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Abst ra c t  
The development of a site-specific therapy for the correction of mutations causing 
genetic diseases is thought to be the future for gene therapy. In the quest for 
developing novel strategies, this study utilizes the biological phenomena of double 
strand-break induced homologous recombination to provide a basis of a novel 
principle for gene therapy.  
To study the feasibility of inductive homologous recombination the restriction enzyme 
I-SceI was used to stimulate recombination in a reporter gene assay. Once proving this 
concept the potential of peptide nucleic acids (PNA) conjugated to hydrolytic metal 
complexes as a new site-specific nuclease was examined. A supercoiled (sc) DNA assay 
was established to study the ability of different metal complexes and metal complex 
PNA conjugates to nick DNA. Different N,N-bis(2-picolyl)amine (bpa) ligands were 
compared. Of the ligands tested the most suitable ligand with a pendant p-
methylbenzoate side chain was chosen for coupling to a PNA. We showed that various 
metal complexes (Co(II), Cu(II), Zn(II)) of this ligand conjugated to an octameric PNA are 
specifically binding single strand DNA oligonucleotides, but no cleavage activity was 
observed. 
In parallel we compared complexes of late divalent transition metal ions (Co(II), Cu(II), 
Zn(II) and Ni(II)) of a bpa ligand with a pendant ethoxyethanol side chain. The Cu(II) 
complex showed the highest cleavage activity on sc DNA. Considering the X-ray single 
crystal structure of this complex a mechanism of hydrolytical cleavage for this Cu(II) 
complex has been proposed.  
Additionally we studied the uptake of FITC labeled PNAs in living cells. Fluorescence 
assisted cell scanning (FACS) and microscopy revealed successful internalization of the 
PNAs with a dotted pattern predominantly in the cytoplasm.  
In summary, metal complexes of bpa ligands demonstrated cleaving abilities in a 
supercoiled DNA assay but site-specific cleavage of DNA with metal complexes 
conjugated to PNA remains a challenge. 
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Introduction 
Up to date, most successful clinical gene therapy studies rely on the use of retroviral 
vectors. However, due to uncontrolled insertional mutagenesis, this approach is 
inherently associated with unwanted side effects. This risk is exemplified by the 
development of leukemia in three patients transfused with retrovirus-transduced 
hematopoietic stem cells1, 2. 
This work therefore aimed for the basis of an alternative approach, avoiding retroviral 
transduction of target cells, namely by using homologous recombination within the 
target cell. It has been shown that homologous recombination can be induced in target 
cells, although the frequency of this event remains low3. 
Double strand breaks initiate recombination events within the mammalian genome4. 
Gene conversion is the major repair pathway of double strand breaks in saccharomyces 
cerevisiae and in mammalian somatic cells5, 6. Double strand breaks in autosomal 
chromosomes can thus be corrected using the homologous sequence of the second 
allele7. By utilizing this remarkable repair capacity, genetic defects in compound 
heterozygotes could be corrected, if a site-directed unique double strand break is 
introduced at the site of the mutation. In mutations affecting sex chromosomes or in 
homozygous mutations this strategy is just as possible if a copy of the correct double 
strand sequence is provided externally. The feasibility of inducing homologous 
recombination by double strand breaks has been demonstrated in experiments in 
which the target gene was first modified to contain the recognition sequence for a rare 
cutting endonuclease, such as I-SceI6, 8-10. The introduction of the endonuclease I-SceI 
stimulated homologous recombination at the target gene 100- to 1000 fold6-10. 
The downside to this approach is that the endonuclease recognizes a fixed sequence of 
18bp and thus all induced double strand breaks at a given sequence needs a 
customized or “designed” enzyme.  
Peptide nucleic acids (PNA) are DNA mimics with a pseudopeptide backbone. They were 
established as nucleic acid sequence-specific reagents with the advantage of high 
stability and high specificity of sequence recognition. They form stable duplex 
structures with either RNA or DNA and obey the Watson-Crick hydrogen bond base 
pairing11. Taking these molecules and coupling them to a DNA-cleaving moiety could 
facilitate site-specific DNA cuts.  
One aim of this study was to test different metal-complexes for their ability of DNA 
degradation and in a second step after coupling those complexes to PNA to reassess 
their ability of DNA binding and cutting. In parallel to the DNA cleaving ability this 
study aimed to investigate the internalization of PNA into cells for future applications. 
 

DNA double strand break repair  
A DNA double strand break within a living cell although a common phenomena, is 
potentially a dangerous event. If these DNA breaks were not repaired, the 
chromosomes would be quickly degraded into smaller DNA fragments. However, there 
are two main mechanisms of repair that have evolved to ameliorate the harm of DNA 
double strand breaks. One such mechanism is nonhomologous end-joining (NHEJ), 
were the ends are rejoined by DNA ligation often with a loss of some nucleotides 
leaving a mutation. The other mechanism is homologous recombination (HR), where 
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the second copy of the DNA in a diploid cell is utilized to restore the original sequence. 
This type of repair uses the general recombination machinery of the cell. 
Ordinarily, after a DNA double strand break has occurred a cascade of proteins are 
activated, initiating with proteins that recognize the damaged DNA, that then activates 
a series of transducer proteins, such as protein kinase cascades. This results in the 
activation of effector proteins leading for to DNA repair, cell cycle arrest or apoptosis. 
NHEJ seems to be the first avenue of repair of double strand breaks predominantly in 
G1 phase cells, whereas HR dominates in S and G2 phase in cells12, 13. 

Nonhomologous end-joining (NHEJ) 

One difference between NHEJ and HR is that a second intact DNA template is not 
required in NHEJ. The two broken DNA ends are rejoined directly leading to small 
deletions of DNA sequence. Ku is a protein that binds free ends and recruits DNA-PKcs 
phosphorylating XRCC4 that also is recruited together with DNA ligase IV. Then, DNA 
ligase IV is able to catalyse the physical rejoining of the broken ends. In some instances 
processing of the DNA ends is required. The MRE11-RAD50-NBS1-complex, containing 
exo-, endonuclease and helicase activities, or the Artemis nuclease seem to be involved. 
The Ku heterodimer consists of the Ku70 (~69kDa in human) and the Ku80 (~83kDa in 
human) subunits14. This complex binds DNA DSBs in a non-sequence-specific manner. It 
binds DNA ends covering one side of the DNA double helix which presumably allows 
access of other factors on the other side15. Thus the Ku proteins emerge as DNA 
targeting proteins for the DNA-dependent protein catalytic subunit (DNA-PKc)16. Recent 
studies illustrate that conserved motifs are essential for the interaction of Ku proteins 
and DNA-PKcs as well as ATM and ATR, which are also proteins from the same family17. 
As a consequence those proteins work in regulation of the cell cycle and DNA repair: 
ATM and ATR are essential for cell cycle control. ATM is located to DNA DSBs by 
interaction with the MRE11-RAD50-NBS1-complex (MRN)18. DNA-PKcs are necessary for 
the repair of broken phosphate residues of DNA by DNA polynucleotide kinase (PNK), 
as well as XRCC4, it is needed for PNK activity19. Furthermore, DNA-PKc can form a 
nuclease complex with Artemis and cleave DNA loops, flaps and gaps in DNA double-
strand/single strand transition regions consequently creating compatible ends for 
NHEJ20. The physical rejoining of DNA ends by DNA ligase IV is coordinated by DNA-PKc 
which phosphorylates DNA ligase IV, most probably in a complex with XRCC421. 
Several diseases have been attributed to defects in genes involved in NHEJ. In these 
diseases isolated cells show a hypersensitivity to ionizing radiation: Ataxia 
teleangiectasia is associated with defects in the ATM gene22 or the MRE11 gene23. 
Nijmegen Breakage Syndrome, which is a related disorder, also has increased 
radiosensitivity that is derived from mutations in the NBS1 or the DNA ligase IV gene24-

26. 

Homologous Recombination (HR) 

Homologous recombination was first described in yeast and most of the proteins 
involved in HR were identified in this organism or in bacteria. RAD50, RAD51, RAD52, 
RAD54, RAD55, RAD57, RAD59, MRE11 and XRS2 are known to be important in HR and 
defects in any one of these proteins leads to an increased sensitivity to ionizing 
radiation. All the human homologues of these proteins in human are now known27.  
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Proteins of the RAD51/RecA family facilitate the early steps of recombination including 
homologous pairing and strand exchange. RAD51, like RecA in E. coli, forms a 
nucleoprotein filament by wrapping hundred of monomers around a ssDNA to form a 
helical polymer28. To generate a 3’ single-strand DNA a complex containing RAD50, 
MRE11 and NBS1 catalyses this nucleolytic resection of the 5’ strand. MRE11 has a 3’ to 5’ 
exonuclease activity that is not altered in a complex with RAD50. Additionally MRE11 
seems to digest secondary structures of the 5’ single strand in a complex with RAD50 
and in the presence of ATP29.  

 
Fig. 1: Schematic drawing for the repair of a double-strand break by homologous recombination30. 

RAD52 facilitates the invasion of the 3’ DNA strand, which is coated with RAD51, into the 
homologous DNA double helix through the interaction with RAD5131. RAD51 
coimmunoprecipitates with RPA32. RPA is a ssDNA binding protein called replication 
protein A, that can be exchanged by RAD51 with the help of RAD52 during the 
recombination process33, 34 One possible other role of RPA is that it probably sequesters 
otherwise inhibiting ssDNA35. RAD54 is a member of the SWI/SNF protein family of DNA-
dependent ATPases. It promotes the invasion of the RAD51 coated nucleofilament into 
the double stranded homologous DNA by an unknown mechanism. Perhaps this occurs 
through topological changes in the recipient DNA35.  
After the invasion of one 3’ end into the homologous DNA helix the second free 3’ end 
can anneal with the replaced DNA strand of the homologous matrix (sister chromatid). 
Both ends could then function as a primer for DNA replication. This would lead to the 
formation of a double Holliday junction, a crossover structure of heteroduplex DNA 



Introduction  11 

that links the sister chromatids. Little is known about how this Holliday junction is 
resolved in eukaryotic cells. In bacteria the RuvA, RuvB and RuvC proteins resolve 
Holliday junctions. RuvA binds Holliday junctions and allocates RuvB to it. RuvC 
possesses endonucleolytic activity and induces nicked duplexes that are repaired by 
DNA ligase thereby resolving the Holliday junction.30 
Recently a protein RecQL1 has been identified in human nuclear extracts as an ATP 
dependent Holliday junction branch migrator36. Another protein involved in resolution 
of Holliday junctions might be Mus81. In Mus81 (-/-) cells RAD51 foci persist, indicating 
that the resolution of cross-link-induced double-strand break repair intermediates is 
defect37. In S. pombe Mus81 mutants the defect in a late stage of recombination can be 
corrected by the expression of a bacterial Holliday junction resolvase38. 
Until recently it was unclear, which role the BRCA2 protein plays in double strand repair. 
The group of Pavletich reports that a BRCA2 homologue Brh2 is needed for the initial 
recruitment of RAD51 to the single stranded 3’ DNA39. The BRC repeats are binding 
RAD51 in this process and the DBD domain binds ssDNA preferentially at a junction 
between dsDNA and ssDNA.  

