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Abstract: Restriction endonucleases are a component of restriction–modification systems, where the
main biological function is to protect bacterial cells from incoming foreign DNA molecules. There are
four main types of restriction enzymes (types I, II, III, and IV), which differ in protein composition,
cofactor requirements, and mode of action. The most studied are representatives of type II, which
specifically recognize DNA sequences of 4–8 bp and catalyze DNA cleavage within these sequences
or not far from them. The exceptional precision of type II enzymes has made them indispensable for
DNA manipulations. Although hundreds of DNA restriction enzymes are currently known, there
is still a need for enzymes that recognize new DNA targets. For this reason, the discovery of new
natural restriction endonucleases and rational design of their properties (to obtain enzymes with
high specificity for a unique nucleotide sequence at a restriction site and without nonspecific activity)
will expand the list of enzymes for use in biotechnology and genetic engineering. This review briefly
touches upon the main types of restriction endonucleases, their classification, nomenclature, and typical
properties, and it concisely describes approaches to the construction of enzymes with altered properties.

Keywords: DNA cleavage; phosphodiester bond hydrolysis; restriction endonuclease; restriction–
modification; protein-DNA interaction; structural family; catalytic mechanism; kinetics

1. Introduction

The advent of such a research field as genetic engineering ~50 years ago was associated
with the emergence of the first enzymes that could help to obtain desired DNA fragments.
With the development of molecular biology, genetics, biotechnology, and other related
sciences, increasingly more “molecular tools” have arisen that allow for direct manipulation
of the genetic material of any organism, thereby now leading to the appearance of one of
the most rapidly evolving areas of research: genetic technologies. In fact, for manipulations
with nucleic acid molecules, there is currently a complete toolbox of enzymes that perform
functions of a molecular “scalpel”, “scissors”, and “sewing needle”. By means of these
specialized “tools”, it is possible to “cut” DNA at a strictly defined site; cut a fragment out
of it; or, conversely, insert a new one, and then “mend” the molecular gap.

There are several classes of enzymes that can introduce a site-specific break into DNA.
For this procedure, as a rule, restriction endonucleases are used, which are considered
classic enzymes for obtaining DNA fragments. At present, their list is rapidly replenished
with natural and artificial site-specific nucleases from the following families: zinc finger
nucleases, transcription activator-like effector nucleases (TALENs), and clustered regularly
interspaced short palindromic repeats (CRISPR/Cas) [1]. Interestingly, the biological func-
tion of restriction endonucleases from restriction–modification systems and, for example,
endonucleases from the CRISPR/Cas system can be considered as an ancestor of innate
and adaptive immunity, respectively [2]. This biological specialization probably leads to
differences in the practical applications of these classes of enzymes. Indeed, restriction
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endonucleases are commonly used as scissors for DNA cleavage at a strictly defined site to
create engineered DNA fragments with predetermined sequences of ends. In contrast, nat-
ural and artificial site-specific nucleases are widely accepted because of their diversity and
enormous potential for targeted genomic modifications in eukaryotes and other animals.
In this context, the use of these site-specific nucleases is mainly associated with genome
editing tools, which, for example, allow for producing various genetically modified animal
models for studying human diseases [3,4], performing crop improvement [5], and devel-
oping applications in microbial biotechnology [6]. Despite the qualities of CRISPR/Cas
systems, one of the most significant hurdles that stall CRISPR/Cas adoption in therapeutic
and clinical applications on a larger scale is its propensity to generate off-target effects [7,8].
Therefore, the displacement of restriction endonucleases, as tools for genetic material ma-
nipulation, by site-specific nucleases does not occur due to the simplicity and efficiency of
classical restriction endonucleases to perform their tasks.

The discovery of restriction endonucleases was started in the 1960s. The first experi-
ments demonstrating the possibilities of restriction enzymes were conducted by Kathleen
Danna and Daniel Nathans from Johns Hopkins University (Baltimore) and were published
in 1971 [9]. That article showed for the first time that a restriction enzyme called “endonu-
clease R” (discovered by Hamilton Smith and Kent Wilcox [10]) can be employed to obtain
specific fragments of simian virus 40 (SV40) DNA. Moreover, those authors showed that the
resultant fragments can be effectively separated from each other by electrophoresis. These
results were the first example of the preparation of individual nucleic acid fragments with
predefined terminal regions. That groundbreaking study laid the foundation for modern
molecular biological practices, where restriction enzymes are crucial tools, and at present,
obtaining DNA fragments by means of restriction enzymes is a routine task.

Restriction endonucleases are a component of restriction–modification (RM) systems,
where the main biological function is to protect bacterial cells from incoming foreign
DNA molecules [11]. There are four main types of restriction enzymes (types I, II, III, and
IV), which differ in enzyme composition, cofactor requirements, and mode of action [12].
The most investigated are representatives of type II, which specifically recognize DNA
sequences of 4–8 bp and catalyze DNA cleavage within these sequences or at a short
distance from them. The exceptional precision of type II enzymes [13,14] has made them
indispensable tools for DNA manipulations. It should be noted that ~5000 restriction
endonucleases of all types have been characterized to date, but among them, there are
almost 4900 type II enzymes [15,16]. At the same time, 625 commercially available type II
enzymes recognize only 239 different specific sites in DNA. Because the list of available
specific sites is relatively short, both an extensive search for new variants of restriction
enzymes in natural sources and attempts to artificially change the specificity of known
enzymes are carried out incessantly. Although hundreds of DNA restriction enzymes
are currently known, there is a demand for enzymes that recognize new DNA targets;
the discovery of new restriction enzymes that are highly specific for a unique nucleotide
sequence at a “restriction site” and do not exert nonspecific action will expand the arsenal
of enzymes for biotechnology or replace existing ones with more effective ones [17].

