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Abstract

The huge progress in whole genome sequencing (genomic revolution) methods including next generation sequencing (NGS)
techniques allows one to obtain data on genome sequences of all organisms, ranging from bacteria to plants to mammals,
within hours to days (era of whole genome/exome sequencing) (Goodwin et al. in Nat Rev Genet 17:333-351, 2016; Levy
and Myers in Annu Rev Genomics Hum Genet 17:95-115, 2016; Giani et al. in Comput Struct Biotechnol J 18:9-19, 2020).
Today, within the era of functional genomics the highest goal is to transfer this huge amount of sequencing data into informa-
tion of functional and clinical relevance (genome annotation project). The World Health Organization (WHO) estimates that
more than 10,000 diseases in humans are monogenic, i.e., that these diseases are caused by mutations within single genes
(Jackson et al. in Essays Biochem 62:643-723, 2018). NGS technologies are continuously improving while our knowledge
on genetic mutations driving the development of diseases is also still emerging (Giani et al. in Comput Struct Biotechnol J
18:9-19, 2020). It would be desirable to have tools that allow one to correct these genetic mutations, so-called genome edit-
ing tools. Apart from applications in biotechnology, medicine, and agriculture, it is still not concisely understood in basic
science how genotype influences phenotype. Firstly, the Cre/loxP system and RNA-based technologies for gene knockout or
knockdown are explained. Secondly, zinc-finger (ZnF) nucleases and transcription activator-like effector nucleases (TAL-
ENG5s) are discussed as targeted genome editing systems. Thirdly, CRISPR/Cas is presented including outline of the discovery
and mechanisms of this adaptive immune system in bacteria and archaea, structure and function of CRISPR/Cas9 and its
application as a tool for genomic editing. Current developments and applications of CRISPR/Cas9 are discussed. Moreover,
limitations and drawbacks of the CRISPR/Cas system are presented and questions on ethical concerns connected to applica-
tion of genome editing tools are discussed.
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Development of genome editing tools
for targeted genome editing: from basic
science to application

Powerful genome editing that allows a specific altera-
tion of DNA sequences even on a single nucleotide scale,
without creating unwanted off-target effects, is the basis to
transform basic science into personalized medicine [1-5].
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The following sections explain the currently used tools
for genomic editing and describe how these can be used
for applications in medicine, agriculture, and biotechnol-
ogy. Genome editing includes diverse manipulations of the
genome: (a) deletions, (b) insertions, (c) knockouts, (d) acti-
vation/repression of transcription, (e) protein targeting in
cells, and (f) alteration of the epigenetic state in cells.

The Cre/loxP system

In the past genome engineering was mostly performed
using technologies based on homologous recombination.
This implies that homologous DNA must be present. Using
these methods, it is possible to study how genotype affects
phenotype. To achieve gene deletions in living mice or in

@ Springer


http://orcid.org/0000-0002-0122-5688
http://orcid.org/0000-0003-4168-4640
http://crossmark.crossref.org/dialog/?doi=10.1007/s40828-020-00126-7&domain=pdf

3 Page20of18

ChemTexts (2021) 7:3

cells of tissues or organs derived from mice, the Cre/loxP
system was most often applied (Fig. 1) [6]. The system,
which is based on from the Escherichia coli bacteriophage
P1, is a tyrosine recombinase (Cre—causes recombination
or cyclization recombination) that binds with high affinity
to the loxP sites (loxP—Ilocus of crossing over of bacterio-
phage P1), a specific DNA sequence. The loxP sites encom-
pass 34 base pairs (bp), in which 13 bp at the termini form
inverted palindromic repeats flanking an asymmetric central
8-bp core sequence (5'-ATAACTTCGTATA-NNNTANNN-
TATACGAAGTTAT-3'; N any nucleotide) (Fig. 1b). The
inverted repeats are the specific recognition sites for Cre
and the core sequence is the site in which recombination
takes place. One Cre monomer binds to one 13-bp inverted
repeat sequence, i.e., a Cre dimer binds to a single DNA
double strand and causes bending of that part of the DNA
(Fig. 1c). Within its 343 residues (molecular weight of
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Fig.1 Cre/loxP system from Escherichia coli can be used as a tool
for genome editing. a Mechanism of homologous recombination
used by Cre recombinase. Cre recombinase is a site-specific recom-
binase using a catalytic tyrosine residue for catalysis. Two Cre mol-
ecules bind to loxP sites at one dsDNA molecule that associate to
form the recombination synapse (tetrameric Cre complex bound to
two loxP sites in the target DNA) (step 1). An active site tyrosine
residue (Tyr324) of Cre recombinase attacks a phosphodiester bond
within the same DNA strand (in cis) (step 1, cleavage) resulting in
formation of a 3’-phosphotyrosine intermediate (step 2). The released
5'-hydroxyl groups attack the phosphotyrosines in trans in a strand
exchange/transfer reaction resulting in formation of the Holliday
junction intermediate (step 3). Cleavage and strand exchange reac-
tions repeat involving the other DNA strands. As a result, homolo-
gous DNA fragments were recombined and recombination products
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38 kDa), the Cre recombinase monomer encompasses two
domains, an N-terminal domain composed of five a-helices
making contacts to the major groove of the DNA and a
C-terminal domain composed of nine a-helices as well as
three f-strands important for DNA and inter-subunit inter-
actions [7-10]. The active site is located in the C-terminal
domain. For Cre-mediated recombination, two DNA dou-
ble strands are involved each containing loxP sites (Fig. la,
c). This results in a Cre tetramer including four active sites
binding to the two DNA double strands (Fig. 1¢). Depending
on the orientation and localization of the loxP sites rela-
tive to each other, several types of recombination can be
observed: translocation (loxP sites on different DNA dou-
ble strands), inversion (loxP sites oriented in opposite direc-
tions on the same DNA double strand), or deletion (loxP
sites oriented in same direction on the same DNA double
strand) (Fig. 1). As a site-specific tyrosine recombinase, Cre

5’ -ATAACTTCGTATAGCATACATTATACGAAGTTAT-3’
3’ -TATTGAAGCATATCGTATGTPAATATGCTTCAATA-5"

Oy
3’-Phosphotyrosine '('