Peptide nucleic acids 
Peptide nucleic acids were first described by Nielson et al40. The peptide nucleic acid 
oligomers are not susceptible to hydrolytic (enzymatic) cleavage, can recognize specific 
DNA or RNA sequences by Watson-Crick base pairing11 and are capable of DNA double 
strand invasion41. Thus in theory these molecules are suitable for targeting any given 
DNA sequence of a certain complexity in the genome. 

 
Fig. 2: Schematic drawing of the PNA backbone compared to the DNA backbone42 

The PNA backbone consists of a backbone of N-(2-aminoethyl)-glycine units linked by 
peptide bonds. Thus PNA oligomeres are resistant to hydrolytic cleavage by means of 
enzymatic reactions as what might occur inside a living cell. When comparing melting 
temperatures, DNA/PNA interactions seem to be stronger than DNA/DNA interactions43, 
favoring PNA as a tool for DNA recognition. The first mechanism of DNA recognition 
within a DNA double helix that was described was called triplex formation (later called 
triplex invasion). This implies that one DNA strand was displaced by an interaction with 
two PNAs at a homopurine target site, leaving one DNA strand accessible as a so called 
P-loop44. This method has been used for in vivo inhibition of DNA replication45. More 
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recent advances have demonstrated that DNA double strand invasion is viable with 
PNA oligomers of almost any sequence favoring either stretches of homopurines or –
pyrimidines or inverted repeats46. DNA double strand invasion is enhanced by cationic 
peptides attached to the PNA and is temperature dependent46.  
Abiding to the theoretical model that free energy that can be gained to favor invasion 
of oligomers at any given sequence is higher by using two PNAs recognizing both 
strands. Therefore Lohse et al. developed pseudocomplementary PNAs47. These 
oligomers contain a diaminopurine instead of an adenine and a 2-thiouracil instead of 
a thymine. Thus the two PNAs recognize the two complementary DNA strands but can’t 
bind to each other because of a steric hindrance. 

Delivery of  PNA oligomers in living cells  
Because of the poor uptake of unmodified PNAs through the cell membrane, different 
modifications of the PNA have been explored. Most studies have investigated the 
addition of oligopeptides to the PNA. The simplest oligopeptid used was an 
oligolysine48, others were cell-penetrating49 or membrane transducing50 peptides. In an 
attempt to achieve nuclear translocation a nuclear localization signal (NLS) has also 
been studied51.  
A different strategy facilitating cellular uptake of the PNA used a complex of PNA with 
complementary DNA and a cationic lipid52. 
In a study Siwkowski et al., they compared the biological effect of PNA or PNA 
conjugated to four and eight lysines on CD40 expression by the redirection of splicing 
in a murine B-cell lymphoma cell line BCL1. They showed that in the case of a four-
lysine-conjugated PNA the effect was weaker and in the case of an eight-lysine-
conjugated PNA it was stronger than that compared to a non-conjugated PNA. The 
authors concluded that this effect most probably reflects the efficacy of cellular 
uptake48. This is opposing data to a similar study of Sazani et al. who showed that even 
four lysines conjugated to the PNA improve the uptake and that the biological effect in 
their testing system (HeLa cells, restoring of splicing of EGFP)53. 
Abes et al. have been showing that the addition of an oligolysine to the PNA does not 
prevent endosomal trapping of the PNA. To overcome this limitation, the authors used 
endosome-disrupting agents like chloroquine or 0,5M sucrose to achieve a biological 
effect (which was a splicing correction) of the PNA in their study54.  
The group of Pandey compared various membrane transducing peptides conjugated to 
anti-TAR PNA in respect to its cellular uptake and its anti-HIV-1 activity in CEM CD4 
lymphocytes. They were able to demonstrate that penetratin, transportan and tat 
conjugates were most effective as anti-HIV virucidals with penetratin-PNA being 
uptaken the fastest50. The group of Bienert used an alpha-helical amphipathic model 
peptide (MAP) as a conjugate and showed that the PNA linked to MAP has a more 
biological effect in their model system which was in neonatal rat cardiomyocytes. They 
correlated this to the faster cellular uptake in combination with a lowered re-export 
and resistance against influences of serum in the cell culture medium49. 
Cutrona et al. showed that a NLS conjugated to a PNA facilitates transport of the 
molecule to the nucleus51. This principle concept was proven in a study by Braun et al. 
where a cellular membrane transport peptide (pAntp from antennapedia) is covalently 
linked to a NLS-PNA55. 
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Pho sphodiester hyd rolysis  by metal-complexes 
As a model for hydrolytic DNA cleavage a number of relevant enzymes have been 
studied extensively and model compounds for a similar kind of chemistry have been 
developed56-59. In comparison, transition metal and lanthanide complexes were most 
active for degradation of DNA or RNA. Interest in this field has focused on a number of 
questions. The first, being in the identification of active metal complexes. The second, 
raised the mechanistic question of whether the cleavage is, oxidative or hydrolytic60-62. 

Zr(), Mg(), Zn() as representative metal ions for non-redox active ions and the 
lanthanides promote hydrolytic cleavage, whereas redox active metal ions such as Fe 
and Mn are usually assumed to operate via an oxidative mechanism. Ce and Cu ions 
appear degrade DNA either by oxidative or hydrolytic cleavage, depending on the 
reaction conditions. With appropriate ligands Co complexes were among the very 
active transition metal species, particularly in dinuclear compounds.  
Independent of the metal ion, the nuclearity of metal complexes appears to be of 
importance and dinuclear complexes generally give higher cleavage rates. Especially in 
multinuclear metal complexes the appropriate geometry of the ligands is crucial63, 64. A 
few examples of trinuclear transition metal complexes with very fast reaction rates 
have recently been published65.  
Finally, the rate of hydrolysis depends on pendant arms of the ligand and is 
accelerated by providing additional acidic or alkaline catalytic sites66, 67. 
Various investigators proposed bis(2-picolyl)amine (bpa) complexes for cleavage of 
DNA or RNA65, 68, 69. Structural studies of bpa derivatives were carried out on first and 
second row transition metals70 or with modified bpa ligands containing carboxylic acid 
side chains71, 72. Functional studies of phosphodiester hydrolysis, DNA cleavage or 
oxidative C-N cleavage, concentrated on di-63, 64, 73 and tri-nuclear65, 74 derivatives of Zn, 
Cu and Fe.  
Metzler-Noltes group focused recently on Mo carbonyl derivatives of the bpa ligand as 
labels for biomolecules75. A pendant arm of the bpa ligand provided a suitable linker to 
biological molecules like amino acids or peptides. One aspect of this study was the 
functional characterization of a bpa ligand with a pendant ethoxyethanol side chain 
that provides an additional hydroxyl group that could serve as a supporting group for 
DNA cleavage. 
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Material  & Methods 

Reagents  

Cell  Lines 

293 

The 293 cells are human embryonic kidney cells that have been transformed with 
adenovirus 5 DNA. This is a hypotriploid cell line, growing as an adherent monolayer in 
DMEM supplemented medium. 

293gp g 

This cell line has been made in the lab of R. Mulligan. It is a stable 293 derived 
packaging cell line for the production of high titer retroviruses that are Vesicular 
Stomatitis Virus G (VSVG) pseudotyped76. 293gpg cells produce the retroviral gag-pol 
polyprotein under the control of the tetracycline-regulatable gene expression system 
(tetR/VP 16 transactivator – tet0 promoter system77. 

NIH  3T3 

The NIH 3T3 cells are established from mouse fibroblasts after several rounds of serial 
subcloning. This cell line is growing in DMEM supplemented medium as an adherent 
monolayer. The 3T3 cells were used for determination of viral titers, for experiments of 
PNA and DNA uptake with FITC labeled oligonucleotides. 

Jurkat 

The Jurkat cell line was established from the peripheral blood of a 14 year old boy with 
T-cell lymphoblastic leukemia by Schneider et al., and was originally designated JM78. 
The cells are growing in a suspension culture in RPMI supplemented medium. Jurkat 
cells were used for experiments of FITC labeled PNA uptake. 

CHO33 

The CHO33 cell line was made in the lab of J. Nickoloff and is derived from the Chinese 
hamster ovary cell line K1c. The cells are growing as an adherent monolayer in 
supplemented alpha-MEM. A description of the features of the CHO33 cells is given 
below. 

Solutions required for cell  culture 

PBS 

Potassium phosphate monobasic (KH2PO4) 1,06 mM, sodium chloride (NaCl) 155.17mM, 
sodium phosphate dibasic (Na2HPO4-7H2O) 2.97 mM, was dissolved in ddH2O. The pH 
was adjusted to 7,4 and the solution was autoclaved. 

RPMI,  DME M 

Media used as provided by GIBCO, #51800-019 (RPMI, solid powder preparation), 
#52100-021 (D-MEM, solid powder preparation). The media were supplemented as 
needed with 10% fetal calf serum (FCS), Penicillin/Steptomycin and L-Glutamine. 
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Fetal  cal f  ser um (FCS) 

FCS was purchased from GIBCO, once defrosted, heat inactivated at 65°C in a water 
bath for 2 hours and frozen in 50ml aliquots at -20°C. 