This review briefly examines the main classes of restriction endonucleases and their
classification by type, nomenclature, and typical properties. It also concisely describes
approaches to the creation of enzymes possessing altered properties.

2. Diversity of Restriction Endonucleases and Their Function in Vivo

Originally, restriction endonucleases were found in bacterial genomes and plasmids,
but they are also present in archaea and some viruses [18–20]. It is known that every fourth
tested bacterial species has more than one restriction enzyme gene [21]. Of note, such
pathogens as Neisseria gonorrhoeae and Helicobacter pylori are the richest sources of restriction
enzymes [22,23]. Some strains of these microorganisms may possess more than a dozen
endonucleases of the RM system, although some of them are not actively expressed [24,25].
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The main biological function of these enzymes is to protect the cell from foreign DNA.
This is achieved through cleavage of any DNA that is recognized as foreign by the absence
of characteristic marker modifications—which are cytosine methylated at position N4
or C5 and adenine methylated at N6—located in a specific nucleotide context called a
recognition site. From the restriction activity, host cell DNA is protected by the action of
methyltransferases, which recognize the same sequence as a restriction enzyme does, and
methylate cytosine or adenosine in complementary strands of the restriction site. After the
methylation, host DNA is no longer a substrate for the restriction enzyme. Given that both
strands of host DNA are methylated, even after replication, the resulting hemimethylated
host DNA is still protected and is not cleaved by the endonuclease.

It has been suggested that restriction enzymes can also perform additional functions,
such as the maintenance of species identity among bacteria [22] and the creation of genetic
variability [26]. Additionally, the role of the RM system in some cases may be considered
parasitic toward the host cell. When there is dysregulation between the cellular lifetime
of restriction endonucleases and methyltransferases, the degradation of the host DNA by
its own enzymes and the death of the host cell could happen. A small number of phages
can be methylated by the host cell’s enzymes before the cleavage of phage DNA, and this
process allows these phage variants to proliferate. It should also be pointed out that long
recognition sites of restriction enzymes are usually rare in phage genomes, which are small.
More evidence in favor of the parasitic theory is that restriction endonucleases usually have
a longer lifetime than their corresponding methyltransferases, and this difference can be
fatal to the host if a methyltransferase does not perform its function properly. In summary
of the above, it has been suggested that modifications made by the RM system apparently
act as a third party toward a bacteriophage–bacterium pair because, on the one hand, these
modifications protect the host cell from the invasion by foreign biomaterial, and on the
other hand, they can create conditions leading to the host’s death [27,28].

3. Nomenclature and Classification of Restriction Endonucleases

Recombinant restriction enzymes are usually named according to the nomenclature
proposed by Smith and Nathans [29], which involves writing the name of a restriction
enzyme in italics, with three letters derived from the first letter of the genus and the first
two letters of the species of the microorganism from which the enzyme was obtained. An
additional letter without italics may be used to indicate a strain. This is followed by a
Roman numeral indicating the first, second, etc., enzyme found in the microorganism.

Restriction endonucleases are classified by their structure, recognition site, cleavage
site, and reaction cofactors [12]. Type I restriction endonucleases consist of three different
subunits, each of which is responsible for methylation, restriction, and sequence recogni-
tion [30]. For the functioning of enzymes of this type, Mg2+ ions and S-adenosylmethionine
(AdoMet) are required (the latter as a source of a methyl group). They usually interact with
two recognition sites, and movement along the DNA strand is accompanied by hydroly-
sis of ATP; DNA breakage then occurs, as a rule, approximately in the middle between
the two sites.

Type II enzymes cleave DNA at specific positions near or within their recognition
site, which consists of 4–8 bp [21]. Most of them are homodimeric or tetrameric enzymes,
and their catalysis requires only Mg2+ ions. Because of their ability to perform precise
site-specific DNA cleavage, these enzymes have found many applications in DNA analysis
and gene cloning. Nonetheless, type II enzymes are not a single family of proteins but
a collection of unrelated proteins that differ greatly in amino acid sequence from one
another [23]. Such dissimilarities cause these enzymes to differ in the details of the process
of recognition of a specific site. Nevertheless, most of them share similarities in the
structural organization of the catalytic core and evidently have a common DNA cleavage
mechanism, suggesting that they originated from a common ancestor [31].

The differences in properties among type II enzymes allow for dividing this vast class
into subtypes (Table 1). In some cases, however, for the purposes of nomenclature, some
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enzymes can be assigned to more than one subtype. This is because subtyping criteria
can be based both on the cleaved sequence and on, e.g., the structure of the enzymes
themselves; therefore, not all subtypes are mutually exclusive. Subtype IIS enzymes,
originally designated as enzymes with a cleavage site shifted relative to their recognition
sequence [32], will keep that affiliation, but a new subtype, IIA, is now defined, which
includes all restriction endonucleases of type II that recognize asymmetric sequences.
Furthermore, a new subtype IIP will be employed to designate enzymes that recognize
symmetrical sequences (palindromes).

Table 1. Subtypes of type II restriction endonucleases.

Subtype Defining Feature

A Asymmetric recognition sequence.

B Cleaves both sides of the recognition site on both strands.

C Symmetric or asymmetric recognition site. Functions of endonuclease and methyltransferase in one polypeptide.

