
 

 

 

 

 

Ph.D. dissertation 

 

REDESIGN OF THE COLICIN E7 NUCLEASE DOMAIN INTO A 

CONTROLLED AND SPECIFIC ARTIFICIAL ENZYME 

 

ESZTER NÉMETH 

 

Supervisors: 

DR. BÉLA GYURCSIK 
Associate professor 

DR. TAMÁS KÖRTVÉLYESI 
Associate professor 

 

 

 

 

 

 

 

 

 

Doctoral School of Chemistry 
 

Department of Inorganic and Analytical 

Chemistry 

 

Department of Physical Chemistry and 

Material Science 

 

Faculty of Science and Informatics 

University of Szeged, Hungary 

 

2014.  



 
 

− 2 − 
 

TABLE OF CONTENTS 

1. INTRODUCTION ........................................................................................................................................... 6 

2. LITERATURE SUMMARY .............................................................................................................................. 7 

2.1. The role of metal ions in nuclease enzymes ........................................................................................... 7 

2.2. Zn
2+

-binding sites in proteins ................................................................................................................ 8 

2.3. Zinc-finger nucleases .......................................................................................................................... 10 

2.3.1. The need for custom designed, specific nucleases .............................................................................. 10 

2.3.2. Zinc-fingers ...................................................................................................................................... 11 

2.3.3. The FokI nuclease domain ................................................................................................................ 12 

2.3.4. Gene targeting with FokI-based ZFN enzymes ................................................................................... 12 

2.3.5. Specificity of ZFN enzymes ............................................................................................................... 13 

2.4. The nuclease domain of colicin E7 (NColE7) ...................................................................................... 14 

2.4.1. Biological function of NColE7 .......................................................................................................... 14 

2.4.2. Structure of NColE7 ......................................................................................................................... 15 

2.4.3. DNA-binding .................................................................................................................................... 17 

2.4.4. Metal-dependent nuclease activity..................................................................................................... 17 

2.4.5. The role of the N-terminus ................................................................................................................ 19 

2.4.6. Dimerization of NColE7 ................................................................................................................... 20 

2.4.7. NColE7 as a possible building block of a ZFN................................................................................... 20 

3. AIMS AND OBJECTIVES .............................................................................................................................. 21 

4. METHODS ................................................................................................................................................. 23 

4.1. Production of recombinant proteins ................................................................................................... 23 

4.1.1. Gene cloning .................................................................................................................................... 23 

4.1.2. Protein expression ............................................................................................................................ 25 

4.1.3. Fast protein liquid chromatography .................................................................................................. 26 

4.2. Characterization of metalloproteins ................................................................................................... 29 

4.2.1. Detection of proteins in SDS-PAGE .................................................................................................. 29 

4.2.2. Mass spectrometry of metalloproteins ............................................................................................... 30 

4.2.3. Determination of metal affinity by isothermal titration calorimetry .................................................... 32 

4.2.4. Study of protein solution structure by circular dichroism spectroscopy ............................................... 33 

4.2.5. Determination of protein concentration ............................................................................................. 35 

4.2.6. X-Ray crystallography ...................................................................................................................... 36 

4.3. Further methods to study DNA-binding and nuclease activity ........................................................... 40 

4.3.1. Electrophoretic mobility shift assays ................................................................................................. 40 

4.3.2. Linear dichroism spectroscopy.......................................................................................................... 41 

4.3.3. Atomic force microscopy .................................................................................................................. 42 

4.4. Computational methods ...................................................................................................................... 44 

4.4.1. The visualization of macromolecular structures ................................................................................. 44 

4.4.2. Molecular dynamics ......................................................................................................................... 44 

4.4.3. Semiempirical quantum-chemical calculations .................................................................................. 47 

4.4.4. QM/MM calculations........................................................................................................................ 48 



 
 

− 3 − 
 

5. RESULTS................................................................................................................................................... 51 

5.1. NColE7 as a possible building block for a controlled zinc-finger nuclease ......................................... 51 

5.1.1. Cloning and toxicity of NColE7 and its mutants ................................................................................. 52 

5.1.2. Protein purification .......................................................................................................................... 53 

5.1.3. N-terminal mutations decrease nuclease activity of NColE7 ............................................................... 54 

5.1.4. Investigation of reasons that lead to decreased nuclease activity ........................................................ 56 

5.1.5. Conclusions: revision of NColE7 mechanism .................................................................................... 66 

5.2. The function of the N-terminal chain can be altered .......................................................................... 68 

5.2.1. Computational design of mutations ................................................................................................... 68 

5.2.2. Mutations in the N-terminal chain lead to decreased nuclease activity ............................................... 70 

5.2.3. The decrease in activity is related to protein structure and Zn2+-binding ............................................ 71 

5.2.4. Induced folding promotes nuclease activity ....................................................................................... 74 

5.2.5. Further mutants reveal the importance of the W464 residue ............................................................... 75 

5.2.6. Structure induction and preorganization of the Zn2+-binding site ....................................................... 76 

5.2.7. Conclusions: regulation of NColE7 via preorganization of the metal-binding site ............................... 76 

5.3. Computational design of novel ZFN-s................................................................................................. 78 

5.3.1. Set-up of the initial models................................................................................................................ 78 

5.3.2. Linker design ................................................................................................................................... 79 

5.3.3. Molecular dynamics investigation ..................................................................................................... 80 

5.3.4. Conclusions: four designed NColE7-based ZFN models .................................................................... 85 

5.4. Experimental study of the designed ZFN-s ......................................................................................... 86 

5.4.1. Expression and purification of the designed proteins ......................................................................... 86 

5.4.2. DNA-binding affinity and specificity ................................................................................................. 87 

5.4.3. Nuclease activity .............................................................................................................................. 88 

5.4.4. Conclusions: a new ZFN-design strategy........................................................................................... 90 

6. SUMMARY AND FUTURE OUTLOOK ............................................................................................................. 91 

7. REFERENCES ............................................................................................................................................ 94 

8. ACKNOWLEDGEMENTS ........................................................................................................................... 101 

9. PUBLICATION LIST .................................................................................................................................. 102 

10. APPENDIX ............................................................................................................................................... 106 

10.1. Methods for the N-terminal point mutants ....................................................................................... 106 

10.1.1. Cloning and toxicity experiments .................................................................................................... 106 

10.1.2. Cloning, protein expression and purification ................................................................................... 106 

10.1.3. Nano-electrospray ionization mass spectrometry ............................................................................. 107 

10.1.4. Isothermal titration calorimetry ...................................................................................................... 107 

10.1.5. Gel mobility shift assays ................................................................................................................. 107 

10.1.6. Circular dichroism spectroscopy..................................................................................................... 108 

10.1.7. Linear dichroism spectroscopy........................................................................................................ 108 

10.1.8. Atomic force microscopy ................................................................................................................ 109 

10.1.9. Computational methods .................................................................................................................. 109 

10.2. Methods for the “TKW” mutants ..................................................................................................... 112 



 
 

− 4 − 
 

10.2.1. Computational alanine scan ........................................................................................................... 112 

10.2.2. Cloning, protein expression and purification ................................................................................... 113 

10.2.3. Monitoring of DNA binding and cleavage by gel electrophoresis ..................................................... 113 

10.2.4. Nano-electrospray ionization mass spectrometry ............................................................................. 113 

10.2.5. Isothermal titration calorimetry ...................................................................................................... 114 

10.2.6. Fluorescence based thermal shift assay ........................................................................................... 114 

10.2.7. Linear dichroism spectroscopy........................................................................................................ 114 

10.2.8. Circular dichroism spectroscopy..................................................................................................... 114 

10.3. Computational design of the novel ZFN-s ......................................................................................... 115 

10.3.1. Construction of the initial models.................................................................................................... 115 

10.3.2. Linker design ................................................................................................................................. 115 

10.3.3. MD simulations .............................................................................................................................. 116 

10.4. Experiments with the novel ZFN models .......................................................................................... 116 

10.4.1. Gene construction .......................................................................................................................... 116 

10.4.2. Protein purification ........................................................................................................................ 117 

10.4.3. DNA-binding experiments ............................................................................................................... 117 

10.4.4. Plasmid DNA cleavage experiments ................................................................................................ 117 

10.4.5. Primer extension experiments ......................................................................................................... 118 

 

 

  



 
 

− 5 − 
 

ABBREVIATIONS 

Amp  ampicillin 

BL21  name of an E.coli strain 

bp  base pairs 

CD  circular dichroism 

CT-DNA calf thymus DNA 

CV  column volume 

DH10B  name of an E.coli strain (Invitrogen TM) 

DSB  double strand break 

DSSP  protein secondary structure estimation program 

dsDNA  double strand DNA 

E.coli  Escherichia coli 

EcoRI  name of a restriction endonuclease cleaving the G-AATTC sequence 

EMSA  electro mobility shift assay 

ESI  electrospray ionization 

FLD  flow linear dichroism spectroscopy 

FokI  name of a restriction enzyme 

FPLC  fast protein liquid chromatography 

GST  glutathione-S-transferase 

HR  homologous recombination 

HPLC  high performance liquid chromatography 

Im7  the natural inhibitor protein of colicin E7 

IPTG  isopropyl β-D-1-thiogalactopyranoside 

ITC  isothermal titration calorimetry 

KRNK  the 446-KRNK-449 part of the NColE7 sequence 

LB  lysogeny broth or commonly Luria-Bertani medium 

LD  linear dichroism 

Mach1  name of an E.coli strain 

MD  molecular dynamics 

MM  molecular mechanics 

MS  mass spectrometry 

NColE7  nuclease domain of colicin E7 

NColE7(m) point mutant of NColE7 

NdeI  name of a restriction endonuclease cleaving the CA-TATG sequence 

NHEJ  non-homologous end joining 

PAGE  polyacrylamide gel electrophoresis 

PCR  polymerase chain reaction 

PEG  polyethylene-glycol 

pET21a  name of a DNA plasmid 

pGEX-6P-1 name of a DNA plasmid 

PM6  parametric method 6, a semiempirical quantum chemical calculation method 

pUC19  name of a DNA plasmid 

QM/MM hybrid quantum mechanics and molecular mechanics computations 

RMSD  root mean square deviation 

SCF  self consistent field 

SRCD  synchrotron radiation circular dichroism 

TALE  transcription activator-like effector  

TOF  time of flight 

XhoI   name of a restriction endonuclease cleaving the C-TCGAG sequence 

ZF  zinc finger 

ZFN  zinc finger nuclease  
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1. INTRODUCTION 

 

The ability to cleave nucleic acids at a selected specific site is a current demand of 

biotechnology and gene therapy. The cleavage of chromosomal DNA at a sequence related to 

a disease can initiate the natural correction of DNA, and this phenomenon could be exploited 

in the cure of certain genetic diseases. The cleavage of nucleic acids is an important part of 

the cell machinery, also in normal conditions. Nature has evolved the nuclease enzymes to 

perform this task. However, only a few DNA sequences can be targeted by these molecules, 

limiting the applications for gene therapy where the sequence to target is determined by the 

disease. In order to cleave DNA at a desired sequence new engineered enzymes are necessary. 

Zinc-finger nucleases are modular enzymes designed for the above purpose. They 

consist of a nonspecific catalytic center (the nuclease domain of the FokI bacterial enzyme) 

attached to a tunable recognition domain (three or four zinc-finger units). By the mutation of 

the residues that interact with the DNA bases the recognition sequence can be altered and 

custom-designed enzymes can be developed. Such enzymes were widely studied, but a minor 

cytotoxicity was found hindering the human therapeutic applications.  

In this thesis the design of a novel type of zinc-finger nucleases is introduced. Instead 

of the commonly used catalytic center (FokI) we attempted to use the nuclease domain of 

colicin E7. The choice of this protein relied on previous investigations showing that the N-

terminally truncated NColE7 is inactive. We hypothesized that the missing N-terminus could 

be used to design a novel structural control mechanism. The first two chapters describe the 

study of NColE7 point mutants that was important to understand the phenomenon and to get 

ideas on how to influence it, or how to use it for the design of a control mechanism. It was 

also essential to understand the Zn
2+

-binding catalytic center. The computational design of the 

new enzymes is explained in the third chapter. Finally, the last section describes the 

expression and purification of three designed ZFN enzymes, as well as their in vitro nuclease 

activity and DNA-binding.  

The results presented here may contribute to the development of a new design strategy 

that can be generally applied for the artificial nucleases.     
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2. LITERATURE SUMMARY 

2.1. THE ROLE OF METAL IONS IN NUCLEASE ENZYMES 

Several processes during the life of a cell require the hydrolytic cleavage of the nucleic 

acids, including DNA repair, DNA recombination (proofreading and primer removal), DNA 

topoisomerization, RNA splicing, programmed cell death, etc [1]. In bacterial cells the 

cleavage of foreign nucleic acids is also part of the cell defense [2]. The enzymes catalyzing 

this reaction are called nucleases. The hydrolysis can occur on either side of the O-P-O 

bridges in the nucleic acid backbone (Fig. 2.1). 

 

Fig. 2.1. Reaction catalyzed by nuclease enzymes. The hydrolysis can occur on either side of the 

scissile phosphodiester, depending on the reaction mechanism, from [1] 

  

Nucleases can be divided into different groups. Specific nucleases recognize a sequence by 

interaction with certain DNA bases, while nonspecific nucleases interact mainly with the 

backbone atoms. Exonucleases perform cleavage at the termini of nucleic acid chains, and 

endonucleases within the sequence.  

 Several nuclease enzymes bind one or more metal ion cofactors fulfilling structural 

and/or catalytic roles [3]. The mechanism of metal-dependent nucleic acid hydrolysis varies 

based on the type, number and coordination sphere of the metal ions. Nuclease enzymes are 

exceptional in terms of diversity regarding active sites and mechanisms. Some nucleases do 

not need metal cofactor, others utilize one, two or three metal ions in the catalysis (Fig. 2.2). 

In contrast to site-specific nucleases that have a strong cofactor requirement the metal-binding 

specificity of nonspecific nucleases is debated. The promiscuity in metal-binding involving 

less strict metal requirement can be advantageous for nonspecific reactions [3]. 
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Fig. 2.2. The general schemes for the one (a), two (b) and three (c) metal ion catalyzed 

phosphodiester hydrolysis reactions, from [1]. 

 

The most common metal-ion in nucleases is Mg
2+

, bound by hard donor atoms, such as 

oxygen atoms of Asp or Glu sidechains. The octahedral coordination sphere is partially filled 

by protein donor atoms and partially by water molecules. These water molecules are activated 

and take part in the reaction via the nucleophile OH
-
 generation for nucleophilic attack on the 

scissile phosphate or via protonation of the leaving group. The Mg
2+

-bound water ligands 

have slow exchange rates, but can also be exchanged by the phosphate oxygen of the nucleic 

acid backbone, thus the metal ion is also responsible for the binding and electrostatic 

activation of the substrate as well as stabilization of the transition state [1]. The advantages of 

Mg
2+

 are the good bioavailability, stabile redox state and rigid geometry. In a few cases Ca
2+

 

ions are bound and the nucleases with softer donor atoms in the metal binding site coordinate 

mostly Zn
2+

-ions (e.g. colicin E7, nuclease P1, Endo VII). The proteins investigated in this 

project bind Zn
2+

-ions, therefore the next chapter introduces the general role of Zn
2+

 in 

metalloproteins. 

  

 

2.2. Zn
2+

-BINDING SITES IN PROTEINS 

Zn
2+

 was found in more than 300 enzymes [4]. The coordination sphere of Zn
2+

 can be 

either octahedral or tetrahedral (this is the most common) and even pentacovalent states can 

be formed. Since it has a filled d orbital, the ligand-field stabilization energy is zero and there 

is no preference between different coordination states. Therefore, it is able to catalyze 

reactions involving changes in its coordination sphere [4]. The ligand exchange reactions are 

rapid, thus the reaction product dissociates easily and reaction rates are often high. Zn
2+

 is a 

borderline metal ion between hard and soft polarization features, and can bind to several 

donoratoms in proteins, including most often the nitrogen donors of His, the sulfur atom of 

Cys, and oxygen atoms of Asp or Glu sidechains [5]. In rare cases the hydroxyl group of Tyr 

and the side-chain carbonyl oxygen of Asn or Gln can also serve as donor atoms for Zn
2+

 [4].  

The Zn
2+

-site can be structural, with all coordination sites occupied by protein donor 

atoms, or catalytic, when usually one or more coordination sites are occupied by water 

molecules (Table 2.1). Based on theoretical calculations compared with crystal structures it 

a) b) c) 
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was observed, that the donor atom – Zn
2+

 distances are longer in the catalytic, than in the 

structural Zn
2+

-sites [6]. The longer distances may allow for the binding of an additional 

ligand, the change of the coordination number during reaction, and affects the Lewis acidity 

of Zn
2+

. This can explain the role of protein environment in effective catalysis over metal-

ligand complexes. Catalytic Zn
2+

-sites rarely contain Cys residues, because when bound to the 

S-donoratoms Zn
2+

 has a higher electron density and thus it is less probable to act as a Lewis 

acid. As shown in Fig. 2.3, the water molecule in the catalytic site can be ionized to a 

hydroxide ion (e.g. carbonic anhydrase), polarized by a general base to generate nucleophile 

for catalysis (e.g. carboxypeptidase A) or exchanged to the phosphate (e.g. alkaline 

phosphatase) [4]. In the hydrolytic enzymes the Zn
2+

-ion is responsible not only for providing 

an activated molecule for nucleophilic attack, but also for polarizing the scissile bond, and 

stabilizing the negatively charged transition state. The Zn
2+

-polarized water molecule can also 

provide a proton for the leaving group. 

 

 

Fig. 2.3. Different functions of the Zn2+-bound water 

molecule in the catalytic Zn2+-sites [4]. 

 

Table 2.1. Features of different Zn2+-sites [6] 

  

 

 

 

 

The coordination site of catalytic Zn
2+

-ions frequently contains two side-chains close in 

sequence, separated only by one or a couple of residues, providing an anchor for the metal 

binding. The third ligand further in the sequence (within 200 residues) is responsible for the 

structural properties of the active site. This arrangement can provide a high affinity Zn
2+

-

binding site with some flexibility. It is commonly observed, that the catalytic Zn
2+

-binding 

site consists of mainly hydrophilic residues, but this is surrounded by a hydrophobic core [4]. 

As for example, the mutation of residues F93, F95 and W97 in the carbonic anhydrase II 

enzyme resulted in decrease of selectivity towards Zn
2+

 over other metal ions, and decreased 

the stability of the structure [7]. 

 In structural Zn
2+

-sites the most common coordinating residue is Cys. Zn
2+

 can be 

stored by metallothioneins at Cys binding sites, containing several Zn
2+

-ions in metal-thiolate 

clusters. Zinc-fingers are small DNA-binding proteins also containing structural Zn
2+

-ions: in 

the absence of metal ions they lose their secondary structure. 

 

  

 catalytic structural 

coordination number 4,5,6 4 
most common ligand His, H2O Cys (2 or more) 
bond lengths longer shorter 

+H+
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2.3. ZINC-FINGER NUCLEASES 

2.3.1. The need for custom designed, specific nucleases 

In the last decades there is an increasing need to utilize specific nucleases to perform 

different kinds of gene manipulation, even for gene therapeutic purposes. In eucaryotic cells, 

whenever an unwanted double strand break (DSB) occurs, the cells have various mechanisms 

to correct this demage. Non-homologous end joining (NHEJ) means the ligation of the new 

termini and homologous recombination (HR) is possible in the presence of a template DNA 

matching the ends around the DSB (Fig. 2.4 a). This latter mechanism could be exploited in 

gene correction or addition, if the template DNA is delivered to the cell. However, the 

frequency of homologous recombination is very low. The reason to use nucleases is that the 

frequency of HR can be increased by several orders of magnitude if a DSB in the DNA chain 

is introduced near the targeted sequence [8] [9].  

  

Fig. 2.4. a) The two basic DNA repair mechanisms that can be induced by the double strand 

breaks [10]: non-homologous end joining and homologous recombination. b) Scheme of a zinc-

finger nuclease. The zinc-fingers are denoted by Zf1-Zf6 and the nuclease domain of FokI by 

FokI-N. DNA bases recognized by ZF-s in this example are written by their one letter code, 

while at the X-positions any of the four bases can be present. 

The natural specific nucleases are inappropriate, since their recognition sequence is 

well determined by their three dimensional structure thus it is troublesome to redesign them to 

target an arbitrarily chosen sequence using them. Instead, several artificial nucleases have 

been designed with a variable recognition site [10]. The nuclease used for the above purpose 

has to be highly specific for a sequence that is unique in the genome. In one approach a 

specific enzyme can be redesigned to recognize the desired DNA sequence. However, that is a 

complex task and the length of the recognition sequence is limited. It is more advantageous to 

design modular enzymes that consist of a variable specific binding domain and a nonspecific 

nuclease domain. The two major groups of designed nucleases are the chemical nucleases 

(including metal complexes) and the chimeric enzymes. In both cases, the specificity is the 

most important question. The DNA-binding part can consist of triplex forming 

oligonucleotides, peptide nucleic acids or specific DNA binding proteins such as zinc-fingers 

or the transcription activator-like effector (TALE) motif. An example of such a zinc-finger 

nucleases (ZFN) is shown in Fig. 2.4 b. In this enzyme, the FokI nuclease domain is fused to 

a zinc-finger array responsible for specific DNA-binding. Each zinc-finger unit recognizes 

three subsequent bases on the DNA, thus the dimer ZFN can be designed to recognize 18-24 

base pairs. The first ZFN of this kind was reported in 1996 by Chandrasegaran and coworkers 

[11].  

Zf1         Zf2          Zf3

Zf4         Zf5          Zf6

FokI-N

FokI-N

G  C  C   T  A  C   C  G  C  X  X  X  X  X  X  G  T  G   G  A  T G  A  G

C  G  G   A  T  G   G  C  G  X  X  X  X  X  X  C  A  C   C  T  A G  T  C

a) b) 
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2.3.2. Zinc-fingers 

Zinc-fingers (ZF) are highly specific DNA-binding polypeptides, first found in 

transcriptional factors. They do not have a catalytic activity but bind DNA at specific sites, 

regulating the gene expression. Their general sequence and an example of three dimensional 

structure of a three ZF-protein bound to DNA are shown in Fig. 2.5. One ZF structure 

consists of two antiparalell β-strands and an α-helix. Generally two Cys residues of the β-

strands and two His of the α-helix coordinate a Zn
2+

-ion via their side chain donor atoms. The 

metal ion plays a structural role: it is essential for the folding of the motif.  

 
Fig. 2.5. a) The crystal structure of three zinc-finger units in complex with DNA [12]. The grey 

spheres represent zinc ions. b) The general sequence of zinc-fingers [13]. The metal binding 

residues are written in red. c) the sequence of the ZF protein (pdb ID: 1MEY) and the secondary 
structure elements [12]. 

 

The recognition of the DNA bases happens in the major groove. The specificity is mainly 

determined by 6 residues at the beginning of the α-helix, however, residues in the β-hairpin 

may also influence the DNA binding [14]. By mutating the mentioned residues the specificity 

can be changed and the desired DNA sequences can be targeted with high selectivity. 

However, it has to be noted that the optimization of specific binding is not a routine work and 

needs thorough studies. There are programs to predict the recognition sequence of zinc-

fingers, such as Zinc Finger Tools [15]. To achieve a longer recognition sequence, tandem 

zinc-fingers can be used by the fusion of 3 or 4 domains. The fusion of more domains could 

destabilize the DNA-protein complex [16], but a 2×3 ZF array where the two 3 finger motifs 

are joined by a flexible linker sequence was reported to be effective in DNA binding [17]. The 

computational design of linker sequences between the individual ZF-s can improve the ZF 

design. Linkers can be selected to skip up to 10 bp in DNA between the individual fingers 

[18]. In the natural zinc-fingers the linker sequence that connects two fingers is conserved 

containing a TGEKP sequence. The assumed mechanism of DNA recognition is that the 

flexible linker allows for diffusion along the DNA chains and once the specific interactions 

are formed at the recognition sequence, the linker folds into an induced structure that provides 

a cap at the C-terminus of the preceding helix [19]. 

 

(Tyr, Phe)-X-Cys-X2,4-Cys-X3-

Phe-X5-Leu-X2-His-X3–5-His 

a) 
b) 

c) 
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2.3.3. The FokI nuclease domain 

 FokI is a bacterial type II restriction endonuclease with a recognition sequence of 5’-

GGATG-3’. It is under negative allosteric regulation: the catalytic reaction can occur only 

when the recognition site binds to the specific DNA sequence, and the conformational 

changes are forwarded to the cleavage domain. The specific DNA binding part is well 

separated from the catalytically active domain [20, 21], as shown in Fig. 2.6. 

 

 

 

Fig. 2.6. The crystal structure of FokI in complex with 

DNA [20]. DNA is shown in orange, the N-terminal, 

recognition domains are shown in blue, green and 

red, and the C-terminal catalytic domain is shown in 

yellow. The catalytic domain is connected to the 

recognition domains only via a flexible linker, that 

makes it possible to separate these domains. 

 

 

This feature of FokI made it possible to use its DNase domain – as a nonspecific nuclease 

when separated from the recognition domains – fused to zinc-fingers in a ZFN. As later it 

turned out, a further advantageous feature of FokI is the dimerization of the enzyme that is 

required for the DSB [22]. Thus, two ZFN-s have to cooperate (Fig. 2.4 a) forming a 

heterodimer and recognizing a sequence long enough to be unique even in the human 

genome. The studies of ZFN design revealed that a 6 bp sequence between the two binding 

sites is optimal for the dimerization of the FokI domain, but also longer sequence spacers 

allowed for a lower nuclease activity [23, 24].  

 

2.3.4. Gene targeting with FokI-based ZFN enzymes 

After the first successful in vitro experiments with chimeric FokI-based ZFN [11], it 

was not yet obvious that it is possible to introduce DSB to chromatin bound DNA in vivo in 

the same way. Soon it was shown in Drosophila (fruit fly) that both targeted mutagenesis [25] 

and gene replacement [26] could be induced by ZFN cleavage. Since then, several successful 

experiments have been reported in various cell types and organisms [10][27]. The 

experiments were extended to mammalian and human cell lines [27]. Presently, ZFN-s are 

utilized in clinical trials for the therapy of HIV [28]. 

The success of gene edition by ZFN depends on several factors including the DNA-

protein interactions (specificity, affinity), interactions with DNA packaged with chromatin, 

DNA methylation, other proteins targeting the same sequence, etc. Furthermore, the off-target 

cleavages are harmful for the cell. Therefore, the design of experimental test systems is 
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another challenge of this research field [29]. The insertion of green fluorescent protein gene 

by ZFN-induced HR mechanism provides possibility for quantitative analysis of the process 

by measuring the fluorescence of the protein expressed from the inserted gene [30]. It has 

been reported, that even single strand DNA cleavage can induce HR, however, the efficiency 

is one quarter of that induced by DSB [31], and the process is even less toxic [32].  

There are several approaches for the delivery of ZFN molecules to the target, for the 

application of ZFN-s to correct genes in vivo. These include e.g. the viral infection with 

engineered viruses that carry the DNA encoding the ZFN with a suitable promoter, mRNA 

and donor DNA injection to embryos or fusion of cell-penetrating peptides to ZFN-s. The 

template DNA can be delivered in the same way. To achieve therapeutic applications it is also 

essential to understand the DNA repair mechanisms better, and to be able to influence it, for 

example by favoring HR over NHEJ.  

 

2.3.5. Specificity of ZFN enzymes 

The presently available ZFN-s were shown to have a minor cytotoxicity, that can be 

attributed to off-target cleavages. Therefore, the specificity is a crucial point in ZFN design 

[33, 33]. The specificity of the enzyme depends on the DNA-binding part (ZF motifs), but not 

the nuclease part. However, as shown above, in order to achieve a sequence specificity of at 

least 18 bp, two ZFN molecules are required forming a homo- or heterodimer. To target a 

sequence, usually a heterodimer is required with two different recognition sites. It has been 

shown in in vitro experiments that the cleavage may also occur when only one of the two 

ZFN molecules is properly bound but the second is only interacting with weak nonspecific 

interactions at an off-target site (Fig. 2.7 a) [34]. This extends the recognizable sites to a large 

number and thus increases cytotoxicity by off-target cleavages. Furthermore, two distant sites 

can be looped by the ZFN dimer (Fig. 2.7 b). 

  

Fig. 2.7. The specificity decreasing drawbacks of the application of ZFN dimers, taken from 
[34]. a) Cleavages at half-sites and b) DNA looping of two far half sites.  

 

The probability of half site cleavages can be diminished by careful redesign of FokI to favor 

heterodimers over monodimers [35-38]. The recently invented transcription activator-like 

effector (TALE) nucleases or the clustered regularly interspaced short palindromic 

  a) 

 

b) 
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repeat/CRISPR-associated (CRISPR/Cas) nuclease systems are more specific [39]. However, 

in spite of their advantages, none of these artificial nucleases can solve the specificity 

problems that are related to the degradation of the ZFN within the cell: injuries in the DNA 

binding domain let the nuclease operate on off-target sites. 

An improvement in the prevention of cytotoxicity could be achieved by introducing 

control mechanisms to the nuclease. The natural FokI endonuclease works under negative 

control: the interaction between the recognition and nuclease domains inhibits the reaction as 

long as the enzyme has not found its target sequence [20, 21]. When the FokI cleavage 

domain is separated and fused to ZF-s, this control is lost. A higher safety process could be 

achieved, if the designed ZFN had a positive allosteric control. This means that it would be 

inactive in absence of the target sequence, but it would get reactivated via structural changes 

induced by the binding to to the specific substrate.  

