of "dirt". EtOH

precipitation was performed to remove protein, sugar and salt added during the digestion, but a complete

removal of all contaminants could not be performed. Enzyme digestion is, unlike fragmentation by

sonication, highly sequence dependent. DNA contain areas of repetitive sequences, and the goal of the

fragmentation was to include the entire DNA, so fragmentation by sonication was preferred.

4.11.1 Binding of IL4 to DNA

The linearised pUC19 plasmid was used to determine the proper concentration of peptide that should be

added to the DNA. A peptide concentration of 10 µg/mL was below the cytotoxic concentration mea-
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sured on RH1 embryonic stem cells and corresponded to 4 - 10 mol peptide per mol base pair DNA. The

negative charge of DNA phosphate groups and positive charge of IL4 should provide a rapid electrostatic

binding, and the excess of IL4 will ensure coverage of all binding sites. The average height of pUC19

DNA was 6 - 8 Å, and the height increased to 10 - 12 Å when IL4 was added. The 0.4 nm increase in

height clearly confirmed the binding of IL4 to the pUC19 plamid. A higher concentration of IL4 led to

the formation of aggregates and was avoided.

A height increase of approximately 0.4 nm was observed when IL4 was added to HDF or RH1 DNA.

To determine the difference in binding affinity of IL4 to the two DNA would require the analysis of a

statistically significant amount of DNA. Hydroxymethylation of cytosine is a modification almost unique

to embryonic stem cells. Approximately 4% of all cytosine species in CpG dinucleotides are hydrox-

ymethylated [39], which means that the modification can be found in 1 of every 2000 base pairs. A 1µm x

1µm AFM scan of DNA fragmented by sonication normally yielded a total of 1 µm DNA correponding

to approximately 3000 base pairs. IL4 showed a general affinity for DNA, and any effect of a hydrox-

ymethylated cytosine would not be visible, but the combined method of fragmentation and AFM imaging

holds the capacity of screening a sufficiently large amount of DNA to also include the special DNA base.
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The effect of the peptides indolicidin and indolicidin-4 on human embryonic stem cells and in particular

the interaction with their DNA has been investigated. The peptide IL4 was synthesised and the fluo-

rophore rhodamine WT coupled at the N-terminus, creating the novel peptide IL4-RWT. Both peptides

were purified by RP-HPLC and succesful synthesis confirmed by MS.

The cytotoxic concentrations of IL, IL4 and IL4-RWT on the hES cell lines RH1 and T8 were determined

by growth of the cells on MatrigelTM in mTESR R©1. The cell uptake of the peptides was tested using

the new peptide IL4-RWT by a combined method of high resolution microscopy and flow cytometry. A

slow linear uptake indicated an endocytosis related pathway and a uniform intracellular distribution of

the peptide was observed.

The effect of 50 µg/mL IL4 on pluripotency was tested on RH1 cells, and analysis of morphology and

the expression of pluripotency transcription factors Oct-4 and Nanog showed that the peptide had no

sifnificant effect over a short period. A long term assay was devised using the expression of EGFP by

T8 cells, and the effect of 50 µg/mL IL4 or 20 µg/mL IL on pluripotency was tested. A clear positive

effect of IL4 on the preservation of pluripotency was observed from EGFP expression, morphology and

Oct-4 expression. Later karyotype testing of the T8 cells revealed a complex mosaic karyotype that was

present before the cells were subjected to treatment. The mutation most likely yielded a heterogeneous

cell population at the beginning of the assay making the results invalid. An increased toxic effect of IL

and IL4 was observed when RH1 cells were transitioned to the chemically defined E8 media. The cells

were stressed due to the transition, and it was observed that the tolerance of hES cells toward IL and IL4

is highly dependent on the cell condition and the media composition.

The binding of IL4 to hES cell DNA was investigated using AFM. DNA was isolated from HDF and

RH1 cells and fragmented to enable attachment of separated DNA strands on a mica-APTMS surface for

AFM imaging. Fragmentation was performed using ultrasonication and enzymatic digestion, of which

ultrasonication was preferable as it produced proper sizes with no contaminations. Binding of IL4 to both

HDF and RH1 DNA was confirmed by a height increase in AFM topographies of 0.4 nm. No difference

was observed between the DNA of different sources, presumably due to the general affinity of IL4 to

DNA, and due to the low frequency of modifications to the stem cell DNA. The combined method of

fragmentation by sonication, attachment to a mica-APTMS surface and AFM imaging presented a fast

method for visualisation and analysis of the DNA molecules.
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AMaterials

Material Description Manufacturer

Cell lines

RH1 Roslin Human 1 human embryonic stem cell line Roslin Institute

T8 Tranfected human embryonic stem clonal cell line Roslin Institute

HDF Human dermal fibroblast of neonatal foreskin origin Royal I. Edinburgh

Chemicals

APTMS Lot# STBB4969V Sigma Aldrich

Toluene 99.5% Lot# 179418-1L Sigma Aldrich

Ammonium Acetate 99.99% Lot# MKBC8405 Sigma Aldrich

Dnase/RNase free water Lot# MKBC8405 Sigma Aldrich

Agarose Lot# A9539-500G Sigma Aldrich

10X TAE buffer Lot# 15558042 Invitrogen

Purelink Rnase A Cat# 1044649 Invitrogen

Cell Titer Blue G808A Promega

Indolicidin SP2275B Cambridge Bioscience

mTeSR1 Cat# 05850 Stemcell technologies

5x Supplement Cat# 05850 Stemcell technologies

rhTGFβ Cat# 240-B R&D Systems

mTeSR 5X supplement without Se-

lect Factors

Cat# 05892 Stemcell technologies

Matrigel Cat# 354277 BD Biosciences

Trypsin/EDTA Cat# 15090 Invitrogen

PBS Cat# 10010 Invitrogen

TRIzol Reagent Cat# 15596 Invitrogen

Low Serum Growth Supplement

(LSGS)

