
Genome Editing

From Zn finger to CRISPR/CAS9





The deployment of engineered nucleases (Zinc finger nucleases, TALENs and the CRISPR/cas system) 

enabled a significant breakthrough in targeted genome editing and offers an unprecedented way of 

modifying the genome of organisms in an efficient and cost-effective way.

ZFNs: artificial nucleases that consist of a synthetic ZFN domain fused to a Fok I cleavage domain

TALENs: transcription activator-like effector nucleases, consisting of an engineered specific (TALE) DNA 

binding domain and a Fok I cleavage domain

Targeted genome modification (TGM)



A crucial first step for performing targeted 

genome editing is the creation of a DNA 

double-stranded break (DSB) at the genomic 

locus to be modified. Nuclease-induced DSBs 

can be repaired by: Non-Homologous End-

Joining (NHEJ) and Homology-Directed 

Repair (HDR). NHEJ can lead to the efficient 

introduction of insertion/deletion mutations 

(indels) of various lengths. HDR-mediated 

repair can be used to introduce specific point 

mutations or to insert desired sequences 

through recombination of the target locus 

with exogenously supplied DNA ‘donor 

templates’. With targeted nuclease-induced 

DSBs, the frequencies of these alterations are 

typically greater than 1% and, in some cases, 

over 50%.



Site-directed nucleases. a–c, DNA 

nucleases bind to and cut DNA at 

specific locations. Each nuclease 

comprises a DNA-cutting domain 

(depicted in blue) and a DNA-targeting 

domain. Zinc finger nucleases and 

Transcription Activator-Like 

Effector Nucleases (TALENs) 

possess protein-based DNA 

recognition domains (depicted by 

yellow and orange ovals). Clustered 

Regularly Interspaced Short 

Palindromic Repeats (CRISPR) 

nucleases (c) rely on short-guide 

RNAs (gRNA) to locate the target 

DNA. The DNA recognition domain of 

all three nucleases can be engineered 

to target pre-determined sites in the 

genome for the purposes of genome 

editing. 

Targeted genome modification (TGM)



The enzyme Fok1, naturally found in Flavobacterium okeanokoites, is 

a bacterial restriction endonuclease consisting of an N-terminal DNA-

binding domain and a non-specific DNA cleavage domain at the C-

terminal.

Fok1 domain requires dimerization to function.



The customizable TALE DNA binding domain, composed of several nearly identical tandem 

repeat arrays, can target any given sequence according to a simple repeat variable di-residue 

(RVD)-nucleotide recognition code

- TALEs are major virulence factors secreted by the plant pathogenic bacterial genus 

Xanthomonas. They are injected into host cells through the secretion system and interfere with 

cellular activities by activating the transcription of specific target genes

- They have specific structural features, including secretion and translocation signals in the N-

terminal region, nuclear localization signals (NLS) and an acidic transcription-activation domain 

(AD) in the C-terminal region and a central DNA binding domain (DBD) with 33-35 nearly 

identical long amino acid repeats, followed by the last module which contains only 20 amino acids 

( “half repeat”)

- The Repeat Variable Di-residue (RVD) at positions 12 and 13 of each repeat dictates the 

specificity of repeat binding to a nucleotide in the DNA target

-  The DNA binding specificity of a TALE is determined by its repeat number and the sequence of 

the RVD: the repeat number determines the length of the target sequence, while the RVD 

corresponds directly to the nucleotide in the target site.



A: TALE structure and DNA recognition code: a typical TALE structure (top) comprises an N-terminal 

translocation domain (TD), a central DNA binding domain (DBD), two nuclear localization signals (NLS) and a 

transcriptional activation domain (AD) in the C-terminal region. The DBD is composed of several tandem 

repeats which end with a half repeat. Each repeat consists of 34 nearly identical amino acids except for the 

central repeat variable di-residue (RVD) in positions 12 and 13. The one-to-one RVD-nucleotide code of the 

four common RVDs used for DNA specific targeting in TALENs is shown below. B: TALE proteins: an optimal 

TALE scaffold including the central DBD can be fused to some functional domain, such as repressor, activator, 

nuclease or methylase, to generate TALE-based designer proteins for site-specific modification of the genome.

CTATAAGCCTGAGCCCTC



1987 a Japanese group identifies clustered regularly interspaced palindromic 

repeats (CRISPRs) as a series of short direct repeats interspaced with short sequences in 

the genome of Escherichia coli

CRISPRs were later detected in numerous bacteria and archaea, and predictions were 

made about their possible roles in DNA repair or gene regulation

Ishino et al., 1987



2005: sequence analyses indicate that many spacer sequences within 

CRISPRs derive from plasmid and viral origins.