 

2.4. THE NUCLEASE DOMAIN OF COLICIN E7 (NCOLE7) 

There are numerous studies on FokI-zinc-finger nucleases, but the research to include 

other cleavage domains than FokI is limited, and the new suggested nuclease domains [40, 

41] did not receive widespread interest in the construction of artificial nucleases. An attempt 

of exchanging two metal binding Cys residues to His in a zinc-finger domain was successful 

[42]. My PhD work focused on the design of a novel ZFN containing the nuclease domain of 

colicin E7 (NColE7). The selection of the nuclease is a former result of our research group 

[43], and so far there have been no examples on NColE7-fusion proteins published in the 

literature. Furthermore, we intend to use a redesigned form of the NColE7 protein. For these 

reasons it was necessary to thoroughly study its features.  

2.4.1. Biological function of NColE7 

Colicin E7 (ColE7) is a bacterial toxin produced by E. coli cells under stress 

conditions, being a member of the multistep defense mechanism of bacterial nucleases [2, 44]. 

It consists of three domains: receptor binding, membrane translocation and cytotoxic 

domains, from the N- to the C-terminus. After binding to the receptor of the attacked cell with 

the aid of the N-terminal domain (residues 3-308), the translocation domain (residues 288-

446) helps the nuclease to get to the periplasmic space, where it goes through protease 

processing [2]. Only the nuclease domain (NColE7, sequence 446-576) enters the cell through 

the inner membrane and kills the cell by nonspecific digestion of chromosomal DNA 

molecules [2, 45]. RNase activity of NColE7 was also reported [46]. NColE7 is a very 

efficient toxin, one molecule is enough to kill a bacterial cell. The host cell protects itself by 

coexpression of the Im7 immunity protein forming a stable complex with NColE7. Fig. 2.8 

shows that Im7 binding does not affect the active site of NColE7, instead it prohibits the 

nuclease activity by hindering the DNA binding of NColE7 [46].  
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Fig. 2.8. Superposition of the 

nuclease domain from the 

NColE7/Im7 crystal structure 

(7CEI, [47], Im7 in blue and 
NColE7 in orange) and from 

the NColE7/DNA crystal 

structure (3FBD, [48], DNA in 

grey and NColE7 in yellow). A 

negatively charged loop of the 

Im7 protein would overlap with 

the DNA, therefore the DNA 

binding of the nuclease domain 

is only possible in the absence 

of the Im7 protein. 

 

 

Colicin E7 is an example of colicins, for which the cell killing activity is assured by 

various mechanisms: pore-forming colicins depolarize the membrane and enzymatic colicins 

degrade RNA and/or DNA. Other nuclease colicins are E2, E8 and E9. For a detailed review 

on colicins see [49].  

 

2.4.2. Structure of NColE7 

NColE7 belongs to the HNH protein family. This family includes several types of 

proteins, among them e.g. certain homing endonucleases, restriction nucleases, inteins, 

introns. They were named based on three conserved residues in the sequence 

EXHHX14NX8HX3H. The HNH-proteins are DNA-binding and cleaving proteins. After the 

revolution of crystal structure determination, it became clear that they also share structural 

similarity. The HNH motif formed by ~40 residues is a His-Me finger, consisting of two 

antiparalell β-sheets and one α-helix, also called ββα-motif. The 3D structure of HNH motif is 

similar to ZF-s, however in contrast to them in the centre of this array a catalytic metal ion is 

coordinated. In the HNH motif of NColE7 three His sidechains coordinate a Zn
2+

-ion.  

In NColE7, the HNH-motif is the C-terminal part of the 131 residues long sequence 

(Fig. 2.9). This is the catalytic center of the protein, acting in the minor grove of DNA, while 

two further helices are responsible for the binding to the neighboring major grove of DNA. 

Table 2.2 contains the PDB codes of the NColE7 crystal structures published so far. Several 

of these are point mutants of NColE7 either to inhibit the nuclease activity when 

cocrystallizing with DNA or to study the role of the mutated residues in metal-ion binding. It 

is challenging to crystallize reactants of a fast reaction, thus there is no available crystal 

structure of the active complex, ie. WT-NColE7 in complex with Zn
2+

 and DNA, which 

makes it difficult to understand the chemical mechanism of catalysis. 
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Fig. 2.9. a) Crystal structure of NColE7 in complex with DNA (PDB: 3FBD). The orange sphere indicates the 

Zn2+-ion, which was not included in this structure, and it was placed as a result of the alignment with the 1M08 

structure (chain A). PyMol’s rainbow coloring scheme was applied resulting in a color varied from blue (N-

terminus) to the yellow (C-terminus).  b) Sequence of NColE7, which is the C-terminal domain of the colicin E7 

protein (446-576) The N-terminal loop is written in blue and the HNH motif in green with the exception of the 

metal binding residues in red. The underlined residues are the conserved HNH residues. 

 

A remarkable feature of NColE7, that the free molecule as well as the one bound to 

metal-ion, DNA or Im7 has the same overall structure with only minor differences in the 

conformation of sidechains and in the thermic factors. The commonly unresolved parts in 

crystal structures are the termini of the protein and the loop between the β-strands of the HNH 

motif. For example, the pairwise alignments for Cα atoms of 1M08, 7CEI and 1PT3 result an 

RMSD (root mean square deviation) value lower than 0.6 Ǻ. 

 

Table 2.2. List of the published NColE7 crystal structures [43]. All contained a full length NColE7 and the 

differences in the sequences in pdb files arise from the structure determination. If the terminus is too flexible its 

position is not determined.  

PDB code / ref. Mutation Complex Sequence in pdb file Reason for inactivity 

1M08 [50]  K446M protein-Zn2+-PO4
3- 446 MRNK-HRGK 576 - 

1MZ8 [51]  - protein-Zn2+-PO4
3--Im7 447 RNKP-IDIH 573 - 

1PT3 [46]  - protein-8bpDNA 449 KPGK-HRGK 576 no metal ion 

1ZNS [52]  K443M/H545E proten-Zn2+-12bpDNA 450 PGKA-DIHR 574 mutation 

1ZNV [52]  K443M/H545E protein-Ni2+-PO4
3--Im7 450 PGKA-HRGK 576 - 

7CEI [47] - protein-Zn2+-Im7 447 RNKP-IDIH 573 - 

2IVH [53]  H545Q protein-Zn2+-18bpDNA 449 KPGK-IDIH 573 mutation 

2JAZ [54]  N560D protein-Zn2+-PO4
3--Im7 450 PGKA-HRGK 576 - 

2JB0 [54]   H573A protein-Zn2+-Im7 449 KPGK-HIDI 572 - 

2JBG  [54] N560A protein-Zn2+-SO4
2--Im7 448 NKPG-HRGK 576 - 

3GJN [55]  H545A protein-Zn2+-Im7(mut) 450 PGKA-HRGK 576 - 

3GKL [55]  H545A protein-Zn2+-Im7(mut) 450 PGKA-HRGK 576 - 

3FBD [48]  D493Q protein-18bpDNA 445 SKRN-HRGK 576 no metal ion 

R447

H545

H544

H573

H569

Zn2+ 446 

KRNKPGKATGKGKPVNNKWLNNA

GKDLGSPVPDRIANKLRDKEFKSFDDFRKK

FWEEVSKDPELSKQFSRNNNDRMKVGKAP

KTRTQDVSGKRTSFELHHEKPISQNGGVYD

MDNISVVTPKRHIDIHRGK 

  a) 

 

  b) 
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2.4.3. DNA-binding 

The shortest DNA sequence that NColE7 is able to cleave is 8 base pairs (bp) long 

[46]. Oppositely, several other nucleases like Serratia nuclease or DNaseI perform also the 

cleavage of dinucleotides. The reason is that in NColE7 the DNA-binding helix is distant 

from the catalytic centre. This feature makes it possible that the Im7 protein can inhibitt the 

catalysis by hindering the DNA-binding. 

NColE7 has a low sequence preference [53]. The probability of cleavage at the 3’O-

site of different bases is T (41,2%) > A (29,5%) > C (17,1%) > G (12,2%). The reason is 

probably that the A-T interaction is weaker than the G-C, thus the deformation of the DNA 

chain around the A-T pairs is easier. The crystal structure of NColE7 was compared with a 

preferred (1PT3, GCG-ATCGC or 1ZNS, CGGG-ATATCCCG) and unpreferred (2IVH, 

GGAATTCGAT-CGAATTCC) binding site. It was shown that the scissile phosphate is 

closer to the metal ion in the preferred complex: the distance is 3.18 Å and 3.72 Ǻ in the 

preferred 1ZNS [52] and unpreferred 2IVH [53] complex, respectively. The mechanism of 

nonspecific DNA-protein interaction of NColE7 was studied in detail by molecular dynamics 

simulations and Brownian dynamics [56].  

Binding to the major grove with the helices and in the minor grove with the HNH-

motif forces DNA to bend in an angle, preparing it for the reaction. The bending angle 

measured depends on the length of the substrate cocrystallized with DNA: 7° (8 bp) [46], 19° 

(12 bp) [52], and 54° (18 bp) [53]. This is caracteristic for nonspecific nucleases, while 

sequence-specific restriction endonucleases induce more severe bending. 

The comparison of the crystal structures of three nucleases including NColE7, VvnI 

and IPpoI in complex with DNA suggested that the enzymes with a ββα-type active centre 

cleave DNA with a similar mechanism [46]. The difference in the structure of ββα motif was 

only minor and they are similarly oriented in the minor grove of DNA. The roll angle between 

the base steps at cleavage site is around 10° in each case and the minor grove of substrate 

DNA has a width of 9 Ǻ (the optimal B-DNA form has a minor grove width of 5.6 Ǻ).  

 

2.4.4. Metal-dependent nuclease activity 

NColE7 has only one metal-binding site formed by three His sidechains in the HNH motif: 

H544, H569 and H573. The metal ion is Zn
2+

 under physiological conditions [52], in a 

tetrahedral coordination sphere. Based on the quantum chemical features of the active site it 

was predicted already before the publication of crystal structures with DNA that the Zn
2+

-ion 

in NColE7 plays a catalytic role and its coordination sphere is flexible enough to accomodate 

an extra ligand during the reaction [6]. The fourth coordination site can be occupied by a 

water molecule, as seen in the 7CEI structure [47]. Similar Zn
2+

-binding site was found in the 

carbonic anhydrase, β-lactamase and carboxypeptidase enzymes [47]. The water molecule can 

be replaced by the phosphodiester group of DNA substrate [46, 48, 52, 53], a phosphate or 

sulfate ion [50, 51, 54]. These anions coordinate in the position of the scissile phosphate of 
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the DNA. The structure of the metal binding site is maintained even in the absence of metal 

ion according to crystal structures. However, the sidechain of H573 has a slightly different 

conformation in the presence or absence of the metal ion. It was shown, that the Zn
2+

-ion is 

essential for the hydrolitic activity, but is not required for DNA-binding [57] and that it can be 

removed by EDTA.  

NColE7 was shown to be active also in presence of other metal ions. The nuclease 

activity measured with a supercoiled plasmid DNA decreased in the order Ni
2+

 > Mn
2+

 ~ 

Mg
2+

 > Zn
2+

 [52]. However, the activity with Mg
2+

 is debated, since no Mg
2+

-binding site was 

found in the protein [51]. There is only one published crystal structure with other ion than 

Zn
2+

 (1ZNV with Ni
2+

 and Im7 [52]) in which NColE7 binds a Ni
2+

-ion with a trigonal 

bipyramidal coordination sphere [52]. Three sites are occupied by the His imidazole 

nitrogens, one by the oxygen of a phosphate ion and one by a water molecule. The other 

protein in the unit cell has a tetrahedral binding site (3His and one phosphate oxygen), 

similarly to Zn
2+

-bound structures. 

  

Fig. 2.10. a) Structure of the HNH-motif in NColE7 (1M08, [50]). The conserved HNH residues (H545, N560, 

H573) and the metal-binding residues (H544, H569, H573) are shown in sticks. R447 is shown in white sticks. b) 

Summary of proposed mechanistic steps of the DNA hydrolysis by NColE7. The red [47] and blue [58] 

protonation ways are suggested approaches to explain the protonation of the leaving group. 

 

The mechanism of the reaction has been analyzed (Fig. 2.10), however it is not 

completely understood yet. Two of the conserved HNH residues were reported to have a 

direct role in catalysis. H545 is supposed to act as a general base to activate a water molecule 

that can perform the nucleophilic attack at the scissile phosphate group. The mutation of 

H545 leads to the decrease (H545Q, 11%) or cancellation (H545A, H545E) of nuclease 

activity [54]. The distance of H545-Nδ1 atom from the phosphate oxygen is around 2.6 Ǻ in 

an appropriate geometry [51]. The second HNH residue, N560 is located in the loop between 

the β-sheets of the HNH motif (Fig. 2.10 a). This residue being far from the active site plays a 

structural role orienting the H545 side-chain. H545 is also in hydrogen bonding interaction 

  a) 

 

  b) 
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with the carbonyl group of V555 [51]. The role of N560 was studied through point mutations. 

The nuclease activity decreased in the following order [54]:  

N560 (100%) > N560H(27%) > N560A (24%) > N560D (7%) 

This was in good correlation with the distance between the Nδ1-atom of H545 and the 

phosphate oxygen [54]:  

N560 (2.4Ǻ) < N560A (2.9Ǻ) < N560D (3.72 Ǻ) 

This means that the decrease of the nuclease activity is related to the displacement of DNA. 

The leaving group of the reaction, which is the 3’-alcoholate ion has to get protonated. In 

other nucleases, such as I-PpoI or Serratia nuclease the proton is provided by a metal (Mg
2+

) 

bound water molecule. Similarly, in NColE9 (a nuclease with 70% sequence identity to 

NColE7) the Ni
2+

-bound water molecule can play the same role [59, 60]. According to crystal 

structures of NColE7 the tetrahedral Zn
2+

-ion does not coordinate water molecule in the 

presence of the substrate, therefore the protonation of the leaving group is still a question to 

answer. It was suggested, that the Zn
2+

-ion can coordinate a water molecule as the fifth ligand 

during reaction, or an additional Mg
2+

-ion can promote the reaction [51], but this was not 

proven. R538, Q542 and H569 were also speculated to provide the proton for the leaving 

group in NColE7 in analogy to NColE9 [47, 61]. Recently, a shuttle mechanism was 

suggested in which the leaving group is protonated by the hydrogen ion originating from the 

same water molecule that initiated the nucleophilic attack [60].  

 

2.4.5. The role of the N-terminus 

The special structural feature of NColE7 that attracted our attention is that the N-

terminal R447 and the C-terminal catalytic HNH motif are close in space (Fig. 2.11). The 

R447A mutant had only 15% of the WT nuclease activity [62], and R447 was proposed to 

increase the DNA binding affinity. Previously we showed that the cytotoxicity of NColE7 is 

completely lost upon deletion of the KRNK sequence (residues 446-449) at the N-terminus 

[43]. We hypothesized that the N-terminus could be used to design a control mechanism: in 

its absence there is no nuclease activity, but in its presence that could be restored. 

 

Fig. 2.11. Crystal structure of NColE7 

(PDB: 1MZ8 [51]) in complex with a 

Zn2+ and a phosphate ion. The HNH 

motif is in orange and the N-terminal 

loop is in blue. Among the N-terminal 
amino acids, R447 is the closest residue 

to the phosphate ion that forms a bridge 

between the Zn2+-ion and R447. 

Hydrogen bonds of the backbone of the 

N-terminus are also shown [63].  
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It is intriguing why R447 – lying outside the DNA-binding helices – influences the 

catalytic reaction. In NColE9 an arginine (corresponding to R447 in NColE7) was supposed 

to bind the substrate and stabilize the pentavalent transition state [60, 64]. Based on the 

crystal structures of Vvn – an another HNH nuclease – it was also shown that the proximal 

arginine side-chain binds and stabilizes the cleaved DNA to decelerate the reverse reaction [2, 

65]. We have studied the published crystal structures of various HNH nucleases, and found 

positively charged residues in a similar orientation [43] e.g. in Vvn (PDB ID 1OUP), and Sm 

endonucleases (PDB ID 1G8T) and Nuclease A (PDB ID 1ZM8). 

2.4.6. Dimerization of NColE7 

In the FokI-based zinc-finger nucleases the dimerization of the nuclease domain is 

essential for the double strand break in DNA. Since we would like to substitute the FokI 

nuclease domain with NColE7, it is important to understand the dimerization features of 

NColE7. 

The structures of the NColE7/DNA complexes suggest a mechanism of a single strand 

cut by the monomer NColE7. The one-metal mechanism is in agreement with this. However, 

WT NColE7 was crystallized with Zn
2+

-ion [50] and the unit cell contained 3 molecules out 

of which 2 seemed to form a homodimer. The HNH motifs are facing each other, and the C-

terminal K576 approaches the phosphate ion coordinated to the Zn
2+

-ion of the other molecule 

by 4.6 Ǻ. The N-termini do not interact. The distance between the two Zn
2+

-atoms (14.7 Ǻ) is 

similar to the distance between the Mg
2+

-ions in the IPpoI-dimer (18.7 Ǻ).  The buried 

interface between them is 559 Å
2
, with four hydrogen bonds and three hydrophobic residues 

(P548, I570, I572). The metal coordinating histidines are located in the interface. Usually the 

hydrophobic residues dominate the dimerization interface in solution. The ratio of apolar and 

polar atoms is  only 48%-52%. Therefore, it is difficult to decide whether the molecules form 

a dimer or this is only result of crystal packing. Gel filtration experiments in solution studies 

gave contradictious results [50]. In experiments with low salt concentration (150 mM NaCl) 

and absence of transition metal ions monomers, while with high salt concentration (0.7-1.5 M 

ammonium-acetate) and 10 mM Zn
2+

 dimers were detected. Cross-linking experiments 

showed that the presence of substrate can induce the dimer formation as measured with a 27 

bp DNA.   

2.4.7. NColE7 as a possible building block of a ZFN 

The choice of NColE7 for the design of a novel type ZFN is advantageous, because it 

meets the first criteria for building a modular ZFN, in that it is nonspecific. Furthermore, the 

selection of a bacterial enzyme for engineering is appropriate, since the expression is the most 

feasible in bacterial cells. As described in the above chapters, NColE7 has advantageous 

structural features in that its C-terminal metal-binding site (HNH-motif) cooperates with the 

N-terminus during the reaction. This could be exploited in the design of an allosteric control.  
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3. AIMS AND OBJECTIVES 

 

The aim of this research is to design new ZFN molecules with a novel type of control 

mechanism as a proof of concept. A safe control mechanism could open a new perspective in 

nuclease design for gene therapy to cure monogenetic diseases. The building blocks for the 

novel ZFN were selected as follows: a zinc-finger protein (PDB ID: 1MEY [12], in complex 

with its specific DNA substrate) was intended to be used as a specific DNA-binding unit and 

the nonspecific NColE7 was selected to form the catalytic domain. NColE7 has not yet been 

applied as a part of a chimeric ZFN. Therefore, in my work first I aimed at understanding and 

influencing the function of the NColE7 protein, to be followed by the redesign of the protein 

for construction of the new ZFN molecule. The main idea is shown in Fig. 3.1 a. According 

to this scheme NColE7 would be divided into two parts, each fused to opposite termini of the 

ZF array. This arrangement can provide a control mechanism if none of the NColE7-parts has 

a nuclease activity on its own, but they function if the ZF-s orient them to get sterically close. 

 

 

 

  

 

Fig. 3.1. a) Scheme of the chimeric enzyme that we intend to design. The zinc-fingers (in blue) bind 
specifically to DNA, and the HNH-motif containing part of NColE7 (green) is responsible for the 

cleavage. However, it can only hydrolize DNA, if the N-terminal part that is fused to the other end of the 

ZF-s precisely fits to induce the catalytic activity (red). b) Workflow of this research project. 

According to the scheme shown in Fig. 3.1 b I applied a multidisciplinar approach for the 

main objectives: 

1. Understanding the properties of the NColE7 protein through point mutations with 

emphasis on the N-terminus and metal-binding properties 

NColE7 was extensively studied in the literature, but the potential control function of the N-

terminus has not been investigated so far. Since NColE7 is a metalloprotein, it forms ternary 

(three component) complex with the substrate DNA. The metal-binding properties may 

change upon mutations altering the nuclease activity leading to a complex bioinorganic 

chemical problem. Since the N-terminal four residues (446-KRNK-449) proved to be 

NColE7

  a) 

 

  b) 

 
Understand NColE7

Redesign NColE7

Experiments with

novel ZFN-s

Protein purification

Gene construction

Protein expression
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Structure (CD, LD, MS, XRD)

Molecular biology
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Electrophoretic methods
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Computational modeling

Molecular dynamics

Semiempirical quantum

chemical calculations

QM/MM calculations
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essential for the nuclease activity, we can get a deeper insight in the role of these residues 

through their mutations. The questions addressed in this point include: 

- How much of the three positively charged residues in the N-terminal section is needed for 

the nuclease activity? 

- Is the nuclease activity abolished when all the positive residues are missing but the 

backbone is present? 

- Can K446 or K449 promote the reaction in the absence of R447? 

2. Finding the most suitable way to control the NColE7 nuclease 

To explore the use of the N-terminus to control NColE7 we need to be able to influence its 

function. This objective involves computational study of the contribution of each residue to 

the structural stabilization of the proteins and selection of the mutations to be performed 

experimentally. The questions to answer were: 

- What is the role of the 25 residues long loop at the N-terminus? Is it responsible for 

keeping the KRNK motif in place? 

- How does the mutation of selected residues in this seemingly not important part of the 

sequence influence the nuclease activity? 

- How can we induce the reaction if the nuclease activity is decreased upon the mutations 

weakening the interactions of the loop? 

3. Design of an NColE7-based ZFN by computational methods 

The next goal is to design a ZF-NColE7 artificial nuclease, based on the results of the 

previous part of the research. Starting with published crystal structures of NColE7 with DNA 

and the ZF with DNA the computational design includes the following points: 

- Construction of an initial model by approaching the NColE7 and the selected ZF protein 

simultaneously binding to a DNA substrate.  

- Selection of the controlling part from the N-terminus and the catalytic part from the C-

terminus. 

- Design of short linker sequences appropriate to fuse the proteins.  

- Study of the constructed models by MD simulations. 

4. Experimental study of the designed ZFN-s 

The final goal is to express and purify the computationally designed ZFN-s as recombinant 

proteins. The folding, metal-binding and reactivity can be significantly affected within the 

redesigned nuclease domain. Therefore, the new enzymes have to be studied in detail: 

- Do the ZF-s maintain the sequence-specificity after the fusion of the NColE7 segments? 

- Is there any observable nuclease activity? 

- Is the model good enough to serve as a starting point for optimization to obtain a nuclease 

that is applicable in practice? 
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4. METHODS 

 

Due to the complexity of the problem addressed in this work, I applied experimental 

techniques involving the tools of experimental and computational bioinorganic chemistry, 

biochemistry and molecular biology. Therefore, I will give a short introduction to these 

methods, focused on the specific use in this project. The detailed protocols of my experiments 

are listed in the appendix. 

 

4.1. PRODUCTION OF RECOMBINANT PROTEINS 

The modification of proteins, including mutation, truncation, fusion to other proteins is 

often required in the research. The proteins obtained from the expression of DNA (engineered 

by molecular cloning) in living cells are called recombinant proteins. In this work they were 

expressed in Escherichia coli (E.coli) cells, involving the following steps: 

1) Construction of the gene of the mutant protein 

2) Protein expression from the gene in cells 

3) Protein purification from the cell extract 

4) Validation of the obtained protein 

 

4.1.1. Gene cloning 

4.1.1.1. Introduction of mutations to the gene by PCR 

If the gene of the WT protein is available, mutations can be introduced to it by 

polymerase chain reaction (PCR). The reaction mixture contains the following components: 

- template DNA molecules 

- a heat stable polymerase enzyme in a Mg
2+

-containing buffer, e.g. Taq polymerase  

- primers: short oligonucleotides that hybridize to the single stranded template and aid 

the polymerase to start the building of the complementary strand 

- deoxynucleoside-triphosphates as building blocks.  

The reaction is driven by heat control (Fig. 4.1): first it is heated to > 90 °C, where the 

template DNA dissociates to single strands, this is called melting. Then the temperature is 

lowered to the melting point of the primers (~50-65 °C) so that they can hybridize to the 

single stranded template (annealing). Finally the temperature is increased to the optimum for 

the polymerase enzyme function, which is 72 °C in case of the Taq polymerase, and the 

elongation of the primers results in the new double stranded molecule. With careful design of 

the primers it is possible to introduce mutations and restriction enzyme cleavage sites into the 

original sequence.  
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Fig. 4.1. The temperature 

program of a PCR used to 

introduce mutation to the 

end of the sequence and 
scheme of the reaction. 

Each blue lines indicate a 

strand of the template 

DNA. The red and green 

endings are restriction 

enzyme cleavage sites, 

carried by the primer 

molecules. The mutation 

introduced by primers is 

in yellow. After around 30 

cycles the efficiency of the 
enzyme would decrease. 

The new double stranded molecules formed in the elongation step serves as templates in the 

next cycles. Thus the amount of DNA is exponentially increasing (~2
n
 where n is the number 

of cycles), and each new strand contains the modifications introduced by the primers. It is 

important to use a low amount of template, because that may remain in the solution as an 

impurity. If the required mutation site is located far from the end of a sequence, a slightly 

different strategy can be used. The sequence can be divided into two parts that overlap around 

the mutation site. They can be amplified in PCR separately, and then annealed together to 

give the whole sequence. The PCR product encodes the mutant protein, but it is possible to 

use it for in cell protein expression only after it was built into a suitable carrier DNA, so 

called plasmid.  

4.1.1.2. Processing of the gene and carrier by restriction endonucleases 

Plasmids are circular DNA molecules of bacterial origin, consisting of a few thousands of 

base pairs. They are widely applied in molecular biology. The gene of the recombinant 

protein can be inserted in the so called cloning region of the plasmid. In this region there are 

special sequence elements recognized and cleaved by restriction endonucleases (Fig. 4.2 a). 

The nucleases used here cut DNA leaving sticky ends, i.e. short single stranded leftovers at 

the cleavage site. The termini cut by the same enzyme match specifically. The same 

restriction sites can be built by the primers into the gene encoding the target proteins and thus 

the gene can be inserted into the plasmid via the matching ends. 

 

Fig. 4.2. a) Cleavage of the plasmid 

(grey) and b) the mutant protein gene 

(blue) by two restriction endonucleases, 
EcoRI and XhoI. These enzymes are 

commercially available. 

 

 

+EcoRI

+XhoI

37  C

1 h

+EcoRI

+XhoI

37  C

1 h

G A A T T C

C T T A A G

EcoRI

EcoRI

A A T T

T T A A

A G C T

T C G A

G T C G A G

G A G C T C

XhoI

XhoI

  a) 

 

  b) 

 

+

+

4  C, template

96  C, 20 s

melting

~50  C, 20 s

annealing

72  C, 1-3 min

elongation

(Taq polymerase)

+

4  C, product

30 cycles

PCR program

T
e
m

p
e
ra

tu
re



 
 

− 25 − 
 

 

4.1.1.3. Ligation of the gene into the carrier plasmid 

The enzyme catalyzing the covalent bond formation at the matching DNA termini is called 

ligase. The reaction results in a circular plasmid that contains the gene of the target protein 

inserted within the selected restriction sites (Fig. 4.3). There are several side reactions that can 

occur including linear DNA molecules that are either not ligated or that are ligated on one 

side only. Furthermore, two or more insert molecules can be ligated to each other and the 

plasmids can also be joined. Circular plasmids carrying 3 or 5 substrates are also commonly 

observed. To minimize these reactions, the plasmid/insert ratio in the mixture is essential, 

usually 1/6 is optimal. The ideal DNA/ligase ratio is also important for the effective reaction. 

  

Fig. 4.3. Scheme of the 

ligation reaction. 

 

4.1.1.4. Transformation of the DNA-expressing bacterial cells 

The ligation mixture is then mixed with a suspension of competent bacterial cells 

suitable to copy the plasmid in high number, e.g. E.coli DH10B or MachI cells.  The 

suspension is subjected to a heat-shock treatment. With an antibiotic resistance selection (the 

plasmid itself carries a resistance gene) it can be assured that only those bacteria are able to 

survive that had taken up a plasmid DNA. After cultivation of the selected colonies the 

success of the insertion of the target gene into the plasmid needs to be checked by agarose gel 

electrophoresis and DNA sequencing. The plasmid DNA can be extracted by alkalic lysis of 

the bacteria, followed by a column purification and ethanol precipitation.  

 

4.1.2. Protein expression 

There are several available modified plasmids that are suitable for recombinant protein 

expression, e.g. pGEX-6P-1 is shown in Fig. 4.4.  