E Two recognition sites: one cleavable, one effector site.

F Two recognition sites: coordinated cleavage of both sites.

G Symmetric or asymmetric recognition site. Stimulation of the activity by AdoMet.

H Symmetric or asymmetric recognition site. Gene structure similar to that of type I restriction enzymes

M Subtype IIP or IIA, but the recognition site must be methylated.

P Symmetric recognition sequence and cleavage product.

S Asymmetric recognition sequence and cleavage product.

T Symmetric or asymmetric recognition site. The restriction enzyme functions as a heterodimer or heterotetramer.

Thus, the predominant criterion for classifying an enzyme as type II is that it produces
a specific set of fragmentation products and cleaves either within its recognition sequence
or nearby at a fixed site or with known and limited variability.

Type III restriction enzymes consist of only two subunits, one of which is responsible
for DNA recognition and modification and the other for DNA cleavage [33,34]. Catalytic
activity requires ATP and Mg2+ ions and is stimulated by AdoMet. The enzyme interacts
with two recognition sites, moves along DNA owing to ATP hydrolysis, and introduces a
break into the DNA next to one of the recognition sites.

Type IV restriction enzymes cleave modified DNA [35]. As such, these enzymes are
not a part of the RM system and have low DNA sequence selectivity but are able to rec-
ognize modified DNA that contains such nitrogenous bases as C-5-methylcytosine (m5C),
N4-methylcytosine (m4C), N6-methyladenine (m6A), 5-hydroxymethyluracil (hm5U),
5-hydroxymethylcytosine (hm5C), and its derivatives with attached sugar residues, for
example, 5-glucosyl-hydroxymethylcytosine (ghm5C). Additionally, it has been shown that
these enzymes can recognize phosphothioate derivatives of the internucleotide phosphate
group [36–38].

Most recognition sites are four, six, or eight bases long and are palindromes. Nonethe-
less, some enzymes can specifically recognize and catalyze DNA breaks at sites containing
(at some positions) not a strictly defined base but a set of bases up to any of the four possible
letters (Table 2). In the case of such ambiguity, when a nucleotide substitution appears in
the recognition site at some position, a partially palindromic or asymmetric sequence is
formed. For example, the recognition site of StyI is listed as CCWWGG. Therefore, substrate
sequences for StyI can be palindromic (CCTAGG or CCATGG) or partially palindromic
(CCTTGG or CCAAGG) [39].

In conjunction with attempts to create artificial restriction endonucleases with altered
recognition sites, the variation in natural recognition sites of some enzymes still raises
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questions. Of particular interest are situations where “allowed” nucleotides can be purine
or pyrimidine or when only one nucleotide is not allowed.

It should be mentioned that RM systems that recognize the same nucleotide sequence
can form different sets of methylation products and may differ in sensitivity to methylated-
DNA hydrolysis. Nonetheless, when many enzymes from different biological sources
recognize the same DNA sequence, such enzymes are called isoschizomers. Furthermore,
the category in which two enzymes recognize the same DNA sequence but cleave it at
different positions is called neoschizomers.

An important finding from cloning and sequence comparisons is that there is virtually
no amino acid sequence homology between an endonuclease and methyltransferase that
recognizes the same DNA sequence. Additionally, even restriction isoschizomers may
share little or no homology, even in terms of the amino acid residues involved in cleavage
site recognition. For example, enzymes HhaII and Hinf I isolated from strains of Haemophilus
recognize the GANTC sequence and cleave it between G and A. In contrast, their amino
acid sequences are only 19% identical [11].

Table 2. One-letter codes for combinations of nucleotides in a recognition site of restriction endonucleases.

Any Nucleotide Three of the Four Two of the Four

N = A, C, G, or T

B = not A
(C, G, or T)
D = not C

(A, G, or T)
V = not T

(A, C, or G)
H = not G

(A, C, or T)

Y = C or T
S = G or C
M = A or C
W = A or T
R = A or G
K = G or T

4. Genomic Organization

Genes of a restriction endonuclease and corresponding methyltransferase are located
next to each other in genomic DNA and can be transcribed in a convergent, divergent, or
sequential manner. It is thought that methylation must occur before restriction activity
in order to protect host DNA. One approach that bacteria utilize to limit their ability to
self-cleave is to greatly reduce the number of restriction sites in their genome. Usually,
methyltransferase expression precedes endonuclease expression. One way this can happen
is when an open reading frame is located upstream of an endonuclease gene and encodes a
control protein (C protein) in some RM systems. This C protein positively regulates the
endonuclease gene and enables methyltransferase expression to precede endonuclease
expression [40]. Genes for such a C protein are often present in situations where methyl-
transferase and endonuclease genes show convergently oriented transcription. By means
of cloned RM systems with disrupted C protein genes for BamHI, SmaI, PvuII, and EcoRV,
various C protein variants have been tested where genes are located in a separate plasmid.
Restriction activity of BamHI was found to be equally stimulated by the gene of SmaI-C
and the gene of BamHI-C but an order of magnitude less stimulated by the gene of PvuII-C.
The gene of EcoRV-C did not induce the stimulation. The gene of BamHI-C stimulated
the restriction activity of PvuII to the same extent as the gene of PvuII-C did [41]. It is
possible that the ability of some C-protein genes to stimulate the expression of alternative
endonucleases has evolutionary significance for RM systems.