Plasmid or viral

CAS (CRISP-Associated) genes:



TRANSCRIBED!!!

Northern blot analysis of repeated sequences. For 

each locus, an oligonucleotide derived from the 

respective repeat motif was used as a probe

mature CRISPR RNAs (crRNAs) 

Goal: Identify small non-mRNA in the thermophilic 

sulfur-metabolizing Archaeoglobus fulgidus

Methodology: Select small RNA (from ≈50 to ≈500 nt)

and prepare a cDNA library from Archaeoglobus 

fulgidus -> sequencing and confirmation of expression 

by northern blotting -> they find CRISP repeats!

2002



Cas (CRISPR-associated)

genes encode proteins with putative nuclease and helicase domains

Molecular Microbiology
Volume 43, Issue 6, pages 1565-1575, 25 APR 2002 DOI: 10.1046/j.1365-2958.2002.02839.x
http://onlinelibrary.wiley.com/doi/10.1046/j.1365-2958.2002.02839.x/full#f2

CRISPR-Cas is an adaptive 

defense system that might use 

antisense RNAs as memory 

signatures of past invasions. 

Alignment of the amino acid 

sequences of putative Cas 

proteins 1–4 from published 

genomes. The number 

indicates the last amino acid 

residue of the alignment. Only 

matching residues of identical 

or chemically related amino 

acid residues are given. The 

boxed regions in the Cas3 

homologues are characteristic 

of helicases.

http://onlinelibrary.wiley.com/doi/10.1111/mmi.2002.43.issue-6/issuetoc


CRISPR-Cas is an adaptive defense system 

that might use antisense RNAs 

as memory signatures of past invasions





Doudna, Charpentier, and Zhang 



CRISPR loci are a cluster of short DNA 

repeats (white boxes) separated by 

equally short spacer sequences of 

phage and plasmid origin. This 

repeat/spacer array is flanked by an 

operon of CRISPR-associated (cas) 

genes that encode the machinery for the 

immunization and immunity stages of the 

system. The CRISPR array is preceded by 

a leader sequence (grey box) containing 

the promoter for its expression.

Immunization stage: spacer sequences 

are captured upon entry of the foreign 

DNA into the cell and integrated into the 

first position of the CRISPR array. 

Immunity stage: spacer used to target 

invading DNA that carries a cognate 

sequence for destruction. Spacers are 

transcribed and processed into small 

CRISPR RNAs (crRNAs). These small 

RNAs act as antisense guides for Cas 

RNA-guided nucleases that cleave the 

target sequence (black arrowhead) in the 

invader’s genome



CRISPR–Cas system comprises an array of repeat interspaced by short stretches of nonrepetitive sequences (spacers), and 

a set of CRISPR-associated (cas) genes. Preceding the cas operon is the trans-activating CRISPR RNA (tracrRNA) gene, 

which encodes a unique noncoding RNA homologous to the repeat sequences. 

Upon phage infection, a new spacer derived from the phage is incorporated into the CRISPR array by the acquisition 

machinery (Cas1, Cas2, and Csn2). Then, it is cotranscribed with all spacers into a precursor CRISPR RNA (pre-crRNA). The 

tracrRNA is transcribed separately and anneals to the pre-crRNA repeats for crRNA maturation by RNase III 

cleavage. 

During interference, the mature crRNA–tracrRNA structure engages Cas9 endonuclease and further directs it to 

cleave foreign DNA containing a 20-nt crRNA complementary sequence preceding the PAM sequence 

(protospacer adjacent motif ). 



The sgRNA or crRNA–tracrRNA structure directs a 

Cas9 endonuclease to almost  arbitrary DNA 

sequence in the genome through a user-defined 20-nt 

guide RNA sequence and further guides Cas9 to 

introduce a double-strand break (DSB) in targeted 

genomic DNA. The DSB generated by two distinct 

Cas9 nuclease domains is repaired by host-mediated 

DNA repair mechanisms. In the absence of a repair 

template, the prevalent error-prone nonhomologous 

end joining (NHEJ) pathway is activated and causes 

random indels or even substitutions at the DSB site, 

frequently resulting in the disruption of gene 

function. In the presence of a donor template 

containing a sequence of interest flanked by 

homology arms, the error-free homology directed 

repair (HDR) pathway can be initiated to create 

desired mutations through homologous 

recombination, which provides the basis for 

performing precise gene modification, such as gene 

knock-in, deletion, correction, or mutagenesis. 

CRISPR–Cas9 DNA targeting can be uncoupled from 

cleavage activity by mutating the catalytic residues 

in the HNH and RuvC nuclease domains, making it a 

versatile platform for many other applications 

beyond genome editing. 

sgRNA: single guide RNACRISPR–Cas9–mediated genome engineering.