are formed (step 4). (modified figure from [7]). b Sequence of loxP
sites. The inverted, palindromic repeats are underlined. The nucleo-
tides highlighted in red show the region of strand exchange or crosso-
ver. The arrows show the phosphodiester bonds cleaved during Cre—
loxP recombination. ¢ Structure of tetrameric recombination synapse
complex of the E. coli bacteriophage P1 Cre recombinase in complex
with loxP target DNA. The structure shows the reaction intermedi-
ate from step 2 in b, in which two active Cre monomers (orange) are
in the 3'-phosphotyrosine covalent intermediate state. The other Cre
molecules (green) are in the inactive state. Cre recombinase and loxP
are shown in a cartoon-type representation. The figure was prepared
using the structure with PDB code 1Q3V. d Close-up of the 3'-phos-
photyrosine DNA—protein covalent intermediate. Cleavage occurs at
the 3’-phosphate of the sequence 5-ApT-3' in the loxP sequence
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catalyzes a type I topoisomerase-like reaction (Fig. 1d). In
contrast to other recombinases such as Flp recombinase, the
active site is not shared between different subunits (in trans)
but is entirely present in one subunit (in cis). The family
of tyrosine recombinases use a highly conserved active site
composed of an arginine-histidine-arginine (Arg-His-Arg;
one-letter code R-H-R) catalytic triad, a tyrosine (one-letter
code Y) as well as a tryptophan (one-letter code W) residue
as nucleophiles. The catalytic triad and the tryptophan are
important to coordinate the steps for DNA cleavage. Within
the Cre tetramer, one monomer within each dimer becomes
active and each tyrosine residue as a nucleophile attacks the
phosphodiester bond of a single DNA strand of the bound
double strand DNA (in cis) (Fig. 1a, step 1). Thereby, two
covalent phosphotyrosine bonds in two single strands of two
DNA double strands are formed with the 3'-phosphates of
the scissile bonds (Fig. 1, step 2). Subsequently, the lib-
erated 5'-hydroxyl groups attack the phosphotyrosines of
the opposed other double strand (in trans) resulting in the
formation of a Holliday intermediate (Fig. 1, step 3). The
mechanism repeats with the other two Cre molecules of the
dimer becoming active and the tyrosines attacking the phos-
phates in the DNA strands (in cis) and the free 3'-hydroxyl
groups attacking the phosphotyrosines. Finally, the recombi-
nant DNA products are formed (Fig. 1, step 4) [9, 10]. Com-
pared to other recombination systems, the Cre recombination
system has several advantages. Firstly, it requires only Cre
recombinase and two loxP sites. No cofactors such as ATP
are needed, no accessory proteins are needed, and no other
sequence elements except from loxP sites are needed. Sec-
ondly, Cre/loxP can be applied in almost every cell type, i.e.,
in mammals, yeast, bacteria. Thirdly, it can be used in vitro
and in vivo. Cre can be used in cells but also in tissues or
organs and even in living organisms. By using specificpro-
motors that drive expression in different cell types or tissues,
it is possible to create tissue/organ-specific recombination
[6, 11]. Thereby, it is possible to specifically delete genes
only in specific tissues/organs (conditional gene knockout).
Owing to the high affinity of the Cre recombinase for loxP
sites, Cre is very effective and precise. However, generating
gene knockouts using the Cre/loxP system is very laborious
and time consuming as it involves extensive selection and
screening. To this end, it is not applicable for high-through-
put screening. Moreover, Cre/loxP carries the risk of creat-
ing unwanted side effects and mutagenic effects [12]. It was
shown that expression of Cre recombinase occurs sometimes
in cells not targeted for genome editing. Although this seems
to be at a very low expression level, those Cre protein levels
are still sufficient to create unwanted recombination events
at loxP sites in the genome [12]. Besides, it was shown
that Cre recombinase can also have activity on off-target
sites in target genomes, i.e., sites that resemble /oxP sites.
Approaches to create Cre recombinase variants by protein

engineering strategies allow one to increase the specificity
of Cre recombinase [13].

RNA interference

Another method to achieve targeted gene knockdown is
based on RNA interference (RNA1). RNA interference (anti-
sense RNA) for targeted gene knockdown was first applied
in 1998 by Andrew Z. Fire and Craig C. Mello using the
nematode Caenorhabditis elegans as a model system [14].
Fire and Craig were awarded the Nobel Prize in Physiology
and Medicine in 2006 “for their discovery of RNA interfer-
ence—gene silencing by double-stranded RNA”. Today it is
known that besides its important role in applying targeted
gene knockdown, RNA interference constitutes an impor-
tant physiological process in inhibiting gene expression in
all eukaryotes: fungi, worms, flies, plants, and mammals
[15, 16]. These findings suggest that RNAI is an evolution-
ary highly conserved mechanism for the regulation of gene
expression and gene silencing on the post-transcriptional
level.

Micro-RNAs (miRNAs)

A current field of research in RNA interference was initi-
ated by the discovery of micro-RNAs (miRNAs) in 1993.
Micro-RNAs are non-coding RNA molecules with a length
of approximately 20-35 nucleotides that are present in
all domains of life (eukaryotes, bacteria, and archaea) to
silence gene expression [17, 18]. It is known today that
about 20,000-25,000 protein-encoding genes are present in
humans [4, 19], which makes up only a very small fraction
(about 1.5%) of the genome considering the total genome
size of approximately three billion bp in the haploid state.
The rest of the genome encodes either non-coding RNAs,
regulatory DNA sequences, or sequences derived from
mobile genetic elements such as LINEs (long interspersed
non-coding elements) or SINEs (short interspersed non-
coding elements) [19-21]. Additionally, for other parts of
the genome no real function could be determined. However,
it is known today that the human genome encodes more than
2300 miRNAs [22]. This number is continuously increasing
and it is very likely that more micro-RNAs will be discov-
ered in the future. It is assumed that 20-30% of all human
genes are regulated by miRNAs and that these molecules
control fundamental cellular processes: cell division, cell
differentiation, cell proliferation, and renewal of stem cells
[18, 23]. Dysfunction of miRNAs was correlated with the
development of severe diseases such as diverse tumor types.
MiRNAs are genomically encoded and are transcribed by
DNA-dependent RNA polymerases II or III (RNA polymer-
ase II or III for short) expressed as 500-3000-nucleotide-
long primary transcript miRNAs (pri-miRNAs) (Fig. 2) [18,
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Fig.2 Using RNA interfer-
ence (RNAI) for targeted gene
knockdown. RNA interference
encompasses gene knockdown
mediated by different types

of RNA molecules: miRNA,
shRNA, and siRNAs as
described in the text. The RISC
contains the Argonaut protein
Ago2, which is composed of
an N-terminal domain (N), a
PAZ domain, a MID domain,
and a C-terminal PIWI domain.
The PAZ domain binds to the
3'-end of the miRNA/siRNA
and mediates protein—protein
interactions. The C-terminal
PIWI domain exerts endonu-
clease activity for cleavage of
the target mRNA. The figure is
modified from [110]
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24]. As messenger RNAs (mRNAs), the pri-miRNAs carry
a poly(adenosine monophosphate) tail (poly-A-tail) at the
3’-end and a 7-methylguanosine cap at the 5’-end. The pri-
miRNAs form a stem-loop (hairpin) structure, composed
of double-stranded RNA (dsRNA) sections connected via
single-stranded RNA (ssRNA) loop regions. Within the
nucleus, the pri-miRNA is processed to an approximately
70-80-nucleotide-long pre-miRNA by the microproces-
sor complex consisting of two components: an enzyme
with RNase III activity called Drosha and a dsSRNA-bind-
ing protein DGCRS8 [18]. The pre-miRNA is bound in the
nucleus by an export receptor called exportin-5 (Fig. 2).
Together with the small GTP-binding protein Ran (Ras in
the nucleus), pre-miRNA, exportin-5, and Ran-GTP form
a ternary complex that transports the pre-miRNA from
the nucleus through the nuclear pore complex (NPC) into
the cytosol. In the cytosol, the pre-miRNA is further pro-
cessed by another RNase III called Dicer [24]. Dicer binds
and cleaves the pre-miRNAs resulting in approximately
17-24-nucleotide-long ds-miRNA molecules. Dicer forms a
complex with the dsSRNA-binding protein TRBP. Binding of
the ds-miRNA by TRBP results in unwinding and formation
of the single-stranded mature miRNA (Fig. 2). Subsequently,
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the miRNA is bound by a ribonucleoprotein complex called
RISC (RNA-induced silencing complex). RISC contains
proteins of the Argonaut family, some of which have RNA-
binding capacity and others are additionally capable of using
the bound miRNA as guide RNA to scan for complementary
mRNA sequences [25]. The subsequent steps depend on the
similarity of the miRNA sequence and the mRNA sequence.
If the sequences show a high degree of sequence comple-
mentarity, the target mRNA is degraded by endonucleolytic
cleavage catalyzed by the Argonaut protein Ago2. However,
if the sequences of miRNA and mRNA show a lower degree
of complementarity gene silencing occurs since the binding
of initiation factors for the translation is blocked. Both sce-
narios result in a knockdown of gene expression (Fig. 2). In
mammals, the binding of miRNAs occurs in the 3'-untrans-
lated region (UTR) of the target mRNA [18, 24].

Small-interfering RNA (siRNA)

Another RNAI category is small-interfering RNA (siRNA).
This RNA interference was discovered as endogenous gene
silencing mechanism in plants applied as an antiviral defense
mechanism [26]. It is also in other eukaryotic organisms
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like fungi, worms, mice, and human, pointing to an evolu-
tionary ancient defense mechanism [27]. The siRNA mol-
ecules are composed of approximately 21-25 nucleotides
and have overhangs of two nucleotides at their 3'-ends.
They are processed from up to several thousand-nucleotide-
long viral dsSRNA molecules and cut (“diced”) as part of
the cell’s immune system [28, 29]. In contrast to miRNAs,
which are encoded by the cellular DNA and for which pro-
cessing occurs within the nucleus, siRNA is located in the
cytosol (Fig. 2). This means that processing in the nucleus
and nuclear-cytosolic transport are not needed for siRNA.
Besides, the following steps for maturation and processing
are highly similar between siRNA and miRNA and involve
endonucleolytic processing by the RNase III Dicer, and
binding of the single-stranded siRNA by the RISC [30].
This scans the mRNA resulting in decrease of translational
efficiency (in the case in which sequence similarity is mod-
erate to low) or degradation of the mRNA (in the case in
which sequence similarity is high) by the Argonaut proteins
(Fig. 2).