All type II restriction endonucleases where crystal structures have been determined
share a common catalytic sequence motif: PD. . .D/EXK [31]. Nonetheless, this consensus
sequence involves substantial variation, which, in some cases, makes it difficult to locate
catalytic amino acid residues by amino acid sequence analysis alone; accordingly, the func-
tion of residues is confirmed by mutational analysis [42–44]. Among methyltransferases,
common motifs have been found for 30 different 6-methyladenine-, 4-methylcytosine-, and
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5-methylcytosine-producing enzymes [45]. This fact seems to indicate that methyltrans-
ferase genes are more conserved than restriction endonuclease genes.

5. Mechanism of Specific-Site Recognition and Catalysis

The generalized mechanism of site-specific DNA cleavage by restriction enzymes
includes several steps (Figure 1). In the first step, the enzyme binds to DNA in a nonspecific
manner, which usually involves interaction only with the phosphate backbone. Then,
there is a search for the recognition site by movement along the DNA owing to linear
diffusion. It has been determined that the EcoRV enzyme can scan 2 × 106 bp at a rate of
1.7 × 106 bp/s per binding event [46].
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When a specific recognition site is found, a network of hydrogen bonds (usually 15–20)
involving nitrogenous bases of the recognition site is formed in the DNA-binding center,
and this process ensures the specificity of the enzyme [24]. Nevertheless, it must be noted
that the sequence flanking the recognition site can also influence the specific binding. For
instance, for BamHI, the binding increases 5400-fold as the length of the oligonucleotide is
extended from 10 to 14 bp and varies by up to 30-fold depending on more or less suitable
flanking triplets [47].

As a specific complex is forming, conformational changes and structural rearrange-
ments take place both in the enzyme molecule and in DNA (Figure 2). Crystal structures of
complexes of the EcoRV endonuclease with DNA enable an analysis of stages of protein-
induced DNA bending. EcoRV is a homodimeric type II restriction endonuclease and
cleaves DNA with the formation of blunt ends in the central part of its recognition site
GAT↓ATC while bending DNA within this region by ~50◦ toward the major groove [48–50].
Meanwhile, the DNA remains mainly in the canonical B-form on both sides of the cleavage
site. A comparison of crystal structures between the enzyme not bound to the ligand and
the enzyme bound to DNA reveals considerable rearrangements of a quaternary structure
after the binding, primarily involving the rotation of the DNA-binding domain and cat-
alytic domain by 25◦, leading to a change in the mutual arrangement of subunits in the
dimer. In addition, a 12◦ difference has been found in the rotation angle between these
domains in different structures [51,52]. Thus, during the formation of the catalytic complex,
there are substantial rearrangements of the quaternary structure of the enzyme that induce
strong DNA bending.

After the assembly of the specific complex between the enzyme and DNA, in the
presence of Mg2+ ions, a phosphodiester bond is cleaved in the 2′-ribose phosphate back-
bone of both DNA strands. The outcome is either blunt ends or single-stranded 3′ or
5′ overhangs 1–4 bases long: so-called sticky ends. It should be pointed out that enzymes
with completely different recognition sites can produce matching overhangs that are suit-
able for ligation. For example, restriction endonucleases NarI, MspI, AcyI, TaqI, ClaI, Csp45I,
HpaII, and AccI generate a single-stranded 5′-CG end, even though these enzymes have
different recognition sites.

The catalytic reaction of phosphodiester bond cleavage by restriction endonucleases
is usually described as a transfer of a phosphoryl residue to water [53]. Such a transfer
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can potentially be mediated by three alternative mechanisms. The dissociative mechanism
includes the emergence of a metaphosphate intermediate; an SN2-type reaction proceeds
in the coordinated (concerted) mechanism, including simultaneous breakage of one bond
and the formation of a new bond; a pentavalent phosphorane intermediate arises in the
associative mechanism (Figure 3). Nonetheless, the actual mechanism that is implemented
by restriction endonucleases is still a matter of debate [21,23].
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6. Practical Application of Type II Restriction Endonucleases

The type II enzymes are most commonly used for molecular cloning and are applied in
biotechnology via a combination of desired enzymatic properties. The most common type II
restriction endonucleases are homodimers, in most cases consisting of monomeric subunits
with a molecular weight of 25–35 kDa; require Mg2+ ions for the catalysis; and cleave DNA
at a certain site within palindromes, partial palindromes, or interrupted palindromes. The
monomers of type II restriction endonucleases are not active on their own.

Crystal structures determined for type II enzymes share a common core consisting
of five β-folds surrounded on each side by an α-helix, similar to enzymes MutH and
α-exonuclease [54–56]. Despite their different primary sequences, type II restriction en-
donucleases have similar three-dimensional structure (Figure 4): a U-shaped dimeric
holoenzyme, in which each of the identical subunits is arranged in such a way that do-
mains that contribute to recognition and catalysis are located on the sides while bridging
(connecting) domains are at the bottom.
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Nevertheless, type II enzymes are further categorized (Table 1) based on differences
in the cleavage site (cutting within or at a fixed distance from the recognition site), on
their ability to noncooperatively cleave a single recognition site or a cooperative cleavage
mechanism that requires simultaneous binding to multiple sites for increased cleavage
efficiency, and on their domain organization, i.e., the differing arrangement of protein
domains participating in identification of the recognition site and its cleavage and ensuring
sensitivity to DNA methylation [21,23,57].