S-003-10 Invitrogen

EcoRI Cat# ER0271 Thermo Scientific

XhoI Cat# ER0691 Thermo Scientific

Tango Buffer Cat# BY5 Thermo Scientific

50 bp Generuler ladder Cat# SM0373 Fermentas

1 kbp Generuler ladder Cat# SM0313 Fermentas

Other

AFM cantilever Model: OMCL AC200TSE3, Lot# 911311 Atomic Force FE GmbH

Filter unit, 0.2 µm Lot# 16532 Sartorius Stedim Biotech

Reaction Tubes Lot: 616 201 Greiner bio-one

Muscovite mica Lot# 71856-01 Electron Microscopy S. Inc.

24 well culture dish 3524 Corning Incorporated

96 Well Cell Culture Microplates Cat# 655090 Greiner Bio-one

SuperScript III First-Strand Cat# 18080-051 Invitrogen

DyNAmo Flash SYBR Green qPCR F-415 New England Biolabs

DNeasy Blood n Tissue Kit 69504 Qiagen
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Matrigel stock solution

10 mL Matrigel was thawed on ice, mixed with 10 mL 4 ◦C Knockout DMEM, 1 mL aliquoted to each

of 15 mL falcons and stored at -20 ◦C. The aliquot was thawed on ice when needed, added 14 mL 4◦C

Knockout DMEM, mixed and stored for up to 7 days at 4 ◦C.

Collagenase solution
10 mg collagenase type IV in Knockout DMEM (Invitrogen). Filter sterilised and stored at -20 ◦C.

0.025% Trypsin/EDTA solution

250 mL PBS was added 2.5 mL 2.5% Trypsin (Invitrogen) and 150 µL 0.5 M EDTA disodium. Filter

sterilised and stored at -20 ◦C.
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BCell Viability Assay

Cytotoxicity of the peptides IL, IL4 and IL4-RWT was tested on the embryonic stem cell lines RH1 and

T8 using the CellTiter-BlueTM Cell Viability Assay [87]. Relative cell viability values were obtained from

each well of a 96 well plate as:

FS −FE

FR −FE
(B.1)

FS is the fluorescence measured from the sample testing the effect of a specific peptide concentration, FE

is fluorescence measured from wells added no cells at the beginning of the assay, but fed the same peptide

concentration and FR is the fluorescence measured from the reference consisting of cells growing without

addition of peptide. All fluorescence values were obtained using 560 nm excitation and 590 nm emission.

A B

Figure B.1: Relative cell viability of RH1 cells after growth on media added increasing concentrations of IL4 (A) or IL (B).
Each point is the mean of a triplicet.

Figure B.2: Relative cell viability of RH1 cells after growth on media added increasing concentrations of IL4-RWT. Each point
is the mean of a triplicet.
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CQuantification of EGFP

Positive T8 Cells

Quantification of eGFP Positive T8 Cells was done by staining with the fluorescent Hoechst stain.

Hoechst stain is a cell permeable day that becomes blue fluorescent upon binding to DNA. Figure C.1

shows the green and blue fluorescence of T8 cells after Hoechst staining.

A B

Figure C.1: Hoechst and EGFP flourescence from T8 cells.

Cell counting was done using the image processing program ImageJ [116] and a self-made script. Steps

of the image analysis can be seen in Figure C.2.

Figure C.2: Automated cell counting procedure in ImageJ.

The process of cell counting was only accurate until 5 days from passaging as the fluorescent signal of

cells were overlapping when the cell density became too high.
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DReal-Time Reverse-

Transcription PCR

Total RNA was isolated from a minimum of 1 million cells. The purity of reverse transcribed cDNA

was examined by PCR using GAPDH primers and the BiotaqTM Red DNA Polymerase kit (Bioline) to

ensure that no genomic DNA was carried over. Figure D.1 shows gel electrophoresis of samples with

genomic DNA contamination. Two samples were prepared for reverse transcription and the superscript

enzyme replaced with water in one of them. The pairs of sample and negative control were loaded in the

gel in pairs.

Figure D.1: 2% gel electrophoresis of isolated RNA to test for DNA contamination. Reverse transcription of the same samples
with and without enzyme are loaded in pairs.

Figure D.2 shows gel electrophoresis of the same samples after RQ1 RNase-Free DNase (Promega). No

amplification was observed showing that the sample was free of (mammalian) DNA.

Figure D.2: 2% gel electrophoresis of isolated RNA to test for DNA contamination. Reverse transcription of the same samples
with and without enzyme are loaded in pairs.

mRNA transcription levels were analysed using the StepOne software v2.1 (Applied Biosystems). A

comparative CT method was applied with an automatically set threshold cycle by the machine. An

amplification plot obtained in the project is shown in Figure D.3.
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Figure D.3: Amplification plot.

The fluorescence increases for each cycle as the amount of double stranded DNA increases. Auto fluo-

rescence and fluorescence from unspecific DNA dominates during the first 14-18 cycles until the expo-

nential amplification of the target DNA dominates and the amount of double stranded DNA is doubled

every cycle. The cycle at which the fluorescence exceeds a certain threshold, Ct , is used to estimate the

amount of the gene, and this threshold cycle is automatically set by the software based on background

fluorescence from the negative controls (added only water). The amount of the target gene is normalised

to the amount of GAPDH in the same sample to take into account the difference in amount of starting

RNA. The reported "fold difference" is calculated as:

Xsample

Xre f erence
= 2∆∆CT = 2(CT,sample−CT,GAPDH)re f erence

−(CT,sample−CT,GAPDH)sample (D.1)
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