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Types of restriction endonucleases 

I. (EC 3.1.21.3) cleave at sites remote from recognition site; require ATP 
and S-adenosyl-L-methionine to function; multifunctional proteins with 
restriction and methylase (EC 2.1.1.72) activities 

II. (EC 3.1.21.4) cleave within or at short specific distances from 
recognition site; most require magnesium; single function (restriction) 

III. (EC 3.1.21.5) cleave at a short distance from recognition site; require 
ATP (but do not hydrolyse it); S-adenosyl-L-methionine stimulates 
reaction but is not required; exist as part of a complex with a 
modification methylase (EC 2.1.1.72) 

IV. target modified DNA, e.g. methylated, hydroxymethylated and glucosyl-
hydroxymethylated DNA 

V. utilize guide RNAs to target specific non-palindromic sequences found 
on invading DNA (e.g., the cas9-gRNA complex from CRISPRs) 



Features of the type II endonucleases 

> 3000 (600) 
http://rebase.neb.com 

 

Type II endonucleases recognize shot, usually 
palindromic, sequences of 4-8 bp 

 

Structures of restriction enzymes show a common 
core comprising 4 β-strands and 1 α-helix  



Enzyme Sourse Recognition site Cut 

BamHI Bacillus amyloliquefaciens 5'GGATCC 

3'CCTAGG 

5'---G  GATCC---3' 

3'---CCTAG  G---5' 

EcoRI Escherichia coli 5'GAATTC 

3'CTTAAG 

5'---G  AATTC---3' 

3'---CTTAA  G---5' 

EcoRV*  Escherichia coli 5'GATATC 

3'CTATAG 

5'---GAT  ATC---3' 

3'---CTA  TAG---5' 

HindIII Haemophilus influenzae 5'AAGCTT 

3'TTCGAA 

5'---A  AGCTT---3' 

3'---TTCGA  A---5' 

KpnI Klebsiella pneumoniae 5'GGTACC 

3'CCATGG 

5'---GGTAC  C---3' 

3'---C  CATGG---5' 

PstI Providencia stuartii 5'CTGCAG 

3'GACGTC 

5'---CTGCA  G---3' 

3'---G  ACGTC---5' 

PvuII* Proteus vulgaris 5'CAGCTG 

3'GTCGAC 

5'---CAG  CTG---3' 

3'---GTC  GAC---5' 

SalI Streptomyces albus 5'GTCGAC 

3'CAGCTG 

5'---G  TCGAC---3' 

3'---CAGCT  G---5' 

SmaI*^ Serratia marcescens 5'CCCGGG 

3'GGGCCC 

5'---CCC  GGG---3' 

3'---GGG  CCC---5' 

XbaI Xanthomonas badrii 5'TCTAGA 

3'AGATCT 

5'---T  CTAGA---3' 

3'---AGATC  T---5' 

XmaI^ Xanthomonas malvacearum 5'CCCGGG 

3'GGGCCC 

5'---C  CCGGG---3' 

3'---GGGCC  C---5' 



Interaction of restriction endonucleases 
with DNA 

[Pingoud, Jeltsch, 2001] 



Protein-DNA complexes 

[Pingoud, Jeltsch, 2001] 



Catalytic center of the EcoRV 

Superposition of solved structures and metal-ion binding site in EcoRV. Metal 
binding sites in crystal structures and deduced from biochemical experiments are 
indicated. The metal-ion binding sites near the active center are shown for both 
subunits, the additional sites (near His71, His193 and GpATATC phosphate) are 
shown only for one subunit 

[Pingoud, Jeltsch, 2001] 



DNA cleavage in the active center of 
endonucleases 

[Pingoud, Jeltsch, 2001] 



Principle mechanisms of the phosphoryl 
transfer reaction 

The reaction of phosphodiester bond 
cleavage follows an associative or a 
dissociative route. These mechanisms 
differ in the amount of bond formation 
in the transition state. For an associative 
mechanism (red line) both bond orders 
change proportionally, whereas for a 
dissociative mechanism (blue line), the 
bond to the leaving group is largely 
cleaved while the bond to the attacking 
nucleophile is not yet formed 
 
1, Enzyme–substrate complex; 2, 
enzyme–product complex; 3, transition 
state of the associative mechanism; 4, 
transition state of the dissociative 
mechanism 

[Pingoud, Jeltsch, 2001] 



m = 4n 

 
Recognition of 6 bases results in cuts as 
often as every 46 (4096) bases 
8 → 48 (65536) 
 
Human genome contains ~3*109 bases 
 

Gene engineer needs 16-18 bp 
recognition! 
 