Furthermore, type II enzymes can be classified by additional structural homology
among enzymes that produce 5′ sticky ends that are near the DNA major groove and
enzymes that produce 3′ sticky or blunt ends that are near the minor groove of DNA.
Crystal structures of type II endonucleases producing 5′ sticky ends suggest that these
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enzymes employ an α-helix to search for a specific site. On the contrary, restriction enzymes
that form 3′ sticky or blunt ends use a β-fold region to recognize the restriction site. There
are also differences in the polarity of β-sheets between these two groups [58]. Two enzymes
can serve as an example (Figure 5): BamHI recognizes the GGATCC sequence, whereas
BglII recognizes the closely related AGATCT site. Both generate the same 5′ overhang
of four nucleotides: GATC. Nonetheless, enzyme–DNA contacts and the degree of DNA
bending in the specific complex differ considerably between the two enzymes [59].
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Below, we examined more detailed information about the subtypes of type II restriction
endonucleases, which allows us to conclude that some of these enzymes are promising from
the standpoint of their possible practical use in various molecular biological applications.

6.1. Endonucleases of Subtype IIA

Subtype IIA enzymes, such as SapI (GCTCTTC 1/4), recognize asymmetric sequences
and catalyze DNA breakage within or at a certain distance from the recognition sequence.
The restriction site recognition and cleavage functions of subtype IIA enzymes are usually
localized to different domains. The recognition domain individually binds to DNA, while
the catalytic domain dimerizes with an identical domain from another molecule, resulting
in the formation of a catalytic complex [60,61]. It should be noted that there are much fewer
enzymes of this subtype (which recognize asymmetric DNA sequences) than enzymes of
the IIP subtype (which recognize symmetrical sequences).

6.2. Endonucleases of Subtype IIB

Type IIB enzymes cleave DNA outside their recognition sites and introduce a break
on both sides of their recognition sequence, thereby releasing a small DNA fragment
containing the recognition sequence [62]. The recognition sites of these enzymes usually
consist of two specific sequences that are separated from each other by a DNA segment of
fixed length. For example, the BcgI enzyme [63] recognizes the sequence

5′-↓10(N)-CGA-(N)6-TGC-(N)12↓-3′

3′-↓(N)12-GCT-(N)6-ACG-(N)10↓-5′

and cuts both DNA strands on both sides of this sequence at a distance of 10 and
12 nucleotides, thus leaving behind a 34-nucleotide fragment in both strands. Methyl-
transferase BcgI carries out methylation of the adenine residues highlighted in red in the
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above sequence. BcgI is inactive when bound to only one site of the two [64]; just as most
type IIB enzymes [62,65], this enzyme needs two DNA recognition sites. After binding to
the recognition sites, BcgI creates two double-strand breaks at each site before dissociating
from end products, thereby hydrolyzing a total of eight phosphodiester bonds within one
complex. It is noteworthy that in the course of the reaction, partially cleaved products
almost do not accumulate [64].

BcgI, just as many but not all subtype IIB enzymes [62], consists of two subunits:
subunit A (71.6 kDa, which catalyzes both methylase and restriction reactions) and subunit
B (39.2 kDa, which recognizes the target sequence) [63,66]. Similarly to subtype IIG systems,
which have both activities on the same subunit, BcgI requires AdoMet as a cofactor not
only to perform methylation but also to exert the restriction enzyme action. Additionally,
the enzyme needs Mg2+ [67]. The active form of enzyme BcgI is a hexamer composed of
two identical trimers of A2B composition [66]. Some subtype IIB enzymes contain a single
subunit that performs all three functions at once [68,69].

6.3. Endonucleases of Subtype IIC

Subtype IIC enzymes have a monosubunit composition and possess both endonuclease
and methyltransferase activities. Most of them contain an N-terminal endonuclease domain
followed by a methyltransferase domain. Most subtype IIC enzymes bind to their target
sequences as a monomer. Meanwhile, these enzymes can recognize asymmetric sequences
and catalyze breakage only on one side of the target sequence at a certain distance, for
example, one turn of the DNA helix in the case of Tth111II (CAARCA 11/9), one and a
half turns for Eco57I (CTGAAG 16/14), or even two turns for MmeI (TCCRAC 20/18).
Additionally, the distance can vary by ±1–2 base pairs. It is believed that “accessibility”
between the recognition sequence and the cleavage site depends on physical spatial (linear)
distance and not on the number of base pairs in between, and this distance can depend on
DNA topology, ionic conditions, and nucleotide sequence.

6.4. Endonucleases of Subtype IIE

These endonucleases differ from other type II members as follows: for efficient cleav-
age of DNA, they must simultaneously bind two copies of their palindromic recognition
site in DNA, with one copy being the target for cleavage and the other an allosteric effector.
As a consequence, these enzymes cleave only half of their recognition sites. That is, each
enzyme dimer binds a recognition sequence in its catalytic site and the second one in the
allosteric site [70]; hence, optimal efficiency of DNA cleavage is implemented when the
ratio of recognition sites to enzyme dimers is 2–4.

Type IIE enzymes can slowly cleave one DNA region, while another region of the
same sequence in the same or another DNA molecule is resistant to cleavage [71]. It is
thought that flanking DNA sequences influence the cleavage kinetics of various recognition
sites. Furthermore, type IIE enzymes can be categorized into two subclasses based on the
type of action during the binding to the effector sequence, which can be an oligonucleotide,
a linear phage, or supercoiled DNA. In enzymes of the first subclass, K (e.g., NarI, HpaII,
and SacII), binding of activator DNA leads to more efficient binding of the cleavage site
(because of a reduction in Michaelis constant Km) but does not alter maximum cleavage
rate Vmax. This nature of the dependence indicates that the binding of the effector causes
conformational rearrangements that enhance the affinity of the enzyme for the substrate.
In class V (e.g., NaeI and BspMI), the effector binding raises the maximum cleavage rate
Vmax without changing Km, indicating that the elevated catalytic activity is not related to
the enzyme’s substrate affinity [71].