Targeted gene knockdown applying RNA interference

After showing that miRNAs and siRNAs are endogenous,
physiologically important regulatory systems to modulate
gene expression, these endogenous cellular pathways were
used to artificially silence gene expression by exogenous
supply of RNA molecules activating the endogenous si/
miRNA machinery. Several strategies were developed for
targeted gene knockdown via RNAi. One strategy involves
the exogenous application of siRNA to cells. This could
include the transfection (cellular uptake of nucleic acids
using lipid vesicles) or microinjection (injection of nucleic
acids into cells using a fine needle) of dSRNA molecules to
suppress expression of the gene of interest. Alternatively,
the dsRNA can be expressed from the genome to activate
the endogenous miRNA maturation and processing pathway
[30]. To this end, cells are infected by lentiviral particles,
which carry the RNA of interest and a reverse transcriptase,
which converts the RNA to DNA, enabling integration into
the host cell’s genome. The integrated RNA genes are under
the control of endogenous promotors and terminators for
transcription (Fig. 2). Their expression results in forma-
tion of a short-hairpin RNA (shRNA) that carries a stem-
loop (hairpin structure) that is recognized by Drosha in the
nucleus [30, 31]. This shRNA is subsequently maturated and
processed using the miRNA pathway, including RNase III
Drosha in the nucleus and Dicer in the cytosol. These steps
result in the formation of a siRNA, a double-stranded RNA
molecule that is recognized by RISC and processed by Argo-
naut proteins (Fig. 2).

The development of RNA-based strategies for gene
knockout is a powerful technique to allow high-throughput

screening of gene functions. However, there are several
drawbacks and limitations of this technology. Firstly, the
knockdown of the expression of the desired gene is often
not quantitative. There will often be some reminiscent gene
product produced. If the amount of this reminiscent product
is sufficient for its physiological function, the real phenotype
might not be approachable by siRNA/shRNA [31]. Secondly,
often considerable variations between experiments and the
efficiency of gene knockdown are obtained. Thirdly, as this
technology is based on hybridization of complementary
RNA sequences a considerable degree of off-target effects
must be considered. Fourthly, RNA-mediated gene knockout
is not stable. In turn, the stability of the RNA determines the
efficiency and duration of gene knockdown. All these draw-
backs exacerbate the precise determination of the concise
genotype—phenotype relationships.

Zinc-finger nucleases and TALENs for specific
genome editing

Afterwards, novel strategies to directly correlate genotype
to phenotype took all of the points mentioned above into
consideration. These technologies allow one to manipu-
late every gene in diverse cell types and organisms with a
high degree of selectivity, potency, and specificity. As these
approaches allow one to edit the genome, they are called
technologies for genome editing. These technologies include
ZnF-Ns (zinc-finger nucleases) and TALENS (transcription
activator-like effector protein nucleases) (Fig. 3) [32-36].
Both technologies are based on a specific DNA-binding
module and an engineered restriction endonuclease (nucle-
ase for short) that is able to cleave phosphodiester bonds
within DNA. In so-called chimeras, a DNA-binding module
was fused to the nuclease module, with which it is possible
to efficiently introduce DNA double strand breaks (DSBs)
that stimulate mainly two different cellular DNA repair pro-
grams in mammals: (a) error-prone, imprecise non-homol-
ogous end joining (NHEJ), which operates predominately
in the cell cycle phase G1 or (b) non-error-prone, precise
homology directed repair (HDR) that is restricted to the late
S to G2 phases [32, 36-38].

ZnF-Ns and TALENSs contain DNA-binding modules that
are programmable and allow one to recognize almost every
DNA sequence with high accuracy [39]. The specificity
of the DNA-binding module for the target DNA sequence
(selectivity) and the affinity for the target sequence (potency)
determine how suited these tools are to modify the genome.
Therefore, the engineered ZnF-N and TALEN chimeras are
the basis for “site-specific nuclease technologies”. Notably,
the DNA-binding modules can be combined with a variety
of effector domains: nucleases to introduce DSBs (without
DNA repair DSBs might be toxic for the cell), recombi-
nases/transposases for DNA integration/excision/inversion
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Fig.3 Structure of TALENs and ZnF-Ns. a Structure of the tran- »

scription activator-like effector (TALE) from Xanthomonas oryzae
bound to target DNA (PDB code 3UGM). DNA binding is mediated
by tandem repeats of 33—35 amino acids in length. The TALE repeats
bind to the major groove of the DNA. b Three repeats of the X. ory-
zae TALE repeats bound to target DNA. Each TALE repeat forms a
left-handed, two-helix bundle presenting RVD (repeat variable dir-
esidues) loop for DNA binding. DNA sequence specificity is created
by the second RVD residue contacting a single DNA base (here TRI,
Ile; TR2/3, Asp) in the major groove of DNA, while the first (here
TRI1, Asn; TR2/3, His) is important to stabilize the TALE repeat, as
described in the text (PDB code 3UGM). ¢ Schematic representa-
tion of a TALE nuclease (TALEN) dimer bound to target DNA. The
two TALE DNA-binding sites are separated by a spacer sequence
of 12-20 bp. Upon binding of each TALEN monomer to the target
DNA site 5" upstream or 3" downstream to the spacer sequence facili-
tates FokI dimerization and thereby FokI activation and cleavage of
the DNA within the spacer sequence. d Structure of a zinc-finger
protein (ZnF) consisting of four zinc-finger repeats in complex with
target DNA (PDB code 2113). The ZnF binds to the major groove
of the DNA. Close-up: each zinc-finger has a typical fpa structure
and binds a zinc ion with two Cys and two His residues (Cys,His,).
Each zinc-finger binds to 3—4 bp in the major groove of the DNA.
Sequence specificity is created by residues 1, 2, 3 and 6 contacting
the bases of the DNA. The structure is shown in cartoon representa-
tion. The zinc ions are shown in space filling representation with a
van der Waals radius of 139 pm. e Domain organization of a zinc-
finger nuclease (ZnF-N) dimer bound to target DNA. The DNA tar-
get site consists of two ZnF tandem binding sites separated by a 6-bp
spacer sequence. This spacer sequence contains the FoklI restriction
endonuclease cleavage site. Fokl is only active upon dimerization.
The figure of the structure was created using structure with PDB code
2113

(independent from DNA repair), DNA and histone methyl-
transferases or acetyltransferases (for epigenetic program-
ming). Today, site-specific nucleases are applied in almost
all model organisms (Homo sapiens, Mus musculus, Dros-
ophila melanogaster, Caenorhabditis elegans, Arabidopsis
thaliana, etc.). Several methods were developed for deliv-
ery of ZnF-Ns or TALENS into cells. DNA- or RNA-based
methods, i.e., transfection or microinjection of plasmid
DNA, or of viral vectors or of in vitro transcribed mRNA
into cells, were used for intracellular delivery [40]. How-
ever, those techniques have some limitations. Firstly, these
delivery techniques often allow targeting of only certain
cell types. Secondly, they can show considerable off-target
effects (insertional mutagenesis, toxicity, low efficiency of
delivery, etc.) [32]. Other ways include microinjection of the
purified ZnF-Ns or TALENS proteins into cells. This was
shown to result in considerably less off-target effects com-
pared to gene-based delivery. Moreover, these approaches
face less regulatory issues as knockouts can be created in
cells without using genetic material. Using these approaches
for genome editing allows one to therapeutically tackle a dis-
ease on the basis of correcting the cause of the disease, i.e.,
the mutation of the DNA sequence. In comparison to RNA-
based knockdown strategies this allows one to permanently
eliminate symptoms of the disease [32, 41].
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Zinc-finger nucleases (ZnF-Ns)