416 = 4294967296 
418 = 68719476736 

A genome engineering experiment 

• The aim here is to replace the 
mutant gene (red) with the 
normal allele (green)  

• In the converse experiment, 
where the normal gene is 
replaced with a mutant version in 
germ line cells, one can produce 
transgenic animals 

 [Chandrasegaran, Smith, 1999] 



Chimeric DNA-binding enzymes 

Recognition domain Active domain Author 

Drosophila Ubox 
homeodomain 

FokI Kim, Chandrasegaran, 1994 

3-zinc-finger protein (Zif) FokI Kim et al., 1996 

Z-DNA conformation 
specific endonuclease 

FokI Kim et al., 1997 

Gal4 yeast protein  FokI Kim et al., 1998 

Sp1 to the β-globin 
promoter 

FokI Lee et al., 1998 

Zif Transcription activator or 
transcription repressor 

Kim et al., 1971 
Becrli et al., 1998 

Zif CpG-specific DNA 
methyltransferase 

Xu, Bestor, 1977 



The oligonucleotide-guided endonuclease 
α-IGNAF 

The specificity of this hybrid enzyme can be easily altered. It would be a 
programmable molecular device. Two alternatives are considered:  

1. the catalytic method - hybrid nuclease acts as enzyme with substrate 
turnover above Tm, 

2. the robust method means carrying out repeated hybridization and 
cleavage reactions in a thermocycler 



The pIGNucAFlu plasmid coding two 
domains of α-IGNAF protein 

• Plasmid pIGNucAFlu consists of lacI promoter, IGNAF sequence, f1 origin, 
colEI origin, and bla gene 

 
• Protein IGNAF with MW ~60 kD includes the ompA secretion signal, FLAG, 

NucA domain, GSGGSGGSG peptide tether from 9 aminoresidues, variable 
light-chain (VL) domain, (GGGGS)6 30-mer linker, variable heavy-chain (VH) 
domain of scFv antibody to fluorescein, myc-Tag, and His-Tag 



The problem is a nonspecific cleavage 

• A nonspecific cleavage can occur 
in an intramolecular fashion, in 
which specific binding localizes 
the nuclease at the target site, as 
well as in an intermolecular 
reaction, which is independent on 
oligonucleotide binding 

 

• Can a nonspecific binding be 
decreased by mutations in the 
DNA-binding loop and α-helix of 
NucA domain? 

[Corey et al, 1989] 



NucA nuclease from Anabaema sp. with 
key aminoresidues (model) 

• Mutations: 

– R93A and W159A 

– Unfortunately, it is not a 
solution of the problem, 
because the mechanism of 
reaction has not been 
changed 

• Smart IGNAF molecules 
have to bind at the target 
site, then switch on, next 
cleave DNA strand, and 
finally switch off 



Multiple alignment: 
                                 β                  α 

consensus   LDRGHLAPAA.[8].QDATFYLTNMAPQ.[3].FNQGNWAYLEDYLRDL 126 

NucA query  YDRGHIAPSA.[8].NAATFLMTNMMPQ.[3].NNRNTWGNLEDYCREL 115 

SM 1QL0_A   VDRGHQAPLA.[7].WESLNYLSNITPQ.[3].LNQGAWARLEDQERKL 129 

gi 128831   YDRGHQAPAA.[8].MDDTFYLSNMCPQ.[4].FNRDYWAHLEYFCRGL 184 

gi 585595   YDRGHIAPSA.[8].NAATFLMTNMMPQ.[3].NNRNTWGNLEDYCREL 169 

gi 1723567  YDRGHQVPAA.[8].MNETFYLSNMCPQ.[4].FNRNYWAYFEDWCRRL 188 

gi 3914183  FDRGHMAPAG.[8].MDQTFYLSNMSPQ.[4].FNRHYWAYLEGFCRSL 133 

gi 6093589  YDRGHQAPAA.[8].MDETFLLSNMAPQ.[4].FNRHYWAYLEGFMRDL 201 

gi 17233277 FDRGHMAPSA.[8].NSATFLMTNIIPQ.[3].NNQGIWANLENYSRNL 165 

gi 18203628 WSRGHMAPAG.[8].MAETFYLSNIVPQ.[3].NNSGYWNRIEMYCREL 185 

Comparative sequence analysis  

Split: 
           β                     α 

NucA NAATFLMTNMMPQ.[T↓PD].NNRNTWGNLEDYCREL 

SM   WESLNYLSNITPQ.[K↓SD].LNQGAWARLEDQERKL 

by NCBI CDD BLASTP http://www.ncbi.nlm.nih.gov/Structure/cdd and  

by Structure Logo http://www.cbs.dtu.dk/~gorodkin/appl/plogo.html 

http://www.cbs.dtu.dk/~gorodkin/appl/plogo.html


The hinge of SM nuclease  
SM → d4N-SM http://molmovdb.org 

by the Yale Morph Server 

http://molmovdb.org/


The split point of NucA 

N-...-Thr97-↓-Pro98-...-C 

 