On the one hand, incomplete cleavage of DNA substrates by type IIE enzymes can
complicate the interpretation of the obtained results and subsequent practical application
of these enzymes. On the other hand, the ability to activate the enzyme by the addition of
an effector enables researchers to carry out a controlled “switching on” of the enzymatic
activity at the right time. The role of such activators can be played, for example, by
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oligonucleotides containing the recognition site of EcoRII (↓CCATGG), which is not cleaved
due to specific methylation or the presence of modified nucleotide analogs but can bind
to an allosteric site and stimulate cleavage of a target site in a pBR322 plasmid [72]. In a
similar approach [73], an oligonucleotide is used that contains phosphorothioate in the
hydrolyzable bond within the recognition site of NaeI. Complete cleavage of the target
substrate, in this case, is achieved without the addition of an activator oligonucleotide
because sulfur prevents the hydrolysis of such substrates by restriction endonuclease
NaeI. The same strategy has been successfully utilized for the NarI enzyme, indicating the
usefulness of this approach for enzymes of both subclasses V and K. Currently, some of
these type IIE enzymes are commercially available in kits with activating oligonucleotides
premixed in reaction buffer (e.g., Turbo™ NaeI and Turbo™ NarI from Promega). The
presence of an oligonucleotide does not affect either ligation or labeling of random primers,
and one-step purification yields DNA with sticky ends [74].

Of note, subtype IIE enzymes have been used to explain potential relations between
such DNA-processing enzymes as endonuclease, topoisomerase, and recombinase [75,76].
It has been demonstrated that the NaeI enzyme contains in the N-terminal region a small
motif (TD...DCK) that is similar to a motif in the N-terminal region of human DNA ligase I:
39TLDQLYDGQR48 (10 amino acid residues [58]). The leucine at position 43 within NaeI
likely performs the same functions as the lysine—in the ligase motif—that takes part in the
production of an adenylated intermediate and is required for ligation. It has been shown
that the NaeI mutant containing substitution L43K possesses type I topoisomerase activity,
i.e., aside from DNA cleavage, the enzyme promotes DNA unwinding and subsequent
ligation of the termini.

6.5. Endonucleases of Subtype IIF

A distinctive feature of subtype IIF restriction endonucleases is that these enzymes
form a homotetramer composed of a complex of two dimers in a back-to-back orientation,
while a DNA molecule must be bound by two catalytic sites for cleavage to proceed
(Figure 6). Representatives of this subtype of enzymes are SfiI [77], AatII [78], Cfr10I [74],
and NgoMIV [79].
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Because enzymes of subtype IIF also need two copies of the recognition site for DNA
cleavage (just as enzymes of subtype IIE do), hydrolysis of the last few sites in the re-
action can be problematic even with an excess of the enzyme relative to the substrate.
In this regard, for SfiI, it is reported that the protein homotetramer should interact with
two intact recognition sites containing cleavable phosphodiester bonds (in contrast to the
activator that is acceptable for type IIE enzymes and contains nonhydrolyzable phospho-
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rothioate [80]), resulting in cleavage of both recognition sites during one turnover of the
enzyme [74,81]. Another observation regarding the interrupted palindrome recognized
by SfiI (GGCCNNNN↓NGGCC) is a significant difference in the cleavage rate depending
on the context of the internal degenerate sequence. For instance, sequence AAAC↓A is
hydrolyzed 70 times more efficiently than AACA↓A. The authors of ref. [82] hypothesize
that the rigidity of a DNA molecule (resulting from the context of this sequence) induces
additional stress on the DNA double helix after it is bent by the enzyme, thereby improving
catalysis efficiency.

6.6. Endonucleases of Subtype IIG

These endonucleases have previously been classified as type IV [83,84], but later, their
affiliation was revised and switched to type II because the presence of Mg2+ ions is a
necessary and sufficient condition for DNA cleavage, whereas AdoMet exerts a stimulatory
effect on the activity of the enzyme [31]. In general, enzymatic properties of restriction
enzymes of this subclass are also common among type II endonucleases. Cleavage outside
nonpalindromic recognition sites may prevent the cleavage reaction from reaching 100%
completion, just as in the case of subtypes IIE and IIF. Enzymes of the IIG subtype function
as a monomer with all types of activity: site recognition, cleavage, and methylation [84].

6.7. Endonucleases of Subtype IIH

Such endonucleases are a hybrid subtype, also known as type 11/2, incorporating
features of type I and II enzymes [21]. At present, however, the assignment of enzymes to
this subtype is rare and is not in demand.

6.8. Endonucleases of Subtype IIM

Subtype IIM enzymes are sensitive to methylation of the recognition sequence. The
best-known example is the DpnI enzyme (Gm6A↓TC), which is widely used in techniques
for the cleavage of methylated template DNA after PCR amplification. These enzymes
act as monomers consisting of an N-terminal catalytic domain and a C-terminal domain
responsible for allosteric activation. Both domains bind to DNA depending on the sequence
and its methylation and catalyze DNA cleavage within one enzymatic cycle [85]. It remains
unclear which structural features of these enzymes give rise to the absolute sensitivity to
methylation in the recognition sequence. It can be theorized that methyl groups cause
structural alterations, for example, by influencing the conformation of side chains of amino
acid residues in the DNA-binding site, e.g., arginine and lysine, and thus switch these
residues from a conformation that prevents binding to a conformation that is compatible
with (and allows) the binding and the formation of a catalytically active complex.