During evolution all organisms developed proteins that
bind to specific DNA or RNA sequences to allow precisely
coordinated and accurate gene expression programs. In
eukaryotes, the most often used DNA-binding domain is
the zinc-finger domain (ZnF; zinc-finger for short). ZnFs
consist of approximately 30 amino acids, which struc-
turally form a pBa-conformation (Fig. 3a) [42]. Going
from the N- to the C-terminus a B-strand is following
a B-strand, which is completed by a C-terminal a-helix
(Fig. 3a). The two B-strands form an antiparallel B-sheet,
i.e., both strands are in opposite orientation to each other,
connected via a p-turn [32]. The structure is stabilized in
a finger-like conformation via coordination of a Zn** ion
by the imidazole rings of two histidine (three-letter code
His; one-letter code H) residues and the sulfhydryl groups
(SH-R) of two cysteine (three-letter code Cys; one-letter
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Fig.4 CRISPR/Cas9 constitutes an adaptive immune system in bac-
teria and can be used as an efficient targeted genome editing tool. a
CRISPR/Cas9 constitutes an adaptive immune system in bacteria.
Shown is how bacterial cells develop immunity and how a memory of
past infections is created. Thereby, the cells are protected against an
infection with the same phage or mobile genetic element. Immunity is
created in three phases: (1) adaptation, (2) crRNA maturation/biogen-
esis, and (3) interference. b The Cas9-crRNA-tracrRNA surveillance
complex. Upon binding to the crRNA and tracrRNA conformational
changes within Cas9 bring it into a competent state for target DNA
binding. The PAM sequence in the target DNA is bound by the PI
domain within Cas9. The target dsDNA is melted. The strand non-
complementary to the crRNA is cleaved by RuvC and the comple-
mentary strand by HNH. Further nucleases result in the degradation
of the target DNA. ¢ Structure of Streptococcus pyogenes Cas9 in
complex with a small guide RNA (sgRNA) and target DNA (PDB
code 4008). Shown is a crystal structure of Cas9 in cartoon represen-
tation. RuvC, BH, Recl, Rec2, HNH, and PI domains are color coded
as presented in the diagram showing the domain organization below
the structure. d The Cas9 PAM-interaction (PI) domain mediates
binding of the target DNA in a state competent for cleavage by HNH
and RuvC endonucleases (PDB code 4UN3). Two positively charged

code C) side chains, forming a His,Cys,-ZnF domain
(His,-Cys,-ZnF: classic ZnF domain) (Fig. 3a). There
are also examples in which the Zn?* is coordinated by
four cysteine residues (Cys,-ZnF) or in which two Zn**

arginine residues in the PI domain mediate interactions with the gua-
nine bases within the 5-NGG-3' PAM sequence (N any nucleotide;
G guanine base or guanosine-5'-phosphate) in the target DNA. e The
DNA cleavage is mediated by RuvC and HNH nuclease domains.
RuvC uses a two-metal-ion cleavage mechanism for phosphodiester
bond cleavage in the target DNA non-complementary to the crRNA
(or sgRNA). Mg”* ion A (MgA) contacts the active site water mol-
ecule and the scissile phosphate, while Mg?* ion B (MgB) contacts
the 3'-hydroxyl leaving group and the scissile phosphate. Recent data
suggest that a His (His983) acts as catalytic base activating the nucle-
ophile, i.e., a water molecule in the active site, to attack the scissile
phosphate. HNH domain uses a one-metal-ion cleavage mechanism
for cleavage of the complementary DNA strand three nucleotides
upstream from the PAM sequence. HNH uses a His (His840) as cata-
lytic base to activate a water molecule for nucleophilic attack of the
scissile phosphate. The figure is from [79]. £ CRISPR/Cas9 is pro-
grammable. By design of an sgRNA, Cas9 allows one to target spe-
cific DNA sequences for genome editing. The sgRNA must contain
an approximately 20-nucleotide-long spacer sequence at the 5-end
for target DNA binding and a section with a three-dimensional sec-
ondary structure for Cas9 recognition and binding (PDB code 4008)

ions are coordinated by a total of six cysteine residues
(Cysg-ZnF) [42]. DNA-binding is achieved by interac-
tions of 3—4 bp of the major groove of the DNA with side
chains of the ZnF’s a-helix (Fig. 3a). These interactions
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determine the DNA sequence specificity of binding [42].
This means that a single ZnF domain can recognize one
DNA triplet. This interaction of amino acids within the
ZnF domain with bases of the DNA creates the sequence
specificity of binding [42]. For DNA-binding domains/
proteins contacting the sugar-phosphate backbone of the
DNA a sequence-independent binding is observed (e.g.,
histones). Arranging more than three ZnF domains in tan-
dem by protein engineering enabled the specific binding
of DNA patches with a length of 9-18 bp [32]. Recogni-
tion of a 18-bp DNA fragment means that a specificity of
1:68 x 10° bp can be created (18 bp with four different
nucleotides, i.e., 48 =68 x 10° bp). Nowadays, individual
ZnF domains are designed that are capable of targeting
all 64 nucleotide triplets, enabling a combination of ZnFs
that target a specific DNA sequence (modular assembly
approach). The creation of a specific ZnF-based DNA-
binding module can be achieved by rational design, i.e.,
combining individual ZnF domains with different DNA
sequence specificities [43]. Alternatively, a combinatorial
genetic library can be constructed encoding diverse ZnF
variants. This library can be selected and screened for
a desired specificity, i.e., assessing affinity for specific
DNA sequences. Protein engineering enables the design
of ZnF-based DNA-binding domains that allow binding of
almost all DNA sequences. These specific DNA-binding
modules are connected with a restriction endonuclease
(restriction enzyme for short) forming a single poly-
peptide chain. One enzyme that shows a very high per-
formance in this context is the restriction enzyme FokI
from Flavobacterium okeanokoites. Fokl is a restriction
endonuclease of type IIS, i.e., it recognizes DNA on a
short recognition sequence (FoklI: 5'-GGATG-3'; comple-
mentary strand: 3'-CCTAC-5'; reverse-complementary:
5'-CATCC-3") and sets a DSB outside the recognition
sequence (Fokl: 5'-GGATG-3'(9/13). This means, it cuts
nine nucleotides from 3’-end and 13 nucleotides from
5'-end of the complementary strand, resulting in a sticky
end with a 5’-overhang (Fig. 3b) [32]. A well-considered
reason to use FokI as nuclease module in ZnF-Ns is
that its dimerization is a prerequisite for endonuclease
activity [44]. Binding of the ZnF modules to DNA tar-
get sequences allows Fokl to homodimerize and initiate
DNA DSBs. This allows one to specifically introduce a
restriction site at any desired position within the target
DNA (Fig. 3b). As Fokl creates a DSB in the target DNA,
it will also activate DNA repair pathways, either error-
prone NHEJ or non-error-prone HDR [32, 36]. To reduce
the occurrence of error-prone NHEJ, optimized ZnF
nickases were developed, which introduce single-strand
DNA cleavages (nicks) instead of DSBs that increases the
induction of non-error-prone HDR [45, 46].
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Transcription activator-like effector proteins (TALEs)
coupled to nucleases (TALENS)