 

 

Fig. 4.4. The scheme of pGEX-6P-1 

plasmid. The cloning site is 

magnified. The ampicillin resistance 

gene aids to control experiments: if 

the culture media are supplied with 

ampicillin, only the cells that have 

the resistance gene, ie. contain the 

plasmid can survive. 
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The protein expression from the gene inserted into the pGEX-6P-1 plasmid is 

regulated by the lac (lactose) operon. If the operon is active, the protein expression will occur 

from the inserted gene. The lac operon is required for lactose transportation and metabolism 

in E.coli  cells. In the presence of glucose and absence of lactose a repressor protein binds and 

inactivates the operon. In molecular biology experiments instead of lactose an analogue, the 

isopropyl β-D-1-thiogalactopyranoside (IPTG) is used to induce protein expression. IPTG is 

usually added to the culture in the log phase when the OD600 value is ~0.6. After addition to 

the bacterial culture it binds to the repressor thus activating the operon, similarly to lactose. 

However, it is not a substrate of the β-galactosidase, so it will not be degraded and the 

expression will not be downregulated. This allows for the “overexpression” of the target 

protein. A common choice for this purpose is the E.coli BL21(DE3) strain. 

The pGEX-6P-1 plasmid contains the gene of the glutathion S-transferase (GST) 

enzyme between the promoter of the protein expression and the cloning region, without a stop 

codon. Thus the result of protein expression will be a GST-fused target protein, consisting of 

one continuous polypeptide sequence: the N-terminal domain is the GST and the C-terminal 

is the target protein. There is a flexible linker between them, thus GST usually does not 

interfere with the folding and function of the target protein. The advantage to use the GST-tag 

is that it allows for affinity based purification, resulting in a high purity product. After 

purification the GST-protein can be cleaved with a specific protease, the Human rhinovirus 

C3 protease [66] (PreScission protease, GE Healthcare). A short sequence depending on 

restriction site location will remain at the N-terminus of the protein. Another example of 

plasmids is pET21a, that fuses a C-terminal (His)6 sequence to the protein, if the gene does 

not contain a STOP codon before the multihistidine containing part. Plasmids can also be 

used to express proteins without any affinity tags. However, in this case the protein 

purification is more challenging. 

 

4.1.3. Fast protein liquid chromatography 

Fast protein liquid chromatography (FPLC) is a high performance liquid 

chromatography (HPLC) method developed for the purification of biological samples [67]. It 

is characterized by high loading capacity, biocompatible aqueous buffers, fast flow rates and 

wide range of stationary phases, such as affinity, gel filtration, ion exchange [68]. The system 

can be automatized including autosampler, gradient program control, peak collection. ÄKTA 

FPLC explorer system (Fig. 4.5 Amersham Pharmacia Biotech, Sweden) is recently used 

frequently to purify proteins and other biological samples.  
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Fig. 4.5 The scheme of the 

ÄKTA system used for ion 

exchange. Taken from [68]. 

 

 

 

 

 

In this work affinity, cation exchange cromatography and gel filtration have been applied to 

purify the nucleases expressed in BL21(DE3) cells. After cultivation of the cells and protein 

expression, the culture was centrifuged and resuspended in an appropriate buffer. The cells 

were disintegrated by sonication followed by one more centrifugation step. The proteins were 

purified from the supernatant (“raw extract”). 

 

4.1.3.1. GST-affinity chromatography 

In affinity chromatography the protein is separated based on specific, reversible 

interactions to a ligand that is coupled to a chromatographic matrix. The advantage of this 

method is the very high specificity and related to this the high sample loading capacity. After 

equilibration of the column, the sample is loaded and the target protein binds to the column, 

while all other impurities of the cell extract flow through the column, as indicated by high 

absorbance values on the chromatogram (Fig. 4.6). After washing the column for further 1-2 

column volumes (CV) the sample can be eluted with an agent of higher affinity to the protein 

as compared to the ligand on the column.  

 

 

 

Fig. 4.6 A typical chromatogram 

of affinity purification (from 

Handbooks of Amersham 

Biosciences) 
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The specific interactions most frequently used in affinity chromatography include: 

- enzyme – substrate analogue, e.g. glutathione-S-transferase (GST) – glutathione 

- antibody – antigen  

- metal ions – poly His-sequence. 

The ligand is bound to a chemically inert matrix, such as sepharose (bead-form agarose), 

involving a linker.  

 If GST-affinity chromatography is intended to be used for protein purification, the 

GST protein is fused to the target protein: the gene of the recombinant protein is cloned to a 

site containing the gene of GST, and the two proteins are expressed as a continuous sequence. 

The column contains glutathione immobilized to a sepharose matrix (Fig. 4.7). The protein 

can be eluted with reduced glutathione solution. 

 

Fig. 4.7 The glutathione linked to the 

sepharose matrix (from Handbooks of 

Amersham Biosciences). 

 

 

 

4.1.3.2. Cation exchange chromatography 

DNA-binding proteins, such as the zinc-fingers and the nuclease enzymes are 

positively charged, complementing the negative charge of the nucleic acid. Therefore, they 

can be purified in cation exchange chromatography, in that positively charged solute 

molecules adsorb to the negatively charged groups immobilized to the matrix. Such cation 

exchangers are for example carboxymethyl groups (“CM”, -O-CH2-COO
-
), sulfopropyl 

groups (“SP”, -O-CH2-CHOH-CH2-O-CH2-CH2-CH2SO3
-
) or methyl sulfonate groups (“S”, -

O-CH2-CHOH-CH2-O-CH2-CHOH-CH2SO3
-
).  

In the purification process, first the system is equilibrated with the required buffer, the 

sample is applied to the column (adsorption) and an increasing ion gradient and/or pH-change 

is used for the desorption of the molecules in the order of their binding affinity to the column. 

It is important to optimize the gradient elution in order to get a high resolution. It has to be 

noted, that ion exchange chromatography is not a specific method and a well resolved peak of 

the chromatogram can still contain the mixture of proteins.  
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In this work, a Sepharose SP Fast Flow column was used. In the Fast Flow ion 

exchanger columns 90 µm agarose beads serve as a matrix, that is highly crosslinked (6%) 

providing high physical and chemical stability and can be used with high flow rates in a wide 

pH-range. 

 

4.1.3.3. Gel filtration 

In gel filtration molecules are separated based on different rate of movement in a gel 

matrix due to different size. Unlike the previously introduced techniques, in this case the 

molecules do not bind to the stationary phase. Thus the buffer usually has no significant effect 

on the resolution and a wide range of conditions can be applied. It is possible to perform the 

separation in the presence of cofactors or denaturing agents and at different temperatures. In 

order to achieve a high resolution a long column is used and the sample is injected in a high 

concentration in low volume. The separation is finished within one CV (Fig 4.8) and first the 

higher molecular weigth molecules are eluted, because they can not enter the small pores of 

the matrix and therefore go through a shorter way.  

 

Fig 4.8 A general gel 

filtration chromatogram 

(from Handbooks of 
Amersham Biosciences).  

 

 

 

 

4.2. CHARACTERIZATION OF METALLOPROTEINS 

4.2.1. Detection of proteins in SDS-PAGE 

The polyacrylamide gel electrophoresis with sodium dodecyl sulfate (SDS-PAGE) 

experiment is the easiest and fastest way to detect the protein content and purity of the 

sample, based on the electrophoretic mobility. The gel can be easily prepared with the radical 

polymerization of acrylamide, with the addition of N,N-methylenebisacrylamide to introduce 

crosslinks to the polymer. The reaction is initiated with ammonium-persulfate and controlled 

with N,N,N',N'-tetramethylethylenediamine. The electrophoresis is carried out in a vertical 

direction. The gel has two layers: a short stacking gel (e.g. 6% acrylamide, pH = 6.8) and a 

long resolving gel (e.g. 12.5% acrylamide, pH = 8.8).  

The sample is prepared with the addition of a buffer (pH = 8.5), SDS and 

mercaptoethanol (to reduce Cys bridges). During the incubation at high temperature (95 °C) 
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protein is denatured. SDS binds to the hydrophobic regions, and the chain obtains a negative 

charge proportional to its length.  

During the electrophoresis the proteins first enter the stacking gel where highly 

concentrated narrow bands are formed. The proteins can be stained in the gel after 

electrophoresis with the Comassie Brilliant Blue dye, an anionic triphenylemethane dye that 

nonspecifically binds proteins. Compared to sample standards the protein size (length of 

sequence) and concentration can be estimated. 

4.2.2. Mass spectrometry of metalloproteins 

Mass spectrometry is a method to determine precise molecular weights. In the mass 

spectrometer the sample is first ionized and transferred to gas phase. Then the charged 

molecules are accelerated in the mass analyzer where they fly with a velocity that depends on 

their m/z value, and finally they are detected.  

In order to analyze biological macromolecules, the so called soft ionization techniques 

are used including ESI (electrospray ionization) and MALDI (matrix-assisted laser 

adsorption) techniques. There have been a number of technical improvements of the ESI 

technique providing facility for the study of sensitive macromolecular complex systems. In 

the conventional ESI the analyte solution is pumped at a flow rate of a few µl/min. The 

capillary needle is under a high voltage relative to a counter electrode. Therefore the sample 

forms an aerosol after getting out of the tip, in the so called Taylor-cone and forms charged 

droplets. These droplets get through an orifice in the counter electrode, enter the vacuum mass 

analyzer and undergo fissions and shrinking leading to gas phase ions. In order to decrease the 

necessary sample amount, nano-ESI has been evolved [69]. The recently developed nano-ESI 

capillary has a diameter of 1-10 µm and is coated with a conducting material, e.g. gold. 1-5 µl 

of sample is enough for loading and the capillary is placed 0.5-2 mm from the electrode 

orifice under camera control (Fig. 4.9. a). The flow is 20-50 nL/min. 500-1500 V is applied to 

induce dispersion. 10
-5

 – 10
-7

 M is the typical concentration range used for proteins.  

     

Fig. 4.9. a) Scheme of the Nano-ESI device. b) The mechansim of ionization  process in ESI and nano-ESI 

devices, from [69] 

+ -
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A further advantage of nano-ESI is that instead of the larger droplets in ESI (starting 

with around 1.5 µm diameter) smaller droplets are immediately formed, with a diameter 

around 150 nm (Fig. 4.9. b). Therefore the fission and shrinkage process has less steps and 

the upconcetration of the sample during shrinking is less significant. Consequently, nano-ESI 

MS has an increased salt-tolerance, 10
-2

 M NaCl was reported not to interfere with the 

measurement [69]. In case of proteins the m/z spectra typically represent multiple charge 

states. In the most frequently used positive mode of measurements the basic sites of the 

proteins get protonated, and the molecular weight is Mprot+z×MH, where Mprot is the 

molecular weight of the protein at neutral pH and z is the charge of the molecule. The 

neighboring peaks correspond to molecules differing in one H
+
. 

 

Fig. 4.10. Schematic picture 

of a multiply charged m/z 

spectrum and the equations 

describing two neighbouring 

peaks. 

 

 

The three equations shown in Fig. 4.10 contain three unknowns (z1, z2, M), thus the 

molecular weight can be determined. This can be repeated for all peaks and the averaged 

results give a precise solution for the molecular weight. In practice, a computer algorithm is 

used to convert the m/z spectra into mass spectra. The obtained data are compared with 

expected molecular weights of the sample. The addition of the average molecular weights of 

each residue in the sequence is the calculated mass of the protein, and in most cases this will 

correspond to the expected mass. However, if there are any metal cofactors or disulfide 

bridges, the expected mass will differ from the calculated mass by the atom weight of the 

metal ion minus the number of metal charges or SH groups participating in disulfide bridges. 

The reason is that the algorithm computing the molecular weight will consider the additional 

charge of metal ions as hydrogen atoms. The expected mass is then modified as 

Mexpected = Mcalculated + Mmetal – zmetal + 2nss-bridges. 

The first application of MS for metalloproteins was published in 1993 [70], focused on 

the metal binding of metallothioneins. In the ESI technique it is also possible to distinguish 

between metal cofactors and other ligands or associated metal ions, by increasing the internal 

energy of the complexes in the gas phase. The m/z spectra can add further structural details as 

compared to the mass spectra. On the m/z spectra the folded protein molecules appear in a 

narrow charge state range, because only certain groups on their surface can be protonated. As 

in opposite, unfolded proteins appear at lower m/z values due to higher charge states and in a 

wide range depending on the completeness of protonation. Therefore, this technique can be 

applied to study the metal-ion dependent structural features of the proteins [71, 72].  
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4.2.3. Determination of metal affinity by isothermal titration calorimetry 

In the ITC experiment the protein sample is titrated with the metal solution, and the 

energy associated with the reaction is directly measured. The heat effect (qi) after one 

injection can be described as  

            

where v is the volume of the cell, ΔH the binding enthalpy and ΔLi is the increase in the 

concentration of the bound ligand after the ith injection [73]. During the reaction the energy 

needed to maintain a constant temperature difference between the sample and reference cell is 

measured (μcal/s). The heat effect is then calculated as the area under the peak on the energy 

(μcal/s) vs. time (s) diagram (Fig. 4.11).  

 

 

Fig. 4.11. a) Schematic picture of the ITC cell. b) Data obtained during a titration based on an exothermic 
reaction. c) Calculated titration curve and data analysis based on the raw ITC data. The figures are adopted 

from the official description of the GE Healthcare MicroCal iTC200 instrument 

(http://biophysicscore.bsd.uchicago.edu/calorimetry.php). 

 

Since the free protein concentration decreases, the heat effect also decreases during the 

titration. The dilution heat has to be subtracted from data before analysis. It is important to 

avoid any other heat effects, e.g. metal ion – buffer interaction, therefore the metal salt has to 

be dissolved in the dialysis buffer of the protein. In the above equation ΔLi can be expressed 

in terms of Ka (association equilibrium constant) and n (stoichiometry) for different binding 

models including one or more independent or cooperative binding sites and finally Kd can be 

calculated. Based on the ITC experiment several thermodynamic data can be obtained: ΔH, 

ΔG = RTlnKa and ΔS can be calculated based on ΔG = ΔH-TΔS [73]. The heat capacity can 

also be determined by repeating the titrations at different temperatures. 

High affinity complexes are a limitation for the ITC method, because the curvature of 

the titration is too steep Fig. 4.12. 

  a) 

 

  b) 

 

  c) 
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It was shown, that the constant c = Ka × [P] product has to be lower than 1000 in 

order to the optimal interpretation of data [74]. This means that an association constant of 

maximum 10
8
 – 10

9
 M

-1
 can be accurately determined. Complexes of higher stability can only 

be studied by competition assays. 

 

 

 

Fig. 4.12 The effect of c = 

Ka × [P] on the shape of 

the titration curve, from 

[73]. 

 

 

The metal binding of proteins is frequently coupled with deprotonation processes. This 

reaction depends on pH and the ionization enthalpy of the buffer and therefore repeating the 

measurement in different buffers can allow for the calculation of the number of protons 

participating in the coupled reaction: ΔHmeasured = ΔHbinding + nH × ΔHionozation [74].  

 

4.2.4. Study of protein solution structure by circular dichroism spectroscopy 

The available methods for atomic structure determination of biomolecules (X-Ray 

crystallography, NMR) require high amount of sample and can provide data only in certain 

conditions, like single crystals or highly concentrated solutions. Circular dichroism (CD) 

spectroscopy is a supportive technique that is widely available and can be applied in 

physiologically more relevant experiments to study low resolution macromolecular structure 

and its changes.  

The linearly polarized light can be divided into two, circularly polarized light beams. 

If these beams are shined on a sample that absorbs both components at the same level, the 

beams are recombined to the same plane. However, if the sample contains chiral 

chromophores that absorb the components differently, the light going through the sample will 

be elliptically polarized (Fig. 4.13).  

  

Fig. 4.13. a) Combination of the left and 

right polarized light beams of the same 

intensity results in a linearly polarized light 

in the original plane. b) If the left and right 

polarized light beams are absorbed to 

different extent, the result is elliptical 

polarization. 
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In the CD spectropolarimeter the absorbance difference ΔA = AL – AR is measured, 

where AL and AR is the absorbance of left and right circularly polarized light, respectively. 

This is usually reported in ellipticity (θ), given in degrees. By definition, tanθ = b/a, where b 

and a are the minor and major axes of the ellipse. The conversion can be performed as θ = 

32.98 × ΔA [75]. It is convenient to calculate the molar ellipticity according to the formula  

[θ]molear,λ = 100 × θλ/c × d 

where [θ]molar,λ (deg cm
2
 dmol

-1
) is the molar ellipticity at a λ wevelength, θλ is the observed 

ellipticity, c the molar concentration of the protein and d the pathlength in cm. It has to be 

noted, that the differential signal is very low, usually around 10 mdeg that corresponds to 

around 3×10
-4

 in absorbance units. Therefore it is important to provide low absorbance 

backgrounds and buffers, salts and other components disturb the measurement in high 

concentration. 

Biological macromolecules have several chiral chromophores, and thus can be studied 

by CD-spectroscopy [75, 76]. Not only the atomic chiral centers, but also the secondary 

structure elements (α-helices, β-sheets) form chiral units. In the 170 – 260 nm range the CD 

signal of proteins is essentially attributed to electronic transitions in the peptide bond (Fig. 

4.14 a). The intensity and sign of the signal depends on their environment, i.e. on the 

secondary structure of the protein. 

 

Fig. 4.14. a) The electronic transitions of peptide bonds, taken from [77]. b) Typical CD spectra 

of the different protein secondary structure elements, taken from [76]. The grey line at 190 nm 

indicates the approximate lower limit for a conventional CD equipment. 

 

CD-spectroscopy is sensitive to conformational changes upon various reactions of the 

macromolecules, including the binding of metal cofactors or other macromolecules (protein, 

DNA). Temperature dependent CD measurements can provide information on protein 

stability. Computer algorithms are used to estimate the abundance of secondary structural 

elements in a protein by comparison to CD-datbases [77]. It has to be emphasized that for 

proper analysis the precise protein concentration has to be determined.  

 With the conventional CD instruments, e.g. the Jasco series, it is not possible to 

record CD spectra below ~180-190 nm for several reasons. The intensity of the Xe light 

  a) 

 

  b) 
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source decreases in this range. Water molecules and several buffer or salt molecules increase 

absorption at low wawelength. N2 gas used to purge the optical units for protection from 

ozone and to exclude oxygen that would absorb in the 180-200 nm range. In the synchroton 

radiation CD-spectroscopy (SRCD) it is possible to measure down to ~160 nm [76] due to 

high intensity beam and vacuum system [78]. In our experiments at the ASTRID beamline 

(Aarhus STorage RIng in Denmark), with a 0.2 mm quartz cell it was possible to measure the 

spectra from 170 nm.  

It has to be noted, that in case of metalloproteins CD-active charge transfer bands may 

appear, e.g. it was observed between 200 and 230 nm of Zn
2+

-containing metallothioneins 

[79]. 

 

4.2.5. Determination of protein concentration 

Even though concentration data is required for the interpretation of all quantitative 

experiments, there is no straightforward method available to determine it accurately [80]. One 

way is to calculate protein concentration from the UV-VIS absorbance spectrum of the 

sample. The spectrum has two peaks: ~280 nm (aromatic residues) and ~205 nm (peptide 

bonds) peaks. The extinction coefficient of the protein can be estimated based on the number 

of Trp, Tyr residues and disulfide bridges [76] at 280 nm: 

εprotein = nTrp × εTrp + nTyr × εTyr + nCys × εCys 

or alternatively [75], 

A280(1mg/ml; 1 cm) = (5690×nTrp + 1280×nTyr + 60×nCys)/Mprotein 

Based on the Lambert-Beer law the concentration can be calculated. It has to be noted, that 

both formulae refer to samples denatured in 6M guanidium hydrochloride. The determined 

value is reliable, if [75]:  

- the protein sample is homogenous,  

- there is no contribution from light scattering (indicated by the negative slope of the 

spectrum at 310-400 nm),  

- there are no absorbing contaminants (the nucleic acid impuirity is e.g. indicated by the 

A280/A260 ratio) 

- a correction is performed for the difference between unfolded and folded protein – this 

can be performed by the comparison of the absorbance with and without guanidium 

hydrochloride. Usually this ratio is between 0.9 and 1.1. 

The extinction coefficient of proteins in native state can be also estimated using experimental 

parameters based on a database of Trp and Tyr containing proteins. Assuming that all cysteins 

form disulfide bridges (otherwise the Cys term is neglected) [81]:  

A280(1mg/ml; 1 cm) = (5500×nTrp + 1490×nTyr + 62.5×nCys)/Mprotein 
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In this case there is no need to correct for unfolded/folded state, but the other previously listed 

criteria have to be fulfilled. The method was reported to be precise for Trp containing proteins 

but to have more than 10% error for the proteins without Trp. There is an online tool to 

estimate the extinction coefficient in aqueous solution as well as other parameters of the 

protein based on its sequence (http://web.expasy.org/protparam/). This uses the above 

equation and computes for both reduced and oxidized cysteines.  

There are also several methods that use a reference sample to determine the sample 

concentration, including Comassie blue staining, biuret method, Lowry method, Bradford 

method. However, all these methods may give results influenced by contaminations of the 

sample and are also invasive. The most precise method is the quantitative amino acid analysis, 

which is based on hydrolysis in 6M HCl or other special buffer followed by reverse phase 

HPLC and amino acid quantification. The method applies an internal standard, such as 

norleucine in a known amount. It gives multiple concentration data based on the amount of 

each amino acid (except for the one that may be destroyed by the method, like Ser and Trp) to 

give the final, averaged result. This method also indicates the purity of the sample, based on 

the ratios of different amino acids.  

4.2.6. X-Ray crystallography 

X-Ray crystallography provides detailed information of the atomic structure of 

proteins in crystalline state. It relies on the measurement of diffraction of X-Ray radiation on 

single crystals and the computation of the structural parameters based on the observations. 

4.2.6.1. Protein crystallization 

For the crystallization experiments a highly concentrated protein sample (>3mg/ml) is 

required. In the vapor diffusion methods the protein sample is mixed with a precipitant matrix 

in a small volume (0.2-2 µl), and the drop is placed into a special dish, either sitting on a plate 

or hanging on a silica surface (Fig. 4.15 a and b, respectively). Near the drop a higher volume 

of the precipitant (reservoir) is placed. After closing the compartment containing the drop and 

the reservoir the solutions start to equilibrate: water evaporates from the drop, because it is 

less concentrated than the high volume reservoir. The aim is to lead the solution on the phase 

diagram (Fig. 4.15 c) from the soluble phase to the labile zone, where the nucleation can 

occur and continue in the metastable zone where crystals grow.  

 

 

 

Fig. 4.15. a) Sitting drop crystallization method. b) Hanging drop crystallization method. c) 

General phase diagram for protein solubility taken from [82]. The nucleation occurs in the labile 

zone and the metastable zone is favorable for crystal growing. 

  a) 

 

 b) 

 

c) 
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The difficulty is that the phase diagram is unknown prior crystallization. Different proteins 

have different solubility and the understanding of the phenomenon is still limited. The most 

common strategy is to try several conditions in so called screens (24 or 96 different conditions 

in one experiment).  

In this work the JCSG+ [83, 84], a commercially available reagent set with 96 

solutions was used as a starting point for crystallization experiments. This set is a general 

sparse matrix or incomplete factorial screen which means that instead of systematically 

changing the conditions it is taking diverse points of the multidimensional parameter space to 

cover as many different conditions as possible. This is a good starting point for crystallization 

of a new protein. It contains different precipitants (polymers 59%, salts 22%, organics 19%) 

that are used to decrease the solubility of the protein by competing for the water molecules, 

making the solution oversaturated. There are other sets available that offer a systematic screen 

(“grid search”) based on the systematic variation of conditions such as pH, PEG, cations and 

anions (PACT screen, INDEX screen). The additive screen (e.g. HR2-138 of Hampton 

Research) can be used to influence the morphology of crystals  found in the initial hits. 

Additives are usually small molecules that can interact with the macromolecules and/or with 

the solvent molecules thus altering the protein-protein and protein-water interactions. This can 

influence not only the solubility of the protein but also the quality of crystals.  

After setting up the experiment the changes are observed with a microscope. For the 

record and analysis of the results a scoring system is used (Table 4.1). 

Table 4.1. Scoring system of Hampton Research 

1 Clear drop  

2 Phase separation  
3 Regular granular precipitate 

4 Birefringent precipitate or  microcrystals  

5 Posettes or spherulites  

6 Needles (1D growth)  
7 Plates (2D growth)  

8 Single crystals (3D growth, < 0.2 mm)  

9 Single crystals (3D growth, > 0.2 mm)  

 

The crystallization of protein/DNA complexes is usually more challenging, because 

one more component means a new parameter that influences the experiment. The length of 

DNA chain, its stability (especially if it is a short hybridized oligonucleotide), the Kd of 

protein-DNA complex, the change in intermolecular interactions all influence the 

crystallization process.  

To study metal binding the desired metal ion can be added to the sample in an 

appropriate concentration prior crystallization. Alternatively, the crystal can be soaked into 

metal-ion containing solution. The shorter the soaking time is, the lower the chance for the 

disruption of the crystal.  
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4.2.6.2. Crystal mounting and data collection 

The single crystals are birefringent and can be distinguished from other crystals with a 

polarizer on the microscope. However, the crystals obtained in the screens may not only 

consist of macromolecules, but commonly salt crystals or small organic molecule crystals are 

obtained instead. The protein crystals can be selected by dyes that can diffuse in the water 

content of the crystal and readily binds to protein molecules turning the crystal colored. 

However, the test crystal can not be used for data collection.  

For data collection the crystal has to be mounted from the drop. This can be done 

under microscope with a special nylon loop. It has to be quickly transferred to liquid nitrogen. 

The low temperature increases the lifetime of the crystal and also decreases the damage 

caused by X-Ray radiation during data collection. However, in most cases this method would 

lead to the crystallization of the water content of the drop disrupting the protein crystals. 

Therefore, the crystal is transferred for a short time to a drop of cryoprotectant solution (e.g. 

20% glycerol) prior freezing.  

 

 

Fig. 4.16. Scheme of the experimental 

arrangement for data collection. The 

position of the crystal can be rotated in all 

directions and the detector can be moved 

as well. The crystal is cooled during data 

collection in the fume of liquid nitrogen. 

 

Not only the features of the crystal but also the type of X-Ray source determines the 

quality of the obtained data. High intensity and microfocus X-Ray source is available at 

synchrotron beamlines allowing for data collections from crystals as small as 5 μm. The data 

collection is done following a strategy, because the high intensity X-Ray radiation quickly 

destroys the crystal by starting free radical reactions. The crystal can be moved in all 

directions in the beam (Fig. 4.16). The first step is to record two frames at a 90° difference. 

Based on the diffraction pattern it can be seen whether it is a protein crystal, if yes what is the 

unit cell and resolution of the crystal. After that several (500-5000) frames are recorded in 

different orientations of the crystal, usually rotating it by 180-360°. Thus a redundant data set 

is obtained decreasing the experimental error. 

4.2.6.3. Solving a protein crystal structure 

Interpreting crystallographic data of proteins into structural information is a complex 

task [85]. The molecules are regularly organized in the single crystal, and behave as a 

scattering grid. In most directions the scattered beams extinguish each other, but in certain 

directions, following Bragg’s low the intensity is enhanced: 

          

crystal
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where d is the distance difference in the way of light beam of two scattering centers (e.g. 

atoms),    is the angle between the light beam and scattering plane, λ is the wavelength of the 

light and n is an integer. This condition of constructive interference determines the directions 

where the scattered light beams (“reflections” in the traditional terminology) can be observed 

as spots on the detector. d depends on the structure of the molecule raising the opportunity to 

calculate structural data from the diffraction pattern.  

In the first step of solving a structure the unit cell and space group is determined. Then 

the data of different frames collected at different angles as compared to the detector are 

merged and the Miller indices are assigned to the reflections, and the software integrates the 

intensities of each spots. 

The main difficulty is to solve the “phase problem”: the intensity of the diffracted 

beams is observed, but there is no tool to detect the phases of the beams. In case of small 

molecules direct mathematical methods can be applied, but that is not the case with 

macromolecules. One method is to add high electron density atoms, like metal ions or halide 

ions to the crystal by soaking and use their signal to get the initial phases. However, if there is 

a related structure available, a much easier way is to perform molecular replacement. The 

model of the template structure is fit with a subsequent rotational and translational functions 

and then used to calculate the initial phases that can be used as a starting point for model 

building and refinement. 

The final step is to refine the structure. This includes automated computer algorithms 

as well as manual modifications of the model. The new model is used then to calculate an 

electron density. The atomic positions are adjusted so that they fit the measured data better. 

The success of refinement is characterized by the Rwork factor, a statistical parameter showing 

how far the calculated and observed amplitudes are. It is defined as Rwork = ∑|Fobs-Fcalc|/∑Fobs 

where Fobs is the observed and Fcalc the calculated amplitude. The lower the Rwork factor, the 

better the fit. Similarly to the fitting of polynomial expressions to a data set, this can result in 

overinterpretation of the data. A related parameter, Rfree is calculated in a similar way but on a 

set of data (usually 5-10%) excluded from the refinement process. In a good refinement Rfree 

does not exceed Rwork by more than 7% [85]. In the opposite case the changes induced to the 

model would interpret the experimental noise as signal. The refinement is continued until the 

R-values can not be further minimized significantly and the structure is chemically 

reasonable. To check this the molecules are analyzed with the aid of empirically derived 

geometrical rules, like usual bond length, angle, common rotamers of residues etc. The 

generation of Ramachandran diagram of protein residues reveal outliers that may be 

misinterpreted. At low resolution it is possible to observe alternative conformations of the 

proteins. 

