Project description

Genetic diseases might be cured by the correction of the mutated gene without
otherwise modifying the genome. A promising strategy for this is to utilize the cell's own
repair machinery in a homologous recombination (HR) process. In this approach, the correct
DNA sequence is supplied and it replaces the deficient gene. A major obstacle has been the
fact that the natural recombination events occur at a low frequency of ~107°. A double-strand
break at or near the target sequence introduced by engineered specific nucleases, however,
increases the frequency of HR by several orders of magnitude. [1]

Therefore, the goal of our research is to design and prepare a new artificial, DNA
sequence-specific metalloendonuclease, being safe in a term that it should not exert any
cytotoxicity arising from cleavage at off-target sites. In such chimeric nucleases a domain
responsible for non-specific nuclease activity (containing a metal ion in its active centre) is
linked to a DNA-binding protein with known or designed DNA sequence-specificity (Figure
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Figure 1. The schematic representation of artificial
metallonucleases

State of the art

Since metal ions often take part in the catalysis of hydrolytic reactions in nature,
bioinorganic chemistry, as an interdisciplinary research field, has also addressed efforts
toward the development of artificial metallonucleases (AMNs). A large number of model
coordination compounds have been tested against activated or natural macromolecular
substrates, and were found to be efficient catalysts. [e.g. 2-7] In the Biocoordination
Chemistry Research Group of the Department of Inorganic and Analytical Chemistry,
University of Szeged, Hungary, it is also a hot topic. [e.g. 8-15] However, small molecular
models are difficult to turn into a highly specific nuclease. Therefore, several other strategies
have been applied to develop artificial nucleases (ANs) from natural proteins. Among these,
the most well-known ones are the mutation of the wild-type enzymes, the directed evolution
method and the construction of chimeric enzymes. [1]

The discovery of the restriciton endonucleases in 1970 [16] — awarded by Nobel prize
in 1978 — taught us, among others, that many of these enzymes contain well defined separate
domains for DNA recognition and for cleavage. Such peptide or protein fragments possess the
advantage that they can easily be fused to the amino acid sequence of another protein by
means of recombinant DNA technology, resulting in new chimeric enzymes — modular
enzymes constructed from functional domains of different proteins.

Metal ion complexes of oligopeptides of ~ 40 amino acids may function either as
catalytic or recognition modules in such an enzyme. E.g. the only promising chimeric ANs
today are represented by zinc-finger nucleases (Figure 2.). Their recognition site consists of
zinc-finger domain(s) with a conformation suitable to bind and specifically recognize unique
nucleic acid sequences upon metal binding. Each zinc-finger motif is built up from two
antiparallel B-strands and an o-helix connected by a loop structure. The consensus sequence is
the following: (Tyr,Phe)-X-Cys-X; 4-Cys-X3-Phe-X,-HSt-X,-Leu-X,-His-X3 5-His, where the
amino acid at the start of the o-helix is marked by HSt. The metal binding occurs by the
conserved two cysteines and two histidines. A zinc-finger motif recognizes three bases in the
DNA sequence by means of specific contacts through the amino acid side-chains at positions
-1, 1, 2, 3, 5, and 6, (numbered relative to the start of the a-helix) [17]. By the variation of



these residues in an array of zinc-finger motifs, they may be designed to recognize any unique
sequence even in the DNA of the size of human genome.

Figure 2. The dimerization of a zinc-finger
nuclease upon binding to the DNA substrate

The today’s zinc-finger nucleases, since their invention, apply exclusively the non-
specific catalytic domain of the Fokl restriction endonuclease. [18] They function upon head-
to-head dimerization on the substrate. By such ANs efficient targeting of different genes in
vivo became possible. Drosophila, Xenopus laevis, Caenorhabditis elegans, Arabidopsis and
mouse genes were targeted for mutagenesis. It has also been discovered, that a specific
chromosomal cleavage by zinc-finger nucleases in plants and even in human genome [19-21]
increases the frequency of the HR events up to 50%, thus new or missing genome sequences
can be introduced into the cells' genetic material.

This concept might give a hope for children born with lethal genetic diseases, as it is
e.g. the Duchenne Muscular Dystrophy [22-24], where in most cases the deletion of one or
more exons from the DMD gene occurred. Introducing the appropriate DNA sequence as a
template and the specific nuclease cleavage near the breakpoint of the gene (the sequence of
the recombined gene at the mutation), the DNA-repair machinery of the cells may recover the
functional gene for dystrophin expression. For such a therapeutic action it is necessary for the
nuclease to be extremely specific, not to cause any side effect in the targeted organism. The
zinc-finger nucleases, however, exert a minor cell toxicity, due to the cleavage at off-target
sites. [25] This was supposed to be due to the possibility of the homodimerization instead of
the heterodimer formation resulting in unwanted site recognition. In order to avoid this side
reaction, the dimerization surface of the nuclease domain has been modified, showing perfect
results in test systems, but not in cells. [26,27]

Methodology

Within the frame of the work the new genes of the nuclease and zinc-finger domains,
as well as the target sequences will be designed, prepared and sequenced within different
plasmid vectors providing different fusion tags for enhanced expression and easy purification.
Such vectors are the pGEX-6P-1 (Amersham Biosciences - with an N-terminal gluthathione-
S-transferase - GST - fusion), the pMAL-b vector constructed from the pMAL-c2x (New
England Biolabs - with an N-terminal maltose binding - MB — protein fusion) and the pET-
21a vector (Novagen - with a C-terminal hexahistidine, if appropriate) The genes of the
hydrolytic units within the plasmid vectors will function as fusion tags to any nucleic acid-
binding proteins - representing a useful delivery of the present project.

Optimization of expression from different vectors in suitable cell lines, under different
conditions, and the purification of the AMN proteins by affinity chromatography, will
constitute the next major part of the project.

Further, the association constants of the AMNSs with metal ions and DNA (also when
the zinc-finger array is already built in) and the structural influences will be determined by
means of fluorescence, CD, NMR spectroscopy, MS and gel electrophoresis methods (e.g. gel
shift) under optimized conditions.

The computer design and docking experiments will be combined with affinity
selection of a zinc-finger domain specific to the selected target DNA sequence. The latter will
be performed in the form of a phage display, where the proteins are expressed on the surface
of a phage, and selected by e.g. a biotinylated target DNA sequence.



The obtained artificial enzymes will be tested for the catalytic activity under optimized

conditions. The target and sequence specificity of the enzymes will be further assayed using
DNA mixtures. The fine tuning of the activity will also be performed. In these experiments a
zinc finger array with known specificity will be applied as a control. [27] The target AMNs
shall perform a specific cleavage at the target sequence, i.e. close to the breakpoint in a
Duchenne patient’s DNA, and induce the HR process in a simple test system to be elaborated.
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