Similarly, as described for the ZnF-Ns, TALENS also con-
tain sequence-specific nucleic acid (either DNA or RNA)
binding domains connected to an endonuclease on a single
polypeptide chain (Fig. 3a). TALEs are proteins that were
discovered in the plant pathogenic Gram-negative bacteria of
the species Xanthomonas. The TALEs are secreted by Xan-
thomonas into their plant host cells using the type III secre-
tion system to support an efficient infection process [32].
Later, they were also found in the plant pathogenic Gram-
negative bacterial species Ralstonia solanacearum and Bur-
kholderia rhizoxhinica [47]. They are structurally not related
to ZnF domains [48]. However, functionally TALEs show
some similarities to ZnF domains with respect to their capa-
bility to bind in a sequence-specific manner to DNA/RNA.
TALESs are composed of a central region containing tandem
repeats of usually 34 amino acids (only the C-terminal repeat
is truncated), which is flanked by an N-terminal sequence
encompassing a type III secretion signal and a C-terminal
sequence containing a nuclear localization signal (NLS).
The Xanthomonas TALE contains 23 full TALE repeats
and additionally two degenerated repeats at the N-terminus
that also contact the DNA, and a truncated half-repeat at
the C-terminus [47, 49, 50]. Each TALE repeat recognizes
one single bp in double-stranded DNA. The DNA sequence
specificity of TALEs is determined by two hypervariable
residues (repeat-variable diresidues, RVDs) (Fig. 3). The
RVD is located at position 12 and 13 in the individual 34
amino acids encompassing the TALE repeat (Xanthomonas
RVD specificity: His/Asp targets cytosine; Asn/Gly targets
thymine; Asn/Ile targets adenine; Asn/Asn targets guanine/
adenine; Asn/Ser targets adenine/guanine/cytosine/thymine,
Asn* (33-amino acid repeat with only one RVD residue)
targets thymine) (Fig. 3b). The first residue of the RVD
forms a stabilizing interaction with the backbone residues
of the TALE repeat while the second residue creates the
DNA sequence specificity by interacting with nucleotide
bases within the major groove of the DNA (Fig. 3b) [50].
Ralstonia and Burkholderia TALEs have a similar RVD-
mediated DNA-binding mode but they show different nucle-
otide preferences compared to the Xanthomonas TALE [32,
48]. In analogy to ZnF domains, consecutive TALE repeats
can be connected on a single polypeptide chain to create
a high DNA sequence specificity for any DNA sequence
of choice. In contrast to ZnF-Ns, in the designing of TAL-
ENs no linker sequences need to be considered since under
physiological conditions they already function as repetitive
sequences of connected TALE repeats. Structurally, each
TALE repeat forms a left-handed, two-helix bundle that
presents a loop containing the RVDs to the DNA (Fig. 3a).
Overall, all TALE repeats form a right-handed superhelix
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that contacts the DNA’s major groove (Fig. 3a) [49, 50].
On the basis of the work on ZnF-Ns, TALEs were fused
to a variety of different effector domains with enzymatic
activities: (a) endonucleases (i.e., Fokl), (b) transcriptional
activators, (c) recombinases/integrases or epigenetic modi-
fiers (acetyltransferases, methyltransferases, etc.) [32, 51].

Genome editing using CRISPR/Cas9

Next to site-specific nucleases such as ZnF-Ns and TALENS,
the CRISPR/Cas9 system was more recently described as
a novel efficient tool for genome editing. CRISPR (clus-
tered regularly interspaced short palindromic repeats)
arrays were identified in 1987 in the genome of the Gram-
negative bacterium E. coli [32, 52, 53]. In 1993 CRISPR
arrays were also identified in the archacon Haloferax medi-
terranei [54] and later CRISPR arrays were found in up to
50% of all bacteria and in 90% of all archaea [54]. CRISPR
arrays contain short palindromic and identical sequences,
which are interspaced by unique spacer sequences, result-
ing in a “repeat—spacer—repeat” arrangement. The identi-
fication of CRISPR loci in so many bacterial species and
in archaea opened the question of their physiological rel-
evance (Fig. 4a). In 2005 this miracle was solved owing to
the progress in DNA sequencing technologies [55]. It was
discovered that the spacer sequences within the CRISPR
arrays show homologies to sequences from mobile genetic
elements such as bacteriophages (phages for short) (Fig. 4a).
It turned out that bacteria and archaea can take up foreign
DNA and insert it into the CRISPR arrays as part of a
defense mechanism against mobile genetic elements includ-
ing phages [55]. Interestingly, the bacterial strains were not
infected by phages if they contained fragments of the phage
DNA in the host cell’s CRISPR loci. This finding suggested
that CRISPR arrays mediate a defense mechanism against
phage infection, i.e., they constitute an adaptive immune
system in prokaryotes [56, 57]. The CRISPR array is an
archive and a memory of past infections, protecting and
“immunizing” the bacteria against an infection with the
same phages. This was experimentally shown by bacterio-
phage infection of a Streptococcus thermophilus bacterial
culture resulting in expansion of the CRISPR array [58].
This shows that the CRISPR system constitutes a bacterial
acquired/adaptive immune system as it is expandable to new
infections. Moreover, it also constitutes a bacterial innate
immune system as it is inheritable and bacterial cells are
immunized and protected against another infection with the
same phages. According to the red queen hypothesis from
Leigh van Valen (1973), based on the novel Through the
Looking-Glass and What Alice Found There (1871, by Lewis
Carroll), this shows that the adaptation of host and pathogen
occurs in direct interplay with each other. The aim of this
process is not to drive adaptation to perfection but only to

maintain adaptation to be able to exist in the environment.
This is in analogy to Alice who had to run very fast together
with the red queen in order to stay at the same place, i.e.,
without reaching a destination. This shows that coevolution
for more than one billion years resulted in the development
of complex and versatile defense and evasion mechanisms
in prokaryotes to fight viral invaders. Today, it is known that
CRISPR systems are extremely versatile but it is still not
understood in all detail how the different systems work on
the molecular and mechanistic level. It was found that addi-
tional genes, the cas (CRISPR-associated) genes are located
in direct vicinity upstream of the CRISPR array (Fig. 4a)
[56, 59-61]. These genes encode enzymes and proteins that
are important for mediating the defense mechanism and for
establishment of immunity in the three steps: (1) adaptation,
(2) CRISPR-RNA (crRNA) biogenesis, and (3) interference
[61]. The systems are categorized into two classes, class 1
and class 2, which are subdivided into a total of six types
(class 1: types I, III, IV; class 2: types II, V, VI). The clas-
sification was done on the basis of the encoded cas genes
and the nature of the interference complex used for viral
defense [61]. The following section will focus on CRISPR/
Cas9, belonging to class 2, type II, as this system is the
best studied and most often applied CRISPR/Cas type for
genome editing approaches [62].

Adaptation (spacer acquisition)

The spacer acquisition, i.e., integration of foreign DNA into
the CRISPR array, occurs in several steps (Fig. 4a):

1. The phage DNA/mobile genetic element is detected

2. The protospacer, i.e., the non-processed spacer DNA, is
selected

3. The protospacer is processed to form the mature spacer
DNA

4. The spacer is integrated into the CRISPR array

Each of the steps involves several proteins and/or RNA.
The spacer acquisition begins with the detection of the for-
eign DNA. This is processed and integrated into the CRISPR
array [59, 61]. To ensure that the CRISPR/Cas machinery is
not directed against cell endogenous DNA in the sense of an
autoimmune reaction, the system has to distinguish between
foreign and self. Studies in E. coli showed that a main
source of protospacers are DNA fragments that are gener-
ated during repair of DNA DSBs. The RecBCD complex
(Rec—recombination) is recruited to the DSBs (in Gram-
positive bacteria: AddAB) and unwinds the DNA using its
helicase activities and subsequently degrades it until a chi
sequence (chi—crossover hotspot investigator) is reached.
It was found that sequences that are close to chi sequences,
which are sequences that result in stalling of the replication