Penici l l in/Strept omycin 

Penicillin/Streptomycin 100x was purchased form GIBCO and stored at -20°C frozen in 
aliquots of 5ml.  

L - Glut amine 

L-Glutamine 100x was purchased form GIBCO and stored at -20°C frozen in aliquots of 
5ml.  

Reagents for the production of retroviruses (calcium phosphate 
transfection) 

Calcium Chlor ide 

2M calcium chloride solution was prepared in ddH2O. 

L o wTE 

Low TE buffer was made by mixing Tris-HCl pH7,5 at a final concentration of 1mM with 
EDTA pH8,0 at a final concentration of 0,05mM. The solution was filtered. 

2xH BS  (Hepes-b u f f ered S al ine) 

A solution was prepared containing 0,3M NaCl, 50mM Hepes and NaH2PO4 1,5mM. pH 
was adjusted to 7,2. The solution was filtered. 

Reagents for retrovirus transduction 

Poly brene 

Polybrene was purchased from Sigma-Aldrich and used at a final concentration of 
8µg/ml for retroviral transduction. 

Reagents for Lipofectamine transfection 

L ip o f ectamine 

Lipofectamine was purchased from Invitrogen and used according to the 
manufacturers manual. 

Opti- ME M 

Opti-MEM was used as sold by GIBCO (# 31985-047). 

FACS acquisition and analysis 

FACS  Scan 

A FACS Scan from BD was used for the acquisition and detection of FITC-labeled, GFP of 
dsRed expressing cells according to the manufacturers manual. FITC and GFP were 
detected in the FL-1 channel, dsRed in FL-2. 
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Cel lQuest  S o ft ware 

The analaysis of acquired cells was done using the CellQuest Software by BD. 

MOF LO cell  sorter  

A MoFlo High-Performance Cell Sorter from Dako was used for single cell cloning. 
Single cells positive for GFP expression were deposited in every well of a 96-well-plate. 

Plasmids 

pHDMred 

pHDMred encodes dsRed under the control of a CMV promotor. Cloning of the pHDM 
red plasmid was done by cutting pDsRed1N1 (Clontech) and pHDM2b (donated by 
Richard Mulligan, Harvard Medical School, Boston, USA) with Not I and EcoR I and 
religation of the two fragments after gel purification. 

p MMP  I -SceI  IRES GFP 

The open reading frame of the I-SceI endonuclease was PCR amplified from a CMV-I-
SceI plasmid (generously provided by J. Nickoloff) by using primers containing the 5’- 
and 3’- sequences respectively and Nco I and BamH I linker sequences. pMMP plasmid 
DNA (gift from R. Mulligan) and the obtained and purified PCR fragment were digested 
with Nco I and BamH I. Fragments were subjected to gel electrophoresis and 
purification and ligated. For the GFP marker gene containing plasmid the IRES GFP 
sequence was cut from pCMV IRES GFP (gift from R. Mulligan) with Bgl II and BamH I 
purified and cloned into the pMMP I-SceI plasmid after digest with BamH I. 

 
Fig. 3: Cloning strategy for pMMP I-SceI and pMMP I-SceI IRES GFP respectively 
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Fig. 4: Restriction digestion with Pvu II of pMMP I-SceI IRES GFP (lanes 1-3) and pMMP I-SceI (lanes 1-3) 
respectively. The vector map of pMMP I-SceI IRES GFP is displayed together with the expected restriction 
fragment length of the Pvu II digest in base pairs. 

pUC I -SceI re c 

pUC19 was cut with BamH1 and Sal1. A designed linker consisting of two 
oligonucleotides with the sequence of the I-SceI recognition site flanked by a BamH1 
and Xho1 overhang was ligated to the purified and dephosphorylated cut pUC19. The 
resulting plasmid was tested by cleavage with a commercially available I-SceI Enzyme. 

Cloning reagents 

Restr ict io n  enz ymes,  T4 DNA l igase an d b u f f er s 

Restricition enzymes and T4 DNA ligase were purchased from NEB or Boehringer and 
used with the appropriate buffers according to the manufacturers manual. 

Transf ormat io n 

Competent DH5alpha E. coli were incubated with 1-2µg of plasmid DNA on ice for 30 
minutes. The bacteria were heatshocked for 2 minutes at 42°C and then cooled for 2 
minutes on ice. Then they were incubated for 60 minutes at 37° in LB-medium without 
ampicillin and streaked out on ampicillin containing LB-agar plates and incubated over 
night at 37°C.  

Mi ni -Prepar atio n  o f  p lasmid DNA 

Individual colonies were picked and grown in LB medium over night at 37°C. The 
bacteria were pelleted by centrifugation and the supernatant discarded. Alkali lysis with 
0,2M NaOH 1%SDS was performed and stopped by adding 3M potassium acetate. The 
mixture was centrifuged and seven parts of the supernatant was mixed with 5 parts of 
2-propanol. The DNA was pelleted by centrifugation and washed with 70% ethanol. The 
pellet was air dried and dissolved in ddH2O.   

Ma xi -Prepar at io n o f  p lasmid DNA 

The Quiagen-Maxi-Prep Kit was used according to the manufacturers manual. 
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Cell culture maintenance 
If not stated otherwise cell lines were grown in standard plastic cell culture flasks in 
37°C incubator at 5% CO2. They were cultured in their respective mediums as stated 
above. Cells were split and medium was changed every 2-3 days. 

Splitting adherent cells  

The Cells were washed once with PBS (to remove FCS, which inhibits trypsin activity) 
and then incubated with 2ml/75cm2 trypsin for 2 to 5 minutes until they started to 
detach in 37°C incubator. Cells were disloged and resuspended to single cells and 
transferred into a falcon tube and medium was added up to a volume of 15 ml. Cells 
were centrifuged at 1000 rpm in a Heraeus Megafuge® for 5 to 10 minutes. The 
supernatant was discarded and the cell pellet resuspended in appropriate medium. 
Cells were counted using a hematocytometer and dispersed in a new cell culture flask 
at the desired density. 

Generation of a reporter system for ho mologous recombination 
To assess the ability of metal-complex PNA conjugates to facilitate homologous 
recombination in viable cells, we created a cell line by retroviral transduction with a 
transgene encoding for GFP and a mutated lacZ gene, leading to a non-functional b-
galactosidase protein. The rationale was that after homologous recombination in 
presence of a correction matrix with a corrected lacZ sequence and the metal-complex 
PNA conjugate one would be able to detect the restored lacZ by measuring b-
galactosidase activity. 

Construction of a  pMMP lagZ IRES GFP reporter vector 

The retroviral backbone was created by Dr. Chozhavendan Rathinam. He cloned the 
lagZ and GFP gene connected by an IRES sequence into the Moloney murine leukemia 
virus (MLV)-based retroviral vector pMMP. LagZ is the codon-optimized gene for 
expression in human cells of the bacterial lacZ gene, encoding beta-galctosidase. 
pMMP plasmid was donated by Richard Mulligan (Harvard Medical School, Boston, 
USA). A vector containing the IRES-GFP sequence was donated by Christopher Baum 
(Medical School Hannover, Germany). 

Retrovirus production and concentration 

Vir u s  pr o ductio n 

293gpg cells were grown in 293 tetracycline containing medium to a confluency of 50-
60% in a 175cm2 capped flask. 293gpg cells were transfected using a standard calcium 
phosphate transfection protocol. 25 µg of plasmid DNA, 147 µl of 2M CaCl2 and LowTE 
up to 1,2 ml were mixed and then added to 2xHBS by dropping down the side of the 
tube while bubbling air into the HBS solution using an electric pipett. The mixture was 
left to stand at room temperature for 30 minutes. The fine white cloudy precipitate was 
dropped onto the surface of the 293gpg cells. After 8-12 hours the 293 tetracycline 
containing medium was removed and the cells gently washed with PBS and 30 ml of 
fresh 293 tetracycline-free medium was added. Every 24 hours the medium was 
removed and replaced with fresh medium. Starting from day 3 to day 6 after the 
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transfection the virus containing supernatant of the cell culture was harvested and 
stored at 4°C.  

V ir u s  co ncentr atio n   

The virus supernatant was filtered through a 45 µm filter and then ultracentrifuged at 
14000 rpm for 4 hours in capped autoclaved centrifuge tubes. The supernatant was 
discarded into a solution containing antiviral agents and the pellet dissolved in 500 µl 
DMEM over night at 4°C. Aliquots of the concentrated virus were stored at -80°C. 

Titr atio n o f  t he v ir a l  p artic les 

10000 NIH 3T3 cells were plated per well of a 6-well-plate in a volume of 2 ml. After 4 
hours, various amounts of the viral supernatant or the viral concentrate was added 
with polybrene (final concentration of 8 µg/ml) to each well.  
12 hours later the medium was removed and replaced with fresh supplemented DMEM 
medium. After 48 hours, the cells were detached by trypsin treatment (as described 
above) and the final cell suspension was transferred into a volume of 300 µl into FACS 
tubes. The cells were acquired using FACS scan and the data analyzed for the detection 
of GFP fluorescence using CellQuest software.  
The viral titer was calculated by using the given formula: 
VT [infectious particles/ml]  = (NIH 3T3 cell number x % of fluorescent cells x dilution 
factor)/volume of infection [ml] 

Creation of a  reporter cell  l ine 

293 cells are easy to transfect and were readily available. Therefore these cells were 
chosen for creation of a reporter cell line expressing GFP and a defective b-
galactosidase. We started with the creation of a control cell line with GFP and the 
unmutated lacZ gene. To this end the 293 cells had to be transduced with the retrovirus 
described above.  Then a monomorphous cell line by single cell cloning had to be 
established. 

Transductio n o f  293 cells  

100.000 293 cells were seeded in a 6-well-plate. After 8 hours polybrene (8µg/ml) and 
viral particles at a multiplicity of infection (MOI) of 10 were added to each well. The 
medium was replaced the following day and every 24 hours thereafter. After 5 days the 
cells were split and expanded to cell culture flasks. Consecutively the cells were 
subjected to single cell cloning. 