Naturally occurring and engineered CRISPR-

Cas systems. 

(a) Naturally occurring CRISPR systems 

incorporate foreign DNA sequences into 

CRISPR arrays, which then produce crRNAs 

bearing “protospacer” regions 

complementary to the foreign DNA site. 

crRNAs hybridize to tracrRNAs (also 

encoded by the CRISPR system) and this pair 

of RNAs can associate with the Cas9 

nuclease. crRNA-tracrRNA:Cas9 complexes 

recognize and cleave foreign DNAs bearing 

the protospacer sequences. 

(b) Engineered CRISPR-Cas system utilizes 

a fusion between a crRNA and part of the 

tracrRNA sequence. This single gRNA 

complexes with Cas9 to mediate cleavage of 

target DNA sites that are complementary to 

the 5′ 20 nt of the gRNA and that lie next to a 

PAM sequence. (c) Example sequences of a 

crRNA-tracrRNA hybrid and a gRNA. 



crRNA (CRISPR RNA)—contains both the 20 base protospacer element and additional nucleotides which are 

complementary to the tracrRNA.

tracrRNA (transactivating RNA)—hybridizes to the crRNA and binds to the CAS9 protein activating the complex to 

creating double-stranded breaks at specific sites within genomic sequence.

sgRNA (single-guide RNA)—combines the tracrRNA and crRNA, which are separate molecules in the native 

CRISPR/Cas9 system in S. pyogenes, into a single RNA construct, simplifying the components needed to use CRISPR/Cas9 

for genome editing. A linker loop sequence is included between the two.

protospacer element — the portion of the crRNA (or sgRNA) that is complementary to the genomic DNA target sequence; 

usually 20 nucleotides in length.

RNA trigger—a generic term for the RNAs that activate the CRIPSR/CAS9 complex. They can be sgRNA or 

crRNA/tracrRNA.

A CRISPR/Cas9 nuclease system requires 

two components: a Cas enzyme for cutting 

the target sequence and a single guide RNA 

(sgRNA), which binds to the target sequence 

of 20-base pair (bp). The target sequence 

(complementary to the sgRNA sequence) is 

followed by two cytosine nucleotides because 

the sgRNA binds best when the opposite DNA 

strand is comprised of any nucleotide 

followed by two guanines (NGG). This 

sequence is called a Protospacer Adjacent 

Motif (PAM) sequence. The PAM varies 

depending on the origin of Cas9.





Overview of various Cas9-

based applications. (a,b) 

gRNA-directed Cas9 nuclease 

can induce indel mutations (a) 

or specific sequence 

replacement or insertion (b). 

(c) Pairs of gRNA-directed 

Cas9 nucleases can stimulate 

large deletions or genomic 

rearrangements (e.g., 

inversions or translocations). 

(d–f) gRNA-directed dCas9 

can be fused to activation 

domains (d) to mediate 

upregulation of specific 

endogenous genes, 

heterologous effector domains 

(e) to alter histone 

modifications or DNA 

methylation, or fluorescent 

proteins (f) to enable imaging 

of specific genomic loci. 





A: genome modification with one pair of 

TALENs. Double-strand breaks (DSBs) 

induced by one pair of TALENs will activate 

DNA repair mechanisms either by non-

homologous end joining (NHEJ) or 

homologous recombination (HR). Through 

NHEJ, DSBs lead to frame-shift mutations 

with small insertions or deletions (indels) and 

result in gene disruption (left panel); HR, 

stimulated by the homologous DNA template, 

leads to gene replacement (middle panel) or 

gene insertion (right panel). 

B: genome modification with two pairs of 

TALENs. The introduction of two pairs of 

TALENs targeted at two sites on the same 

chromosome can cause large deletions or 

inversions (left panel). The introduction of two 

nuclease-induced DSBs on different 

chromosomes can lead to translocations or 

multiple gene disruptions (right panel).

Since Fok  I functions as a dimer, TALENs designed as pairs allow two monomers to bind at two adjacent sites separated by a DNA spacer 

that allows Fok  I to form dimers to cleave the given target sites. Consequently, DSBs induced by TALENs will activate DNA repair either by 

non-homologous end  joining (NHEJ) or homologous recombination (HR). If DSBs are repaired by NHEJ, an error-prone pathway which often 

simply rejoins broken DNAs imprecisely, this will lead to frame-shift mutations with small insertions or deletions (indels) at or near the DSB, so 

this repair pathway can be used to create KO mutants. Alternatively, if DSBs are repaired by HR, which is stimulated by the homologous DNA 

template surrounding the DSBs, HR can be employed to create site-specific sequence modifications or insertions.
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