@ Springer



3 Page100f18

ChemTexts (2021) 7:3

fork during recombination, and sequences that are located
at exposed DNA ends are major sources of protospacer
sequences (spacer sampling). Foreign DNA carry fewer chi
sequences compared to chromosomal E. coli DNA. This
ensures RecBCD-mediated degradation of major sections
of foreign DNA resulting in the integration of predominant
foreign DNA into the CRISPR arrays. The type I and type IT
CRISPR/Cas systems select protospacers on the basis of the
presence of a PAM (protospacer adjacent motif) sequence
within the viral/mobile genetic element DNA: the selected
protospacer sequences are always in direct vicinity of DNA
sequences composed of 3—6 bp with the sequence 5'-NGG-
3" (N any nucleotide) [61, 63]. Notably, the PAM sequence
is not present in the CRISPR array [62, 63]. Thereby, the
cell can discriminate between self and foreign DNA. The
proteins Casl and Cas2, as genes encoded upstream of the
CRISPR array in class 2, type II CRISPR/Cas, are sufficient
for PAM recognition in foreign DNA (Fig. 4a). Structurally,
two Casl dimers are bridged by one Cas2 dimer [61, 62].
The Cas1—Cas2 complex forms an integrase. Casl binds to
the PAM complementary sequence and has catalytic activ-
ity, while Cas2 is of structural importance (Fig. 4a) [61].
Additionally, Cas9 and a tracrRNA, both encoded upstream
of the cas1/2 genes, as well as Csnl, encoded downstream of
casl/2 genes, are necessary for spacer acquisition (Fig. 4a).
Cas9 is important for selection of protospacers that carry
a PAM sequence [61]. The integration of the spacer DNA
occurs mainly at the 5’-end of the CRISPR array, which is
ensured by a AT-rich leader sequence preceding the CRISPR
array. In this way a memory of the chronology of infec-
tion is created. During replication of the bacterial DNA,
the DNA breaks, resulting as well in the activation of the
RecBCD complex. RecBCD repairs the DNA break generat-
ing a 3’-OH overhang that can be used for insertion of a new
repeat—spacer unit. Subsequently, RecA mediates homolo-
gous recombination repair of the DNA lesion.

CRISPR-RNA (crRNA) biogenesis

The memory of past infections is built into the CRISPR
array and transcribed to generate a long precursor
CRISPR-RNA (pre-crRNA) (Fig. 4a). The transcription
initiation occurs within the leader sequence preceding
the CRISPR array. This pre-crRNA is processed within
the repeat sequences to build the mature crRNAs. The
mature crRNAs contain a repeat segment (5'-GUUUUA
GAGCU(A/G)UG (C/U)UGUUUUG-3"), which is recog-
nized by the Cas9 protein in a mechanism dependent on
structure and sequence [61, 64]. Moreover, it contains a
spacer sequence, which is important for binding to the
target DNA. Type II systems need a tracrRNA (trans-
activating cr RNA) for CRISPR-mediated immunity. The
tracrRNA is encoded at the 5'-end of the type Il CRISPR/
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Cas9 locus. The tractrRNA forms duplexes with the pre-
crRNA [65]. The duplexes are bound by the effector nucle-
ases, i.e., Cas9 for the type II system. In this complex,
the crRNA:tractrRNA is processed by RNase III, which
is recruited to the complex [61, 66]. A second cleav-
age is done by a so far unknown RNase, which removes
the tag derived from the 5’ repeat sequence. After-
wards, the mature effector complex is formed containing
Cas9, the mature crRNA and a frans-activating crRNA
(crRNA:tracrRNA) [61]. This ternary complex is capable
of mediating the interference (Fig. 4a, b).

Interference

The interference machinery is guided by the crRNA con-
taining information of the invading virus or mobile genetic
element (Fig. 4a, b). The crRNA guides the machinery to
cleave complementary sequences, the so-called protospac-
ers, located within the foreign DNA of invading genetic
material. This ultimately protects prokaryotes against a
viral infection [61]. Cas9 is an RNA-guided DNA endonu-
clease that has been structurally and functionally charac-
terized in great detail up to atomic resolution and subtypes
of Cas9 are known, i.e., II-A, II-B, II-C (Fig. 4c). Next
to the crRNA, Cas9 binds to the tracrRNA, which shows
sequence complementarity towards the repeat region of
the crRNA [61, 65, 67]. Cas9 identifies the target DNA
by recognition of the PAM sequence within the foreign
DNA and the base pairing of the approximately 20-bp
spacer region within crRNA (guide RNA) with the viral
target DNA (Fig. 4b). Binding of the RNA to Cas9 results
in substantial conformational changes within the protein
[68—70] that orders the PAM interaction site as well as
the RNA interaction site in Cas9 (Fig. 4d) [70, 71]. In this
state, Cas9 is competent for binding of the target DNA
and for recognition of the PAM sequence within the com-
plementary strand of target DNA, which is not bound by
crRNA (Fig. 4b). This Cas9-crRNA-tractrRNA ternary
complex forms the surveillance complex that scans the
DNA (Fig. 4b). If a PAM sequence in the target DNA
strand binds to the PAM interaction domain within Cas9,
the Cas9-crRNA-tracrRNA complex starts to melt the base
pairs immediately upstream of the PAM sequence in the
target DNA (Fig. 4d) [72]. The complementary region
within the target DNA base pairs with the spacer region
of the crRNA. This activates Cas9 endonuclease activity
which creates a blunt-end DSB in the target DNA three
base pairs upstream, i.e., 5', to the PAM sequence using its
HNH and RuvC nuclease domains (Fig. 4e). This finally
results in degradation of the phage/mobile genetic element
DNA (Fig. 4b) [68, 70, 73].
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RNA-guided endonuclease Cas9

Cas9 (CRISPR-associated sequence 9) is an RNA-guided
endonuclease. This means that Cas9 is a ribonucleoprotein
of which several can be found in eukaryotic and prokaryotic
cells, i.e., ribosomes, RNase P, telomerase, factors of the
splicing machinery, translation initiation factors, and the
RISC. These ribonucleoproteins perform important tasks
that are fulfilled by RNA molecules in order to maintain
cellular function. As such, these important functions support
the hypothesis that RNA was important for exerting catalytic
function during evolution in the early RNA world. Similarly,
defense mechanisms against phages or other mobile genetic
elements evolved very early, several billion years ago.
Cas9 from S. pyognenes consists of 1368 amino acids and
has a molecular weight of 158 kDa. Cas9 has a bilobed struc-
ture, i.e., it consists of two lobes, the recognition (REC) lobe
and the nuclease (NUC) lobe (Fig. 4c) [71, 72]. The REC
lobe can be subdivided into a long a-helix (bridge helix),
the REC1 domain, and the REC2 domain. The NUC lobe
is formed by the HNH (name based on characteristic His-
Asn-His residues) domain, the RuvC domain, and the PALM
interacting (PI) domain that is located at the C-terminus of
Cas9 (Fig. 4c) [68, 71, 72]. The REC lobe and the NUC
lobe are connected via an unfolded linker and by the highly
conserved Arg-rich bridge helix. This bridge helix forms
several contacts to the bound RNA. The REC lobe is primar-
ily involved in binding to the crRNA:tracrRNA (guide RNA)
and to the target DNA. However, as mutational approaches
demonstrate, it also has an effect on the Cas9 endonuclease
activity and maybe plays a structural role. The NUC lobe’s
HNH domain has endonuclease activity cleaving the DNA
complementary to the crRNA, i.e., the target DNA strand
that is hybridized to the crRNA [68, 74, 75]. The RuvC
domain cleaves the non-complementary strand in the target
DNA [68]. The name RuvC is derived from the E. coli pro-
tein, which plays a role in repair of DNA damage induced
by UV radiation as a nuclease/resolvase resolving Holliday
junctions during homologous recombination [76]. For cleav-
age of target DNA, a PAM sequence within the target DNA
is essential. For correct positioning of the DNA cleavage
site, Cas9 has a PI domain at its C-terminus [71]. In contrast
to restriction endonucleases, which cleave phosphodiester
bonds in DNA within specific recognition sequences or out-
side of these sequences, Cas9 is a guided nuclease, i.e., Cas9
recognizes its specific DNA cleavage sites by the bound
crRNA:tracrRNA duplex. Binding of the crRNA:tracrRNA
to Cas9 results in substantial conformational changes in the
protein resulting in ordering of residues in the P domain and
residues in the crRNA binding region [70, 77, 78]. Thereby,
Cas9 is in a competent state for target DNA binding and
PAM recognition [71]. If a target DNA binds to the crRNA
spacer region, the HNH domain (complementary strand to

crRNA) and RuvC (non-complementary strand to crRNA)
each cleave the phosphodiester bond of one single strand of
the target DNA after the third nucleotide upstream of the
PAM sequence within the target DNA [73, 74, 79]. RuvC
and HNH are both nucleases that perform cleavage of a
DNA single strand in a Mg?*-dependent manner.