Si ngle  cell  c lo ning 

The cells were detached by trypsin treatment, washed with PBS and then screened for 
the expression of the GFP marker protein with the MOFLO™ (modular flow cytometer) 
from Cytomation. Into every well of a 96-well-plate one single cell positive for GFP 
expression was deposited. Half of the medium was exchanged about once every 10 
days. When a colony grew at the size of half of the diameter of the well, the cells were 
treated with trypsin, transferred to a 24-well-plate and consequently expanded. Cell 
clones were frozen in FCS+10% DMSO. 
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The C HO-33 neomycin resistance system for the evaluation of 
homologous recombination 

Unfortunately, due to difficulties with the expression of GFP and lacZ within a single 
cell (shown in “results”), we chose a neomycin resistance based system for HR 
evaluation. In the lab of J. Nickoloff a Chinese hamster ovary (CHO) cell line was 
generated that contains a mutated neo gene under the transcriptional control of a 
MMTV promoter. Insertion of an I-SceI recognition site interrupts the reading frame. 
Downstream of the mutated neo a promoterless wildtype neo sequence was inserted. 
Upon I-SceI mediated DNA double strand breaks, the cell uses the downstream neo 
gene to correct the break by homologous recombination and becomes resistent to 
G41879. Dr. Nickoloff kindly provided this cell line to our lab. 

 
Fig. 5: Neomycin-Resistence based reporter system for homologous recombination upon I-SceI endonuclease 
expression in CHO33 cells. The cell line contains two copies of a Neomycin-resistance gene in close proximity. 
The upstream copy is interrupted by the I-SceI recognition sequence, introducing a stop codon. The second 
copy is promotorless. Expression of the I-SceI endonuclease induces double strand breaks, which restore neo 
function by homologous recombination.  

Transfection of CHO 33  c ells  

CHO33 cells were transfected by using Lipofectamine®. 4x105 CHO33 cells per well were 
incubated over night in supplemented alpha-MEM (+10% FCS +P/S). 2 µg of DNA and 5 
µg of Lipofectamine® were diluted each in 125 µl Opti-MEM and then gently mixed 
followed by 15 minutes of incubation at RT.  An additional 750 µl of Opti-MEM was 
added to the mixture. The CHO33 cells were washed once with PBS and overlayed with 
1,5 ml Opti-MEM and 1 ml of the liposomal complex-mix was added on top of the cells. 
After 5 hours of incubation 2ml of alpha-MEM (+20 % FCS +P/S) was added. After an 
overnight incubation the medium was replaced with fresh alpha-MEM. After 24-48 
hours the lipofected cells were dispersed at densities of 1x105 in appropriate cell 
culture 10cm Petri-dishes in alpha-MEM (+10% FCS +P/S). After 24 hours G418 at a final 
concentration of 300 µg/ml was added. The medium was replaced by fresh medium 
every 2-3 days. After 14 days the number of G418r colonies was counted by microscopy. 
To measure the transfection efficiency, we used pHDMred in parallel to pCMV3xNLSI-
SceI. 48 hours after transfection cells were detached by trypsin treatment and washed 
with PBS. Then cells were analysed for expression of dsRed by FACS analysis. 
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Transduction of CHO 33 c ells  

200.000 CHO33 cells were seeded in a 6-well-plate. After attachment (~4 to 8 hours) 
Polybrene (8µg/ml) and viral particles (not concentrated viral supernatant) were added. 
The next day and consequently each 2 to 3 days the medium containing 300 µg/ml 
G418 was replaced by fresh medium. After 14 days the number of G418r colonies was 
counted by microscopy. 

Visualization of PNA uptake in CHO33 cells  
CHO33 cells were coincubated with fluorescein-labelled PNAs (PNAs were synthesized 
and labeled in the lab of Nils Metzler-Nolte, Heidelberg) in varying concentrations for 
24 hours in alpha-MEM (+10% FCS + P/S). The cells were then subjected to microscopy 
(Zeiss axiovert 200M) after washes with PBS and subsequent fixation with 1% 
paraformaldehyde in PBS or were analyzed by fluorescence assisted cell scanning 
(FACS) on a BD FACS Scan. Propidium Iodide was added to the cells at a concentration 
of 50µg/ml. Gates were set on all living cells determined by Propidium Iodid (PI) 
exclusion. 

Detection of plasmid DNA cleavage 

Background:  The supercoiled DNA  assay 

To analyze the ability of the metal-complexes and the metal-complex-PNA conjugates 
to induce DNA single strand nicks or DNA double strand breaks coincubation 
experiments with these substances and plasmid DNA were done. Upon introduction of 
a single nick within the plasmid DNA, the DNA changes from the supercoiled (sc) form 
to the open circular (oc) form.  

 
Fig. 6: Effect of single and multiple nicks within plasmid DNA 

If two nicks in close proximity occur the DNA gets linearized and degrades if more 
fragments are generated. Agarose gel electrophoresis and ethidium bromide staining 
can differentiate all forms except for the degraded DNA. 

Cleavage of supercoiled plasmid DNA  

In a standard cleavage reaction the metal complex was incubated with 100ng of sc 
plasmid DNA in pH 7,0 10 mM Tris buffered 5 mM NaCl at 37°C for incubation periods of 
various times. 
The reaction mix was run in a 1% agarose gel with BPB-loading buffer for 1 hour at 80 
V. The gel was stained with ethidium bromide.  If necessary bands were quantified 
according to the protocol given below. 
DNA cleavage experiments were performed using a pUC 19 derived plasmid of 2696 bp 
length, a MMP derived plasmid of 10804bp length, a TFasLDc plasmid of app. 5500bp 
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length. The unadulterated plasmids contain about 80% of the supercoiled (sc) form, the 
remaining 20% being already in the open circular (oc) form.  
Various concentrations (1nM to 10µM) of different metal-salts, metal-complexes or 
metal-complex PNA conjugates were tested. Also different amounts of plasmid DNA 
and different buffer concentrations were tested and pH was varied. The incubation 
time was varied from 1 minute to several days. 

Quantification of gel bands 

Images were acquired using UV illumination and a Syngene GeneGenius gel 
documentation system. For densitometric analysis of the DNA bands, samples were 
processed in duplicate and a nonsaturated image of the gel was acquired. Extraction of 
tracks and mathematical operations were performed using the Syngene GeneTools gel 
analysis software. For baseline correction the lowest slope method with offset was 
used. Bands were automatically located with a minimum peak width of 7 pixels, a 
minimum peak height of 4 and a minimum peak volume of 1% with all peaks the same 
width of 8 pixels. A Savitsky–Golay Filter was used with a filter width of 3. Percentages 
of raw volumes of all identified bands in a lane were calculated. If necessary the 
settings were adjusted to automatically locate all bands of interest without picking 
artificial bands. 

Binding to and cleavage of s ingle strand DNA and RNA 
To determine whether the PNA and the metal-complex PNA conjugates are able to bind 
to specific sequences and cleave single strand DNA, coincubation experiments with 
radioactively labeled DNA oligonucleotids and PNA or PNA conjugates were performed. 

5’-radioactive labeling of DNA /R NA  oligonucleotids  

For radioactive 5’-labeling the oligonucleotide was incubated at a final concentration 
of 5µM with 1µl of gamma-32P-ATP (10µCi/µl) with 10u PNK in 1xPNK buffer for 30 
minutes at 37°C in a total volume of 20µl. 
Free nucleotides were removed using MobiSpin columns S-200 from Mobitec according 
to the manufacturers manual. The column was dried by a brief spin, the reaction mix 
was then loaded on top of the column and the column was spun for 2 minutes at 
3000rpm in an Eppendorf 5415C 18-position fixed-angel rotor. The labeled 
oligonucleotid was eluted with 100µl water. Counts per minute (CPM) were measured in 
a RackBeta Beta-Counter to confirm labeling efficacy. 

3’-radioactive labelling of DNA oligonucleotids 

For some experiments it was necessary to label the 3’-end of the oligonucleotids. 3’-
radioactive labeling of the oligonucleotides was done by incubation of the 
oligonucleotid at a final concentration of 5µM with 1,5µl of alpha33P-ddATP (1µCi/µl) 
with 50u TdT (BD Terminal Transferase, apo-direct kit) in 1xTdT buffer for 30 minutes at 
37°C in a total volume of 50µl. 
Nucleotide removal was done as described before. 

Gel-shift-assay in non-denaturating polyacrylamide (PAA)  gels 

To determine binding or cleaving abilities of the (metal-complex conjugated) PNAs, gel-
shift-assays in non-denaturating polyacrylamide gels were performed. 
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To this end the labeled oligonucleotide was incubated at a concentration of 1µM with 
a 10-fold excess of the (metal-complex conjugated) PNA in 10mM Tris buffer pH7,0 in a 
total volume of 20µl for various time periods at ambient temperature. 
Different concentrations and ratios of labeled oligonucleotide to PNA have been tested. 
Appropriate negative controls were run. Buffer concentration and pH was varied. 
Influence of length and temperature of incubation was checked. 
The complete reaction was loaded onto a 15 % non-denaturing PAA gel (20cmx20cm) 
with 6x bromphenol-blue loading buffer and run in 0,25x TBE Buffer at 16mA in a water 
cooled chamber (~15°C) for 3-4 hours. For a 20cmx20cm PAA gel 20ml 30% Rotiphorese 
Acrylamide, 18ml dd H2O, 2ml 5x TBE, 200µl APS (Ammoniumpersulfate) 10% and 100µl 
Temed were mixed and poured in an appropriate PAA gel system (custom made). 
The gels were mounted on Whatman Paper and dried using a vacuum gel dryer. The 
dried gels were exposed on a Fujix BAS Phosphoimager plate for 2-12 hours and read 
using a Fujix BAS 1000 (Fuji photo film co., LTD, Japan) Phosphoimager and the 
supplied software. 
One significant problem in establishing the gel-shift-assay was the difficulty to find a 
high quality DNA oligonucleotide provider. In Fig. 7 you can see different 
oligonucleotides, 5’ labeled, many of them showing multiple bands. The 
complementary oligonucleotides don’t show dimer formation under non-denaturating 
conditions in a PAA gel. 