NucAN-Flu: 

OmpA-Flag-NucAN-
GGSGGSGGS-aFlu-His5 

47.2kD 

NucAC-Flu: 

OmpA-Flag-GG-NucAC-
GGSGG-aFlu-His5 

46.4 kD 



Cloning, expression, and  
test of β-IGNAF in vitro 



Comparison of α-, β-, and γ-versions 

   

1 3 2 2 2 1 

heteropod -    

100% activity 

homopod -  

25% activity 

fixation fixation wobbling 

regulation by 

selfassembling 

regulation by 

selfassembling 

permanent 

activity 

2 molecules 2 molecules 1 molecule 

disadvantage advantage disadvantage advantage disadvantage advantage 

γ-version (yet mental) β-version (in a refrigerator) α-version (in a refrigerator) 

2xNucA/2-FluDig 2xNucA/2-Flu IGNAF 

[Kuznetsov et al, 2006] 



Target activation of pre-installed 2xNucA/2 
in vivo 

NucAN + NucAC = NucA 
1. installation of transgenes 
2. introduction of oligonucleotides (input) 
3. effector’s activation by self-assembling 
 
Theoretically, no any background activity! 

1 

2 

3 



[Kim et al, 2007; 
Kim, Kim, 2014] 

ZFN, TALEN, and CRISPR/Cas9 



ZF-functional domain fusion proteins 

Zinc fingers are represented by blue cylinders. 
Functional domains are depicted by labelled 
shapes connected to ZF 

 

(A) ZFs linked to transcriptional activation or 
repression domains may be used to regulate 
gene expression. P65 denotes the activation 
domain of the p65 subunit of NF-κβ. KRAB is 
the Kruppel-associated box A/B repression 
domain of the KOX1 protein 

 

(B) ZFs linked to a DNA methyltransferase (DNMT) 
or histone methyltransferase (HMT) may be 
used to epigenetically mark target loci 

 

(C) ZFs linked to endonucleases, integrases (IN) or 
recombinases (not shown) offer promise for 
genome engineering. FokI denotes the 
nuclease domain of the FokI restriction 
enzyme 



CRISPR/Cas9 adaptive immunity 

CRISPR-Cas immune system. In the adaptation 
stage, exogenous DNA is sampled and a novel 
spacer is integrated into the CRISPR locus; in the 
expression stage, the CRISPR array is transcribed 
and processed into small interfering CRISPR RNAs 
(crRNAs) that guide Cas endonucleases towards 
target complementary DNA in the interference 
stage 

Cas-cleavage of DNA. Cas9 endonuclease 
forms a ribonucleoprotein complex in 
combination with the dual guide RNA 
(crRNA and tracrRNA), as well as the target 
dsDNA. The Cas9:guide RNA complex binds 
to proto-spacer adjacent motif (PAM) and 
drives the formation of an R-loop in the 
target DNA that leads to a double stranded 
break by the HNH and RuvC nickase 
domains 

[Barrangou, 2015] 



The sgRNA and its target DNA 

Schematic representation of the sgRNA:target DNA 
complex. The guide and repeat regions of the crRNA 
sequence are colored sky blue and blue, respectively. 
The tracrRNA sequence is colored red, with the linker 
region colored violet. The target DNA and the 
tetraloop are colored yellow and gray, Watson-Crick 
and non-Watson-Crick base pairs are indicated by 
black and gray lines, respectively. Disordered 
nucleotides are boxed by dashed lines 

[Nishimasu et al, 2014] 



Structure of Cas9-sgRNA-DNA complex 

The Cas9 complex composed of recognition (REC) and nuclease (NUC) lobes, including the 
sgRNA:target DNA heteroduplex in a positively charged groove between the lobes. The REC 
lobe, which is essential for binding sgRNA and DNA, can be divided into three regions, a 
long α-helix (bridge helix), the REC1 domain, and the REC2 domain. The NUC lobe contains 
the HNH and RuvC nuclease domains, which are positioned for cleavage of the 
complementary and noncomplementary strands of the target DNA, respectively. The 
nuclease lobe also contains a C-terminal domain responsible for the interaction with the 
protospacer adjacent motif, so-called PAM-interacting (PI) domain. 
(The noncomplementary DNA strand and HNH domain are omitted for clarity) 

[Nishimasu et al, 2014] 