6.9. Endonucleases of Subtype IIP

Subtype IIP enzymes are the most common and diverse of all type II restriction en-
donucleases [86]. They recognize symmetrical sequences 4–8 bp long and cleave DNA
within this sequence (e.g., EcoRI: G↓AATTC) or less commonly at its boundaries
(for example, EcoRII: ↓CCWGG). In most cases, these enzymes function as homodimers
or homotetramers. Hundreds of enzymes of the IIP subtype are currently known, and
apparently, the number of these enzymes is much larger, thereby enabling a search for
DNA restriction enzymes with new recognition sites to expand the opportunities afforded
by these enzymes in biotechnological and genetic engineering applications.

6.10. Endonucleases of Subtype IIS

Such endonucleases are monomeric proteins with a molecular weight of 45–110 kDa;
they require the presence of Mg2+ for the catalysis, recognize nonpalindromic sequences,
and cleave at least one of the two strands outside the recognition site. The bulk of available
structural information about these endonucleases is based on the crystal structure of one of
the members of this subtype, FokI, bound to DNA (Figure 7).
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Figure 7. Restriction endonuclease FokI, found in Flavobacterium okeanokoites, is a subtype IIS restric-
tion endonuclease composed of an N-terminal DNA-binding domain (blue) and a non-sequence-
specific DNA cleavage domain at the C terminus (red). DNA are shown in green color.

Subtype IIS enzymes comprise two domains: the N-terminal portion contains the
DNA recognition domain, and the C-terminal part contains the catalytic site. Binding of the
N-terminal DNA-binding domain to recognition site 5′-GGATG-3′ in double-stranded DNA
results in activation of the catalytic domain and DNA cleavage at two sites (9 nucleotides
downstream of the recognition site on the forward strand and 13 nucleotides downstream
of the recognition site on the reverse strand) thereby giving rise to two sticky ends, with
the overhangs of 4 nucleotides.

Structural data obtained for complexes of FokI with a 20 bp DNA fragment containing
the recognition site (5′-GGATG-3′) have revealed additional distinctive features of this
enzyme. For example, upon binding to its recognition site and in the presence of Mg2+, the
catalytic domain becomes catalytically active through a series of intramolecular rearrange-
ments [87]. Because each monomer contains only one catalytic domain, for cleaving both
strands of DNA, the next step involves temporary dimerization of catalytic domains from
the two monomers at the cleavage site. Structural similarity to the catalytic and bridging
domains of homodimeric type II enzyme BamHI further confirms this model [61]. It has
also been reported that the second molecule of FokI must be bound to DNA in order to
cleave both strands of DNA. Currently, it is not known how the second monomer of FokI is
oriented relative to DNA. If it is parallel to the first one, then this arrangement may lead to
a protein–protein interaction and stabilization; if it is antiparallel, then this may cause a
symmetrical orientation of the protein molecules in the dimer [88]. Evidently, a combination
of structural reorganization processes during the activation of catalytic DNA cleavage is
important for maintaining high accuracy of the positioning at which the phosphodiester
bond hydrolysis takes place.

Recently, a new member of this subtype of endonucleases, PaqCI, has been de-
scribed [89]. It was shown that despite PaqCI and FokI sharing similar structural mecha-
nisms of DNA cleavage, these enzymes have considerable differences in their domain orga-
nization and quaternary architecture. Another member of this subtype, KpnK, can be consid-
ered a recently described enzyme, which was found in pathogenic Klebsiella pneumonia [90].
This enzyme is a monomer in solution, nicks double-stranded DNA, recognizes degenerate
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sequence, and catalyzes the degradation of DNA into smaller products after the initial
cleavage at preferred sites.

6.11. Endonucleases of Subtype IIT

These enzymes function as heterodimers (for example, BbvCI, Bpu10I, BtsI, BsrDI,
and BspD6I) consisting of two different subunits, although there are representatives
(e.g., Mva1269I, BtsCI, AciI, BsrI, BssSI, and BsrBI) consisting of one subunit containing both
catalytic domains [31]. The defining characteristic of type IIT restriction endonucleases is
that catalysis requires the presence of both α and β subunits. It has been hypothesized that
the active form of the BslI enzyme is the α2β2 heterotetramer, although heterodimers and
oligomers also exist in solution [91]. Additionally, it has been shown that the bond between
the subunits is rather weak, thereby leading to their easy separation from each other during
purification and requiring restoration of the functional dimer for the manifestation of the
activity [92]. This feature makes it possible to clone the genes of the α and β subunits
and to prepare desired amounts of the recombinant proteins separately in the absence of
methyltransferase without a toxic effect on the producer cells. These enzymes can have
either a nonpalindromic recognition site (e.g., Bpu10I: CC↓TNAGC) or a palindromic se-
quence (e.g., BslI: CCNNNNN↓NNGG), which, together with their enzymatic properties,
makes these enzymes attractive for practical use.