  
Fig. 7: labeled DNA oligonucleotides from MWG showing multiple bands instead of one distinct band and no 
dimer formation in a non-denaturating PAA gel (in detail: left to right (names of oligonucleotides: PNA 8F, PNA 
8R, PNA 8F+PNA 8R, PNA 8 AP F, PNA 8 AP R, PNA 8 AP F + PNA 8 AP R, PNA 16 EcoRI F, PNA EcoRI R, PNA 16 
EcoRI F + PNA EcoRI R); run in a 18% non-denaturating PAA-Gel at 4°C for 2h at 15 mA. 

Synthesis of  metal  complexes,  peptide nucleic acids (PNA) and  
conjugates thereof 
This part of the work has been done in collaboration with Srecko Kirin and Nils Metzler-
Nolte, faculty of the Institute of Pharmacy and Molecular Biotechnology, University of 
Heidelberg. Srecko Kirin was the responsible investigator conducting the experiments 
in the Metzler-Nolte lab. A brief description of experiments can be found in Ref80. 
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List of  oligonucleotides/PNA oligomers  

Name  Sequence Comp any 

GFP antisense RNA-DNA GAU GAA CUU CAG GGU Cag ctt* Curevac 

GFP sense RNA-DNA AAG CUG ACC CUG AAG Utc atc* Curevac 

SK-255 PNA Bpa-Bz-Ado-gg-gtc-agc-Lys Srecko Kirin 

FPNA-1 PNA FITC-tgt-tat-cc-Lys Srecko Kirin 

SK-115 PNA Bpa-Bz-wAhx-tg-tta-tcc-Lys Srecko Kirin 

IBA-GFP DNA ggc-aag-ctg-acc-ctg-aag-t IBA GmbH 

IBA-ISceI rec DNA tag-gga-taa-cag-ggt-aat IBA GmbH 

Nsi-I-SceI rec F DNA tag-gga-taa-cag-ggt-aat-tgc-a MWG 

Nsi-I-SceI rec R DNA att-acc-ctg-tta-tcc-cta-tgc-a MWG 

loxB FITC DNA FITC-taa-gat-cta-taa-ctt-cgt-ata-atg-
tgt-tac-ata-act-tac-ggt-aaa-tgg 

MWG 

loxMUT FITC DNA FITC-taa-gat-ctt-agt-ata-gat-atg-ttc-
agt-tac-ata-act-tac-ggt-aaa-tgg 

MWG 

PNA 8F DNA gga-taa-ca MWG 

PNA 8R DNA tgt-tat-cc MWG 

PNA 8 AP F DNA aca-ata-gg MWG 

PNA 8 AP R DNA cct-att-gt MWG 

PNA 16 EcoRI F DNA tgg-ata-aca-gaa-ttc-c MWG 

PNA 16 EcoRI R DNA gga-att-cag-tta-tcc-a MWG 

*capital letter: RNA; small letter: DNA 
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Results  

Establishing a repo rter system for mo nito ring ho mologous  
recombination (HR) 

Coexpression of lagZ and GFP is  not re liable in 293 c ells  

The initial focus was to establish a versatile retrovirus-based system to allow the 
monitoring of double-strand mediated homologous recombination in both cell lines 
and primary hematopoetic murine cells. To meet this end, we utilized a bicistronic 
retroviral construct encoding two marker genes. GFP was used as it is an ideal marker 
for the selection of transduced cells. This is especially important for primary 
hematopoietic cells, as transduction efficiency is a limiting factor and this would allow 
for sorting of transduced cells. 
The second marker gene is lagZ, which is the human codon optimized sequence of 
lacZ.  We planned to create a mutated lagZ gene, disrupted by an I-SceI recognition site. 
Hypothetically in the presence of I-SceI nuclease and a correction matrix, a double 
strand break is induced which then triggers the cell DNA repair mechanisms. The 
mutated lagZ sequence is then corrected by homologous recombination using the 
correction matrix.  
A bicistronic construct encoding both GFP and an undisrupted lagZ gene was 
generated as a control vector. The aim was to establish a control cell clone for future 
recombination experiments. Therefore the expression of the transgenes lagZ and GFP 
was confirmed in bulk cultures of both 293 and 3T3 cells. However, the subcloned 
transduced cells either expressed GFP with no b-galactosidase activity or demonstrated 
b-galactosidase activity but GFP expression is inconsistent (Fig. 8). 
 

 
Fig. 8: Single cell cloning of MMP lagZ IRES GFP transduced 293 cells revealed clones that express high levels of 
GFP and no beta-galactosidase. Cells before sorting: a) beta-gal expression in X-Gal staining b) GFP 
expression. Cells after sorting: c) beta-gal expression d) GFP expression. e) retroviral vector used. 

HR  reporter system using G418 resistance 

In order to circumvent this problem, we established an elegant system to assess 
homologous recombination using a modified CHO cell line kindly provided by Dr. Jac 
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Fig. 10:  Neomycin-resistance based reporter system for homologous recombination upon I-SceI endonuclease 
expression in CHO33 cells. The cell line contains two copies of a Neomycin-resistance gene in close proximity. 
The upstream copy is interrupted by the I-SceI recognition sequence, introducing a stop codon. The second 
copy is promotorless. Expression of the I-SceI endonuclease induces double strand breaks, which restore neo 
function by homologous recombination. Shown are recombination frequencies using either transient 
transfection of an I-SceI expression plasmid or an I-SceI expressing retrovirus.  

Development  of  non-viral  gene transfer systems using pro tein 
carriers 
The principal goal of this study is to correct genomic mutations in primary cells. Thus 
an ideal model would be an optimized non-viral gene transfer systems that harbors a 
DNA correction matrix.  
Initially, electroporation protocols (provided by Amaxa Inc, Cologne) utilizing various 
buffer systems and field strengths were performed but yielded poor results (data not 
shown). Based on the findings that Cre protein is easily taken up by cells is able to 
induce genomic recombination of loxP sites81, we reasoned that this feature could 
distinguish Cre as an ideal carrier protein for DNA, and thus produced recombinant Cre 
in E. coli (expression plasmid and protein kindly provided by C. Stocking, Heinrich Pette 
Institut, Hamburg). The GST-fusion-protein was purified using Gluthatione Sepharose 
which was cleavaged of the GST-tag by thrombin. The purity and quantity of the Cre 
protein was confirmed by a Coomassie stain and Bradford test. 
Fluorescent double strand oligonucleotides (48 bp) containing a modified loxP 
sequence (loxB) were designed and purchased from MWG. 
Fig. 11 shows that the recombinant Cre protein mediated uptake of the fluorescein 
labeled oligonucleotide, whereas the labeled oligonucleotide itself did not show 
significant uptake.  Since the recombinant Cre-protein is contains residual thrombin, we 
used recombinant thrombin as a control protein. Increased uptake of ds 
oligonucleotide was not seen in the absence of Cre nor in the presence of purified 
thrombin alone as can be seen in Fig. 11.  
The transport using Cre is not specific for the loxP (or loxB) site. Fig. 11 shows that 
fluorescent oligonucleotides containing nonsense sequences are transported equally 
well. Further experiments showed that Cre is not able to transport longer linearized 
DNA or circular DNA under the tested circumstances. Although Cre is efficient at 
transporting short linear DNA oligonucleotides it is not adequate for carrying longer 
DNA matrixes that would be necessary for HR. 
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Fig. 11: Cre mediated uptake of FITC labeled ds oligonucleotides. Cells were incubated for 6 hrs with 1µM Cre 
plus 1µM modified loxP (loxB) ds oligo at 37°C subsequently quenched with Trypan Blue. a) non-quenched 
cells (Cre + loxB) b) quenched cells (Cre + loxB) c) no oligo, just Cre d) just oligo (loxB, no Cre) e) oligo (loxB) and 
thrombin (no Cre) f) nonsense oligo + Cre. 

Cellular Uptake of  PNA Bioconjugates 
The octamer 5’-T-G-T-T-A-T-C-C-3’, part of the I-Sce I recognition sequence, was chosen 
as the PNA sequence for initial experiments. This PNA oligomer was prepared by solid 
phase synthesis using Fmoc chemistry. A number of different PNA oligomers with this 
sequence were prepared and analyzed in Heidelberg (laboratory of the Metzler-Nolte 
group).  
Cellular uptake of the PNA was confirmed using a FlTC-labeled PNA octamer. We could 
demonstrate the uptake of the PNA of adherent CHO, 3T3 cells and Jurkat cells growing 
in suspension cultures. We used FITC-labeled PNAs at concentrations ranging from 1 to 
20µM.  Efficient uptake was confirmed by fluorescence microscopy and FACS analysis.  
Imaging analysis revealed a predominant localization in a dotted pattern in the 
cytoplasm (Fig. 12). Unfortunately we were not able to obtain a FITC labeled nuclear 
localization signal (NLS) containing PNA for a direct assessment of cellular uptake, to 
confirm the findings published by Cutrona et al51. 
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Fig. 12: CHO33 cells, incubated for 24 h with 20µM of FITC-labeled PNA: a)Dapi stain b) FITC c) overlay, d-f) 
respective negative controls. FACS Data for increasing PNA-concentrations show efficient uptake of F-PNAs. 

Cell viability was measured by FACS after 24h incubation with the FITC labeled PNA. 
Live cells, PI negative, were gated and analyzed. Cellular viability decreased after the 
incubation from about 50% with no treatment to app. 25% regardless of the 
concentration of FITC-PNA used. Results are shown in Fig. 13. 

 
Fig. 13: Viability of cells after incubation with the FITC labeled PNA, showing a decrease of about 50% 
regardless of the concentration. (Average of four experiments, 2x CHO33 cells, 2x 3T3 cells.) 

DNA cleavage 

DNA cleavage with metal complexes on supercoiled DNA 

As the ultimate aim of this study was to construct a specific nuclease that consists of a 
metal complex as the cleaving moiety, different metal complexes and ligands were 
tested. We chose physiological conditions, varied the ligand, the metal, concentrations 
of the complex and the time of incubation for cleaving supercoiled DNA. DNA cleavage 
experiments with the complexes were performed using a double stranded (ds) DNA 
plasmid. The metal complexes cause random nicks to the DNA strands. This results in 
the opening of the supercoiled form (sc DNA) to form an open circular (oc DNA) after 
one nick. If two nicks on complementary strands are within close proximity a linear 
form (linear DNA) is observed in an agarose gel (Fig. 6). Multiple nicks in the DNA 

neg. control 
   5 µM F-PNA 

10 µM F-PNA 
20 µM F-PNA 
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degrade it into small pieces of different size, which is undetectable in our assay. The 
cleavage products were subjected to gel electrophoretic separation and the gels were 
analyzed after ethidium bromide staining.  