4.2.6.4. Deposition of crystal structure 

The experimentally determined coordinates of biological macromolecules are written 

in the .pdb file format, and are collected in the Protein Data Bank (PDB Database, 

www.pdb.org) [86]. The pdb file contains information of the publication related to the 
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structure, details of experimental and computational methods of structure determination, 

statistics, secondary structure elements, missing residues etc. In the second part the Descartes-

coordinates of each atoms are listed line by line. Each line contains the occupancy and B-

factor of the atoms as well. The occupancy is lower than 1.0 if only a fraction of the 

molecules contains the given atom at the given position in the crystal. The B-factor or 

temperature factor shows how strict the position of the atom is in the crystal. The higher the 

temperature factor the more flexible the atom and the less precise its position is in the electron 

density map. 

 

4.3.  FURTHER METHODS TO STUDY DNA-BINDING AND NUCLEASE ACTIVITY  

4.3.1. Electrophoretic mobility shift assays 

Electrophoretic mobility shift assays (EMSA) rely on the observation that molecules 

with different charge, shape and size have different electrophoretic mobility in a gel matrix in 

an electric field. For DNA molecules longer than ~100 bp, agarose gels are suitable. The 

experiment is easy to perform and robust. For low amount of DNA or short sequences low % 

(5-10%) native PAGE is more appropriate. 

The cleavage of DNA by nucleases can be followed using the EMSA technique, in 

time course experiments. Bacterial plasmids, common choice for such experiments are 

naturally in supercoiled form, and once a single strand cut (nick) occurs, the DNA turns to a 

relaxed opencircular form. Double strand cleavage or two single strand cleavages at the 

opposite strand, close to each other lead to a linear fragment. These forms of DNA have 

different mobility properties in the agarose gel, thus even a single strand cleavage can be 

observed (Fig. 4.17 a and b). 

 

     
Fig. 4.17. a) Different forms of bacterial plasmid DNA b) Electrophoresis of a plasmid DNA 

sample c) Schematic representation of protein binding in EMSA 

 

Protein binding to DNA can also be observed in EMSA experiments. In most of the 

cases the protein/DNA complex moves slower in the gel as compared to free DNA molecules, 

due to altered shape and charge. Applying a range of protein concentrations, the DNA-

binding of the protein can be quantified. It is a semiequilibrium technique and the DNA-
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binding affinity can be either slightly increased or decreased in the gel cages. It is also 

possible to distinguish between specific and nonspecific binding (Fig. 4.17 c). In case of 

sequence specific binding the composition of the complex is determined and the shifted band 

is sharp and intense. If the binding is nonspecific, several protein molecules may bind to the 

DNA, and a smear is observed consisting of a mixture of complexes with different 

composition and stability. It is also important to optimize the buffers used for electrophoresis 

and sample loading. A number of parameters needs to be optimized: ionic compounds, such 

as NaCl can be added to decrease the ionic interactions thus increasing specificity, and to 

stabilize the hybridized form of short DNA sequences; EDTA or metal cofactors can be used 

if the protein function requires that; nonionic detergents can be used to improve protein 

solubility and decrease aggregation.  

The detection of DNA can be performed by several methods. In the noncovalent 

detection methods fluorescent molecules are used, that significantly change fluorescence 

intensity upon DNA binding. Such probee is e.g. the ethidium-bromide, increasing 

fluorescence after intercalating between neighboring base pairs of the DNA molecule. 

However, the detection level of these methods is low causing severe limitations of 

applicability. Furthermore, they compete with other ligands binding to the DNA molecule. 

Another option is to use covalent labeling of DNA-molecules including radiolabeled groups, 

e.g. γ
32

P-ATP. Covalent fluorescent labeling molecules and biotin can also be used to detect 

DNA molecules.  In case of short DNA sequences that have a low melting temperature, the 

whole procedure has to be carried out at 4 °C. 

 

4.3.2. Linear dichroism spectroscopy 

Linear dichroism (LD) spectroscopy is a technique related to circular dichroism 

spectroscopy, but measuring the difference in the absorption of two perpendicular linearly 

polarized beams of light. In a homogenous sample there is no such absorption difference. An 

LD signal can only be observed if the sample has an anisotropic orientation, and thus the 

transition dipole moments of molecules are also oriented to a specific direction. 

Consequently, the LD signal depends not only on the concentration, but also on the degree of 

orientation in the sample. UV/VIS measurements can provide information about the total 

concentration of the sample, and LD about the degree of orientation. It is defined as    

      , where A|| and    are the absorbances of the paralell and perpendicularly linearized 

light, respectively, compared to the orientation axis of the molecule. The orientation can be 

achieved e.g. in stretched polymer films or in the so called micro-volume Couette cell that 

was designed for the study of macromolecules [87]. It consists of a quartz cylinder and a 

quartz rod that fits into the cylinder. The sample is filled into the narrow gap between them, 

and one of them (usually the outer cylinder) is rotated at a high speed, e.g. 3000 rpm. As a 

result, fiber-shaped molecules are oriented in the flow by mechanical shear forces (Fig. 4.18). 
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Fig. 4.18. Scheme of flow LD-spectroscopy. The sample is oriented in the Couette cell and thus 

absorbs the components of the two linearly plarized lights differently. The LD-spectrum of a long 

(thousends of bp-s) DNA chain is shown as an example, which has the same peaks but opposite sign 

as compared to the absorption spectrum. The high tension (HT) value is proportional to the UV-VIS 

absorption and simultaneously measured by the instrument. 

The bases in DNA molecules are stacked and twisted around the axis of the helix. If 

the molecules are oriented in the cell, their π-π* transitions below 300 nm give rise to LD-

signal [88]. Since the bases and their in-plane transition moments are perpendicular to the 

orientation axis, the LD-spectrum of DNA is negative. It has peaks at the same wavelength as 

the UV-VIS spectrum, but the intensity depends on the concentration and orientation efficacy 

that is influenced by the length, flexibility and ligand binding of the DNA. If the ligands are 

oriented by DNA-binding, they can have LD-signal themselves. Ligand binding also 

influences the dynamics of DNA chain affecting the intensity of the spectrum.  

Enzymatic reactions resulting in the modification of DNA can be followed by LD 

spectroscopy. Since the orientation ability decreases with the decreasing length of DNA 

chains, DNA cleavage can be also studied. Kinetic parameters of restriction endonucleases 

digesting plasmid DNA have been determined with LD-spectroscopy, and the results were in 

agreement with those obtained by other techniques [89-91]. However, with a protein having 

more than one cleavage site in the DNA chain, the phenomenon becomes complex to describe 

mathematically. Nevertheless, LD-spectroscopy provides a possibility to study nuclease 

activity in a non-invasive manner. 

4.3.3. Atomic force microscopy 

Atomic force microscopy (AFM) is a technique that can be used to study surfaces with 

molecular detail. The sample is fixed to the piezoelectric scanner positioned with a 

subnanometer accuracy (Fig. 4.19). The end of the tip has a radius of curvature in the order of 

nanometers. Its vertical movement is detected by a laser beam, reflected to the detector. The 

interatomic interactions between the sample and the tip are directly measured, and the 

Linearly polarized light beams

motor
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Quartz cylinder

Thermostat

Detector

Oriented sample:
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topography of molecules on the surface can be analyzed. In contrast, STM (scanning 

tunneling microscope) would require the electric conductivity of the sample.  

 

 

Fig. 4.19 Scheme of AFM measuring 

atomic interactions between the sample 

and the tip [92]. 

 

 

 

 

The surface can be scanned in various modes. In the contact mode the repulsion while 

in the non-contact mode the attraction forces between atoms are used. However, the strong 

contact may damage the biological sample, and therefore these molecules are studied in the so 

called tapping mode (or intermittent contact mode). In this mode the cantilever is vibrated at a 

frequency close to its resonance frequency, with a small amplitude. As the tip approaches the 

sample surface, the van der Waals attractive forces change the amplitude and phase of the 

vibration. 

A further difficulty in case of biomolecules is that they are usually hydrophilic in 

nature. The mica surface, that is commonly used to bind the biomolecules is also hydrophilic, 

likewise the tip. They can bind water molecules that form a bridge when the tip approaches 

the sample. The oscillating tip in the tapping mode can break this force, and thus the effect 

can be eliminated.  

DNA can be deposited onto a mica surface in presence of Mg
2+

- or other divalent 

metal ions [93]. The role of cations is to bind the negatively charged DNA molecules to the 

negative mica surface by electrostatic interactions. During this the DNA-chain behaves as a 

flexible polymer and equilibrates on the surface [94]. Functionalization of the mica surface 

can allow for different binding mode of DNA molecules [92]. Protein binding to DNA, 

protein induced DNA-bending [95-97], and cooperative DNA-binding of DNA 

methyltransferase 3a [98] were visualized by AFM. In the latter case the WT protein binds to 

DNA cooperatively and protein molecules cover DNA in all length, thus a high profile is 

observed, while in case of a mutant cooperativity is lost and discrete protein molecules are 

observed on the DNA-surface. 
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4.4. COMPUTATIONAL METHODS 

In contrast to experiments that study macroscopic features of materials, computational 

modeling aids to describe features of individual molecules. The more atoms are included in 

the system, the higher is the computational cost of the modeling. This results in limitations 

and the method has to be chosen according to the question asked. Quantum chemical methods 

augmented with approximations are appropriate to study macromolecular systems, but such 

calculations have high computational requirements. Newtonian mechanics can be routinely 

used for macromolecules, but due to its classical nature it can not be applied to describe 

electronic states. The combination of different methods according to the question to answer 

can provide a valuable tool augmenting the experimental studies. 

4.4.1. The visualization of macromolecular structures 

The structure of macromolecules can be determined on atomic detail e.g. by X-Ray 

crystallography or NMR-spectroscopy. Both the experimental and modeled structures can be 

understood via visualizing them in three dimensions by using the Cartesian coordinates of the 

atoms. Numerous softwares are able to perform this based on the list of coordinates of the 

atoms in the molecule. The figures in this work are made in PyMOL 1.3 (The PyMOL 

Molecular Graphics System, Version 1.3 Schrödinger, LLC.), a free software for academic 

use. It has a graphical interface and command line as well. Apart from the publication quality 

representation of structures in different modes (line, stick, cartoon, surface etc.) it can perform 

the alignment of different structures based on structural similarity. The root mean square 

deviation (RMSD) of the superposed structures is also computed. The different operations in 

PyMOL can be controlled and automated by python scripts. 

 

4.4.2. Molecular dynamics 

Molecular dynamics (MD) simulations provide details of atomic structure and 

movement. MD can be used to model conformational changes and flexibility of molecules on 

a time dependent manner. Classical MD is a molecular mechanics based method, which 

means that the atoms are considered as objects moving according to classical mechanical 

laws. The required input data includes the initial coordinates of the biomolecule, this can be 

obtained from crystal structures or from other modeling tools. Then the initial velocities are 

generated based on e.g. Maxwell-Boltzmann velocity distribution. The potentials and forces 

acting on each atoms are computed. Based on the results the geometry is updated, the new 

physical properties (energies) are computed and written to the output file. The process is 

repeated millions of times and the changes of the computed parameters as a function of time 

steps compose the trajectories. After the MD algorithm finished, the required information can 

be extracted or computed from the trajectories. The calculation follows the scheme shown in 

Fig. 4.20.  
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Fig. 4.20 Scheme of an MD simulation. In the 

update step the Newtonian equation of motion is 

solved numerically: 

 

There are numerous methods for the integration 
of the equations of motion, e.g. Verlet-algorithm, 

Leap-frog algorithm and velocity-Verlet 

algorithm. They differ in the order of 

computation of forces, velocities and positions. 

   

 

4.4.2.1. Computation of the MM energy 

In order to determine the forces acting on each atoms of the system it is necessary to 

compute the interaction energies of each atom with the surrounding atoms. The energy 

calculations in basic molecular mechanics involve separated terms that contribute to the total 

energy (V) of the system: energy related to bond stretching, bond angle bending and torsion 

are the bonded terms and the nonbonded interactions involve electrostatic (Coulomb’s law) 

and van der Waals terms (Lennard-Jones potential). 

                                    

 
 

 
           
 

         
  

 

 
        
 

         
 

  
  
 
                

    
      

      
     
   

 

  

   
     
   

 

 

  

 

   

 

   

 

The position of the atoms (ri), the angle of the bonds (  ) and the distances between atoms 

(rij) are determined by the geometry of the system.           ,        , are constants Hooke’s 

law, n is the number of different torsion positions,       is  obtained from the van der Waals 

parameters of i and j atoms. These latter constants have to be known for each type of atom in 

the molecule, and therefore they are stored in force fields. They are empirically derived data 

of interaction energies, geometry constraints etc. Different force fields are optimized for 

different group of molecules (protein, DNA, alkanes etc.). The bonded terms are easily 

obtained, but in case of nonbonded interactions it is more problematic to determine which 

interactions have to be computed.  

The simulations can represent NVT (canonical), NVE (micorcanonical) or NPT 

(isothermal-isobaric) ensembles, where N means the constant number of atoms, V, E and T 

the constant  volume, energy and temperature of the system, respectively. These are achieved 
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by restraints of features related to the constant, such as kinetic energy in case of the 

temperature. 

 

4.4.2.2. Set-up of the simulation 

Several preparation steps are required prior to the simulation, even when the starting 

structure is already known. In the present work the following strategy was applied: 

1) Construction of topology files containing sequence data of protein, DNA or 

combined and references to the corresponding force field files 

2) Setting up distance restraints: if a restraint is needed, it has to be specified 

according to the atom numbering used by the MD software 

3) Convert the initial geometry to a special file format according to the software used 

4) Generate coordinates for hydrogen atoms if the initial file does not contain them 

5) Energy minimization to relax hydrogen atoms 

6) Generate solvent box around the macromolecule with the selected solvent model 

7) Energy minimization with solvent 

8) Substitute the required number of water molecules by ions to provide ionic 

strength resembling natural solution 

9) Equilibrate system 

10) Run productive MD simulation 

The water molecules can be explicitely involved in the simulations with different 

water models, such as SPC (regarding a water molecule as point charges at the position of the 

atoms) or the more complex TIP3P, TIP4P. The solvent box may have a cubic or other shape. 

In the calculation the edge of this box would extend to the vacuum. To avoid this 

phenomenon the so called periodic boundary conditions are used. In this algorithm if an atom 

moves out from the box at the edge, it will move in at the opposite side of the box. This 

means that the box appears to be repeated infinite times, each containing the same 

macromolecule. The solutes molecules in the neighboring boxes must not interact, because 

that would mean an artifact: the molecule woould interact with itself (with its image in the 

neighboring box). Therefore the minimal size of the box is a = 2 rcutoff + dmolecule, where rcutoff 

is the limit of the van der Waals interactions and dmolecule is the diameter of the 

macromolecule.  

It is important to mention the limitations of MD simulations. The simulations are 

classical, thus excited states and chemical reactions can not be modeled. The force fields are 

approximate and long range interactions are cut off at a certain value. The boundary 

conditions do not represent a real ensemble but an unnatural state. Nevertheless, MD is a 

highly supportive technique for the experimental tools both in predicting and understanding 

dynamic features of macromolecules. 
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4.4.3. Semiempirical quantum-chemical calculations 

Although molecular mechanics provides a possibility to calculate structure and 

energetics of macromolecular systems, it is not applicable for problems involving quantum 

features, such as electronic states. The quantum chemical equations can describe these 

phenomena, including the formation or disruption of chemical bonds and precise atomic 

interactions. However, these calculations require a high computational cost limiting their use 

for small molecules. They rely on the Hartree-Fock methods (self-consistent field 

calculations), solving the nonrelativistic Schrödinger equation for molecules within the Born-

Oppenheimer approximation. Semiempirical quantum chemical methods provide a 

compromise between these two extremes introducing further approximations, at the same time 

using empirical parameters to augment the calculations. The parameters are derived to best 

agree with experimental or ab initio (without parameters) calculations. The two electron 

integrals are approximated or omitted. 

Parametric method 6 (PM6) is based on the neglect of the diatomic differential 

overlap (NDDO) [99]. It has several improvements as compared to earlier NDDO-based 

methods (AM1, PM3) including parametrization based on a larger data set with an emphasis 

on biological molecules, parametrization of several metal ions and improved empirical 

description of hydrogen bonds. It contains a core-core diatomic interaction term and an 

approximation for d-orbitals. This method can be used effectively to describe 

macromolecules. However, the weak interactions are not adequately described. The DH 

approximation was introduced to include an empirical dispersion energy and an electrostatic 

term to improve the description of hydrogen-bonded complexes [100]. The hydrogen bonding 

scheme was further improved resulting in the DH2 augmentation [101]. The PM6-DH2 

method was proved to model proteins with a good accuracy.  

In order to use semiempirical methods involving all atoms of the macromolecules, an 

effective method was needed for the solution of the self-consistent field equations. In the 

method usually used for semiempirical calculations the SCF equations are solved with matrix 

algebra methods, resulting in a computational time proportional to the 3
rd

 power of the 

number of atoms in the system. This is a severe limitation for the biological systems. It could 

be decreased to a quadratic function by dividing the molecule into groups.  In the extreme 

case one atom is considered to be one group. This is the base of localized molecular orbitals 

(MOZYME method, [102]), where the molecular orbitals are obtained from the Lewis-

structure of the molecule instead of orbitals involving all atoms in the molecule. This results 

in the linear scaling of the method, and thus it can be effectively used for macromolecular 

systems [103].  
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4.4.4. QM/MM calculations 

As a result of the great improvement of computational facilities in the last years it 

became possible to compute as large systems as 100-200 atoms in a quantum chemical way. 

However, even these systems are too small for the modeling of biomolecules containing 

thousands of atoms. Such large systems can be described by classical molecular mechanic 

(MM) models, but the accuracy of those methods is often not enough. The hybrid QM/MM 

methods were developed to unite the advantages of the molecular mechanics (fast calculation 

on large systems) and that of quantum chemical calculations (accurate description of the 

structure involving electrons). While the global protein structures and folds are undoubtedly 

best predicted by X-ray crystallography, the QM/MM calculations seem highly competitive 

and complementary method for the local structural details [104, 105]. 

 

4.4.4.1. Definition of the QM/MM energy 

In the QM/MM model the system is devided into layers (Fig 4.21). The region of 

interest is calculated on quantum chemical (QM) level, while its surroundings are treated by 

MM methods. This approach proved to be successful in modelling enzymatic reactions. 

However, several problems arising from the interface of the two regions have to be 

considered. Usually, there are 3 layers in the model (Table 4.2).  

Table 4.2 The layers of a typical QM/MM calculation 

Name 
Level of 

computation 

Fixed atom 

positions? 

System 1 QM No 
System 2 MM No 

System 3 MM Yes 

 

System 1 is the part of the system calculated on QM level (usually DFT methods). 

System 2 and 3 are the parts calculated by MM methods. The difference between these two is 

that in system 2 the atoms are allowed to move, while in system 3 they are in fixed positions. 

The inclusion of system 3 does not fasten the calculation, the reason for using it is a 

theoretical problem for locating energy minima and transition states by QM/MM methods. 

The problem is arising from the large number of local minima found for the system, making it 

difficult to identify the desired points of the energy surface. This effect can be decreased by 

fixing the positions of the outer atoms. In this way also the hydrogen bond network 

reorganization at the vacuum-water interface can be avoided. 
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Fig 4.21 The QM/MM model of the NColE7-DNA complex. The magnified atoms in stick 

representation constitute the QM region. 

 

The energy of the system is not a simple sum of the QM and MM parts, because these 

two regions, being a part of the same molecule, strongly interact with each other. For this 

reason the energy of the system is defined as 

EQM/MM = EMM123 – EMM1 + EQM1 

where E is the total energy of the system, EMM123 is the energy of the whole system computed 

on MM level, EMM1 is the MM energy of the quantum system and EQM1 is the energy of the 

quantum system. 

4.4.4.2. The QM/MM interface 

During the selection of quantum region covalent bonds have to be “separated”. In the 

resulted quantum system there will be missing valances of these  atoms, which would cause 

serious artifacts in the calculation. To avoid this, so called link atoms are used that are 

normally hydrogens added in position of the neighbouring atom in system 2. It is best to cut 

nonpolar C-C bonds, because the C-H(link) bond also has a low polarity. In the MM 

calculations parameter sets are used for the different residues. Near the QM/MM interface 

several residues are included only partially in system 2, which means that the parameter sets 

for such truncated residues have to be constructed. 

4.4.4.3. The ComQum program 

ComQum is a program for combined QM/MM optimisations [106, 107]. It performs 

quantum chemical calculations with the program Turbomole and molecular mechanics 

calculations with the program package AMBER. The scheme of its computation is shown in 

Fig. 4.22.  
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Fig. 4.22 Flow scheme of 

the original ComQum 

program based on the 

description found at 
http://www.teokem.lu.se/~ul

f/ comqum.html. 
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5. RESULTS  

5.1. NCOLE7 AS A POSSIBLE BUILDING BLOCK FOR A CONTROLLED ZINC-FINGER 

NUCLEASE 

 

As it turned out from the results on the N-terminally truncated mutants [43] and 

described in the previous chapters, NColE7 has an interesting feature in that its termini are 

cooperating during the catalytic reaction. The C-terminal HNH motif is considered to be the 

active centre, but the protein can not function if four residues (446-KRNK-449 referred as 

“KRNK” in the followings) are deleted from N-terminus – even though the protein structure 

is not significantly altered. The understanding of this phenomenon is essential for the design 

of a controlled nuclease based on the function of N-terminus. Therefore, I addressed the 

question, how these positive residues influence the activity of the protein. The four point 

mutants included KGNK, KGNG, GGNK and GGNG named after the sequence substituting 

the KRNK part of the protein. The mutation sites are shown in Fig. 5.1. 

 

 

Fig. 5.1. a) Location of the selected mutation sites shown in the 3FBD crystal structure [48]. They constitute the 

N-terminus (blue) but get sterically close to the C-terminal HNH-motif (yellow) and other parts of the protein 

(green). Apart from the intramolecular H-bonds of the N-terminal backbone the R447 sidechain interacts with 
two phosphate groups of DNA (grey) including the scissile phosphate. b) Sequence of the WT NColE7 and the N-

terminal point mutants of this study. The first 8 residues (grey) are the result of the applied purification 

procedure (remaining from the GST-tag). The N-terminal loop is written in blue with the mutations in red. The 

HNH-motif is written in yellow. 

NColE7 438-GPLGSPEFKRNKPGKATGKGKPVNNKWLNNAGKDLGSPVPDRIANKLRDKEFKSFDDFRKKFWEEVSKDPEL

KGNK 438-GPLGSPEFKGNKPGKATGKGKPVNNKWLNNAGKDLGSPVPDRIANKLRDKEFKSFDDFRKKFWEEVSKDPEL

KGNG 438-GPLGSPEFKGNGPGKATGKGKPVNNKWLNNAGKDLGSPVPDRIANKLRDKEFKSFDDFRKKFWEEVSKDPEL

GGNK 438-GPLGSPEFGGNKPGKATGKGKPVNNKWLNNAGKDLGSPVPDRIANKLRDKEFKSFDDFRKKFWEEVSKDPEL

GGNG 438-GPLGSPEFGGNGPGKATGKGKPVNNKWLNNAGKDLGSPVPDRIANKLRDKEFKSFDDFRKKFWEEVSKDPEL

NColE7 SKQFSRNNNDRMKVGKAPKTRTQDVSGKRTSFELHHEKPISQNGGVYDMDNISVVTPKRHIDIHRGK-576

KGNK SKQFSRNNNDRMKVGKAPKTRTQDVSGKRTSFELHHEKPISQNGGVYDMDNISVVTPKRHIDIHRGK-576

KGNG SKQFSRNNNDRMKVGKAPKTRTQDVSGKRTSFELHHEKPISQNGGVYDMDNISVVTPKRHIDIHRGK-576

GGNK SKQFSRNNNDRMKVGKAPKTRTQDVSGKRTSFELHHEKPISQNGGVYDMDNISVVTPKRHIDIHRGK-576

GGNG SKQFSRNNNDRMKVGKAPKTRTQDVSGKRTSFELHHEKPISQNGGVYDMDNISVVTPKRHIDIHRGK-576

  a) 

 

 b) 
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The sequence shown in Fig. 5.1 b contains additional residues as compared to the natural 

enzyme on the N-terminus. This is a result of the applied purification procedure, remaining 

from the GST-tag after protease cleavage. Since this short sequence does not contain any 

positively charged sidechains, it is considered not to interfere with our experiments. 

The detailed experimental conditions and computational methods applied related to the 

results of this chapter can be found in the Appendix chapter 10.1. 

 

5.1.1. Cloning and toxicity of NColE7 and its mutants 

The genes of the mutant proteins were attempted to be constructed with the method 

described in chapter 4.1.1, including the PCR, restriction enzyme digestion and ligation. The 

mutations were introduced with the primers. The resulted PCR fragment was inserted into a 

pGEX-6P-1 plasmid between the restriction sites EcoRI and XhoI. The new plasmid was then 

transformed to E.coli DH10B cells. However, DNA sequencing showed unwanted base 

mutations that resulted also in amino acid mutations. After several trials the statistics showed 

that the unwanted mutations occur mostly within or close to the active site. By investigation 

of the process we found that these mutations arose from the PCR as a minuscule side reaction 

(Fig. 5.2). In DH10B cells there is a basic level of protein expression. The target proteins 

were toxic for the cells, while the side products containing active site mutations (Fig. 5.3) 

were nontoxic and thus the cells could survive with them. Thus, the bacteria that contained an 

erroneous gene after transformation were selected in the procedure.  

 
Fig. 5.2. a) A scheme of recombinant gene production. A template is modified by PCR, and then built into a 

carrier plasmid providing antibiotic resistance. After transformation to bacteria and their cultivation the 

plasmid containing the gene can be extracted. b) The scheme of the process leading to genes with random 

mutations. The unexpected mutations are formed in a side reaction of PCR. If they abolish the toxic nuclease 

activity of the NColE7 mutants, the cells can survive. 
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Fig. 5.3. Location of the random 

mutations, as shown on the crystal 

structure 3FBD (D493Q-NColE7 in 

complex with a 18 bp DNA). The 

residues in red occur as single site 

mutations, while the orange ones are 

double site mutations. 

 

 

 

This implies that the designed N-terminal point mutants (including KGNK, KGNG, 

GGNK and GGNG) did not lose the cytotoxic effect. The several obtained erroneous plasmids 

could not be used for protein production, but these experiments provided useful information 

regarding which residues might be important in the function of NColE7. Later, in the process 

of NColE7 redesign this information was supporting the computational design [108]. 

In the following, we used a different strategy for cloning of the toxic proteins. The 

genes of the mutants were amplified together with the Im7 protein and cloned into the pGEX-

6P-1 vector [47, 63]. As described in the previous sections, NColE7 and Im7 form a stable 

protein complex that prevents the host cell from the toxic effect of the nuclease (Fig. 5.4).  

 

 

Fig. 5.4. Scheme of the plasmid that 

contains the NColE7 gene as well as the 

Im7 gene. 

 

 

 

 

 

5.1.2. Protein purification 

The NColE7 mutant proteins with the Im7 protein could be overexpressed in BL21 

(DE3) cells [63]. The drawback of this procedure is that the nuclease and the immunity 

protein have to be separated during purification. To achieve this, two sequential HPLC 

purification steps were applied following a modified protocol of [50]. First the GST-

NColE7/Im7 complex was separated from the other proteins of the cells by GST-affinity 

chromatography. After that the pH was decreased from 7.9 to 3.0. The protonation of several 

sidechains at low pH induces the repelling forces between NColE7 (pI = 10.1) and the Im7 

protein (pI = 5.2) which became also protonated and positively charged. Thus the complex 
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dissociated and a cation exchange chromatography at pH = 3.0 was performed to separate the 

proteins. NColE7 and its mutants were eluted at ~1M NaCl concentration, while the immunity 

protein was collected after the gradient elution, at pH 7.9. Fig. 5.5 shows a representative 

example of the sequential purification. 

 

Fig. 5.5. Example of the two-step HPLC purification of the mutant proteins: the chromatograms and 

SDS-PAGE analysis. After the GST purification step (left side) the GST-NColE7(m) was obtained (27 

kDa protein). This was followed by the protease cleavage and a cation exchange chromatography (right 

side) that lead to the 16 kDa target protein. The Im7 protein fraction was also collected during the 

regeneration of the column. NColE7(m) – mutant NColE7, M – protein standard marker, R – raw extract 
from sonicated cells, S – supernatant of R, P – pellet, G – collected fractions from GST affinity 

chromatography. 

 

The fractions containing the target protein were collected, and the elution buffer was 

exchanged to 20 mM HEPES (pH = 7.7) by ultrafiltration. The molecular weight was 

measured by nano-ESI MS technique, after the addition of one equivalent Zn
2+

-ion. The 

summary of protein production can be found in Table 5.1. The measured and expected 

molecular weights suggest the presence of one Zn
2+

-ion per molecule.  

 

Table 5.1. Expected and measured (ESI-MS) 

molecular weight of the proteins and their 

amount produced. The molecular weights refer 

to the holo form of the WT NColE7 and its 
mutants containing one Zn2+-ion. The spectra 

were recorded after short incubation of the 

proteins with one equivalent of Zn2+-acetate. 