RuvCin Cas9 cleaves the single-stranded target DNA
using a two-metal-ion catalytic mechanism to cleave
the non-complementary strand

RuvC shows structural homologies to ribonuclease H
(RNase H) and exerts a two-metal-ion mechanism of phos-
phodiester bond cleavage [76]. It consists of a six-stranded
mixed P-sheet (B1, B2, pS, 11, pl14, p17) surrounded by
o-helices (233, a34, a39, a45) and two additional two-
stranded antiparallel -sheets ($3/p4, p15/p16). The RuvC
domain in Cas9 shows similarity to RuvC nucleases
involved in resolving Holliday junctions during DNA repair
and homologous recombination. However, while RuvC
resolvases act as dimers, the RuvC domain in Cas9 works as
monomer and has further structural elements which mediate
interactions with the RNA duplex. The two catalytic metal
ions are coordinated by three carboxylates, i.e., Asp10
(D10), Asp986 (D986), and Glu762 (E762) within the active
site (numbering is based on S. pyogenes Cas9) (Fig. 4e).
This DDE (or DEDD) motif is a highly conserved motif in
two-metal-dependent nucleases [79-81]. One Mg*t, Mg?*
ion A (MgA), binds to the scissile phosphate on the nucleo-
phile side (nucleophile is a water molecule), while Mg>*
ion B (MgB) also binds to the scissile phosphate on the leav-
ing group side (3’-hydroxyl end of cleaved DNA). The bound
Mg?* ions are important for binding and orientation of the
reactants, i.e., the negatively charged DNA sugar-phosphate
backbone and the active site residues at the cleavage site.
Two-metal-ion catalysis is also found in polymerases and
other nucleases to enhance substrate recognition and cata-
lytic specificity [80]. Moreover, the Mg>* ions are essential
to neutralize the highly negatively charged pentacovalent
phosphate intermediate emerging during catalysis. MgA is
coordinated by a catalytic water molecule. To this end, it is
directly involved in formation of the nucleophile. The phos-
phodiester bond is kinetically very stable, i.e., spontaneous
hydrolysis occurs very slowly. However, hydrolysis is ther-
modynamically favorable, making the hydrolysis reaction
an energetically favorable process [82—84]. The Mg" ions
in the RuvC lower the activation energy (Gibbs energy of
activation) to reach the transition state of catalysis, thereby
affecting the kinetics for the reaction. Furthers studies by
molecular dynamics simulations in addition to experimen-
tal results suggest that the RuvC-catalyzed cleavage reac-
tion occurs in an associative mechanism, via a nucleophilic
substitution of type Sy2 [85]. For many enzymes using a
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two-metal-ion catalytic mechanism the Mg* ions are act-
ing as a general base activating the nucleophilicity of the
attacking water molecule. Two-metal-ion catalytic enzymes
show a stringent requirement for two Mg>* ions for their
activity, i.e., these cannot be replaced by other ions such
as Ni%*, Zn**, Ca?*, Cu®*, Mn2*, or Cd** [80]. The steric
environment forms the basis for catalytic specificity of two-
meal-ion enzymes. Structural and mutational studies on
the RuvC domain of Cas9 suggests that a His [S. pyogenes:
His983 (H983)] acts as a general base abstracting a proton
from a catalytic water molecule, increasing its nucleophilic-
ity (Fig. 4e). Mutation of His983 to Ala converts Cas9 into
anickase, i.e., it only performs cleavage of the complemen-
tary single strand of DNA by the HNH nuclease domain.
This water molecule attacks the phosphodiester bond three
nucleotides upstream from the PAM sequence.

HNH nuclease in Cas9 uses a one-metal-ion catalytic
mechanism to cleave the complementary strand

Several endonucleases use a one-metal-ion catalytic mecha-
nism. The HNH (His-Asn-His) domain of Cas9 also uses an
one-metal-ion catalytic mechanism (Fig. 4e) [80, 81, 85].
Interestingly, recent data suggests that the catalytic triad
is not composed of an His-Asn-His catalytic triad. Instead
structural and functional studies show that the catalytic triad
is formed by the residues D839-H840-N863 (numbering for
S. pyogenes Cas9), rather than previously suggested D839-
H840-D861, D837-D839-H840, or D839-H840-D861-N863
[75]. Structurally, it consists of a two-stranded antiparal-
lel B-sheet (f12, p13) flanked by four a-helices (a35-a38).
The single metal ion, a Mg2+ in the HNH domain of Cas9,
is bound by a ppa-metal fold (Bpa-Me) [74, 75]. This fold
forms a V-shaped Mg?*-binding site with the antiparallel
p-sheet forming one arm of a V and the following a-helix
the other arm. The Mg** ion is bound at the opening of
the V and it is coordinated by active-site residues, the scis-
sile phosphate, and the 3'-OH leaving group [68]. The sin-
gle Mg** ion in the HNH nuclease of Cas9 is spatially and
structurally equivalent to MgB in the RuvC domain. It is
important for binding to the single-stranded DNA substrate;
it neutralizes the negative charges emanating in the penta-
covalent phosphate intermediate during catalysis, thereby
enabling nucleophilic attack of an activated water molecule.
The Mg>* ion is coordinated by three protein ligands and
two oxygen atoms of the scissile phosphate. This coordina-
tion by two oxygen atoms of the scissile phosphate results
in an unfavorable coordination angle (O—Me-0), smaller
than 90°, resulting in destabilization of the scissile bond
and facilitating the nucleophilic attack of a water molecule
[80]. Moreover, the Mg?" ion accelerates product release and
the turnover rate by rebinding of water ligands. The nucle-
ophile in the HNH nuclease is activated by a His residue
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(His840) acting as a strong catalytic base (Fig. 4e). This
histidine is only marginally involved in Mg>* binding but it
is in hydrogen bonding distance of the catalytic water mol-
ecule to polarize this water molecule, i.e., to deprotonate the
water and form an hydroxyl ion, resulting in an increase in
its nucleophilicity. Moreover, the His orients the catalytic
water molecule for an in-line attack of the scissile phosphate
bond. This finally results in cleavage of the scissile phos-
phate bond. One-metal-ion catalysis is less stringent on the
type of metal ion bound. These enzymes often can tolerate
other divalent cations than Mg**, such as Ni**, Zn**, Ca*",
Cu?*, Mn?*, or Cd** [80]. The HNH nuclease in Cas9 is
highly sequence specific. The specificity is created by sub-
strate binding due to the ppa-Mg>* motif and other protein
domains [68, 75].