Comp ariso n  o f  di f f erent  l igands  

A study by Young et al. demonstrated that hydrolytical cleavage of bis(2,4-
dinitrophenyl) phosphate (BDNPP), a model for DNA phosphodiester bonds, can be 
achieved by a copper bis(2-bicolyl) amine complex66. We therefore compared complexes 
of bis(2-bicolyl) amine ligands differing in their prospective linker arms upon their 
cleavage ability in the depicted supercoiled assay (p. 21). The schematic drawings of the 
different ligands (L) and metal complexes (K) are shown in Fig. 14. For some of the 
experiments equal molar amounts of the dissolved ligand and the dissolved nitrate salt 
of the metal were mixed to get the corresponding complex (in situ preparation of 
complexes). As instant quality control a change in color of the solution can be seen. 

 
Fig. 14: Scheme of the different bis(2-picolyl) amine ligands and copper complexes respectively. Ligands L1, 
L3, L7 and L8 (and L9) and the corresponding metal complexes were used and their cleavage activity were 
determined using the supercoiled DNA assay. 

We started the study comparing the simplest ligand L1H with L3H, a ligand with a little 
longer linker arm suitable for conjugation to PNA in future experiments. The ligands 
without any central metal did not cleave DNA, as can be seen in Fig. 15. The copper 
complex of L1H named K1 was only active after long incubation times (144 hours). In 
comparing the two complexes K3 to K1, the later was found to have a reduced cleaving 
capacity. In addition to that we found that copper itself has a DNA nicking activity that 
can be visualized after prolonged incubation times (144h), as can be seen in Fig. 15. 
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Fig. 15: Comparison of DNA cleavage activity of K1 and K3. K1 cleaves supercoiled DNA but after long 
incubation times of 144 hours, whereas K3 does not show a cleaving activity. Ligands without a central metal 
ion are not active in cleaving DNA, but Copper (CuN) after a long time is. Upper gel shows DNA cleavage after 
12 hours of incubation with the respective ligand/complex, each triple representing 0,25mM, 1,25mM and 
2,5mM. The lower gel shows DNA cleavage after 144 hours. (Incubation at 37°C; 200ng DNA (TFasLDc); reaction-
buffer (final conc.): 5mM Tris, 2,5mM NaCl, pH 7,0) 

We attempted to improve the cleavage ability of different ligands with longer 
prospective linker arms. Fig. 16 shows the DNA cleavage pattern of K7 and K8. K7 
appears to show nicking activity for 2,5mM f.c. after 8h and for 1,25mM f.c. after 12h. K8 
appears more rapid at showing nicking activity after 4h for a f.c. of 1,25mM (see also 
Fig. 17). The concentration needed for a ‘remarkable’ activity is less and the incubation 
time is shorter when comparing K1 or K3, the complexes with short linker arms to those 
with longer arms like K7 or K8. 

 
Fig. 16: Comparison of DNA cleavage activity of K7 and K8. The gel shows cleavage activity on supercoiled 
DNA of both complexes. K8 seems to act in lower concentrations and after shorter incubation times. 
(incubation at 37°C; 200ng DNA (TFasLDc); reaction-buffer (final conc.): 5mM Tris, 2,5mM NaCl, pH 7,0) 

Complex K8 appeared to be the most active complex we tested in our system, 
displaying the lowest concentration necessary and the shortest incubation time for 
nicking significant amounts of supercoiled DNA and converting it to the open circular 
form.  
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Fig. 17: Kinetic study for K8 showing nicking activity for 2,5mM f.c. after 2h incubation time (incubation times 
are given at the bottom of every lane. (incubation at 37°C; 200ng DNA (TFasLDc); reaction-buffer (final conc.): 
5mM Tris, 2,5mM NaCl, pH 7,0) 

Comp ariso n  o f  di f f erent  met al  io ns  

For a comparative analysis of different central metal ions we chose the ligand L7H, 
because at that time this ligand had already been characterized by X-ray 
crystallography by the group of Metzler-Nolte. In this study, we identified the metal 
ions that were most suited for DNA cleavage. The DNA cleavage studies were carried 
out with supercoiled DNA, as has been described above. Fig. 18 displays a photograph 
of the pure substances and their color before the addition of water. 

 
Fig. 18: Metal complexes of the ligand L7H and metal salts used in supercoiled DNA cleavage assays. Top row: 
The ligand L7H and its various metal salts (L7H, K7 Co, K7 Ni, K7 Cu, K7 Zn; from left to right); bottom row: The 
nitrate salts of the metal ions (CoN, NiN, CuN, ZnN, from left to right). 

Co2+ and Cu2+ metal ions were found to be the most efficient for DNA cleavage. When 
these metal ions were used as central ion for the ligand L7H, the complexes showed 
the highest cleavage activity (Fig. 19). In contrast Ni2+ and Zn2+ showed almost no 
cleavage activity. The nitrate salts of the corresponding metals have negligible nicking 
activity, except for copper as has been reported before (Fig. 15) 
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Fig. 19: Comparative analysis of different central metal ions in a complex with ligand L7H. The highest 
cleaving activity is seen with copper, followed by cobalt, almost no nicking can be detected with zinc or nickel. 
The lower row shows the controls with the nitrate salts of the corresponding metals. Only the copper  salt 
shows moderate nicking activity. (24h incubation at 37°C; 200ng DNA (pUC19 ISceIrec plasmid); reaction-buffer 
(final conc.): 5mM Tris, 2,5mM NaCl, pH 7,5) 

The above experiment was done in duplicates and the electrophoresis gels were 
quantified by densitometry. The bands originating from sc and oc forms were 
quantified. Although bands from the linear form are clearly visible on the gels (at least 
for K7 Cu), they were difficult to quantify, because for the weaker bands quantification 
was difficult to assess as the background readings disrupted the accuracy.  
As a result, the parameters for quantification were chosen based on the sc and oc 
bands that were included in the procedure. The sum of intensity of both bands was 
standardized to 100% in all lanes.  
Below in Fig. 20 shows a plot of relative intensities. This analysis reveals that K7 Zn and 
K7 Ni do not have cleavage activity over background. This is remarkable because the 
plasmid cleavage assay is regarded as a sensitive assay. Under the conditions chosen 
for our experiments, complex K7 Co cleaves about half of the plasmid to yield the oc 
form, whereas K7 Cu causes at least one nick to more than 80% of the plasmid. The 
results from these series of experiments have been published in Dalton Transactions, 
200480. 
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Fig. 20: Quantification of gel electrophoresis bands originating from sc and oc DNA in our cleavage 
experiments. The sum of intensities of both bands is standardized to 100% for each individual lane. Metal 
complexes and concentrations are annotated. 

Assessment of m etal-complex PNA conjugates 

After these encouraging results, PNA sequences were chosen for metal labeling. The 
complete ISec-I meganuclease recognition site comprises of 18 base residues. Out of 
these bases, a smaller series of sequences were selected for binding to PNA oligomers. 
Our choice was limited by chemical synthesis considerations. A T-rich sequence was 
initially chosen because thymine monomers do not require additional protecting 
groups on the nucleobase, thus facilitating chemical synthesis considerably.  
From the I-SceI recognition site, three possible sites with maximum T content were 
identified and the PNA sequence T-G-T-T-A-T-C-C, was chosen initially. This sequence is 
complementary to a central part of the I-SceI recognition site. The PNA oligomers were 
prepared by the collaborating laboratory of the Metzler-Nolte group. The binding 
stability of the PNA to the complementary DNA sequence was determined by 
measuring its melting temperature. This was performed by UV/vis spectrometry (UV-Tm).  
The PNA octamers used initially, gave UV-Tm values of around 40°C. As this number was 
assumed too low for physiological experiments we modified the construct. Conditions 
for most of the biological experiments were tested with the following optimized 
sequence: Bpa-linker-GGG-TCA-GC-Lys-NH2. 
Synthesis of the ligand PNA conjugate and melting curve analysis were carried out by 
Srecko Kirin from the Metzler-Nolte laboratory, Heidelberg. 

su percoiled DNA assay i s  insu f f ic ient  to  measure n icking activ it y o f  
metal-comp lex  PNA co nju gates 

To test the ability of metal-complex PNA conjugates in vitro, we used the supercoiled 
plasmid DNA assay. The plasmid used contained a complementary site for the 
respective PNA sequence. In theory the metal-complex PNA conjugate should recognize 
and nick the plasmid DNA releasing it from its supercoiled to its open circular form.  Fig. 
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21 shows a representative agarose gel. As a positive control the complex K8 shows the 
known pattern but the pattern of the plasmid DNA treated with PNA-K9 is not 
reflecting the expected pattern. High concentrations of PNA-K9 can completely abolish 
migration of the DNA whereas low concentrations lead to accumulation of the DNA 
that is migrating with non of the known DNA forms. However, in a different experiment 
with the metal-complex PNA conjugate Cu-SK-255 again no cleavage could be seen but 
also the inhibition of migration and the aberrant migration pattern of the plasmid DNA 
is absent (data not shown). DNA nicking cannot be determined in this assay. 

 
Fig. 21: The gel shows one representation of the supercoiled DNA assay using PNA-K9 and K8. The complex K8 
is a positive control showing the expected pattern but the pattern of the plasmid DNA treated with PNA-K9 is 
not easily explainable. High concentrations of PNA-K9 abolish migration of the DNA, whereas low 
concentrations lead to an aberrant migration of the plasmid DNA. DNA nicking cannot be determined in this 
assay. (24h incubation at 37°C; 200ng DNA (pUC19 I-SceIrec); reaction-buffer (final conc.): 5mM Tris, 2,5mM 
NaCl, pH 7,0) 

Met al-comp lex  PNA co nju gates  b ind b u t do  no t  cleave DNA and RNA 

We used two different metal-complex PNA conjugates for investigating DNA and RNA 
binding ability. 
One is the fore mentioned PNA-K9 (SK-255) with different metal ions, a PNA octamer 
linked to the Ligand L9 (Bpa-linker-GGG-TCA-GC-Lys-NH2). This sequence forms a 
highly stable duplex with complementary DNA. The melting curve for this duplex is 
shown in Fig. 23, demonstrating a melting temperature of 72,2°C. As described 
previously, the Cu complex formation in situ was demonstrated for this optimized 
functional PNA oligomer.  
The other metal-complex PNA conjugate is a PNA decamer linked to a complex with a 
central europium ion (Fig. 22). 