 

5.1.3. N-terminal mutations decrease nuclease activity of NColE7 

The gene cloning experiments revealed that the N-terminal point mutants are 

cytotoxic, which is most probably caused by their nuclease activity. Using the purified 

proteins we performed further experiments to describe the nuclease activity in detail. The 

most convenient tool to follow DNA cleavage is to check the DNA-content of the reaction 
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mixture by agarose gel electrophoresis. Bacterial plasmid DNA is frequently applied in this 

assay, because it is sensitive for even a single strand cleavage, as shown in chapter 4.3.1. The 

natural superhelical form is circular and compact, thus it moves easily in the pores of the gel 

as compared to the opencircular or linear forms that arise as a result of single or double strand 

cleavage, respectively.  

 
Fig. 5.6. Digestion of 28 nM pUC19 (that is 74 μM calculated for base pairs) by 2.8 µM NColE7 
mutants, incubated with one equivalent zinc(II)-acetate before mixing with DNA [63]. The 

supercoiled (SC) DNA is first cleaved on one strand resulting the open circular (OC) form. 

Cleavage on the opposite site of the single strand cleavage results in the linear (Lin.) form. The 

samples were kept at 37 °C and run subsequently on 1% agarose gel. 1 kb Molecular Ruler 

(BioRad) served as the reference.  

 

As Fig. 5.6. shows, the supercoiled form of the plasmid already disappeared at the first 

measurement point (approximately 2 minutes after mixing the solutions) in the presence of 

NColE7, while it was still detectable after 140 minutes in the DNA solutions containing the 

NColE7 mutants. The increasing amount of linearized plasmid could be observed in case of 

the mutants indicating the slow reaction. 

The DNA-cleavage was further investigated by FLD-spectroscopy with a different 

type of DNA molecule. Calf thymus (CT)-DNA consists of extended linear and hence easily 

orientable chains. As the nuclease cleaves the CT-DNA the chains shorten and thus aquire a 

lower degree of orientation in the Couette flow cell yielding an LD intensity decrease in 

absolute value (Fig. 5.7). The absorbance was constant during the reaction, indicating that no 

DNA was lost e.g. by precipitation during the experiment. The LD intensities at 260 nm were 

evaluated as a function of time Fig. 5.7 b.  
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Fig. 5.7. a) Cleavage of 130 µM (base pairs) CT-DNA by the KGNK mutant (0.5 µM) followed 

by flow linear dichroism spectroscopy. b) The LD signal intensity at 260 nm is taken from 

baseline corrected spectra of aliquots of the stock solutions, incubated at 37 °C [63]. Control 

experiments included CT-DNA incubated at 37 °C without or in the presence of 0.5 µM ZnCl2, 

0.5 µM NColE7 and 60 µM EDTA or 0.5 µM NColE7 and 1 µM Im7. The proteins were pre-

incubated for 30 min in the presence of one equivalent ZnCl2. 

 

In agreement with the plasmid cleavage experiments the reaction of the WT NColE7 is very 

fast, and all the mutants cleave DNA significantly slower. The exact evaluation of the curves 

is difficult, because the effect of single- or double-strand cleavages of DNA have a complex 

effect on the orientability of the DNA chains and thus on the LD-spectra. From these 

experiments we concluded that KGNK retained higher activity than the mutants lacking two 

or more positive charges from the N-terminus. This implies, that the presence of both lysines 

facilitates the cleavage to a low extent. At the same time, there is only minor difference 

between KGNG or GGNK and GGNG. It is worth to note, that even GGNG had a low 

nuclease activity, which is in agreement with the observation that during the DNA cloning 

procedure it was cytotoxic. Nevertheless, all the mutants showed a dramatic decrease in 

nuclease activity confirming our previous idea, that the N-terminus of the protein is essential 

for the reaction. In the following we studied the features of the mutants to get a deeper insight 

into the role of the N-terminus. 

 

5.1.4. Investigation of reasons that lead to decreased nuclease activity  

The nuclease activity of the N-terminal point mutants decreased in the order KRNK 

>> KGNK > KGNG ~ GGNK > GGNG. This is in agreement with the observation that the 

R447A mutant (KANK) has the 15% of the WT activity [62], however, the structural reasons 

of this phenomenon have not been studied.  

5.1.4.1. Solution structure and metal binding 

The SRCD spectra of each mutants and WT NColE7 are shown in Fig. 5.8 a. The 

shape of the CD-spectra is the same and the minor differences in the intensity might be caused 

by differences in concentration [63]. The effect of Zn
2+

-addition on NColE7 was also studied. 

It caused only small shift towards high wavelength in the 180-210 nm region, and intensity 
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decrease in the shoulder between 210 and 240 nm, that may be related to a charge transfer. 

The same phenomenon was observed for the mutants. This suggests that the binding of the 

metal ion does not significantly influence the solution structure of NColE7 and its N-terminal 

point mutants.  

 
Fig. 5.8 . a) SRCD spectra of the NColE7 variant proteins [63]. b) SRCD spectra of WT NColE7 

in the absence (two independent measurements) and upon the addition of Zn2+-ions [63]. All 

spectra were normalized to the same 31.6 μM protein concentration. 

 

The metal binding affinity was further quantified by isothermal microcalorimetric titrations 

with ZnCl2 (Fig. 5.9). Based on the integrated titration curves the ΔH of binding in the 

selected buffer, as well as Kd were determined. As expected, the stoichiometry of binding is 

1:1. The data obtained and shown in Table 5.2 suggest, that the metal-binding affinity of the 

mutants is not significantly affected by the change of the N-terminus. 

 

Table 5.2. Apparent dissociation constants 

determined by the titration of the WT and mutant 
proteins with Zn2+ [63]. 

 

 

 

 

 

Fig. 5.9. Titration of the KGNG mutant with ZnCl2. The part of 

the titration curve below the molar ratio of 0.5 could not be fitted 

with the applied model. 

 

5.1.4.2. Structure and dynamics of the proteins as studied by computational modeling 

Since no obvious reason for the decreased activity could be identified, we performed 

calculations to get more insight also into the dynamics of the proteins. The models included 

NColE7 and the four mutant proteins, with a sequence 446-576, ignoring the 8 amino acids 
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part from the GST cleavage in the experiments. The Zn
2+

-ion in the active center coordinated 

a phosphate ion at its free site. The root mean square deviation (RMSD) from the reference 

structure at 0 ps is higher for the mutants than for NColE7 (Fig. 5.10 a). The lysine containing 

mutants are similar to each other, but the increased RMSD for the GGNG mutant indicated 

that this structure is more flexible. It was shown that in the KGNK and KGNG mutants the 

side-chain of K446, while in GGNK and GGNG the N-terminal amino group approached the 

phosphate ion (Fig. 5.10. b and c). This supports the experimental observation, that these 

positively charged groups might be able to partially take over the role of the arginine and can 

promote the catalytic activity. However, for GGNG only a few structures with such 

conformation were found, and due to the high flexibility of this chain, the N-terminus often 

turned out from the active site. 

 

 

Fig. 5.10. a) RMSD (root mean square deviation) of the studied proteins, as compared to the 

starting structure of the simulation [63]. b) Distance of the positively charged residues from the 

metal ion in the active center in the MD simulation of the zinc-bound proteins containing a 

phosphate ion in the active center. c) Snapshots at 20 ns of the simulations of the mutant 
proteins: KGNK in red, KGNG in blue, GGNK in cyan and GGNG in green. The Zn2+-ions are 

shown by spheres and the phosphate ion by sticks. d) Optimized structure of the mutants and the 

WT NColE7. NColE7 is in grey, KGNG in blue, GGNK in cyan, and GGNG in green. Molecules 

were aligned by PyMOL.  

In order to get more information about the fine structure of the active site, the geometry of the 

proteins was optimized by semiempirical quantum chemical calculations, handling the whole 

molecule on the PM6 level [100, 103] in MOPAC2009 [109] (MOZYME method) with 

implicit water surroundings. The alignment to the optimized structure of NColE7 yielded an 

RMSD of 0.086 nm for KGNG, 0.087 nm for GGNK and 0.113 nm for GGNG. Small 

deviations from NColE7 occurred mainly at the mutated N-termini, but could also be detected 

  a) 

 

  b) 

 

  c) 

 

  d) 
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in the loop between the two β-strands of the HNH motif. The phosphate ion mimicking the 

scissile phosphodiester bond was also displaced (Fig. 5.10 d). This effect can be related to the 

decreased activity and supports the experimental data. 

 The calculations suggested, that the changes in nuclease activity might be related to 

changes in DNA-binding. Therefore we studied the DNA-binding of the mutants with 

different substrates and conditions. 

5.1.4.3. DNA-binding with short dsDNA: solution study 

Considering that neither the structure, nor the Zn
2+

-binding of the mutants was changed, we 

hypothesized that anomalies in the DNA-binding of the mutants might be responsible for their 

decreased nuclease activity. It was earlier suggested, that the R447A mutant has a decreased 

DNA-affinity leading to the loss of 85% of nuclease activity [62]. The experiments in [62] 

were concluded from kinetic measurements conducted at a very low concentration ranges 

with an enzyme:substrate ratio close to stoichiometric. The KM (Michaelis-Menten) constant 

increased to 106 nM from 27 nM suggesting the weakened DNA-affinity of the mutants. 

However, direct proof for weaker DNA-binding was not shown. An increased KM (144 nM) 

was also obtained for the N560D mutant, even though this residue is clearly not involved in 

DNA-binding. We performed EMSA experiments (Fig. 5.11) to determine the Kd values of 

DNA-binding. 

 

Table 5.3. The Kd constants of the protein-DNA 

complexes, determined from the integrated 

intensities of the shifted and unshifted bands of 

the EMSA experiment [63]. 

 

 

 

 

 

 

Fig. 5.11 Substrate binding of NColE7 and the GGNG mutant to a 13 bp hybridized 

radiolabelled oligonucleotide (0.2 μM) followed by gel mobility shift assay. The nuclease activity 

was inhibited by the addition of 0.5 mM EDTA. Protein concentration was varied as 0, 0.2, 0.4, 

0.6, 0.8., 1.0, 1.4, 1.8, 2.2 µM for NColE7 and 0, 0.2, 0.6, 1.0, 1.4, 1.8, 2.2, 4.0, 7.0 µM for 
GGNG. 

According to our experiments the mutants have a similar DNA affinity to the WT protein. 

This is in agreement with the fact that the main DNA-binding part of NColE7 is unaffected by 

the mutations. For the above reasons we think that the dramatic decrease in nuclease activity 

can not be simply explained by decreased DNA-affinity and we continued the study the DNA 

binding mode.  
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5.1.4.4. DNA-binding with short dsDNA: a QM/MM study 

The DNA-binding experiments reflected the affinity of the mutant proteins, but not the 

fine structural details that may lead to the decrease of the nuclease activity. It is difficult to get 

information on atomic level about the active center of the protein, because the reaction should 

be frozen for the time of the experiment. We performed QM/MM calculations to identify 

differences in the catalytic region of the NColE7 protein and the mutant lacking the positive 

residues at the N-terminus (ΔN4-NColE7, sequence 450-576) in complex with DNA [110].  

One of the two bases at the scissile phosphate (CYT11) is tilted in the optimized 

NColE7/DNA complex (Fig. 5.12 a) and is no longer coplanar with its guanine pair. This 

might indicate a strain in DNA facilitating its hydrolytic cleavage. In contrast, in the ΔN4-

NColE7/DNA optimized structure the CYT11 is nearly coplanar to its pair on the opposite 

strand. Furthermore, in NColE7/DNA complex, the P–O5’ bond length is 1.61 Å, and the P–

O3’ (scissile) bond is 1.65 Å, the difference which is significant in the optimized structures. 

The same distances in ΔN4-NColE7 change to 1.62 Å and 1.64 Å, respectively (Fig. 5.12 b) 

suggesting that the cleavage by ΔN4-NColE7 is less probable. 

 
Fig. 5.12. a) DNA binding of NColE7 (orange) and ΔN4-NColE7 (blue) in the QM/MM 

optimized structures [110]. Major differences appear in the position of the H545 and its 

hydrogen-bonded water molecule and in the position of the plane of CYT11. b) P–O bond 

lengths within the scissile phosphodiester bond in the same structures [110].  

 

A water molecule that was weakly bound (R(Zn–O) = 3.7 Å) in the starting structure 

approached the metal ion to 1.9 Å and 2.0 Å for ΔN4-NColE7 and NColE7, respectively. This 

is a similar type of coordination to that observed experimentally in an NColE9 crystal 

structure (PDB ID: 1FSJ [111]). While the Zn
2+

-coordination is similar in the compared 

structures, as shown by Zn
2+

-donor atom distances listed in Table 5.4, the difference between 

the P-O(3’) and P-O(5’) bond lengths of the scissile phosphate is only significant in the 

optimized active structure, but not in the crystal structures. 

  

  a) 

 

b) 
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Table 5.4. Comparison of the NColE7/DNA crystal structures with the QM/MM optimized 

structures [110]. Bond lengths are written in Å. 

Structures 
Zn2+- 

O(DNA) 

P-O 

(3') 

P-O 

(5') 

ΔP-O  

(3'-5') 

1PT3 (without Zn2+) - 1.607 1.588 0.019 

3FBD (without Zn2+) - 1.616 1.594 0.022 

2IVH (H545Q) 1.769 1.604 1.596 0.008 

1ZNS (H545E) 2.017 1.591 1.579 0.012 

ΔN4-NColE7/DNA calc. 2.003 1.643 1.617 0.026 

NColE7/DNA calc. 2.067 1.654 1.614 0.040 

 

It must be, emphasized that all the experimental results were obtained for inactive 

forms of the protein, i.e. either the metal ion was absent or a functional residue was mutated. 

This difference between the computed NColE7/DNA and ΔN4-NColE7/DNA complexes may 

indicate the slight changes in the active centre that finally contribute to the loss of nuclease 

activity upon deletion of the N-terminal positively charged residues. 

5.1.4.5. DNA-binding with short dsDNA: crystallographic study 

The KGNK mutant was cocrystallized with a 18 bp DNA in the presence of EDTA to 

avoid any nuclease activity. Crystals were obtained in sitting drops, with a reservoir 

containing 0.2 M NH4Cl (pH = 6.3) and 20% PEG3350. Some of the crystals were soaked 

into Zn
2+

-acetate solutions (10-20 mM) for a short time (20-120 s) before freezing.  

 

Fig. 5.13 The 4 μl drops containing the crystals 10 days after set-up of the experiments. The scale bar shows 

the length of 200 μm. a) The drop containing the crystal of the KGNK/DNA complex: 3 μl of sample (124 μM 

dsDNA, 124 μM KGNK, 2.5 mM EDTA) mixed with 1 μl reservoir solution (0.2 M NH4Cl pH = 6.3, 24% 

PEG3350). b) The drop containing the crystal of the KGNK/DNA/Zn2+ complex: 3 μl of sample (155 μM 
dsDNA, 155 μM KGNK, 2.5 mM EDTA) mixed with 1 μl reservoir solution (0.2 M NH4Cl pH = 6.3, 28% 

PEG3350) Before freezing the crystal was soaked for 5 s into a solution of 45% universal cryoprotectant and 

10 mM ZnOAc2. 

 

  a) 

 

  b) 
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Data sets have been collected by David Flot at the ESRF (European Synchrotron 

Radiation Facility) in Grenoble. The images of the drops containing the best diffracting 

crystals are shown in Fig. 5.13. and preliminary results on structure solution are shown in 

Table 5.5. 

Table 5.5. Preliminary structure refinement statistics of the KGNK/DNA complexes with and 

without Zn2+ soaking. 

 without Zn2+ with Zn2+ 

Space Group P 1 21 1 P 1 21 1 

Resolution range / Å 45.11 - 2.20 45.53 - 2.70 

Unit cell a, b, c (Å) 60.99, 91.8, 102.87 61.2, 92.22, 102.34 

Unit cell α, β, γ (°) 49.57, 90.00, 90.00 49.26, 90.00, 90.00 
Total reflections 96679 53757 

Unique reflections 26366 14792 

Average multiplicity /Redundancy 3.7 3.6 

Completeness (%) 95.9 98.5 

Rmerge (%) 0.106 0.180 

Number of molecules per asymmetric unit 2 2 

Refinement Rwork/Rfree 0.20/0.23 0.21/0.28 

R.m.s. deviation of bonds / Å 0.016 0.014 

R.m.s. deviation of angles / ° 1.65 1.46 

Number of protein residues  264 264 

Number of DNA nucleotides  72 72 
Number of water molecules 260 94 

Number of bound Zn2+-ions 0 2 

Ramachandran plot outliers / % 0.38 1.2 

 

Both crystals had the monoclinic P 1 21 1 symmetry with two protein/DNA complexes in the 

asymmetric unit (Fig. 5.14). 

 

 
Fig. 5.14. a) Representation of the monoclinic cell of the KGNK/DNA structure. The two red complexes include 

the A-B-C and D-E-F chains of the models. These are similar to each other and compose an asymmetric unit. 

The green complexes are another copy of the A-B-C and D-E-F chains, and can be obtained by a symmetry 

operation from the red ones. b) Overall structures compared to structures published earlier: light blue KGNK 

without Zn2+ (this work), dark blue KGNK with Zn2+ (this work), yellow NColE7 D493Q without Zn2+ (3FBD 
[48]), orange NColE7 H545Q with Zn2+ (2IVH [53]). 

  a) 

 

  b) 
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As shown in Fig. 5.14 b, the overall structure of the proteins is similar to the structures 

published earlier. This was expected, since all NColE7 structures published so far, including 

mutants such as H545A, H545Q, N560D, H573A and D493Q had similar structures, 

regardless of complex formation with DNA or Im7.  

According to structure refinement the Zn
2+

-soaking was successful, a peak could be seen in 

the electron density map at the metal binding site, as shown in case of the chain A in Fig. 5.15 

a. However, the occupancy is low (0.56 for chain A and 0.45 for chain D with B-factors 23.9 

and 21.5, respectively). This means, that around half of the molecules in the crystal took up 

the Zn
2+

-ion and the two molecules in the asymmetric unit are virtually identical. 

 

     

Fig. 5.15 a) Electron density map near the metal binding HNH-motif in the KGNK/DNA crystal 

structure (chains A, B and C). b) Comparison of the N-termini of NColE7 D493Q without Zn2+ 

3FBD [48] in yellow and the KGNK/DNA complex with Zn2+-soaking (blue). 

 

As shown in Fig. 5.15 b, the sidechain of K446 might be oriented to point towards the 

phosphate group similarly approached by R447 in the WT NColE7. However, the 

themperature factors of this sidechain are high (ranging from ~30 at the side chain nitrogen to 

~60 of the aliphatic part). In case of such high temperature factors the interpretation of the 

electron density is ambiguous. Nevertheless, these results confirm our computational results 

(Chapter 5.1.4.2) predicting that K446 approaches the active center in the absence of R447 

and takes over its role.  

The conformation of the DNA in the KGNK structures slightly differs from the other 

published structures that contain the same DNA sequence (Fig. 5.16). 

 

  a) 

 

  b) 

 



 
 

− 64 − 
 

 

 

 

Table 5.6 Global bend angle as determined 

with the 3D-Dart webserver [112]  

 

 

 

 

 

Fig. 5.16 Comparison of the KGNK/DNA(/Zn2+) 
structure (blue) to the other two NColE7 structures 

(red) published with the same DNA. 

The bend angle is considerably smaller than in the H545Q-NColE7, but similar to the 

D493Q-NColE7. The D493Q mutation is at the protein-DNA interface that might also 

influence the conformation of the bound DNA. This mutant showed an increased nuclease 

activity compared to the WT enzyme. Therefore, the small difference in DNA-bending is 

probably not leading to the significant decrease in the nuclease activity of the KGNK mutant. 

However, the local DNA structure close to the scissile bond is different from DNA bound by 

NColE7. Small differences in the substrate binding may lead to severe decrease in enzymatic 

activity. 

5.1.4.6. Binding of long DNA substrates 

In the natural environment the substrate of the enzyme is a long DNA chain. We also 

performed EMSA experiments with long DNA-substrates to compare the DNA-binding 

properties of the mutants to that of NColE7. NColE7 is nonspecific, therefore more than one 

molecule can bind to the substrate. Thus smears rather than well defined bands for the 

protein-DNA complexes are expected (See chapter 4.3.1). We performed EMSA experiments 

with different length of dsDNA (188 bp, 306 bp, 777 bp), examples are shown in Fig. 5.17. 

 

Fig. 5.17. EMSA experiments 

performed with different 

length of substrates, e.g. 188 

bp (a) or 777 bp (b) revealed 

differences between the WT 

NCoLE7 and the N-terminal 

point mutants. The sharp 

shifted bands of NColE7 

suggest cooperative DNA-

binding that is not the case 
with the point mutants. 

Structure Bending 

H545Q-NColE7, 2IVH [53] 55.2 
D493Q-NColE7, 3FBD B-C [48] 43.8 
D493Q-NColE7, 3FBD E-F [48] 42.9 

KGNK/DNA B-C 42.8 
KGNK/DNA E-F 43.8 
KGNK/DNA/Zn2+ B-C 44.0 
KGNK/DNA/Zn2+ E-F 41.6 
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Comparing the decrease in the free DNA band intensity we can conclude, that these 

experiments are in agreement with the finding, that the DNA-binding affinity is similarly 

strong for all mutants and WT NColE7. However, there are clear differences between the gel 

profiles regarding the protein-DNA complexes. While for the WT NColE7 we observed sharp 

bands, the mutants showed smears: the less positive charge on the N-terminus, the more 

smeared the bands. The sharp bands seen in case of WT NColE7/DNA complexes is 

surprising because of the above arguments on nonspecific nucleases. We speculate, that the 

reason of the phenomenon could be a cooperative DNA binding process, resulting in 

complexes of a preferred composition. The mutations can disrupt this by either altered 

protein-protein interactions between molecules binding to the substrate or conformational 

differences in the DNA-binding mode. For example, the bending of the DNA-chain can be 

different. To confirm this, AFM experiments were performed. In a recent study [98] it was 

shown that the cooperative binding can be seen as a DNA molecule saturated by proteins, 

therefore higher and wider profile on the surface, while the noncooperative mutant could be 

seen as small spheres on the DNA chain. As shown in Fig. 5.18, we found the opposite 

phenomenon, the saturated DNA-chain could be observed for GGNG that is supposed to be 

noncooperative, while for the WT NColE7 individual molecules were observed. If the GGNG 

mutant is not able to bend DNA, but only to bind it, so that the DNA chain is accessible for 

further protein molecules, and the binding sites are independent. At the same time NColE7 

bends DNA, and only upon the conformational change the DNA becomes accessible. 

However, the shape of the complex in solution could not be determined, since on the AFM 

sheets the molecules adopt two dimensional conformation during the drying process.  

 

 

Fig. 5.18. AFM images of NColE7 (a) and GGNG (b) with a 777 bp DNA, plated on mica sheets with MgCl2. 

Our experiments with long DNA substrates draw attention to the need for careful 

interpretation of the experimental data with the short DNA oligonucleotides frequently used 

as a model of natural substrates. However, it is difficult to understand how the differences in 

cooperative binding influence the nuclease activity of NColE7 and of the mutants. More 

investigations are necessary to precisely describe this phenomenon. Since our goal is the 

  a) 

 

  b) 
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design of a controlled specific ZFN, our main interest is the understanding of the reaction 

between one enzyme and one substrate molecule. 

5.1.5. Conclusions: revision of NColE7 mechanism 

We performed mutational studies to get a deeper insight into the role of the N-

terminus in the NColE7 nuclease. The observed order in nuclease activity is KRNK(NColE7) 

>> KGNK > GGNK ~ KGNG > GGNG. Despite of the dramatic effect on enzymatic activity, 

many features of the mutants are similar to the WT enzyme: the solution structure, Zn
2+

-

binding, DNA binding as well as the crystal structure of the KGNK mutant revealed only 

minor differences. Therefore, we suspect that the N-terminus may have a direct role in the 

catalysis. 

The mechanism of NColE7 has been widely studied (Chapter 2.4.4), however the 

protonation of the leaving group is yet a matter of question. Considering the above 

observations we can not exclude that the flexible arginine side-chain mediates the proton 

transfer. After protonation of the leaving group it may become instantly re-protonated by 

H545. These two residues get close to each other and a water-mediated hydrogen bond is 

formed between them during the catalytic cycle (Fig.5.19). 

 

 

 

Fig.5.19 Short interatomic distances 

reflecting possible hydrogen bonds in the 

active site of NColE7 (PDB: 1M08) 

[110]. The hydrogen bonds among R538, 

E542 and H569 (the H569 residue also 

binds the Zn2+-ion) form a putative 

proton channel. 

 

 

The initial source of the proton on H545 is the water molecule, which has to become 

deprotonated to perform the nucleophilic attack at the partially positively charged phosphorus 

atom. This would be in agreement with the recently proposed shuttle mechanism according to 

which the leaving group is protonated by the hydrogen ion originating from the same water 

molecule that initiated the nucleophilic attack [58]. The above mechanism would be similar to 

the one found in a serine recombinase-mediated DNA cleavage [113]. Arginine is rarely 

mentioned in the literature to behave as an acid but the environment of an enzyme active site 

can significantly shift the pKa values of critical residues. However, it can be considered 

plausible in biological systems that arginine acts as a base [114], especially in the presence of 

such a basic group as it is the 3’-alcoholate ion. This would provide a reasonable answer to 

the still unsolved but intriguing question about the identity of the general acid that protonates 
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the leaving group in NColE7. It shall also be mentioned that the multiple roles of R447 can be 

partially replaced by other positive charged residues, such as lysine side-chains or the N-

terminal amino group in a suitable position. 

The question remains why the N-terminal point mutants all retain some catalytic 

activity in contrast to the ΔN4-NColE7, where all these residues are missing [43]. According 

to molecular dynamics simulations and the crystal structure of the KGNK/DNA/Zn
2+

 complex 

K446 may take over the role of R447, but less efficiently due to steric reasons. On the other 

hand, even the presence of the backbone may promote the reaction e.g. by influencing the 

stability of the protein structure or the inhibition of reverse reaction.  

Based on the results presented in this chapter we collected information that is 

important for the design of a controlled artificial nuclease: 

1) In contrast to data published earlier [62] we concluded that the low nuclease activity 

resulted by the mutation of the N-terminal positively charged sidechains can not be 

simply explained by decrease in DNA-binding affinity of NColE7 mutants [63]. 

2) The positively charged residue(s) might take part in the reaction mechanism, but its 

position is not strictly determined [63, 110]. 

3) The flexibility of the N-terminal chain can be important for its function. 

4) The N-terminus of NColE7 is appropriate to build an intramolecular allosteric control, 

because all important features of the protein (structure, metal- and DNA binding) remain 

unaffected by the N-terminal mutations, while the activity is decreased. [63] 
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5.2. THE FUNCTION OF THE N-TERMINAL CHAIN CAN BE ALTERED 

After establishing the role of the N-terminus, it was intriguing, how we could 

influence its function in order to get ideas on how to redesign the protein for ZFN 

applications. As a first step, we analyzed available crystal structures and did computational 

modeling to identify the potentially important residues in the further parts of the N-terminal 

chain. We considered the residues 450-470, a long loop on the surface of the protein. This 

part of the sequence is interesting, because it orients the N-terminus to its position, but so far 

it has not been studied. Our goal was to decrease the number of interactions between the N-

terminal chain and the core of the protein. The results were expected to reveal whether the N-

terminal KRNK part can individually function with an altered loop of weak interactions. 

The experimental conditions and computational details related to this chapter are 

collected in the Appendix, chapter 10.2. 

5.2.1. Computational design of mutations 

Semiempirical calculations were performed to predict which residues are structurally 

important. A virtual alanine scan was carried out within the 25 residues long N-terminal 

sequence of NColE7 – i.e. residues 446-470 – to obtain an estimate of the contribution of each 

residue to the structural stability of NColE7 [115]. The effect of the exchange of each amino 

acids – except for Gly and Ala – to Ala was monitored one at a time. The alignment of the 

optimized structures of alanine mutants to that of the native protein resulted in small 

differences (RMSD for the whole sequences aligned in PyMol was between 0.022 and 0.174 

nm).  

After the initial optimization the  backbone dihedral angle between the 25
th
 and 26

th
 

residues, (470K and 471D, respectively) was altered from 290° to 30° so, that the N-terminal 

sequence turned away from the core of the protein (Fig. 5.20 a). The geometry of the 

unfolded structure was optimized and the contribution of the N-terminal loop to protein 

stability was estimated as the difference in the enthalpy of formation of the unfolded and 

folded forms of the protein, as given by the equation: 

ΔΔHf = ΔHf,unfolded – ΔHf,folded    

The value computed in this way is independent from the number of atoms in the 

molecule, reflecting only the interactions between the N-terminal segment and the core 

protein or solvent. The same procedure was carried out with all alanine mutants allowing an 

estimate of the contribution of each residue to the binding interactions of the N-terminal 

sequence. 
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Fig. 5.20. a) Structure of the NColE7 protein in native state (red) and with unfolded N-terminus (blue). The 

altered torsional angle is magnified. b) The effect of alanine mutations in the N-terminal chain on the enthalpy 

of formation [115]. If an important residue is mutated to alanine, the enthalpy of formation drops, therefore the 

three residues with low values (in black) were selected for further study. 

 

The mutation sites selected for experimental study are shown in Fig. 5.20 b, and their 

location in the NColE7 structure is shown on Fig. 5.21 a while their sequence is depicted in 

Fig. 5.21 b. T454 is in interaction with the loop located between the β-sheets of HNH motif. 