Using CRISPR/Cas9 as an efficient tool for genome
editing

Functional and structural studies on CRISPR/Cas9 revealed
that it constitutes an RNA-guided antiviral immune system.
The fact that its nuclease activity is RNA-guided opened
the possibility to use it as a sequence-specific tool for tar-
geted genome editing [66]. Studies by Emmanuelle Char-
pentier and Jennifer A. Doudna revealed that CRISPR/Cas
is indeed programmable [66] and both scientists advanced
the understanding of the CRISPR/Cas system in such detail
that it can now be used as a tool for genome editing. For this
remarkable work Emmanuelle Charpentier and Jennifer A.
Doudna were jointly awarded the Nobel Prize in Chemistry
2020 for “the development of a method for genome edit-
ing”. It was shown that the Cas9 target specificity was cre-
ated by an RNA-DNA Watson—Crick base pairing and by
recognition of the PAM sequence (5'-NGG-3") within the
target DNA. Artificial sgRNAs were designed, which fulfill
the requirements of showing complementarity to a target
DNA sequence and carrying a PAM sequence adjacent to
it (Fig. 4d, f) [63, 68, 70]. These artificial sgRNAs were
indeed bound by Cas9 and functionally replaced the physi-
ological crRNA:tracrRNA duplex (Fig. 4e). In 2012 it was
confirmed that CRISPR/Cas9 is programmable [66]. The
artificial sgRNAs are, in contrast to the crRNA:tracrRNA,
single-stranded RNA molecules that need only two inher-
ent properties: (1) an approximately 20-nucleotide-long
spacer-sequence at the 5'-end, which recognizes the target
DNA by Watson—Crick base pairing and (2) a characteristic
three-dimensional secondary structure that is recognized
and bound by Cas9 (Fig. 4f). This interaction then results in
the formation of a simple two-component system (sgRNA
and Cas9) that allows the introduction of specific DSBs in
any target DNA sequence as long as it is located next to
a PAM sequence [86, 87]. With this artificially designed
sgRNA, Cas9 becomes a programmable nuclease, with great
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potential for applications in biomedicine, pharmaceuticals,
biotechnology, and agriculture. Active research in ongoing
into the safe, efficient, and targetable in vivo delivery of the
engineered Cas9 into cells or tissues (Fig. 5) [88-90]. This
includes infection with engineered viral particles (based on
adenovirus, lentivirus, retrovirus) via electroporation/micro-
injection/lipid particles of Cas9-mRNA and the sgRNA, of
linear DNA/plasmid DNA encoding Cas9-sgRNA, and of the
purified Cas9-sgRNA complexes [89]. As the target DNA
is located in the nucleus in eukaryotic cells Cas9 is geneti-
cally modified so that it carries an NLS [86]. This ensures
that Cas9 is targeted from the cytosol, where translation
occurs, into the nucleus, where the target DNA is located in
eukaryotic cells. This transport occurs in a Ran GTP-binding
protein-dependent process. Engineering of the Cas9 creates
diverse systems used for various applications in genome
editing including nucleotide deletions (including gene
knockouts), insertions, and inversions. For genome editing
using Cas9, after introducing DNA DSBs, it is desirable to

Fig.5 Using Cas9 sgRNA for
targeted genome editing. Cas9,
small guide RNA, and a DNA
fragment with homology arms
complementary to the target
DNA are delivered into the cell.
Diverse delivery methods are
under investigation as described
in the text. Cas9 forms a com-
plex with the sgRNA, which

is homologous to the target
DNA in its spacer sequence.
Cas9 creates a double strand
break (DSB) in the target DNA.
This DSB evokes DNA repair
programs, either precise homol-
ogy directed repair (HDR) or
imprecise/error-prone non-
homologous end joining. HDR
enables one to correct mutations
in the target DNA by using the
DNA construct with homology
arms for homologous recombi-
nation. The figure was created

Cas9

activate the precise HDR pathway instead of the error-prone
NHEJ pathway. HDR depends on the presence of a homolo-
gous DNA sequence. For genome editing this homologous
DNA sequence can be supplied as a plasmid donor DNA.
This can include a DNA sequence of interest that is flanked
by homology arms [61, 91] (Fig. 5). Apart from applications
in genome editing various other applications use the pos-
sibility to target Cas9 to specific DNA sequences. In these
applications beyond genome editing, often catalytically inac-
tive Cas9 variants (i.e., D10A in RuvC, H840A in HNH) that
are still capable of sgRNA-guided DNA targeting are used.
These Cas9 variants are then coupled to diverse protein-
targeting domains or with various enzymatic activities: acti-
vation/repression of transcription, epigenome editing (acety-
lation, methylation of histones/DNA methylation), cellular/
chromatin imaging, RNA targeting, subcellular targeting of
fusion proteins, and high-throughput screenings to conduct
genotype—phenotype correlations [60, 61].

DNA construct with
homology arms
SgRNA —
1 cellular
delivery

| A

Cas9-sgRNA

with BioRender.com

DSB in target DNA W

SN\

precise: imprecise:
homology-directed repair non-homologous end joining
(HDR) (NHEJ)
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Consequences of inducing CRISPR/Cas9-mediated
DSBs in target DNA

CRISPR/Cas9 induces DNA DSBs in the target DNA. In
eukaryotic cells this activates the cellular DNA repair pro-
grams NHEJ or HDR (Fig. 5). NHEJ is not dependent on the
presence of a homologous DNA sequence that can be used
as a template for repair. It is error-prone and often results in
imprecise repair resulting in insertions and deletions (indels
for short) and often generating frameshifts that (results in the
production of non-sense proteins and) switches off protein
function [92]. In contrast, HDR is not error-prone, i.e., it is
precise, and it depends on the presence of a homologous
DNA template used for DNA repair. To this end, mostly
HDR needs to be activated for efficient and precise genome
editing. It is not completely understood which program is
elicited by a DNA DSB, opening the possibility to generate
substantial off-target effects using Cas9. Moreover, as Cas9
targeting depends on the sequence of the spacer sequence
in the sgRNA, binding of Cas9 to similar but not identical
DNA sequences can result in DSBs at unwanted positions
within the genome. Recent data suggest that introducing a
single-strand break in the target DNA, instead of a DSB,
predominantly activates HDR [93]. With this in mind, new
Cas9 variants were designed that have nickase (single-strand
nuclease) activity, i.e., either the RuvC or the HNH nuclease
activity is switched off by introducing inactivating mutations
(i.e., D10A in RuvC, H840A in HNH) [94, 95].

Conclusions and perspectives

CRISPR/Cas has enormous potential as a genome editing
tool with various applications in biomedicine and bio-
technology. Medical applications include the treatment
of genetic diseases caused by single-nucleotide muta-
tions such as sickle cell anemia, or by gene insertion as
found in the ocular disease retinitis pigmentosa and dis-
eases caused by frameshift or point mutations as found
in beta-thalassemia by correcting the disease-causing
mutations [60]. Even complex genetic diseases are tar-
geted by development of CRISPR/Cas-based editing strat-
egies. Preclinical models of these diseases show promising
results. However, it might take more basic research to be
able to apply CRISPR/Cas for therapeutic applications in
humans and for biotechnology. As stated above, CRISPR/
Cas can result in severe off-target effects by targeting simi-
lar or identical sequences within the genome and it can
result in activation of the error-prone non-homologous
end joining DNA repair pathway also resulting in severe
mutations [96, 97]. Efforts were made to develop more
specific Cas9-sgRNA systems and systems that activate

@ Springer

homology-directed repair instead of non-homologous end
joining [93, 98—100]. Recent approaches reduce off-target
effects by co-delivery of short sgRNAs directed against
off-target loci [101]. Other strategies involve using Cas9
orthologues from other organisms, using directed evolu-
tion and protein engineering to develop improved Cas9
variants or applying different CRISPR/Cas types [60,
102—105]. In a therapeutic application to treat Duchenne
muscular dystrophy (DMD), which is caused by deletions
in the gene resulting in frameshift mutations, the correct
reading frame of the DMD gene was achieved by specifi-
cally activating the NHEJ DNA repair pathway [60]. All
of these preclinical applications need to be transferred into
the clinics. One of the biggest difficulties in this process
is the in vivo delivery of the Cas system [89]. Several
approaches are under investigation: gold/polymer nano-
particles, lipid nanoparticles/viral particles, viral-based
delivery methods (adeno-associated virus/lentivirus/retro-
virus) [89]. The most promising strategy involves ex vivo
manipulation of cells of interest and back-administration
of the cells into the donor [90]. This has been successfully
applied in adoptive T cells immunotherapy [106]. Besides
these promising advances in the field of genome editing,
CRISPR/Cas has several limitations apart from the off-
target effects stated above. It was found that many human
individuals show immunogenicity to Cas proteins originat-
ing from S. pyogenes or Staphylococcus aureus as these
bacteria are highly prevalent in the human environment
[60, 107]. Future work needs to focus on development of
CRISR/Cas systems of less prevalent bacterial species to
reduce the potential to induce an immune response upon
Cas-mediated therapies. Additional data suggest that
CRISPR/Cas9 is more efficient in cells that have a loss-of-
function of the tumor suppressor protein p53 [108, 109].
In turn, those cells that are edited by CRISPR/Cas9 could
be prone to the development of tumors. These results show
that the usage of CRISPR/Cas9 needs to be critically dis-
cussed in terms of the values and the risks connected with
it. Of course, applications of genome editing tools have
not only a technical dimension but there are also ethical
questions that need to be addressed within society, par-
ticularly before applications on the human germ line or
even in embryos.
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