 
Fig. 22: Scheme of the Europium-complex PNA conjugate. 
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Fig. 23: Melting profile (top left) for the optimized PNA conjugate with the complementary DNA and the 
derivative thereof (top right). Bottom: Scheme of the metal-complex PNA conjugate binding to the 
complementary DNA oligonucleotide. The schematic depicts the orientation and the labeling sites of the 
oligonucleotide. If the complex cuts the DNA, one would assume under non-denaturating conditions the PNA 
bound to the larger, 5’-end labeled fragment, setting free the small 3’-end labeled DNA fragment. The PNA 
sequence presented in this scheme resembles the PNA-SK 255 molecule. The sequence of Eu-PNA-RH2 differs 
by elongation by two thymine bases at the C-terminal part.  

We demonstrated specific binding of the whole conjugate to the complementary DNA 
by PAGE (Fig. 24). Under the specific experimental conditions of this assay with 
extended incubation periods of up to several days (305h) we did not observe any 
cleavage activity. To rule out that we did not miss the cleavage of very short fragments 
of two or three base pairs of the labeled oligonucleotide, we labeled the 3’-end of the 
DNA oligonucleotide and incubated it with the metal-complex PNA conjugate. Cleavage 
activity was also not detected in these experiments as can be seen in the gel in Fig. 25. 
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Fig. 24: PAA gel showing the specific binding of the metal-complex PNA conjugate or ligand PNA conjugate 
respectively to the antisense DNA (gfp DNA) indicated by the shift in lanes 3, 5, 7 and 9 whereas anonsense 
DNA is not shifted. There is no evidence of any DNA single strand cut as the pattern of bands of the ligand 
control without any complexing central metal ion (lane 3) is indistinguishable from the metal-complex PNA 
conjugate incubated DNA (lanes 5, 7 and 9). Incubation of the nitrate salts of copper, cobalt or zinc does not 
degrade the DNA oligonucleotide. (1pmol DNA oligo; 10 fold excess of PNA; buffer: 10mM Tris pH 7,0, 5mM 
NaCl; incubation: 90s 75°C, 116 h 20°C; run in 18% PAA gel, non-denaturating, 0,25x TBE running buffer, 4h at 
10V/cm, water-cooling; a representative gel is shown). 

 
Fig. 25: Binding of the metal-complex PNA conjugate is demonstrated by the shift in lane 3, 5, 9 and 11. The 
band marked with an arrow can be seen in the 5’ and 3’ labeled DNA oligonucleotide, indicating that this is 
not due to a cutting event but most likely due to a contamination of Eu PNA RH2 with PNA RH2 without 
europium. (1pmol DNA oligo; 10 fold excess of PNA; buffer: 10mM Tris pH 7,0; incubation: 90s 70°C, 116h 20°C; 
run in 18% PAA gel, non-denaturating, 0,25x TBE running buffer, 4h at 10V/cm, water-cooling; a 
representative gel is shown) 

 



Results  38 

In the studies examining PNA complex binding and cleavage activity of RNA, we could 
show that the binding of the RNA oligonucleotide works equally well (Fig. 26). However, 
a cleavage of the RNA oligonucleotide could not be observed. An increase in the 
incubation time of up to 24h did not improve the cleaving activity (gels not shown).  

 
Fig. 26: The PNA conjugated to either a metal complex or the ligand is able to bind in a specific manner to the 
corresponding RNA leading to a shift (lane 2, 3 and 5). The oligonucleotide gfp RNA itself seems to be 
contaminated with some shorter products of the synthesis and therefore the PNA seem to bind to just the 
longer products that contain the complementary sequence. (1pmol RNA oligo; 10 fold excess of PNA; buffer: 
10mM Tris pH 7,0, 5mM NaCl; incubation: 10 min at 37°C; run in a 15% PAA gel, non-denaturating, 0,25x TBE 
running buffer, 4h at 10V/cm, water-cooling) 

Met al-comp lex PNA conju gates do n’t  sho w a p otent ia l  f o r  st imu lat io n o f  
hom o lo go u s  recomb inat io n (HR) 

We tested three different metal-complex PNA conjugates (NLS-PNA-K9, NMN-SK-115-3, 
NMN-SK-118-3) in different concentrations for their ability to stimulate HR using the 
CHO33 HR assay. If the metal-complex PNA conjugates were able to induce a double 
strand break in the target sequence, HR would be induced within the CHO33 cells 
leading to a G418 resistance.  
In none of the experiments the rate of HR was significantly increased as the number of 
G418 resistant colonies are within the background. Fig. 27 shows the results of the 
experiment with NLS-PNA-K9, providing an expected number of G418 resistant colonies 
for the control with transient transfection of an I-SceI expression plasmid. 
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Dis cuss ion 

Assessment of  homologous recombination (HR) 
Initially the idea behind this thesis was to develop a fast approach of inducing 
homologous recombination using the newly synthesized metal-complex PNA 
conjugates. While waiting for the complexes to be synthesized by our collaborator 
Srecko Kirin in the laboratory of Metzler-Nolte in Heidelberg, we focused on 
developing an in vivo system for monitoring HR. 
We established a reporter system using a bicistronic retroviral vector encoding GFP and 
lagZ. GFP was used as a marker to facilitate the identification of transduced cells and 
was used for single cell sorting. LagZ, which encodes the bacterial b-galactosidase 
protein optimized for expression in human cells, was designed as the marker for 
effective HR. Theoretically, the LagZ gene was disrupted by insertion of an I-SceI 
recognition site. Only upon HR initiated by I-SceI would restore LagZ gene function. In 
short, the expression of I-SceI  inside the target cell would lead to a double strand 
break at the inserted I-SceI recognition site in the LagZ gene. With a repair matrix 
provided the cell would utilize its repair mechanisms and by HR restore the LagZ gene 
function. 
In the process of creating a positive control cell line, which in theory should express 
both GFP and lagZ, neither protein was expressed at similar levels. Even in the single 
cell clones selected on the basis of GFP expression, there was no consistency in GFP 
and LacZ expression. One clone showed high levels of GFP expression, but no b-
galactosidase activity could be detected whereas in a clone b-galactosidase activity 
could be seen with very low GFP expression. 
Direct inhibition of either one of the two proteins seems to be an unlikely explanation 
as co-transfection of expression plasmids encoding the genes yielded two functional 
proteins82. Studies in C. elegans have shown, that a fusion protein of GFP and b-
galactosidase under the control of a heat shock promotor is expressed and 
functional83. A study in Drosophila, using a fusion protein of GFP and b-galactosidase 
demonstrated a variation of the expression level depending on the tissue in respect to 
both the markers84. The cell lines we created were originating from the same mother 
cell line and thus from the same tissue. In our case we used the human kidney cell line 
293 and expression within the same tissue should not vary. 
They way we made the cell lines might explain the varying expression levels. We used a 
retrovirus for the transfer of the marker genes into the recipient cells. The mechanisms 
of silencing are currently discussed, but it is doubtless, that gene silencing plays a 
major role in the inactivation of genes after retroviral transfer85. Also variegation of 
transgenes is a common feature after transduction of cells86. Silencing and variegation 
might therefore account for the different expression of GFP and lacZ in our cell lines 
perhaps enhanced by the length of time spent in culture. 
Fortunately we were able to obtain a different system to assay HR from the Nickoloff 
group79. In this system, not only were we able to reproduce the published findings but 
we were able to improve the rate of HR by retroviral gene transfer of the I-SceI 
endonuclease. The improvement of HR in respect to comparing the rates of the 
transduced (~90%) vs. transfected cells (~30%) with the rates of HR in both groups (~2% 
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vs. ~0,5%) is directly associated with total number of cells expressing the I-SceI 
endonuclease. 
Although the I-SceI model works nicely, we were unable to demonstrate induced HR 
with the metal-complex PNA conjugates we tested. Further experiments revealed that 
the metal-complexes PNA conjugates were unable to cleave single stranded DNA nor 
RNA. On top of that, microscopy studies demonstrated that proper transport of 
fluorescent PNA to the nuclear compartment was not granted. This explains the finding 
that induced HR with the metal-complex PNA conjugates could not be demonstrated.  

Internalization of PNAs in living cells  
One milestone to accomplish in the generation of a designed meganuclease for 
homologous recombination would be to ensure the transport to the nucleus within a 
living cell. We chose to label our PNAs with FITC for adequate tracking with either FACS 
or microscopy. The delivery of unmodified PNAs into a living cell has been reported to 
be difficult but can be facilitated with linkage of the PNA to varies peptides, the easiest 
being four lysine residues48. We used an unmodified FITC-labeled PNA with one single 
lysine at the 3’-end and showed by FACS analysis that the cells efficiently internalized 
the FITC-PNA. The more detailed analysis by microscopy revealed a predominant 
localization of fluorescent spots in the cytoplasm, most probably reflecting the 
endosomal compartment. This is reflecting data of experiments done by Abes et al, 
were an addition of oligolysine to the PNA did not prevent endosomal trapping54. Our 
PNA was not designed to show any biological function in the absence of the metal 
complex conjugation. Therefore we could not exclude nor confirm a transport to the 
nuclear compartment of our FITC labeled PNAs. 
The viability of the cells subjected to treatment with the FITC-PNA is slightly decreased 
compared to untreated cells (~25% vs. ~50%). We used concentrations of FITC labeled 
PNA ranging from 1-20µM. The toxicity observed seems to be independent of the 
concentration used, indicating that toxicity might be related to the whole procedure. 
We dissolved the PNA in water. An effect of the solvent seems therefore unlikely. In the 
literature concentrations as low as 200nM are described, yielding little toxicity87. 
Cutrona et al. showed that the addition of a nuclear localization signal (NLS) enhances 
transport of a PNA to the nucleus51. Unfortunately, we were not able to obtain a FITC 
conjugated NLS containing PNA from our collaborators in Heidelberg. We planned to 
compare the trafficking of PNAs with and without NLS to better understand the 
biology of PNAs. 