This is a structurally oriented loop, containing an essential hydrogen-bond chain that keeps 

H545, the general base in an optimal position for generating the water molecule for 

nucleophilic attack. Therefore, its mutation was expected to influence the catalytic features.  

K458 has interactions with V476, which is a part of the core of the protein, so this residue can 

be also important. W464 is located in a hydrofobic pocket, and that can stabilize this part of 

the protein structure. 

 

a) 

b) 
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Fig. 5.21. a) The location and interactions of the amino acids selected for the experimental mutation study. 

T454, K458, W464 and the interacting counterparts are shown by sticks in the X-Ray structure with PDB ID: 

1M08 [50]. Distances between selected atoms are shown in Ǻ. The HNH-motif is shown in red and the N-

terminal loop in blue. b) Sequence of the TKW mutant, compared to NColE7. The beginning 8 residues (grey) 

are the result of the applied purification procedure (remaining from the GST-tag). The N-terminal loop is 

written in blue with the mutations in magenta. The HNH-motif is written in red. 

5.2.2. Mutations in the N-terminal chain lead to decreased nuclease activity 

5.2.2.1. Protein expression and purification 

The NColE7 containing the T454A, K458A and T454A mutations is called TKW in 

the following. The cytotoxic effect during gene cloning was observed also in this case 

therefore this protein was expressed and purified with the same method as the N-terminal 

point mutants. The gene was cloned together with that of the Im7 protein, and after the GST-

affinity chromatography cation exchange at pH = 3 was performed [115]. The purified protein 

was validated by SDS-PAGE and MS. 

5.2.2.2. Nuclease activity 

Similarly to the N-terminal point mutants, TKW was shown to have a low nuclease 

activity (Fig. 5.22) [115]. Compared in LD-experiments the nuclease activity decreased in the 

order KGNK > TKW > KGNG. 

 

 

Fig. 5.22. a) The cleavage of 74 μM (base pairs) 

pUC19 plasmid by 2.8 μM protein in the presence 

of 2.8 μM zinc(II)-acetate at 37 °C. b) To confirm 

the cleavage, reaction with 68 μM (base pairs) 

CT-DNA by 2.6 μM TKW and 2.6 μM zinc(II)-

acetate at 37 °C was also studied. The 1 kb 

molecular ruler (BioRad) was used as a reference 
on both gels. 
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The result is surprising, since none of the functionally important parts of the protein have 

been modified. As shown in chapter 5.1.4, the protein folding, Zn
2+

 and DNA binding affinity 

was not affected by the N-terminal point mutations suggesting the direct role of the N-

terminal positively charged residues in the catalytic mechanism. However, the KRNK 

sequence is not affected in the TKW mutant, so its low nuclease activity may be attributed to 

other reasons. 

 

5.2.3. The decrease in activity is related to protein structure and Zn
2+

-binding 

5.2.3.1. Protein structure 

SRCD spectra of NColE7 and TKW recorded under the same conditions reflected that 

the mutations drastically affect the CD pattern (Fig. 5.23 a). The CD-spectra of proteins in the 

λ = 170-260 nm region is mainly determined by the secondary structure elements, such as α-

helix and β-sheet. The change in the conformation of the modified loop is not expected to 

influence the spectrum so significantly. The fractions of the secondary structure elements 

estimated from the SRCD spectrum for NColE7 are as follows: 31% and 12% for -helices 

and -sheets, respectively. This is in good agreement with the values obtained from the 

crystal structure of NColE7 (PDB ID 1M08): 38% of -helices and 16% of -sheets. At the 

same time the significantly different SRCD spectral pattern of TKW mutant yields 13% -

helices and 21% -sheets. Although these estimations are based on statistics (from protein 

CD-databases) and thus not precise, the numbers suggest that the interactions of the T454, 

K458 and W464 residues are widespread and their mutation affected the overall protein 

structure. 

 
Fig. 5.23. a) CD-spectra of the NColE7 and TKW proteins [115]. b) Thermal shift assay of TKW 

and NColE7 proteins (4 mg/ml) in the presence of Sypro Orange dye [115]. The melting point of 
NColE7 is 59 °C, as determined by the inflection point of the curve. The decreasing curve of 

TKW indicates that the protein is partially unfolded already at low temperature. 

The stability of the TKW and NColE7 protein structures was compared in a thermal shift 

assay using the Sypro Orange fluorescent dye (Invitrogen). The fluorescence of the dye is 

quenched by water, but once it binds to the hydrophobic regions of the unfolded protein, the 

fluorescence is increased. The melting point of NColE7 was 59 °C (Fig. 5.23 b) being the 

same as earlier published for colicin E9 [116]. The decrease of the fluorescence intensity in 

10

12

14

16

18

20

22

24

26

20 40 60 80 100

F
lu

o
re

s
c
e
n
c
e
 (
4

6
5

-5
8

0
)

T /  C

NColE7/Zn2+

TKW/Zn2+

a) b) 



 
 

− 72 − 
 

the thermal curve of TKW supported that the protein is already partially unfolded resulting in 

uncertain melting point determination. 

To reveal the structural changes we tried to crystallize the TKW protein. The 

experiments included sparse matrix screens and systematic screens, additives, alltogether 

more than 700 conditions. The crystals were proven to consist of protein molecules, but did 

not diffract the X-Ray beam. This also indicates that the protein is not misfolded but has 

disordered parts. Fig. 5.24 shows some examples of the crystallization drops. 

 
Fig. 5.24 a) An example of the commonly observed shape of protein precipitate (30 mg/ml protein, 0.2M 
lithium sulfate, 0.1M phosphate-citrate pH 4.2, 20%w/v PEG1000) b) An example of the protein and PEG 

concentration based optimization screen of the condition 30 mg/ml protein, 0.2 M lithium sulfate, 0.1 M 

sodium acetate of pH 4.5 and 30 w/v%  PEG  8000 c) The protein was crystallized with the Izit dye in the 

same condition as in point b). The crystals adsorbed the dye which means they consist of protein 

molecules. 

 

5.2.3.2. Metal-ion binding 

SRCD spectra of TKW in the presence of increasing Zn
2+

 concentration showed that  

Zn
2+

 has an impact on the structure of the protein, but not even ten equivalents of the metal 

ion could saturate it (Fig. 5.25). Nevertheless, the CD pattern approached that of the NColE7-

Zn
2+

 complex. A higher excess of Zn
2+

-addition could not be measured due to precipitation. 

The increased sensitivity of the CD-spectrum on metal binding implies that the structural 

changes included the metal-binding active centre.  

 

Fig. 5.25. SRCD spectra of the 

NColE7 (green) and TKW mutant 

(light blue) proteins (31,6 µM in 20 

mM HEPES, pH 7.4) and the 

titration of the proteins with Zn2+-

ions (the latter curves were 

corrected for dilution) [115]. The 

arrows show the effect of increasing 
Zn2+:protein ratio from 0:1 to 10:1. 

 

The differences in Zn
2+

-binding were also well reflected in the ESI-MS spectra [115]. 

The observed molecular weight for NColE7 corresponded to ~100 % holo form after the 

addition of one equivalent Zn
2+

-ion. However, the mass spectra of TKW with one equivalent 

of Zn
2+

 showed a dual distribution with only around one third of the protein in the holo form 
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(Fig. 5.26 a) The highly charged peaks were also observed in case of NColE7 (data not 

shown) indicating that a fraction of the protein molecules got partially unfolded in the 

ionization process. However, while in NColE7 even the highly charged molecules contained 

the Zn
2+

-ion, in case of TKW these peaks (around the m/z value 872, Fig. 5.26 b) 

corresponded to the apo form of the protein. 

    
Fig. 5.26. a) Mass spectrum of the TKW protein in the presence of one equivalent zinc(II)-acetate, calculated 

from the m/z spectrum, including both the high and low m/z value peaks [115]. b) A part of the nano ESI-MS m/z 

spectrum of 20 µM TKW mutant protein incubated with 20 µM zinc(II)-acetate before measurement [115]. The 

calculated mass from the most intense peaks at high m/z values corresponded to the holo form of the protein, 

while the envelope in the 600-1400 Da range allowed for calculation of the apo protein mass. This means that (i) 

the structure of the apo protein is probably less stable and thus highly charged, and (ii) a fraction of the protein 
did not contain Zn2+-ion. 

The weak Zn
2+

-binding of TKW was confirmed by isothermal microcalorimetric 

titration (Fig. 5.27 and Table 5.7). TKW also binds Zn
2+

 with 1:1 stoichiometry, however the 

Kd value increased by three orders of magnitude to 7.7 ± 0.4 μM, as compared to of 16.6 ± 3.5 

nM of NColE7 [115]. The enthalpic change was also lower for the mutant protein, than for 

NColE7. 

 

 

Table 5.7. Data obtained for the one site 

model curve fit of ITC curves. The indicated 

errors refer to fitting errors. 

 

 

 

 

 

Fig. 5.27. Titration of the TKW protein by ZnCl2 [115]. 

 

 

 NColE7 TKW 

n 1.19 ± 0.002 1.24 ± 0.01 
K  (M-1) (6.03 ± 1.23) × 107 (1.30 ± 0.7) × 105 
ΔH (kcal/mol) -32.9 ± 0.2 -22.7 ± 0.3 

ΔS (cal/mol/K) -74.7 -52.8 

a) b) 
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5.2.3.3. DNA-binding  

The binding of the DNA substrate was investigated by native PAGE gel mobility shift 

assay of a 13 base pairs long PCR fragment. Similarly to the N-terminal point mutants around 

the same concentrations of the native and the mutant protein were necessary to shift the DNA 

band (Fig. 5.28 a). The calculated Kd vales related to the DNA/protein complexes were 0.16 

M for NColE7 and 0.14 ± 0.05 M for TKW [115]. This indicated that surprisingly, there 

was no difference in the strength of DNA binding. The EMSA experiments with large DNA 

(Fig. 5.28 b) revealed that the cooperativity of DNA binding is lost also in the case of this 

mutant. 

 

Fig. 5.28 a) Substrate binding of NColE7 and TKW proteins to a 13 bp hybridized 

oligonucleotide (0.2 μM) followed by gel mobility shift assay. The nuclease activity was inhibited 

by the addition of 0.5 mM EDTA. b) Substrate binding of NColE7 and TKW proteins to a 188 bp 

dsDNA substrate (50 µM/bp) in presence of 0.5 mM EDTA. 

 

5.2.4. Induced folding promotes nuclease activity  

Considering the low activity and widespread changes in the conformation of the TKW 

mutant, it is surprising that only minor difference was found in DNA-binding affinity. A 

possible explanation was obtained by SRCD spectroscopy (Fig. 5.29). The spectrum of the 

NColE7/DNA complex was identical to the sum of the component spectra [115]. Thus, no 

significant conformational change was detected in agreement with the identical crystal 

structures of the protein in the presence and absence of DNA. Although the folding of TKW 

has significantly been affected by the mutations, the SRCD spectrum of the TKW/DNA 

complex showed very similar pattern to that of the NColE7/DNA complex. This suggested 

that an NColE7-like structure of the TKW mutant has been induced by the interaction with 

DNA. Similar induced folding of a truncated staphylococcal nuclease has been observed upon 

addition of its inhibitor to the unfolded protein [117].  
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Fig. 5.29 The SRCD spectra of NColE7 

(orange) and TKW (31,6 µM in 20mM 

HEPES, pH = 7.4) in the presence of DNA 

(light blue in the absence of Zn2+-ions and 

dark blue with one equivalent of Zn2+-ions) 

[115]. All curves were corrected for dilution. 

 

 

The effect of the addition of one equivalent Zn
2+

-ions to the protein/DNA complexes on the 

SRCD spectral pattern was comparable for both the NColE7 and TKW proteins showing that 

the DNA-binding mediated the preformed structure of the HNH motif, and thereby 

contributed to the stronger Zn
2+

-binding.  

 

5.2.5. Further mutants reveal the importance of the W464 residue 

To determine wich mutation(s) contribute to the special features of the TKW mutant we 

expressed and purified double and single point mutants (TK, TW, W) with the same 

methodology as described for TKW. It turned out, that it is the W464A mutation that causes 

severe changes in the structure of the protein, and this correlated with the nuclease activity 

and Zn
2+

-binding (Fig. 5.30).  

 

 
Fig. 5.30 a) Nuclease activity assay performed with the double and single point mutants. b) 

Comparison of the CD-spectra of mutants with different combinations of the T, K and W 

mutations (16 μM, without Zn2+-addition). 

 

Although the severe changes are related to the W464A mutation, the nuclease activity of the 

TK mutant also slightly decreased as compared to NColE7 indicating, that the interactions of 

these residues contribute to the function of the protein. 
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5.2.6. Structure induction and preorganization of the Zn
2+

-binding site 

The induction of the TKW structure by the DNA substrate is an important finding 

concerning the redesign of NColE7. It means that certain structural changes can be influenced 

and that provides opportunity for the regulation not only based on the mechanism of the 

enzyme but also on structural changes. The phenomenon was further studied with the Im7 

protein. As discussed in Chapter 2.4.1, Im7 is a natural inhibitor protein of NColE7, hindering 

the substrate binding site by the formation of a stable complex. The N-terminal chain is not 

involved in the NColE7-Im7 interface, therefore it was interesting whether the complex 

formation with Im7 could improve the structure. As Fig.5.31 shows, Im7 was able to perform 

a structural induction similarly to the substrate DNA. 

 

Table 5.8. Zn2+-binding of the mutant 

proteins with and without Im7. 

 

  

Fig.5.31 CD-spectra of NColE7 (black) and the W mutant in complex with the Im7 protein (red), 

the latter spectrum was obtained by subtracting the Im7 spectrum from the W/Im7 spectrum. 

 

As Table 5.8 shows, all mutants having the W464A mutation have a decreased Zn
2+

-binding 

affinity, while TK retained the strong metal binding property. This means that exactly those 

mutants have weak metal-binding affinity that also have a partially unfolded structure. These 

results confirm that the structural changes also affect the metal binding site. This also means 

that NColE7 has a preorganized metal-binding site that is disrupted in the W464A mutants. If 

the structure is induced, the preorganization occurs, confirmed by ITC measurements 

performed in the presence of Im7 protein.  

 

5.2.7. Conclusions: regulation of NColE7 via preorganization of the metal-binding site 

The TKW mutations (T454A/K458A/W464) are located in the N-terminal loop of 

NColE7, a part of the protein that is not directly involved in DNA-binding or cleavage, and is 

not part of any stable secondary structure elements. The dramatic effect on nuclease activity 

was therefore surprising, and could be explained by the severe structural changes. As shown 

by CD- and ITC-measurements on Zn
2+

-binding, these changes also influenced the metal-

binding active center. The preorganized metal binding site in NColE7 is unstable in TKW and 

can only partially be rescued by the addition of Zn
2+

-ions. The DNA-mediated folding of 

mutant 
K

d 

(protein) 
K

d 

(protein/Im7) 

NColE7  16.6±3.5nM  61±18 nM 

TKW  11 ± 1 µM 33±23 nM 
TK  230±40 nM  not measured 
TW  51±3 μM  not measured 
W  5.6±0.3 μM  55±25 nM 
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TKW leading to the preorganization of the metal binding site is a feature that could be 

exploited in the redesign of NColE7. The induction of the conformation was also achived by 

the complex formation with the Im7 protein. The induction of the structure was also followed 

by rescued Zn
2+

-binding affinity. 

The above phenomena were attributed to the W464A mutation out of the three 

mutation sites in the TKW mutant. The role of Trp in the stabilization the secondary structure 

of proteins is known [118]. An example is the staphylococcal nuclease [119]. The CD spectral 

changes of the W140A mutant were reported emphasizing the importance of the Trp residues 

in its folding. The deletion of 13 residues (including W140) from the C-terminus of this 

nuclease resulted an unfolded protein, however its folding could be induced under certain 

conditions, and it is active in presence of Ca
2+

 [117]. In the NColE7 protein the W464 residue 

is located in a hydrophobic pocket close to the HNH-motif (Fig. 5.32). This can explain the 

importance of this residue in the stability and function of the protein. 

 

 

Fig. 5.32 a) The location of W464 in a hydrophobic pocket formed by L465, P475, F499, W500, 

L509 and F513 showed on the 1M08 [50] structure. b) The vacuum electrostatics surface of the 

same residues around W464, generated by PyMOL. 

 

The following conclusions could be drawn from the results about the T454A, K458A 

and W464A mutations, regarding the redesign of the enzyme: 

1) The W464 residue is essential for the stability and folding and therefore for the effective 

nuclease activity of the NColE7 protein. 

2) The N-terminal region, especially with W464 is important for the stabilization of the 

HNH-motif and thus for the preorganization of the Zn
2+

-binding site [115]. However, this 

function can be substituted by substrate or Im7-binding [115]. 

3) If only other interactions are missing between the N-terminal loop and the core of the 

protein (TK mutant), the function of the protein is only slightly affected. 

a) b) 
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5.3. COMPUTATIONAL DESIGN OF NOVEL ZFN-S 

Learning from the different point mutants the next step was to establish a strategy for 

the design of an NColE7-based ZFN [108]. As it was shown in Fig. 3.1 a, the idea is to join 

an N-terminally truncated and thus inactive NColE7 molecule to three ZF motifs, whereas the 

missing N-terminus is to be joined to the other end of the ZF array. In this case the N-terminal 

unit would control the protein: it can cleave DNA after the specific binding occured, bringing 

together the N- and C-terminal parts of NColE7. The dets of the computational modeling 

procedure are described in the Appendix, chapter 10.3. 

5.3.1. Set-up of the initial models 

The initial models were constructed based on the following criteria:  

- The three zinc-finger proteins bind DNA in the major groove;  

- NColE7 is also a major groove binding protein, however, its catalytic centre, the 

HNH-motif, acts in the minor groove;  

- The complex has to allow for the design of intramolecular allosteric regulation, which 

supposes that the protein takes one turn around DNA and the HNH motif is to be 

separated from the regulatory element by the zinc-finger motifs.  

 

 
Fig. 5.33. Two possible complexes for the design of a ZFN, in straight (a) and reverse (b) orientations [108]. 

NColE7 in green and ZF protein consisting of 3 fingers in orange. The N- and C-termini of the proteins are 

marked in blue and red, respectively. The panels c) and d) show the fusion strategies that are applied to form 

one polypeptide chain, in the straight and reverse approach, respectively. The arrows show the N→C termini 

direction of the new sequences. 

The proteins can fulfill these criteria in two possible orientations (Fig. 5.33 a and b). In the 

“straight” orientation the N-terminus of the ZF is close to the C-terminus of the nuclease thus, 

the linkers can be designed to bind the termini of the proteins to form a continuous circular 
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sequence (Fig. 5.33 c). In this case new termini can be chosen virtually at any position of the 

NColE7 sequence. In contrast, in the “reverse” orientation the N-terminus of the ZF is close 

to the N-terminus of the nuclease, and the linkers have to connect the two proteins at other 

parts than their termini as two N-termini or two C-termini can not be fused (Fig. 5.33 d). The 

fusion points of the sequences were selected based on sterical proximity of the NColE7 and 

ZF parts in the initial reverse model. 

5.3.2. Linker design 

Linkers were designed for both models, and the best linkers were selected based on the 

estimates of the free energy of the linkers according to FoldX [120]. The four final models 

were constructed using all possible combinations of the best linkers, their sequences are 

shown in Fig. 5.34.  

 

N4-ZF-C105 (reverse) 

KRNKPGKATGKGKPVNNKWLNNAGKDGGDAFMEKPYKCPECGKSFSQSSNLQKHQRTHTGEKPY

KCPECGKSFSQSSDLQKHQRTHTGEKPYKCPECGKSFSRSDHLSRHQRTHQGRFERGDYGLGSP

VPDRIANKLRDKEFKSFDDFRKKFWEEVSKDPELSKQFSRNNNDRMKVGKAPKTRTQDVSGKRT

SFELHHEKPISQNGGVYDMDNISVVTPKRHIDIHRGK 

N4-ZF-C45 (reverse) 

KRNKPGKATGKGKPVNNKWLNNAGKDLGSPVPDRIANKLRDKEFKSFDDFRKKFWEEVSKDPEL

SKQFSRNNNDRMKVGKAPKTRTGGDAFMEKPYKCPECGKSFSQSSNLQKHQRTHTGEKPYKCPE

CGKSFSQSSDLQKHQRTHTGEKPYKCPECGKSFSRSDHLSRHQRTHQFGTGAWMLLGQDVSGKR

TSFELHHEKPISQNGGVYDMDNISVVTPKRHIDIHRGK 

N46-ZF-C45 (reverse) 

KRNKPGKATGKGKPVNNKWLNNAGKDLGSPVPDRIANKLRDKEFKSFDDFRKKFWEEVSKDPEL

SKQFSRNNNDRMKVGKAPKTRTGGGDGGDQMEKPYKCPECGKSFSQSSNLQKHQRTHTGEKPYK

CPECGKSFSQSSDLQKHQRTHTGEKPYKCPECGKSFSRSDHLSRHQRTHQFGTGAWMLLGQDVS

GKRTSFELHHEKPISQNGGVYDMDNISVVTPKRHIDIHRGK 

C123-ZF-N7 (straight) 

ATGKGKPVNNKWLNNAGKDLGSPVPDRIANKLRDKEFKSFDDFRKKFWEEVSKDPELSKQFSRN

NNDRMKVGKAPKTRTQDVSGKRTSFELHHEKPISQNGGVYDMDNISVVTPKRHIDIHRGKQGYE

RLGMEKPYKCPECGKSFSQSSNLQKHQRTHTGEKPYKCPECGKSFSQSSDLQKHQRTHTGEKPY

KCPECGKSFSRSDHLSRHQRTHQFEGGSKRNKPGK 

 

Fig. 5.34. Sequences of the designed zinc-finger nucleases [108]. The zinc-finger proteins are in 

blue, while NColE7 is divided into three parts: the original N-terminus (in red), the middle part 

not used in the model (in grey, crossed out) and the original C-terminal part (in green). The 

linkers are shown with black bold letters. The HNH motif of NColE7 is underlined. The N4-ZF-
C105, N4-ZF-C45 and N46-ZF-C45 models are in the reverse orientation, while C123-ZF-N7 is 

the straight joint of protein sequences. For explanation of the names see the text. 

 

The sequence of zinc-fingers are unchanged in the models (Fig. 5.35), except for 

cutting the last one or two residues when it was required for the linker design. NColE7 is 

divided into two parts: the N-terminus (NX) and the C-terminus (CY), where X and Y refer to 

the number of residues involved in the model and X + Y is always less than the total number 

of amino acids in NColE7. The zinc-finger sequence is inserted between these two parts. 
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Accordingly, the “straight” models are named as CY-ZF-NX, while the “reverse” models are 

named NX-ZF-CY.  

 

      

Fig. 5.35. Designed ZFN structures, as starting points of MD simulations [108]. The N-terminal 

part of NColE7 is shown in red, the C-terminal part in green, the ZF-s in blue, and the linkers 

are shown in black. The grey spheres indicate Zn2+-ions. a) N4-ZF-C45 (reverse) b) N46-ZF-

C45 (reverse) c) N4-ZF-C105 (reverse) d) C123-ZF-N7 (straight). The C- and N-termini of the 

zinc-finger nucleases are marked by “C” and “N”, respectively. 

 

5.3.3. Molecular dynamics investigation 

10-ns MD simulations were performed to study the stability and structural features of 

the designed proteins with and without DNA. Some examples of the analysis are shown 

below.  

5.3.3.1. Overall structural stability 

The overall change of the structure compared to the starting structures is measured by 

the atom-positional root-mean-square deviation (RMSD) as a function of time (Fig. 5.36).  
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Fig. 5.36 Atom-positional root-

mean-square deviation (RMSD) 

of the ZFN models in the 

simulations in complex with DNA 

(lower curve in each color) and 

in the control simulations of the 

proteins without the DNA (higher 

curves in each color) [108]. 

 

 

The proteins in complex with DNA all converged towards values around 0.4 nm in the 

simulations, while in the control simulations without DNA they had more severe structural 

changes up to 0.9 nm. The ZFN-s containing the major part of NColE7 as a continuous 

sequence, i.e. N4-ZF-C105 and C123-ZF-N7 had RMSD values that stayed closest to those in 

the reference simulation of NColE7, as expected. None of the free ZFN proteins reached 

equilibrium within 10 ns, because the cyclic shaped molecules continued to change their 

tertiary structure. This could be detected also by the changes in the radius of gyration (average 

distance from the center of mass, e.g. Fig. 5.37) attributed to the flexible linkers and not to the 

protein domains themselves. 

  

 

 

Fig. 5.37 Radius of gyration in 

the simulation of N4-ZF-C45 in 

complex in the presence and in 

the absence of DNA. 

 

 

 

The zinc-fingers behave similarly in all four models: they had a stable structure as 

seen in snapshots and low atom-positional root-mean-square fluctuations (RMSF < 0.2 nm). 

In contrast, the nuclease part without the DNA substrate was less stable. The DNA structure 

was stabilized in a similar manner by all four ZFN proteins. 

5.3.3.2. HNH-motif and potential catalytic features 

For the designed ZFN proteins not only the overall structural stability, but also the 

proper function of the catalytic centre, i.e. the HNH motif is essential. The atom-positional 

root-mean-square fluctuations (RMSF) of the HNH residues are compared in Fig. 5.38. N4-
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ZF-C45 had the least stable HNH-motif both in the DNA-bound and free form. This is in 

agreement with the previous study on the HNH motif itself [121], where it was shown that its 

isolated structure is not stable and its zinc-binding is weak. The HNH-motif of C123-ZF-N7 

has the most similar features to that of NColE7 – as expected, since this protein has the most 

complete nuclease domain. Despite the small deviations, all four models retained the β-sheets 

and the α-helix in the HNH-motif.  

 

Fig. 5.38. Atom-positional root-

mean-square fluctuations (RMSF) of 

residues in the HNH motif of ZFN-s 

and NColE7 as a reference [108]. The 

residue numbers are shifted to 1-45 in 

all models for comparison, 

corresponding to the HNH residues 

532-576 in the NColE7 numbering. 
Dashed lines indicate the control 

simulations for proteins without DNA. 

The secondary structural elements of 

HNH motif are marked above the x 

axis, showing the loops in green, α-

helices in red and β-sheets in yellow.  

 

According to our expectations the stabilization of the nuclase structure could be induced by 

the substrate, as it was found for the TKW mutant of NColE7. The MD simulations confirm 

this, since the structure of HNH-motif is stable in the presence of DNA, while it changes in 

the free protein. This was also confirmed by DSSP [122] secondary structure analysis, as 

shown in Fig. 5.39. The secondary structure of the HNH motif was stable in the simulations 

of ZFN-s with DNA substrate.  

  

Fig. 5.39 DSSP analysis [123] of the HNH-motif (C45-part) in the N4-ZF-C45 protein in presence (a) and 

absence (b) of the DNA substrate shows that DNA-binding influences the structure of HNH-motif. The 3-

type helix is in yellow, the 4-type helix in red, β-strands are in blue and β-bridges in light blue. 
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During the catalytic reaction the Zn
2+

-ion of the nuclease domain binds the oxygen of 

the DNA scissile phosphate group. The Zn
2+

-O distance was found to be stable as a function 

of time for each of the models except for N46-ZF-C45, where the coordination bond was lost 

(Fig. 5.40).   

 

 

Fig. 5.40 Catalytic distances as a 

function of time: Zn2+-O (at the 

scissile phosphate). 

  

 

 

 

 

5.3.3.3. Protein-DNA interactions 

The protein-DNA interaction energies were compared inTable 5.9. The N4-ZF-C105 

model shows the strongest interaction with DNA. This result is expected among the reverse 

models, since this model contains the most intact NColE7 domain. Even the straight model 

has weaker interaction with the substrate, which can be explained by the more flexible loop in 

N4-ZF-C105 and the C-terminal position of HNH motif, similarly to the case of natural 

NColE7. 

 

Table 5.9 Interaction energies calculated as the 

sum of van der Waals and electrostatic 

interaction energies between the proteins and 

DNA molecule [108]. 

 

The control mechanism of the designed ZFN would be assured by the positively 

charged sequence, originally found at the N-terminus of NColE7 (“KRNK”). Particularly, 

R447 is important, as it stretches out its side-chain towards the scissile phosphodiester group. 

The analysis of the distances between these two residues as a function of time showed that 

N46-ZF-C45 is less probable to exert nuclease activity (Fig 5.41). It is important to note that 

all the other models showed an Arg-P distance suitable for an allosteric control mechanism. 

Concerning this distance, the N4-ZF-C105 model is the most optimal, confirming that it is 

preferable to keep the controlling loop at the N-terminus and the catalytic centre at the C-

terminus. 

model 
average interaction  

energy (kJ/mol) 

N46-ZF-C45 -6235 ± 39   
N4-ZF-C45 -6109 ± 33   
N4-ZF-C105 -7369 ± 68   
C123-ZF-N7 -6384 ± 64   
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Fig 5.41 The distance between R447(NE2) 

and P(scissile phosphate) [108]. NColE7 is 

represented by black curve, N4-ZF-C45 by 

orange, N46-ZF-C45 by red, N4-ZF-C105 

by blue and C123-ZF-N7 by green. 