Genome engineering with CRISPR/Cas9 

[Doudna, Charpentier, 2014] 



Development and applications of 
CRISPR/Cas9 tools 

• Genetic mutations and epigenetic states associated with disease can be rapidly modeled in cells or animals  

• Biological circuits could generate useful synthetic materials 

• Precise genetic engineering of crops will increase its resistance to environment and infections 

• Biofuels could be synthesized by creating metabolic pathways 

• Direct in vivo correction of genetic or epigenetic defects would be a solution of many disorders  

• High yield drug production in modified cells could reduce the cost of therapeutics 

[Hsu et al, 2014] 



Cas9-mediated genome modification in the 
Crepidula fornicata 

Strategy for CRISPR/Cas9 genome modification 
(A) C. fornicata β-catenin gene showing the target region for Cas9-mediated cleavage (scissors). The complementary 
target sequence of the sgRNA resides in the β-catenin coding sequence (CDS, dark grey), just prior to the stop codon, 
PAM motif, and 3’UTR (light grey). The enlarged guide RNA is displayed with the target sequence in black and the 
scaffold in green 
(B) Following Cas9-mediated cleavage at the β-catenin target site, homologous recombination occurs with the circular 
donor DNA. The plasmid (pCS21 backbone) contains 50 nt of the C-terminal β-catenin CDS on one side of the in-frame 
mCherry coding sequence (red), which is followed by the endogenous β-catenin stop codon and 47 nt of the 3’UTR 
(C) Integration of the mCherry insert at the correct β-catenin locus was confirmed with a nested PCR reaction using 
outer and inner primers (CF2/R3 and CF3/R2 respectively) 

[Perry, Henry, 2015] 



Cas9-mediated genome modification in the 
Crepidula fornicata 

Transgenic integration results in expression of 
mCherry-tagged β-catenin within C. Fornicata 
embryos 
(A) Fluorescence image of the initial appearance 
of β-catenin-mCherry, observed at 84 h post-
injection in a round-stage embryo (lateral view). 
The colored cells are located at the animal pole, 
just below the polar bodies 
(B) Another embryo in the midstages of 
gastrulation produces β-catenin-mCherry 
(ventral view). Nuclear localization is seen in two 
of the large yolky cells (arrowheads) 
(C, D) Brightfield and fluorescence microscopy; 
inferior view of a 14 day veliger larva. Expression 
is observed in cells of the right and left midgut 
glands. Nuclear localization is seen in many of 
these cells 
 

[Perry, Henry, 2015] 

bp, blastopore; ft, foot; lmg, left midgut 
gland; pb, polar bodies; rmg, right midgut 
gland; sh, shell; vl, velar lobes 
 
Scale bar in D represents 50 µm for parts A 
and B and 60 µm for C and D 



Computational tools 

[Kuznetsov, 2014] 



Comparison of programmable nucleases 

[Kim, Kim, 2014] 

ZFNs  TALENs  RGENs 

Targeting 
determinant 

zinc-finger proteins transcription 
activator-like effectors 

crRNA or sgRNA 

Nuclease FokI  FokI  Cas9 

Length of target 
site 

18–36 bp 30–40 bp 20 bp (total length    
21 bp) 

Restriction in target 
site 

G-rich  start with T and end 
with A 

end with NGG or NAG 
(lower activity) 

Off-target effects high  low  variable 

Cytotoxicity variable to high  low  low  

Size ~1 kb × 2  ~3 kb × 2 4.2 kb (Cas9 from       
S. pyogenes) + 0.1 kb 
(sgRNA) 



Conclusion 
1. Various types of endogenous nucleases have originated as selfish elements and 

expanded they abundance by lateral transfer in different species during a continuous 
arm race with DNA invaders 

2. Endogenous nucleases with a long recognition sequence evolved for precise special 
genomic operations 

3. DNA-cleavage mechanism consists of some steps including the target recognition, 
binding, conformational change and cutting at specific site 

4. Essential part of the DNA-cleavage is a water molecule attack on the phosphodiester 
bond, catalyzed by divalent metal ions localizing in the active center of enzyme 

5. ZFs demonstrated in a first time the possibility of effective modular protein design for 
the DNA sequence recognition 

6. TALE is a highly flexible molecular system for specific protein-DNA binding 

7. CRISPR/Cas system provides a FIFO stack like mechanism of molecular memory, as well 
as resolves the self-nonself discrimination problem 

8. Two different ‘legs’ are preferred to achieve the particular orientation of artificial 
guided nuclease on the DNA target 

9. ZF(N)s, TALE(N)s and CRISPR/Cas9 tools in combination with bioinformatics allow 
genetic and epigenetic control of cells 
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