DNA cleavage with metal  complexes 
We tested several different bis(2-picolyl) amine ligands with a central Cu2+ ion for their 
ability to introduce nicks in supercoiled plasmid DNA. The complexes differed only in 
the prospective linker arm. In the complexes K3, K7 and K8 this side chain can serve as 
an additional coordination site of the metal center. K8 cleaves more effectively than K7 
but both cleave better than K3. In K8 and K7 the side chains are a little longer than in 
K3 and thus coordination could be easier achieved in those complexes. Young et al. 
synthesized a hydroxypropyl bpa Cu derivative, which was two orders of magnitude 
more reactive towards hydrolysis of BDNPP, a model for DNA phosphodiester bonds, 
than the respective hydroxyethyl bpa Cu complex66. This also indicates the importance 
of the side chain as a possible coordination site for cleavage activity. 
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We compared the DNA cleavage efficiency for the four different metal ions with the 
same ligand of L7H using supercoiled ds DNA plasmids. Supercoiled DNA is rather 
strained and thus more susceptible to cleavage than linear ds DNA. But it is still a more 
realistic model for DNA cleavage than the highly activated phosphate BDNPP that has 
been used in previous studies for the assessment of phosphodiester cleavage64, 66. In 
addition, Zn and Cu complexes often show comparable activity in the hydrolysis of 
activated esters like BDNPP. We demonstrated that Cu and Zn complexes K7 Cu and K7 
Zn show very different cleavage activity with the bpa ligand L7H. Whether this 
difference is indicative of a different mechanism that is hydrolytic (Zn) vs. oxidative (Cu) 
cleavage is not clear. We did not make an effort to exclude oxygen rigorously but also 
did not stimulate oxidative cleavage by adding an additional oxidant like H2O2. Ni 
complexes have been less frequently investigated for DNA cleavage compared to other 
metal ions and the mechanism of cleavage remains to be elucidated57. 
Unexpectedly, the Co complex K7 Co is almost as active as the Cu complex K7 Cu. One 
could argue that also K7 Co might have access to an oxidative mechanism by using the 

oxidation states  and   as central ion with the same ligand. 
To shed light on this proposal, our collaborators in Heidelberg measured the cyclic 
voltammograms of K7 Co and K7 Cu. Both compounds show an irreversible cyclic 
voltammogram in CH3CN, which makes a reversible cycling between the two redox 
states less likely. Cu complexes have also been shown to promote hydrolytic DNA 
cleavage64, 88, so we reasoned whether this might be the mechanism with the bpa 
ligand we tested. 
For a further analysis suitable single crystals for an X-ray structure determination were 
grown of the metal (Ni, Cu, Co, Zn) complexes of L7H. These experiments were done in 
the laboratory of the Metzler-Nolte group by Sreko Kirin.  
The X-ray crystal structures of all four compounds K7 Ni, K7 Cu, K7 Co and K7 Zn show 
mononuclear coordination polyhedra of the formula [M(R-bpa)NO3]NO3 with common 
features (Fig. 28). 
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Crystal structure of K7 Ni 

 

Crystal structure of K7 Cu 

Crystal structure of K7 Co Crystal structure of K7 Zn 

Fig. 28: X-ray crystal structures of the metal complexes of L7H with the respective nitrate salts80 

The three nitrogen atoms of the bpa ligand coordinate in a meridional manner to the 
metal centers. A nitrate counterion directly coordinates to the metal centers. 
Interestingly, the ethoxyethanol side chain of the bpa ligand fills the last coordination 
sites at the metal centers. 
However, there are also differences between the X-ray single crystal structures. The Ni 
complex K7 Ni demonstrates a slightly distorted octahedral geometry. The two oxygen 
atoms of the pendant linker arm coordinate to the metal centre (distances are 2,097 and 
2,051 Å). The Co complex and Zn complex are also showing a slightly distorted 
octahedral geometry with comparable values for the distances of central ion and 
coordination sites.  
The Cu complex K7 Cu also demonstrates an octahedral coordination but with a 
slightly different geometry. Due to the Jahn–Teller distortion that is expected for a d9-

Cu() center, the Cu–O distance to O18 (2,562 Å) of the side chain is much longer than 
for K7 Ni (2,097 Å). As a consequence, the second oxygen O21 can no longer reach the 
metal center (Cu-O21 distance 3,713 Å). Interestingly, the fifth coordination site is 
occupied by a water molecule. The last coordination site is again filled by a nitrate 
anion, with a longer Cu–O distance than in K7 Ni as a consequence of the Jahn–Teller 
effect (2,338 vs. 2,046 Å).  
The water molecule that is coordinated in the structure of K7 Cu may suggest a 
hydrolytic mechanism. It is providing an OH nucleophile. The hydroxyl group (O21) of 
the etoxyethanol side chain then serves as a proton acceptor. In a scenario of 
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phosphodiester hydrolysis, the free nitrate anion would be replaced by the phosphate 
group, leading to an intramolecular cleavage (Fig. 29).  
This model would reflect the mechanism of nucleases where the metal ions bind and 
activate water molecules for a hydrolytic attack on a phosphate ester59. 

 
Fig. 29: Mechanistic proposal for hydrolytic DNA cleavage of K7 Cu80 

Summarizing our findings, the Cu complex K7 Cu has the highest cleavage activity as 
demonstrated in the sc DNA assay. In this assay the Co complex K7 Co is second most 
active. The Zn complex K7 Zn and the Ni complex K7 Zi do not cleave sc DNA.  
An oxidative mechanism is not supported by electrochemical data of the Co and Cu 
complexes K7 Co and K7 Cu. 
The bpa ligand has been used in previous studies on BDNPP hydrolysis and DNA 
cleavage66, 68. The bpa ligand we used differed by an added ethoxyethanol side chain 
that provides a hydroxyl group. This hydroxyl group may facilitate a hydrolytic 
cleavage. X-ray single crystal analysis demonstrated a unique geometry for the Cu 
complex K7 Cu compared to all other complexes in this study. The Jahn–Teller 
distorsion leads to the coordination of a water molecule with the Cu center. The 
pendant hydroxyl group in turn activates this water molecule. A hypothetic mechanism 
is suggested in Fig. 29 based on the X-ray crystal structure, which implies the assistance 
of the coordinated water molecule in K7 Cu in phosphate ester hydrolysis. 

DNA cleavage with metal-complex PNA conjugates 
Initially we had trouble to show the binding of the metal-complex PNA to the 
complementary DNA oligonucleotide by gel shift in a PAA gel. This may have been due 
to the melting temperature of approximately 40°C of the sequence (TGT-TAT-CC) we 
tested first and the poor quality of the DNA oligos we used initially. By improving the 
conditions for PAA gel electrophoresis with a water cooling system and changing the 
PNA to an optimized sequence (GGG-TCA-GC (TT)) with a melting temperature of 
approximately 70°C we were able to show specific binding of the PNA to the 
complementary DNA and RNA oligonucleotide. Despite our efforts to improve 
conditions we were not able to show a cleaving activity of the metal-complex PNA 
conjugates, neither on the single strand DNA or RNA nor on a double strand DNA in the 
supercoiled plasmid assay. In case of the supercoiled assay one could argue that maybe 
the invasion of the PNA might not have worked although the group of Corey showed 
that binding of PNAs of mixed sequences to dsDNA is not a general problem46. We 
thought of using two pseudocomplementary PNAs as described by Lohse et al47. But as 
we could not even detect cleavage of a single strand oligonucleotide we didn’t follow 
up on that idea.  
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Inoue et al. showed RNA cleavage with a slightly different metal-complex attached to a 
2’-O-methyloligonucleotide by a non-flexible linker89. Considering the fact that we 
observed different cleavage rates of the complexes alone in the supercoiled plasmid 
assay and the ligands differed just by their prospective linker arm it appears that we 
underestimated the role of the linker. 
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Con clusion 
This thesis addressed several basic aspects of developing an appropriate artificial 
nuclease for induction of homologous recombination. 
First, an effective method for monitoring homologous recombination was established. 
We discovered that retroviral transduction with a viral backbone encoding the I-SceI 
meganuclease is more efficient than transient transfection. We hypothesize that this is 
most likely due to the higher number of cells expressing the meganuclease. 
Secondly, we studied the uptake of FITC labeled PNAs. We demonstrated that the 
delivery of PNA although not extending deeper than the cytoplasmatic or endosomal 
compartment was not toxic to the cells. We hypothesized that a FITC-PNA-NLS 
conjugate would extend the transport into the nucleus, however due to the difficulties 
of its synthesis we were unable to explore the conjugate. 
Thirdly, we identified suitable bpa ligands for the conjugation to a PNA in order to 
generate an artificial nuclease. The Cu(II) complex of the ligand with a p-methylbenzoat 
pendant side chain worked best in nicking supercoiled plasmid DNA. To identify the 
mechanism of cleavage we compared complexes of Co(II), Cu(II), Zn(II) and Ni(II) ions 
with a bpa ligand with a pendant ethoxyethanol side chain. The Cu(II) complex 
demonstrated the highest sc DNA cleavage activity. Taking into consideration the X-ray 
single crystal structure of this complex a mechanism of hydrolytical cleavage for this 
Cu(II) complex was proposed. 
Finally, we tested several metal-complexes conjugated to PNA for their ability to cleave 
DNA. We could show specific binding to complementary DNA and RNA oligonucleotides 
but could not show any cleavage activity. 
Recently the group of Holmes described a method of highly efficient endogenous 
human gene correction using designed zinc-finger nucleases90. Engineered zinc-finger 
proteins recognizing the IL2Rgamma are fused to the Fok1 nuclease domain. This 
artificial nuclease was able to introduce a double strand break in a living cell and 
stimulate gene correction by homologous recombination. This recent advance not only 
demonstrated the application of a novel concept of site directed gene therapy, but also 
has further established the field for the future of site directed gene repair. 
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