 

 

Fig. 5.42 a shows the number of H-bonds between the atoms of the residue corresponding to 

R447 in NColE7 and DNA atoms. C123-ZF-N7 has the most similar dynamics of R447-DNA 

interactions to NColE7, showing three hydrogen bonds with a reasonable probability at the 

end (7-10 ns) of the simulation. The Arg in the KRNK part of N4-ZF-C105 and N4-ZF-C45 

also shows an extensive H-bond network. Notably, the Arg in N4-ZF-C45 binds to the same 

phosphate group as NColE7 in the beginning, but changes to the neighboring phosphate after 

6500 ps (Fig. 5.42 b) indicating that the truncation of the nuclease structure has high impact 

on the function. N46-ZF-C45 forms Arg-DNA H-bonds only a few times during the 

simulation, which is the result of more severe structural changes after dividing the nuclease 

over two domains of the constructed ZFN. 

 

 

Fig. 5.42. a) The number of H-bonds between the arginine corresponding to R447 in NColE7 

and the DNA atoms in the different models as a function of time [108]. Numbers on the y axis 

indicate how many hydrogen bonds were found at a given time step. NColE7 is in black, N4-ZF-

C45 in orange, N46-ZF-C45 in red, N4-ZF-C105 in blue and C123-ZF-N7 in green. b) The 

interactions of the controlling Arg at 2000 and 8500 ps in the N4-ZF-C45 simulation. 
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5.3.4. Conclusions: four designed NColE7-based ZFN models 

In the process of the design of NColE7-based ZFNs a novel type of control was 

introduced. Namely, NColE7 was divided into two parts using its special features: the HNH-

motif at the C-terminus of the protein is only functional in the presence of the positively 

charged N-terminal sequence. These parts are linked to different ends of the ZF array. 

Therefore, the newly modeled nucleases should be able to exhibit their hydrolytic activity 

only upon ZF binding to the specific DNA recognition sequence and as a result, the 

controlling loop and the HNH motif become in suitable proximity. By establishing such a 

control, we avoid the risk that partially degraded proteins maintain nonspecific activity, 

leading to cytotoxicity.  

Four ZFN models of this kind have been computationally designed and subjected to 

molecular dynamics simulations [108]. Three models (N4-ZF-C45, N4-ZF-C105 and N46-

ZF-C45) had, similarly to NColE7, the allosteric activator sequence at the N-termini, the 

HNH-motif based parts at the C-termini and the ZF array in between. A fourth model (C123-

ZF-N7) rather placed the allosteric sequence at the C-terminus and the HNH-motif at the N-

terminus. This latter model simply connected the termini of the NColE7 to the zinc-fingers. 

This approach allows for easy redesign, however, its drawback is, that the termini are 

exchanged. As a result of this the distance between the Arg (corresponding to R447 in 

NColE7) and DNA increased and the number of H-bonds involving Arg decreased during the 

simulation. Also, the structure of the isolated HNH motif was less stable in comparison to the 

oppositely built model, ie. N4-ZF-C105 as predicted by DSSP. Consequently, the ZFN 

molecules keeping the original termini seem to be more promising. The most complete model 

among these three is the N4-ZF-C105, which exhibits almost all the interactions predicted to 

be important in the mutation experiments. All features of this model were similar to NColE7 

with a small difference in the loop between the β-strands of its HNH-motif, which was more 

flexible based on the RMSF profile and the characteristic H545-N560 distance. These 

changes probably arose from the interaction of the loop both with the bulky part of NColE7 

and with the newly designed linker. The change of the loop structure could hamper the 

nuclease activity, since this part plays an important role in the reaction, promoting the 

generation of the nucleophilic OH
–
. The nuclease in the N4-ZF-C45 model is truncated and 

contains only the N-terminal KRNK sequence and the HNH-motif. It was previously shown 

experimentally, that the HNH motif itself does not fold correctly, and the lower stability can 

also be seen in the control simulations for proteins without DNA. However, this model may 

still be functional as the interaction with DNA could induce the correct structure, since it 

behaves well in the simulations with DNA. The N46-ZF-C45 model is tempting in terms of 

strict conformational regulation of the ZFN, as the two independent parts of NColE7 have to 

fold together while the ZF-s bind around the specific DNA. However, even though the protein 

is stable, the catalytic properties of this model in the simulations were significantly worse 

than in the other models.  
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5.4. EXPERIMENTAL STUDY OF THE DESIGNED ZFN-S 

The three straight models (N4-ZF-C105, N46-ZF-C45 and N4-ZF-C45) were selected 

for experimental study. The experimental protocols related to this chapter can be found in the 

10.4 chapter in the Appendix. 

5.4.1. Expression and purification of the designed proteins 

The genes of the designed proteins were constructed using the pQE70 plasmid for the 

NColE7 part and the gene of the ZF protein in the 1MEY [12] structure. The genes were 

inserted into the pET-21a vector (Novagen) between the NdeI and EcoRI restriction enzyme 

sites. No sequences encoding for purification tags were fused in order to obtain the protein 

with the precise amino acid sequence, without any additional resudies, making the 

purification procedure more complicated.  

The genes were transformed to E.coli BL21(DE3) cells and protein expression was 

induced in 500 ml bacterial culture. A three step purification procedure was applied. First the 

raw extract was subjected to a gravity column filled with the P11 cellulose phosphate-based 

high capacity cation exchanger resin and eluted with a salt gradient.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.43. SDS gels following the purification of the N4-ZF-C105 protein (24 kDa). a) P11 resin in gravity 

column.The band around 24 kDa can be seen in the supernatant of cell extracts, that was used for purification. 

The flow through and wash fractions did not contained significant amount of the target protein indicating that it 

bound to the column. In the stepwise elution the fraction of 1 M NaCl contained the N4-ZF-C105 protein, 

together with some impurities (the other bands at both lower and higher MW ranges.)  b) HiTrap cation 
exchange chromatography fractions starting with the 1 M elution fraction of the P11 column (“P11”). Fractions 

11-16 from the gradient elution were collected andsubjected to the gel filtration column. c) Gel filtration fraction 

was started from the collected sample marked as “HiTrap”. The fractions H3-N3 contained the N4-ZF-C105 

protein with no detectable impurity. These fractions were used for further experiments investigating the features 

of the protein. d) The mass spectrum of N4-ZF-C105 protein. The low intensity peaks correspond to Na+-

adducts. 
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The fraction containing the target protein (1M NaCl) was diluted 10× and applied to 

another cation exchange column (HiTrap column, dextran coupled to cross-linked agarose 

matrix) in FPLC. The fractions of interest were collected and further purified with gel-

filtration in order to separate the proteins with similar charge but different size. An example 

of the purification procedure is shown in Fig. 5.43. 

According to ESI-MS measurements the molecular weights of the purified proteins 

match well with the expected masses, based on the sequence containing the methionin at the 

N-terminus (Table 5.10, an example of the spectra is shown in Fig. 5.43 d).  

 

Table 5.10 The measured and expected molecular weight of the 

proteins according to the highest peak in the mass spectra. All 

expected masses were calculated for proteins with an additional 

starting methionin, that is a result of bacterial expression. 

 

 

 

 

 

5.4.2. DNA-binding affinity and specificity 

The DNA-binding of the purified protein was studied with a 21 base pairs (bp) long 
32

P-labelled DNA containing the recognition sequence (GAGGCAGAA) [12] of the zinc-

finger protein. According to the competition assay with unlabelled specific and nonspecific 21 

bp DNA fragments the ZF-s maintained their DNA-binding ability (Fig. 5.44) and specificity 

(Fig. 5.45) after the fusion with the NColE7 segments.  

 

 

Fig. 5.44.  Gel mobility shift of a 32P-labelled 21 

bp specific DNA (s.DNA*, 0.2 μM) containing the 

GAGGCAGAA target sequence in the presence of 

increasing ZFN protein concentrations.  
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mass / Da 
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mass / Da 

Most abundant 
species 

N4-ZF-C105 24354.6 24354.0 Protein + 4 Zn2+ 

N4-ZF-C45 17063.1 17062.0 Protein + 3 Zn2+ 

N46-ZF-C45 21528.1 21527.4 Protein + 3 Zn2+ 
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Fig. 5.45 Competition assay performed by adding an increasing amount of unlabelled specific 

(s.DNA) or nonspecific (ns.DNA) 21 bp DNA from 1 μM to 5 μM to the solution containing 0.2 

μM 32P-labelled DNA and 0.3 μM protein. 

 

5.4.3. Nuclease activity 

The nuclease activity was investigated with the pGEX-6P-1 vector including the target 

DNA sequence cloned into the SmaI site. According to the computational model the protein 

can access the DNA at one strand only, therefore only a single strand nicking is expected at 

the recognition site. A nick on the supercoiled plasmid DNA leads to the opencircular form, 

which was observed within 46 hours (Fig. 5.46). The three proteins showed different 

activities.  

 
Fig. 5.46 Cleavage of the pGEX-6P-1 vector containing the recognition sequence of the zinc-

finger domain (32 nM) by the  ZFN-s (850 nM). The reaction mixtures contained 2 μM ZnSO4 

and 50 mM HEPES at pH = 7.9 and were incubated up to 46 hours at 37 °C. Aliquots taken at 

the denoted times were run in agarose gel electrophoresis experiments.  

The highest nuclease activity was found for N4-ZF-C105, where after 10 hours most of the 

supercoiled DNA-molecules were converted to open circular form. The intensity of the linear 

form did not significantly increase, suggesting that the reaction is specific. In a nonspecific 

reaction upon accumulation of the cleavage events two nicks close to each other in the 

opposite strands would lead to the linear form of the plasmid, similarly to the NColE7 

experiments, as shown in chapter 5.1.3. A significantly lower, but yet notable nuclease 

activity was found also with the other two proteins. 
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To confirm the specificity of nicking activity primer extension experiments were 

performed (Fig. 5.47). The reaction mixture incubated for 46 hours was used as a template for 

the extension of the selected primers. The extension of the primer on the template ends. Thus, 

the primer extension leads to a unique single stranded fragment, with a length determined by 

the location of the nicked site in case of specific nicking. Since each reaction contains one of 

the primers only, the reaction is quantitative. After running the reaction mixture on a gel, a 

band can be observed only if a significant amount of the plasmid molecules is nicked at the 

same site. The pGEX-6P-1 vector cleaved by the EcoRI restriction endonuclease was used as 

a positive control, resulting in a 98 or 86 bp fragment in the reactions with the 3’ or 5’ 

primers, respectively. Based on the computational model in case of the ZFN-s a 101 bp DNA 

fragment is expected in the reaction with the 3’-pGEX sequencing primer, as a result of 

nicking the DNA at the recognition site (GAGGCAGAA). On the opposite strand, there is a 

sequence almost identical with the recognition sequence of the ZF (ATCTGCCTC), the 

underlined base differs from the recognition site), that also may facilitate DNA-binding and 

cleavage which can be detected in the reaction with the 5’-primer. As shown in Fig. 5.47 b, 

both strands were nicked by N4-ZF-C105 and the fragments of the expected size could be 

obtained.  

 

 

Fig. 5.47 a) Scheme of the primer extension reaction. The template is obtained from 46 h reaction of the 

ZFN and the recognition sequence (GAGGCAGAA, red line) containing plasmid DNA. The yellow line is a 

polymorph of the recognition sequence differing only in one base (ATCTGCCTC). In the reaction the 

primer is elongated until there is a nick on the strand. b) Scheme of the control primer extension reaction 

performed by the pGEX plasmid cleaved by EcoRI. c) Primer extension experiments performed with the 5’-
pGEX and the 3’-pGEX radiolabelled sequencing primers, according to the scheme shown in Fig. 4. a and 

b.As a positive control reaction the cleavage of the empty pGEX-6P-1 vector was carried out by the EcoRI 

restriction endonuclase (Control) and the uncut plasmid was used for negative control (DNA).  
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5.4.4. Conclusions: a new ZFN-design strategy 

We expressed and purified three designed NColE7-based ZFN-s. The most promising 

model is N4-ZF-C105. Previously we have shown that the ΔN25-NColE7 is inactive, and has 

an altered solution structure and weak DNA and Zn
2+

-binding affinity [31]. Here, the C105 

part of the ZFN equals to ΔN26-NColE7, and therefore it is also expected to be inactive. As 

shown with the TKW mutations in the N-terminal chain, W464 has an impact on structural 

stability, however the active structure of the protein can be induced by the substrate binding. 

In N4-ZF-C105 W464 is missing and such an activation of the nuclease could occur resulting 

in the specific single strand cleavage. The specific nicking activity observed on the strand of 

DNA as the computational models suggest confirms this theory, however a wider 

investigation of the features of this model is planned. 

This is the first example of ZFNs containing an inactive nuclease domain that is 

activated by the specific substrate binding during the reaction. The recognition sequence of 9 

bp by a three finger ZF array does not provide enough specificity in human genome. 

However, the nick of DNA at the off-target sites may be corrected by the repair mechanism of 

the cell. In the presence of a suitable template sequence the homologous recombination might 

be induced even by a single strand nick on DNA [31]. Furthermore, the strategy introduced 

here can be generally applied in the design of chimeric nucleases with any kind of DNA-

binding protein domains: good examples being the transcription activator-like effector 

(TALE) motifs. As long as the DNA binding domains do not interact with the recognition 

sequence, the NColE7-based nuclease is inactivated, preventing the DNA from the harmful 

nonspecific cleavages. Thus the chimeric nuclease activated at the binding site can offer a safe 

option for gene editing.  
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6. SUMMARY AND FUTURE OUTLOOK 

 

My PhD thesis was aimed at designing a novel, controllable ZFN by the fusion of 

NColE7 to a three-ZF array. This required detailed knowledge on the nuclease domain itself, 

with an emphasis on the role of its N-terminus intended to be used as a control unit. NColE7 

is a Zn
2+

-binding metalloenzyme, the metal-ion being essential for the catalytic activity. The 

affinity of the enzyme and its mutants towards Zn
2+

, as well as the changes in the coordination 

sphere of the metal ion are tools for fine-tuning of the catalytic activity. As such it represents 

a challenging bioinorganic chemistry research, in which the understanding of the catalytic 

center was another question to answer. 

As it was previously shown, the truncated ΔN4-NColE7, lacking the “KRNK” 

sequence from the N-terminus is inactive [43]. To understand the role of this sequence, in the 

first part of my work I expressed and purified the NColE7 protein and its four point mutants, 

containing the KGNK, KGNG, GGNK or GGNG sequence at the N-terminus, instead of the 

KRNK sequence [63]. The mutants retained the cytotoxicity leading to problems in the gene 

construction, but this could be solved by the coexpression and of the Im7 protein and 

separation later in the purification procedure [63]. The cytotoxicity suggested that the 

nuclease activity is not lost upon these mutations [108]. This was confirmed by agarose gel 

electrophoresis and linear dichroism spectroscopic monitoring of the catalytic experiment 

[63]. However, the remaining nuclease activity was only minor, increasing reaction times by 

several orders of magnitude. I studied the proteins in order to explain the dramatic change in 

the enzymatic activity, which turned out to be a question difficult to answer. According to 

CD-measurements the solution structure of the proteins is not significantly altered. The Zn
2+

-

affinity was determined by ITC, and it was also found to be unaffected [63]. These were 

expected results, since the mutations involve only the flexible terminus of the protein. The 

most intriguing question was the DNA-binding. Even though the number of positive charges 

at the N-terminus was decreased, the DNA-binding affinity was not significantly affected. 

The DNA-binding part of NColE7 is not this loop but rather the central helical part interacting 

with the major groove of DNA. The crystal structure of KGNK with DNA revealed that there 

are only minor changes near the active site. K446 may get close to the catalytic center, 

similarly to R447. This is in agreement with MD simulations suggesting that K446 can 

partially take over the role of R447 and with the observation that out of the four mutants 

KGNK is the most active [63]. The other mutants have even lower, but yet detectable activity 

in contrast to the truncated ΔN4-NColE7 being inactive. The role of R447 in the mechanism 

is still a matter of question [110]. The stabilization of the negatively charged transition state 

during the nucleophile attack by an OH
-
-ion is possible however the Zn

2+
-ion can play this 

role alone in other enzymes. On the other hand, R447 may take part in the inhibition of the 

reverse reaction. There is also a possibility that R447 is a part of a proton transfer chain to 

protonate the leaving alcoholate ion. Nevertheless, the flexibility and possibility to substitute 

it with another sidechain suggested that the N-terminus could be used to control the function 

of NColE7. 
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In the redesign of NColE7 we planned to separate the N-terminus and to use it as a 

controlling segment. Therefore, it was important to get information on how this part of the 

protein is kept in its place. According to published crystal structures the N-terminus is 

continued in a long loop of ~25 residues. We performed a computational alanine scan in order 

to identify the most important residues in this loop that may have important interactions with 

other parts of the protein [115]. The three selected residues were T454, K458 and W464. 

Accordingly, the triple alanine mutant “TKW” and also other mutants, TK, TW and W were 

expressed and purified [115]. CD-experiments revealed that W464 has an essential role in the 

structural integrity of the protein. All mutants containing the W464A exchange (TKW, TW 

and W) had low activity and weak Zn
2+

-binding indicating that the metal binding center is 

destabilized. The folding of the protein could be induced by the binding of DNA or the Im7 

inhibitor protein. This was accompanied by the rescue of Zn
2+

-binding. This proves that the 

preorganization of the metal binding site is essential for NColE7. The DNA-induced structure 

is an extraordinary feature that we attempted to utilize in the design the controlled enzyme. 

After collecting informations on NColE7 the next step was to computationally design 

the NColE7-based ZFN molecules [108]. The procedure was started from the crystal 

structures of a three ZF-motif (PDB ID 1MEY [12]) in complex with DNA and that of 

NColE7 (PDB ID 3FBD [48]) in complex with DNA. In the initial models the two DNA-

molecules were aligned in a way that the two proteins bind close to each other. After that 

short linker sequences were designed to fuse the two molecules. A progrm improved for the 

modelling of missing loops in protein crystal structures (LoopX) was used to find the 

backbone of the linkers. Then sidechains were selected based on energies estimated by the 

FoldX program. The final models contained some part of the N-terminus (NX) fused to one 

terminus of the ZF array, and some part of the C-terminus (CY) fused to the opoosite terminus 

of the ZF-s. The “straight” NX-ZF-CY models included N4-ZF-C105, N4-ZF-C45 and N46-

ZF-C45. The fourth, “reverse” model was C123-ZF-N7. NColE7 itself is a 131 residues long 

chain, and the models were lacking different parts from the middle of the NColE7 sequence. 

The four models were subjected to 10 ns MD simulations. The analysis of the trajectories 

pointed out that as expected, the more complete NColE7 is the more stable the ZFN. The 

catalytic center of the three straight models was shown to be more stable in presence than in 

absence of DNA, in agreement with the experimental results of TKW. W464 is missing from 

N4-ZF-C105 and N4-ZF-C105. The N46-ZF-C45 model has a large interface between the N-

and C-terminal parts of NColE7 and it was stable in the simulation, however important 

catalytic residues changed their location that might be not advantageous for the activity. 

C123-ZF-N7 contains all the NColE7 residues except for only one. It behaved well in the 

simulations however, it is a question whether the separation of only 7 residues at the N-

terminus is enough for strict regulation. Nevertheless the models were promising and we 

decided to continue experiments with the three straight models. 

The genes encoding the proteins were constructed and the proteins were expressed and 

purified. ESI-MS was applied to validate the proteins. N4-ZF-C105 was detected in a major 

fraction with four Zn
2+

-ions suggesting that the three ZF-s and also the NColE7 catalytic 

center contain the metal ion, while the other two proteins with only three metal ions. This is in 
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agreement with the expectation that the truncated NColE7 domain has a weak Zn
2+

-binding. 

The DNA-binding was investigated in EMSA experiments and as it turned out, the strength 

and specificity of the binding of ZF-s was retained in the models. Plasmid cleavage tests 

showed that the N4-ZF-C105 protein is able to perform single strand cleavages at the specific 

site. The chain that is cleaved is in agreement with the expectations based on the 

computational models. Since we know from previous experiments that the C105 part of 

NColE7 is inactive, the observed cleavage may be the result of an induction mechanism.  

This is the first case to report an NColE7-based ZFN. So far, also no controlled ZFN 

has been published. The control mechanism introduced here relies on the activation of the 

enzyme upon the specific binding of ZF-s to DNA. This could inhibit off-target cleavages 

leading to a safe ZFN. Our results provide a proof of concept for this design strategy, and 

might open a new direction in the design of DNA-editing enzymes. In the future we plan to 

study the control mechanism in N4-ZF-C105 in detail, and to optimize the models to get more 

effective and controlled ZFN-s.  
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10. APPENDIX 

 

10.1. METHODS FOR THE N-TERMINAL POINT MUTANTS 

10.1.1. Cloning and toxicity experiments 

The pQE70 plasmid containing the genes of NColE7 and the Im7 immunity protein (a 

generous gift from prof. K.-F. Chak, Institute of Biochemistry and Molecular Biology, 

National Yang Ming University, Taipei, Taiwan) served as a template for the amplification of 

DNA segments including the gene of the native and mutated NColE7. The primers applied in 

PCR are collected in Table S1. The obtained fragments were cloned into a pGEX-6P-1 vector 

(GE Healthcare BioSci.) within the EcoRI and XhoI cloning sites. The plasmids were 

transformed into E. coli DH10B cells and spread on an LB/Amp (10 μg/ml ampicillin) plates. 

The colonies (usually 1-3 colony / 100 μl transformed cell) were cultivated in LB/Amp (10 

μg/ml ampicillin) solution, which was then sedimented and the plasmids were purified with 

the QIAGEN Mini Plasmid Purification kit. The purified plasmids containing the gene of the 

mutant proteins were used as templates in a further PCR with the pGEX sequencing primers, 

and the products were sequenced. Inactive mutants were selected by Escherichia coli DH10B 

cells. Since NColE7 itself is toxic for the cells, in native bacteria it is coexpressed with its 

cognate immunity protein (Im7) [50, 51]. Here in the absence of Im7 gene the cloning 

procedure implied the selection of genes of nontoxic proteins.  

10.1.2. Cloning, protein expression and purification  

The pQE70 plasmid containing the NColE7 and Im7 immunity protein genes was a 

generous gift from prof. K.-F. Chak, Institute of Biochemistry and Molecular Biology, 

National Yang Ming University, Taipei, Taiwan [44, 124]. From this template the primers 

applied in PCR (collected in Table S1.) amplified DNA segments including the genes of the 

native or mutated NColE7 as well as the Im7 protein. The obtained fragments were cloned 

into a pGEX-6P-1 vector (GE Healthcare BioSci.) providing an N-terminal glutathione-S-

transferase (GST) affinity fusion tag. The plasmids were transformed into E. coli DH10B 

cells for DNA cloning and into E. coli BL21 (DE3) cells for protein production in 3×650 ml 

LB/Amp culture. At OD600 0.6-0.7 the protein expression was induced with isopropyl β-D-1-

thiogalactoside (IPTG, final concentration 0.1 mM), and the incubation was continued for 

further two hours at 25 °C. Cells were then sedimented by centrifugation and the pellets were 

resuspended in 50 ml PBS buffer (0.14 M NaCl, 2.7 mM KCl, 10.0 mM Na2HPO4, 1.8 mM 

KH2PO4, pH 7.3) by sonication. The soluble fractions were loaded on a GST affinity 

chromatography column (GSTPrepFF16/10, GE Healthcare BioSci.). The fusion proteins 

were cleaved on column with Human rhinovirus C3 protease [66] - sold as PreScission 

protease by GE Healthcare - to remove the GST tag. 20 ml of 10 μM protease in PBS was 

loaded on the column and the reaction was continued overnight at 4 °C or 2 hours at room 

temperature followed by the elution with PBS. The fractions containing the nuclease mutants 

in complex with the immunity protein as well as the protease were collected. To disrupt the 

interaction between the NColE7 mutants and the Im7 protein the pH was adjusted to 3.0 after 
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a 3× dilution with a 20 mM Gly/HCl buffer. The components were then separated on a 

Sepharose SP FF 16/10 cation exchange column with a binding buffer 20 mM Gly/HCl pH = 

3.0 and a gradient of 0-2 M NaCl in 30×column volume (CV). The immunity protein was 

eluted at pH = 8.0 with PBS conatining 2M NaCl. The fractions of the nucleases or Im7 were 

concentrated by Amicon ultrafilter with 5 kDa cutoff, and the buffer was exchanged to 20 

mM HEPES, pH = 7.7.  

10.1.3. Nano-electrospray ionization mass spectrometry 

Mass spectra were obtained on a LCT Premier (Waters) instrument equipped with a 

Nanoflow Electrospray Ionization (nano-ESI) source and a time-of-flight (TOF) analyzer. The 

instrument was operated in positive ion mode and it was calibrated using 100 mg/ml CsI in 

50% 2-propanol in the m/z range from 600 to 12000. Samples were sprayed from middle size 

Au/Pd-coated borosilicate glass capillary needles (Proxeon) loaded with 3 l protein solution. 

The protein concentration was between 10 – 20 M in 500 mM ammonium acetate (Sigma) 

buffer. For the study of metal binding, 1 equivalent Zn
2+

-acetate was added to the protein 

samples before measurement. The de-salting of the protein solution and buffer exchange to 

the volatile buffer was done using Micro BioSpin chromatography column (BioRad). The 

needle voltage was typically around 1200 V and 50 V cone voltage was applied, with a cone 

gas maintained at 20 L/h and the source temperature was maintained at 50 C. The recorded 

m/z data were deconvoluted using the MassLynx
TM

 v4.1 (Waters) software equipped with the 

MaxEnt1 algorithm. The high charge states of the multiply charged spectrum, ranging from 

+10 to +17, were used to calculate the apparent mass.  

10.1.4. Isothermal titration calorimetry  

Isothermal calorimetric titrations were performed on a MicroCal Auto ITC-200 (GE) 

instrument. The protein samples (~ 50 μM) were prepared by 12 hour dialysis in 7000 

MWCO Thermo Scientific Slide-A-Lyzer casettes, against 20 mM cacodylate buffer, pH = 

7.0. ZnCl2 was dissolved in the same buffer. The ionization enthalpy of cacodylate – applied 

as buffer – is close to zero (–0.47 kcal/mol [125]), so the contribution of 

protonation/deprotonation processes, if there were any present, was negligible in the observed 

ΔH. The dilution heat of ZnCl2 with the buffer was determined for each experiment and the 

integrated data of dilution heats were subtracted from the corresponding data of protein 

titrations. A control titration of the KGNK mutant with plain buffer was done showing no 

significant effects (data not shown). The enthalpy change during the titrations of 200 µl 

protein solutions with 2 μl aliquots of 400 μM ZnCl2 up to 40 µl (spacing of 240 s) can be 

consequently attributed to the metal binding or competition processes. Instead of degassing 

the samples before titration the plates were shortly centrifuged.  

10.1.5. Gel mobility shift assays 

In the protein-DNA binding studies the concentration of the 13 base pair 

oligonucleotide was 0.2 µM, and the protein final concentration ranged between 0 and 7 µM. 

The 
32

P-radiolabelled DNA was hybridized from one single oligonucleotide with 
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complementary sequence at each end forming a loop. The samples were run on 6% native 

PAGE at 4 °C . The reaction mixture contained 4 mM NaCl, 4 mM HEPES buffer (pH = 7.9) 

and 100 µM EDTA to inhibit DNA digestion. For DNA cleavage studies 450 ng/well 2686 

base pairs pUC19 plasmid DNA was applied, and the protein concentration was 2.8 µM. 

Zn
2+

-ions were added to proteins prior the reaction in 1:1 molar ratio. 10 µl of the reaction 

was loaded onto an ethidium bromide containing 1% agarose gel. The electrophoresis was 

performed in a Bio-Rad Wide Mini Sub Cell
®
 GT system at 6.7 V/cm in TAE buffer (40 mM 

Tris, 20 mM acetic acid, and 1 mM EDTA, pH = 8.0). For comparison 6 µl of the Bio-Rad 1 

kbp marker DNA was also loaded to the gel. 

10.1.6. Circular dichroism spectroscopy 

The Synchrotron Radiation Circular Dichroism (SRCD) spectra were recorded at the 

SRCD facility at the CD1 beamline at the Institute for Storage Ring Facilities (ISA), 

University of Aarhus, Denmark [78, 126]. All spectra were recorded with 1 nm steps and a 

dwell time of 2 s per step, in 100.4 m quartz cells (SUPRASIL, Hellma GmbH, Germany). 

The concentration of the protein solutions was 3.2  10
–5

 M in 10 mM HEPES, pH = 7.7.  

10.1.7. Linear dichroism spectroscopy 

Flow linear dichroism spectra were measured on a Jasco-815 CD spectrophotometer 

equipped for linear dichroism spectroscopy (LD), using a microvolume Couette flow device 

as described in [87]. An additional quartz lens was mounted to allow for focusing onto the 

sample in the Couette cell, which was positioned as close to the photomultiplier as possible in 

the J-815 sample compartment. In the Couette cell, an outer quartz cylinder rotates, and an 

inner quartz rod is static, the annular gap is 0.25 mm giving a combined light path of 0.5 mm. 

Water circulation through the metal block of the flow device thermostated the cell to 298.0 K. 

The sample volume was 70 µl and 3000 rpm rotation was applied. The optical bandwidth was 

1 nm and the spectra were recorded in continuous mode between 190 and 400 nm with 50 

nm/min scanning speed, 1 s integration time, 0.5 nm data pitch, and with 15 L/min nitrogen 

flow. LD of double stranded DNA samples yields a characteristic negative signal at the 

absorbance maximum of the DNA bases (ca. 260 nm) since the transition moments of the 

base π- π* transitions are located in the plane of the bases, and as these are oriented 

orthogonally with respect to the axis of DNA helix [88]. 

Protein-DNA binding was studied with a 130 μM (final concentration calculated for 

base pairs) calf thymus CT-DNA sample. The mixture contained 60 μM EDTA, 17 mM 

KH2PO4, 2.4 mM HEPES (the pH of both buffers was adjusted to 7.7) and 0-5 μM protein. 

The solutions were incubated for 10 min before recording the spectra. The incubation time did 

not influence the results. 

The cleavage of 130 µM (bp) CT-DNA by different mutants was followed for 8 hours 

(1 spectrum/h). The proteins (40 μM) were incubated with one equivalent of Zn(Ac)2 (40 μM) 

for 30 min at room temperature before the reaction started. The final concentration of both the 

protein and Zn
2+

-ions was 0.5 µM. 720 µl of reaction mixture was incubated at 37 °C and in 
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each hour 70 µl aliquot was taken for LD test. All solutions were in mixed buffers of 17 mM 

KH2PO4 and 2.4 mM HEPES, the pH of both buffers was adjusted to 7.7. The spectra were 

smoothed with the means-movement method, convolution width of 11. 

10.1.8. Atomic force microscopy 

Scanning force microscopy images were taken under ambient conditions in air, with a 

PSIA XE-100® Atomic Force Microscope. The probe tips were purchased from NT-MDT® 

(type NSG01) and had a nominal radius of curvature of  ≈10 nm and cone angle ≈10° at the 

apex. Lateral forces during scanning were minimized by operating the AFM in the 

intermittent contact (tapping) mode. The oscillation amplitude and setpoint parameters were 

adjusted to ensure low ( ≤ 1 nN) contact forces during imaging. The samples for AFM 

experiments contained 25 or 100 nM of the 777 bp DNA fragment, occasionally 50 nM 

protein (NColE7 or GGNG), 2 mM MgCl2 and 4 mM HEPES (pH = 7.7). 20 µl aliquot was 

dropped onto the mica plate (diameter 1 cm) and dried on air for 10 min, followed by repeated 

washing with 5×20 µl water, then completely dried on air.   

10.1.9. Computational methods  

10.1.9.1. MD simulations 

Initial conformation of NColE7 and the shortened mutants was obtained from a crystal 

structure 1M08 [50]. The original N-terminus of NColE7 was restored by an M446K 

mutation. In all models the proteins had uncapped termini (i.e. NH3
+
 and COO

–
 groups).  

Molecular dynamics (MD) calculations were performed with GROMACS 4.05,[127] 

with the force field Gromos 53a6 [128]. The ionizable residues were charged according to the 

default pKa values at pH = 7.2 detected by PropKa 3.0 [129]. Each protein was placed in a 

cubic box with edge size of ca. 8 nm, and solvated by explicit SPC/E water model containing 

about 16000 equilibrated water molecules. The system was neutralized with Cl
–
 ions 

replacing water molecules according to the electrostatic potential of the system points. Energy 

minimization was carried out with the steepest descent method. 200 ps position restrained 

dynamics was performed in NVT ensemble to equilibrate the system (solvate and generate 

initial velocities with Maxwell distribution) including explicit water molecules. 25 ns MD 

simulations were performed in the NPT ensemble with periodic box conditions. The 

integration step was 2 fs. The temperature was set to 300 K and isotropic Berendsen p-

coupling and T-coupling was applied. For Coulomb interactions PME was applied with 0.9 

nm cut-off for electrostatic and 1.6 nm for van der Waals interactions. The dielectric constant 

was set to 1.0. The LINCS constraint algorithm was used. Trajectories were analyzed starting 

at 500 ps. 

10.1.9.2.  Semi-empirical quantum chemical calculations 

Semi-empirical quantum chemical computations were performed on the proteins 

including a Zn
2+

 and a phosphate ion with the PM6 method implemented in MOPAC2009 

[99, 102, 103, 109]. Localized molecular orbitals were applied by the MOZYME [102] 
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model. The solvation was considered by COSMO method [130] with the dielectric constant of 

78.4. The geometry optimization was carried out by the L-BFGS method after the initial 

minimization of the hydrogen positions. The gradient norm was set to 1.0 kcal/mol/Å. The 

thermodynamic parameters were computed with the PM6 method, then recalculated in one 

SCF cycle with the PM6-DH2 correction. 

10.1.9.3. QM/MM calculations on protein – DNA complexes 

Protein setup for QM/MM calculations 

The protein setup was performed based on the crystal structures of the mutant D493Q-

NColE7 (3FBD, [48]) and 1M08 [50]. Residue D493 was restored in an orientation obtained 

by manual superposition with the corresponding parts of the 2IVH [53] structure containing a 

H545Q mutant NColE7 in complex with a 18 bp DNA substrate and a Zn
2+

-ion. The last five 

base pairs of the DNA molecule (not interacting with the protein in our model) and S445 were 

deleted. As in the 3FBD structure there was no Zn
2+

-ion, it was positioned into the metal 

binding site of the HNH motif, using the Zn
2+

-containing 1M08 structure as the template. The 

metal ion binding H544, H569 and H573 were protonated at the uncoordinated N

, N


 and N


 

nitrogens, respectively, whereas H545 at the N

 to be suitable to activate the nucleophilic 

water molecule. 

The construction of the QM/MM system followed the recommended protocol [106, 

107] that is almost identical to those used in our previous QM/MM studies [131-133] The 

quantum system (System 1) consisted of 169 atoms for NColE7 and 156 for ΔN4-NColE7 

(Fig. 10.1) including the Zn
2+

-ion, H544, H545, H569, H573, V555 and the sidechain of R447 

(only for NColE7). The MM part was divided into System 2 (surrounding of the quantum 

region) that is allowed to move in the QM/MM minimizations and System 3 (the rest of the 

protein) that is kept fixed.  

 

 

Fig. 10.1.  Quantum region (system 1) of the 

NColE7/DNA model, containing 169 atoms. At the 

dangling bonds hydrogen caps are used. The quantum 

region of ΔN4-NColE7/DNA (156 atoms) is the same, 
except for the missing R447 residue. 

 

 

The protein-DNA complex was solvated by water molecules (keeping also those 

resolved in the crystal structure) in the sphere with a radius R = 35 Å from its centre (~ 4000 

water molecules in total). An additional water molecule was inserted into the putative position 

for the catalytic water, between H545 and the scissile phosphate. Total of 42 K
+
 and 32 Cl

-
 

ions were added to neutralize the system and to achieve a salt concentration of 0.3 M. 
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The starting geometry for QM/MM calculations was obtained using sander module of 

an AMBER package. The minimization was carried out with heavy atoms fixed at their 

crystallographic position, whereas hydrogen atoms (added to the DNA-protein complex by 

the Leap module of Amber) and water molecules added to the model were allowed to relax. 

The oxygen atoms of catalytic and those water molecules resolved in the crystal structure 

were kept fixed. After initial minimization, 180 ps simulated annealing (T initial 353 K, T 

final 0 K, no pressure scaling, NVT ensemble) with the same set of fixed atoms as described 

above was carried out. Finally, the resulting structure was subjected to an additional 

molecular mechanics minimization. No periodic boundary conditions were used. The water 

molecules were kept inside the sphere by a harmonic potential with a default force constant to 

prevent their dissociation in the course of the MD simulation (simulated annealing).  

The initial QM/MM structure of the ΔN4-NColE7 was prepared using the above 

procedure after deletion of the KRNK amino acid string from the N-terminus of NColE7. 

Construction of the QM/MM system 

The quantum system consisted of 169 atoms for NColE7 and 156 for ΔN4-NColE7. 

The Zn
2+

-ion, the catalytic water molecule, the side chain of R447 (including only the 

positively charged guanidinium and the neighbouring -CH2- group), the metal binding 

histidines and the catalytic H545, as well as, V555 (deemed important for positioning the 

H545 residue) was included in the model. In all cases the truncation involved “fairly inert” 

non-polar C-C bonds to prevent any artifact in the QM/MM calculations. Hydrogen-link 

approach was used to cap the dangling bonds in the QM part.  

Beside the quantum region (denoted also as System 1), the standard approach in the 

QM/MM protocol is the division of the MM part into System 2 (surrounding of the quantum 

region) that is allowed to move in the QM/MM minimizations and System 3 (the rest of the 

protein) that is kept fixed. The cut-off for selection of System 2 was R = 6 Å (on per-residue 

basis), i.e. all residues containing any of their atoms 6 Å or less from the quantum system 

were included in the System 2. The System 2 consisted of 1439 atoms (54 residues, 8 DNA 

bases and 3 K
+
 and 2 Cl

–
 ions) and 124 water molecules. The rest of the protein (System 3) 

consisted of 13719 atoms (75 residues, 16 DNA bases and 39 K
+
 and 30 Cl

–
 ions and the 

remaining water molecules 3973).  

Description of the QM/MM procedure 

The QM/MM calculations were carried out employing a modified version of the 

ComQum program [106, 107, 134]. The Turbomole 6.3 program [135] was used for the 

quantum chemical calculations carried out using DFT method and implying Perdew-Burke-

Ernzerhof (PBE) functional [136] and Ahlrich’s def2-SVP basis set [137]. Resolution of the 

identity (density-fitting) was used to expedite the DFT calculations. MM calculations were 

carried out in the AMBER 8 program package (sander module) and the ff03 [138, 139] force 

field (parm99 set in Amber).  
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In this approach, the protein and solvent are split into three subsystems: (1) The QM 

region (system 1) contains the most interesting atoms and is relaxed by QM/MM forces. (2) 

System 2 consists of all of the residues within 6Å of any atom in system 1 and is relaxed by a 

full MM minimization in each step of the QM/MM geometry optimization. (3) Finally, 

system 3 contains the remaining part of the protein and surrounding solvent molecules and is 

kept fixed at the original (crystallographic) coordinates. In the quantum chemical calculations, 

the QM system is represented by a wave function, whereas all of the other atoms are 

represented by an array of partial point charges, one for each atom, taken from Amber 

libraries. Thereby, the polarization of the quantum chemical system by the surroundings is 

included in a self-consistent manner. In the MM calculations for the QM/MM forces and 

energies, all of the atoms are represented by the Amber force field. When there is a bond 

between systems 1 and 2 (a junction), the quantum region is truncated by hydrogen atoms, the 

positions of which are linearly related to the corresponding carbon atoms in the full system 

(the hydrogen-link approach [106, 140]). To avoid overpolarization of the quantum system, 

point charges on atoms in MM region bound to junction atoms are zeroed and the remaining 

charges on the truncated amino acid are adjusted to keep the fragment neutral. The total 

energy is calculated as 

Etot = EQM+ EMM123- EMM1       (1) 

Here, EQM is the QM energy of the quantum system truncated by the hydrogen atoms, 

excluding the self-energy of the surrounding point charges. EMM1 is the MM energy of the 

quantum system, still truncated by hydrogen atoms, but without any electrostatic interactions. 

Finally, EMM123 is the classical energy of all the atoms in the system with normal atoms at the 

junctions and with the charges of the quantum system set to zero (to avoid double counting of 

the electrostatic interactions). By the use of this approach, errors caused by the truncation of 

the quantum system should cancel out. The calculated forces are the gradient of this energy, 

but owing to the differing junctions in the various calculations, they have to be corrected 

using the chain rule. The geometry optimizations were carried out in two steps. First, systems 

2 and 3 were frozen and only the quantum system was optimized (this structure will be 

referred to as Protein_Fixed). Second, both systems 1 and 2 were allowed to relax. In the MM 

optimization of system 2, the charges on the quantum atoms were updated in each iteration of 

the QM/MM optimization. This optimization was performed with the looser convergence 

criterion of 10
-4

 a.u. for the change in energy and 10
-2

 a.u. for the maximum norm of the 

Cartesian gradient (0.26 and 50 kJ.mol
-1

 Å
-1

)). Then, system 2 was frozen again, and the 

geometry optimization was continued with default convergence criteria (10
-6

 and 10
-3

 a.u.).  

 

10.2. METHODS FOR THE “TKW” MUTANTS 

10.2.1. Computational alanine scan  

Chain A from the crystal structure 1M08 of the Zn
2+

-bound NColE7 [50] was applied 

as the starting geometry for NColE7. Alanine mutations were built in the optimized NColE7 

structure manually and the resulted models were optimized as well. All proteins had uncapped 
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termini (i.e. NH3
+
 and COO

–
 groups). Semiempirical quantum chemical computations were 

performed with the PM6 method [99, 103] implemented in MOPAC2009 [109]. Localized 

molecular orbitals were applied by the MOZYME [102] method. The solvation was 

considered by COSMO method [130] with the dielectric constant of 78.4. The geometry 

optimization was carried out by the L-BFGS method after the initial minimization of the 

hydrogen positions. The gradient norm was 1.0 kcal/mol/Å. The thermodynamic parameters 

were computed with the PM6 method, and recalculated in one SCF cycle with the correction 

PM6-DH2 [100, 101].  

10.2.2. Cloning, protein expression and purification 

The gene of the triple mutant protein was amplified by PCR from the pQE70 plasmid 

(a generous gift of Prof. K.-F. Chak, Institute of Biochemistry and Molecular Biology, 

National Yang Ming University, Taipei, Taiwan - [50]) containing the gene of NColE7 and 

the Im7 protein. The PCR fragment was cloned into a pGEX-6P-1 vector that provides an N-

terminal GST fusion. The plasmid containing the target gene was transformed into E. coli 

DH10B cells and E. coli BL21 (DE3) cells for cloning and protein expression, respectively. 

The procedure described earlier was applied for protein purification. All the proteins were 

stored in 20 mM HEPES, at pH = 7.7.  

10.2.3. Monitoring of DNA binding and cleavage by gel electrophoresis 

In the protein-DNA binding studies the concentration of the 13 base pair 

oligonucleotide was 0.2 µM, and the protein final concentration ranged between 0 and 7 µM. 

The 
32

P-radiolabelled DNA was hybridized from one single oligonucleotide with 

complementary sequence at the ends forming a loop upon self hybridization. The samples 

were run on 6% native polyacrylamide gel electrophoresis (PAGE) at 4 °C . The reaction 

mixture contained 4 mM NaCl and 4 mM HEPES buffer (pH = 7.9). The DNA cleavage 

reaction was inhibited by 100 µM EDTA chelating the metal ion that is essential for catalytic 

activity [57]. 

The cleavage of 74 μM (base pairs) pUC19 plasmid by proteins (2.8 μM) in the 

presence of 2.8 μM zinc(II)-acetate was followed by agarose gel electrophoresis. Incubation 

time before electrophoretic run was 0-60 min at 37 °C. The CT-DNA cleavage assay 

contained DNA (68 μM, base pairs), protein (2.6 μM) and zinc(II)-acetate (2.6 μM). 

Incubation time was varied between 0 and 180 min at 37 °C. 10 μl aliquots were loaded onto 

an ethidium bromide containing 1% agarose gel with 2 μl of 6× DNA Loading Dye (Thermo 

Sci.). The electrophoresis was performed in a Bio-Rad Wide Mini Sub Cell
®
 GT system at 6.7 

V/cm in TAE buffer (40 mM Tris, 20 mM acetic acid, and 1 mM EDTA, pH = 8.0). For 

comparison 6 µl of the Bio-Rad 1 kbp marker DNA was also loaded to the gel. 

10.2.4. Nano-electrospray ionization mass spectrometry 

Mass spectrometric (MS) measurements were performed on a LCT Premier (Waters) 

instrument equipped with a nanoflow electrospray ionization (nano-ESI) source and a time-

of-flight (TOF) analyzer in positive ion mode as described earlier. The recorded m/z data were 
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deconvoluted using the MassLynx
TM

 v4.1 (Waters) software equipped with the MaxEnt1 

algorithm. The high charge states of the multiply charged spectrum, ranging from +10 to +17, 

were used to calculate the apparent mass.  

10.2.5. Isothermal titration calorimetry 

Isothermal calorimetric titrations were performed with the MicroCal Auto-iTC200 (GE 

Healthcare Life Sciences) instrument. The protein samples (~50 μM) were dialyzed for 12 

hours in 7000 MWCO Thermo Scientific Slide-A-Lyzer casettes against 20 mM cacodylate 

buffer, pH = 7.0. The concentration of the protein after dialysis was determined by HPLC 

amino acid analysis. ZnCl2 was dissolved in the same buffer (c = 400 μM). The dilution heat 

of ZnCl2 with the buffer was determined for each experiment and the integrated data of 

dilution heats were subtracted from the corresponding data of protein titrations. 200 µl of 

protein solutions were titrated with 2 μl aliquots of 400 μM ZnCl2 up to 40 µl and a spacing of 

240 s. Prior to titrations the plates were centrifuged to avoid bubbles in the samples. 

10.2.6. Fluorescence based thermal shift assay 

Thermal stability of the proteins was measured in a ROCHE LightCycler 480 

instrument. The Sypro Orange (Invitrogen) fluorescent dye was applied in 625× dilution to 

detect protein unfolding. The protein concentration was 0.4 mg/ml with a twofold molar 

excess of ZnCl2, in 20 mM cacodylate buffer, pH = 7.0. Samples were heated from 20 to 95 

°C, with 4.40 °C/s.  

10.2.7. Linear dichroism spectroscopy 

Flow linear dichroism spectra were measured on a Jasco-815 CD spectrometer 

equipped for linear dichroism spectroscopy (LD) as described in [87]. CT-DNA cleavage was 

followed in reaction mixtures containing 130 µM (base pairs) CT-DNA and 5 µM TKW with 

5, 25 or 50 µM zinc(II)-acetate in a microvolume Couette flow device. The samples contained 

17.7 mM KH2PO4 and 2.5 mM HEPES buffer, pH = 7.7. 70 µL aliquots of the sample 

incubated at 37 °C were used to record LD spectra at room temperature. Control experiments 

were conducted with CT-DNA in the presence or absence of zinc(II)-acetate, TKW, EDTA or 

Im7. Protein binding was studied with a 130 μM (final concentration calculated for base pairs) 

CT-DNA sample. The reaction mixture contained 60 μM EDTA to inhibit nuclease digestion, 

17 mM KH2PO4, 2.4 mM HEPES (the pH was adjusted to 7.7) and 0-5 μM protein. The 

solutions were incubated for 10 min before recording the spectra. Longer incubation times did 

not influence the results.  

10.2.8. Circular dichroism spectroscopy 

The Synchrotron Radiation Circular Dichroism (SRCD) spectra were recorded at the 

CD1 beamline of the storage ring ASTRID at the Institute for Storage Ring Facilities (ISA), 

University of Aarhus, Denmark [78, 126]. Camphor-sulfonic acid served as a calibration 

material for the instrument. All spectra were recorded with 1 nm steps and a dwell time of 2 s 

per step, using a 100.4 m quartz cell (SUPRASIL, Hellma GmbH, Germany), in the 

wavelength range of 175-260 nm. The concentration of the protein solutions was adjusted to 
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3.2  10
–5

 M in 10 mM HEPES, pH = 7.7. From raw spectra the water baseline was 

subtracted. 

 

10.3. COMPUTATIONAL DESIGN OF THE NOVEL ZFN-S 

10.3.1. Construction of the initial models  

The DNA/NColE7/ZF complexes were built by structural alignments based on the 

DNA chains of the DNA/NColE7 (2IVH, [53]) and DNA/ZF (1MEY, [12]) structures in 

PyMol. In the alignment process all possible combinations of 5 or 8 base pair long parts of the 

sequence on both DNA chains were superimposed and the DNA originating from the 

DNA/NColE7 complex was removed. The structures were energy minimized using the 

GROMOS 45A4 force field [141] and the models with the lowest energy were selected. Out 

of the two DNA structures the specific site of the zinc fingers was kept in the final structure, 

and prolonged by repeating selected parts. Thus the initial models contained a DNA molecule 

with a sequence GAACTATGAGGCAGAACT (“straight” models) or 

AACTATGAGGCAGAACTATGAGG (“reverse” models) in complex with the ZF-s and 

NColE7 in close proximity, so that they could be joined with a suitable linker sequence.  

10.3.2. Linker design 

The design of the linkers was carried out with the software package LoopX [142], an 

algorithm, designed to graft loop backbone coordinates into protein crystal. The underlying 

database of loop backbone coordinates (N, C, O, C) was constructed by in silico digestion of 

14525 protein crystal structures from the ASTRAL95 dataset (less than 95% sequence 

identity). Linkers exhibiting appropriate length, end-to-end distance and RMSD of the 

respective anchor residues were identified from this database and included in the model as 

polyalanine chains. A position scan was carried out with FoldX [120], where all residues in a 

linker were mutated to the other 19 amino acids and changes in the free energy of folding 

were estimated. The sequences providing the energies of all designed loops are listed in 

Tables S2 and S3. Cysteins were excluded, because of their reactivity. Prolines were also 

excluded, as the computational methods seem to overestimate its stability due to covalent 

contributions; initially, one or more prolines were found in most of the linkers. Introducing 

extra prolines to the linker would introduce unwanted steric constraints to the structure. The 

structures were refined to avoid steric clashes, and the stability was estimated by FoldX. 

The four final models were constructed using all possible combinations of the best 

linkers. The sequence of zinc fingers are unchanged in the models, except for cutting the last 

one or two residues when it was required for the linker design. NColE7 is divided into two 

parts: the N-terminus (NX) and the C-terminus (CY), where X and Y refer to the number of 

residues involved in the model and X + Y is always less than the total number of amino acids 

in NColE7. The zinc finger sequence is inserted between these two parts. Accordingly, the 

“straight” models are named as CY-ZF-NX, while the “reverse” models are named NX-ZF-CY.  
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10.3.3. MD simulations 

MD simulations were carried out using the GROMOS11 suite of simulation programs 

[143], with the GROMOS force field, parameter set 45A4 [141]. The energy minimized 

starting structures of proteins, DNA molecules and complexes were centered in periodic 

rectangular boxes with a minimal solute-to-wall distance 0.9 nm. The box was filled with 

~12000 SPC water molecules with a minimal solute to solvent distance of 0.23 nm and 

subsequently minimized with the steepest descent algorithm, with a treshold of 0.1 kJ mol
−1

 to 

relax unfavorable interactions. Na
+
 or Cl

−
-ions were added to neutralize the system. Further 

water molecules at randomly selected positions were exchanged to Na
+
 and Cl

-
 -ions to 

achieve a NaCl concentration of 0.2 M. The system was thermalized in 5 discrete simulation 

steps of 20 ps at increasing temperatures, followed by another 20 ps at 298 K. The MD 

simulations were run for 10 ns at 298 K (relaxation time 0.1 ps) using the weak-coupling 

method [144]. The pressure was maintained at 1 atm using the weak-coupling method and a 

relaxation time of 0.5 ps and an estimated isothermal compressibility of 4.575×10
−4

 (kJ mol
−1

 

nm
−3

)
−1

. All bond lengths were constrained to their optimal value by the SHAKE algorithm 

[145] with a relative geometric accuracy of 10
-4

. During all calculations the Zn
2+

-ions were 

kept fixed using harmonic distance restraints: a Zn
2+

-N(His) interaction with an optimal bond 

length of 0.209 nm and a force constant of 14710 kJ mol
-1

 nm
-2

, while the Zn
2+

-S(Cys) 

interactions with an optimal bond length of 0.231 nm and a force constant of 18150 kJ mol
-1

 

nm
-2

. The analysis of trajectories was done by various tools of the GROMOS++ suite [146]. 

 

10.4. EXPERIMENTS WITH THE NOVEL ZFN MODELS 

10.4.1. Gene construction 

The genes were constructed by Béla Gyurcsik. The gene of the C105 NColE7 part of 

the N4-ZF-C105 protein was amplified by PCR from the pQE70 plasmid [44] (a generous gift 

of Prof. K.-F. Chak, Institute of Biochemistry and Molecular Biology, National Yang Ming 

University, Taipei, Taiwan) by using the oligonucleotides Mod4R2/2F 5’-

cgagaggggtgattatggcttaggttctcctgttccagatc-3’ as the forward (responsible for creating an 

overlapping sequence with the gene of the ZF protein described below) and ColC-SE-R 5’-

ccggaattcttatttacctcggtgaatatcaatatg-3' as the reverse primers. The DNA sequence of the ZF 

protein was synthesized from overlapping oligonucleotides by Integrated DNA Technologies 

(gBlocks
 TM

 Gene Fragment process) based on the sequence provided in 1MEY Protein Data 

Bank entry.[12] The primer Mod3R1/2F: 5’-aaacggaataagggtggtgacgcattcat-

ggaaaaaccgtataaatgccc-3’ was applied to create the new N-terminus including the 446-

KRNK-449 sequence of NColE7 (according to the original colicin E7 numbering) and the 

GGDAF linker sequence, while the primer Mod4R2/2R: 5’-cataatcacccctctcgaa-

acgaccctgatgggtacgctgat-3’ was responsible to fuse the C-terminal linker sequence 

GRFERGDYG to the ZF protein. The overlapping DNA sequences encoding for C105 

NColE7 and ZF were fused in an extension reaction and finally the Col-N-R1/2F: 5'-

aggccatatgaaacggaataagggtggtgac-3' and the ColC-SE-R primers were applied to amplify the 
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full length sequence. This was inserted into the pET-21a vector (Novagen) between the NdeI 

and EcoRI restriction enzyme sites (underlined sequences). The insert DNA sequence 

contained a C-terminal stop codon (formatted to italic in the reverse primer sequence). 

10.4.2. Protein purification 

The genes encoding the proteins were transformed to E. coli BL21(DE3) cells and the 

colonies were grown overnight at 37 °C. The colonies were picked and inoculated to 5 ml 

LB(Amp) solution and grown until OD600 = 0.6. 2×2.5 ml of the culture was used to inoculate 

2×250 ml LB/Amp solution. The protein production was induced by IPTG (final 

concentration 0.1 mM), followed by incubation on 22 °C for further 12 hours. The cultures 

were centrifuged by Avanti-HP25(Beckman, 3000 G, 15 min, 4 °C) and resuspended in 25 ml 

cold PBS. After 4×30 s sonication the sample was centrifuged (20 min, 10000 G, 4 °C). The 

sonication and centrifugation steps were repeated with the supernatant. The collected 50 ml 

supernatant was used for protein purification. 

The supernatant was applied to a gravity column containing 10 ml P11 resin slurry. 

After washing the column with 30 ml PBS, a four step elution was carried out with 20-20 ml 

of a 20 mM HEPES solution (pH = 7.9) containing 0.2, 0.5, 1.0, 2.0 M NaCl. The 3
rd

 fraction 

(1 M NaCl) was diluted 10× with the 20 mM HEPES buffer and applied to a HiTrap SP XL 1 

ml column equilibrated with a binding buffer of 20 mM HEPES (pH = 7.9). After washing the 

column with 3 CV (column volume) a 30 CV gradient was performed with a NaCl 

concentration 0-2M. 5 ml of the fractions containing the target protein were collected and 

purified further with gel filtration on a HiTrap 16/60 Sephacryl S-200 HR column with a 

buffer containing 20 mM HEPES (pH = 7.9) and 200 mM NaCl.  

10.4.3. DNA-binding experiments 

DNA-binding experiments were performed with a 21 bp specific oligonucleotide (0.2 

μM) with protein concentrations 0, 0.1, 0.2, 0.3, 0.4 μM. The reaction mixture contained 20 

mM HEPES (pH = 7.9) and 20 mM NaCl, 1 mM ZnSO4 and 10% glycerol. 0.1% of the DNA 

was labelled by kination with a [γ-
32

P] ATP. The total volume of each sample (10 µl) was 

loaded to a 6% native Tris-glycine gel, and visualized by Typhoon FLA 7000 (GE 

Healthcare). The competition assays were performed with 0.2 μM specific 
32

P labelled DNA, 

0.3 μM protein and an increasing amount of unlabelled specific or nonspecific DNA from 1 

μM to 5 μM.  

10.4.4. Plasmid DNA cleavage experiments 

The reaction mixture contained 32 nM DNA (with the ZF recognition sequence 

inserted into pGEX-6P-1 or the original pGEX-6P-1 - GE Healthcare vector), 0.85 µM 

protein, 2 µM ZnSO4, 50 mM HEPES (pH = 7.9) and 40 mM NaCl. The reaction was 

incubated at 37 °C and 4 µl aliquots were used for gel electrophoresis at each time point. 

Before loading to the gel SDS was added to a final concentration 0.1 m/V%. 
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10.4.5. Primer extension experiments 

A reaction mixture contained 10 ng of DNA digested with designed artificial ZFN for 

46 hours, 2 mM dNTP, 100 fmol of [γ-
32

P] labelled primer, standard Taq reaction buffer and 

1.5 unit of Taq polymerase (New England BioLabs). The reaction was incubate at 98 °C for 1 

minute, after that, the reaction was incubated at 98°C for 20 seconds, at 50°C for 30 seconds, 

at 72°C for 20 seconds, and this sequence was repeated 10 times. The reaction was terminated 

by phenol/chloroform extraction and ethanol precipitation. The synthesized fragment was 

separated on 8% polyacrylamide gel containing 8.3 M urea, and was visualized by Typhoon 

FLA 7000. The primer sequence was the following:  

5’-primer, 5’-GGGCTGGCAAGCCACGTTTGGTG-3’,  

3’-primer, 5’-CCGGGAGCTGCATGTGTCAGAGG-3’.   

 

 