7. Off-Target Activity of Restriction Endonucleases

Although endonucleases form a nonspecific complex at the first stage of binding
to DNA, they show very high catalytic selectivity with respect to their restriction site
as compared to sites that differ even by one base pair. Nevertheless, a decrease in the
specificity under nonoptimal reaction conditions is some enzymes’ inherent property, com-
monly referred to as “star activity.” Depending on the enzyme, the star activity manifests
itself under certain reaction conditions: an excess of the enzyme over the recognition
site, nonoptimal pH of the incubation medium, replacement of Mg2+ ions by some other
divalent metal ions, or the presence of organic solvents (e.g., glycerol, dimethyl sulfoxide,
or ethanol) [83]. For example, under optimal conditions, EcoRI cleaves its recognition site
(5′-GAATTC-3′) at a rate 105 times faster as compared to a sequence differing by only one
letter (5′-GATTTC-3′) [93].

At alkaline pH, there is a higher concentration of OH− ions, the presence of which
can reduce the need for the activated water that forms in the catalytic center as an attack-
ing nucleophile [83]. On the other hand, pH and ionic strength can change the overall
affinity of a protein rather than directly affect the specific/nonspecific balance or catalysis
efficiency [94].

All restriction endonucleases require the presence of Mg2+ ions for their activity.
Nonetheless, these enzymes can use surrogate metal ions, usually Mn2+ but sometimes
Ca2+, Fe2+, Co2+, Ni2+, or Zn2+. DNA cleavage in the presence of these ions usually
proceeds more slowly and less selectively [95]. It should be mentioned that a water
molecule coordinated by the Mn2+ ion can be a more efficient proton donor required for
the leaving 3′-OH group as compared to the coordination with the Mg2+ ion. For EcoRV, it
is reported that the cleavage rate of a specific site (5′-GATATC-3′) is higher in the presence
of Mg2+ than in the presence of Mn2+. By contrast, the cleavage of a site that differs by only
one base pair proceeds 106 times faster in the presence of Mn2+ than Mg2+ [96].

8. Single-Stranded DNA Cleavage

The great interest in the ability of enzymes to cleave single-stranded DNA as well as
single-strand in double-stranded DNA is due to the fact that nucleic acids, as encoding
information for all forms of life, are excellent biomarkers for the identification of various
targets such as bacteria, viruses, and other cells.

Most restriction endonucleases cleave only double-stranded DNA, but some enzymes
can cleave single-stranded DNA, albeit at a much slower rate. There are a few approaches
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for single-stranded DNA cleavage. In some cases, for example, MspI [97] or HhaI and
CfoI [98], direct cleavage of single-stranded DNA has been reported. Another example is
the GGCC-specific restriction endonuclease BspRI, which performed kinetically separated
acts of complementary strands cleavage, which leads to the formation of single-strand
breaks in DNA [99]. In other cases, for example, for MnlI [100], it was shown that cleavage
of single-stranded DNA proceeds in the presence of Ni2+ and some other transition metal
ions, whereas Mg2+ ions are required for the cleavage of double-stranded DNA. Moreover,
nicking endonucleases [101–103] become increasingly attractive for their application in
single-strand cleavage of double-stranded DNA [104–107], and the list of these enzymes is
regularly updated with new natural and artificial members [90,108,109]. Indeed, nicking
endonucleases have been used in DNA optical mapping by nicking, nick translation of the
nicked sites with fluorescently labeled dNTP, and religation of the nicked strand [110,111].
Large chromosome rearrangement of cancer cells could be “visualized” under a high-
resolution fluorescent microscope when the abnormal DNA nicking pattern images are
compared with the wild type [111,112]. These enzymes are also used in isothermal DNA
amplifications, such as strand-displacement DNA amplification [113,114], nicking enzyme-
assisted amplification [115,116], random whole genome amplification [117], and open
chromatin profiling [118]. Recently, nicking enzyme-assisted reaction technology has been
applied to the detection of COVID-19 viral RNA by reverse transcription, DNA nicking,
and isothermal DNA amplification [119].

However, in most cases, to cleave the target single-stranded sequence, a double-
stranded structure is formed, which can be readily cleaved by classical restriction en-
zymes [120–123]. One approach applied to cleave single-stranded DNA involves an
oligonucleotide adapter and a restriction endonuclease with a shifted recognition site
relative to the cleavage site (e.g., FokI). The oligonucleotide adapter is a hairpin containing
a duplex portion carrying the enzyme’s recognition site and a single-stranded segment
responsible for the formation of a duplex with the target sequence to be cleaved. The restric-
tion endonuclease, having identified its recognition site in the double-stranded region of
the oligonucleotide adapter, is expected to introduce a break into the region formed by the
“oligonucleotide–single-stranded DNA” hybrid, as illustrated in Figure 8a. After the cleav-
age, the single-stranded-DNA–bound oligonucleotide fragment can be heat-denatured. On
the other hand, this method cannot be used to cleave single-stranded RNA [95].
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A similar approach to the cutting of single-stranded DNA can be implemented with
the XcmI enzyme, which recognizes the longest known degenerate sequence (nine nu-
cleotides: 5′-CCANNNNN/NNNNTGG-3′). The oligonucleotide adapter, in this case,
contains two hairpins and a single-stranded region connecting them, which is complemen-
tary to the target sequence. The complementary single-stranded DNA that hybridizes to
this single-stranded region (generating a duplex structure) will be cleaved, as presented
in Figure 8b [124].

In addition to the biotechnology approaches that produce single-strand breaks, arg-
onaute proteins could be mentioned [125,126]. These enzymes are key players in RNA
interference and related pathways in eukaryotes, but the properties and functions of these
proteins in archaeal and bacterial species have just started to emerge [127]. Nevertheless,
some enzymes could act as RNA- or DNA-guided DNA nucleases at physiological tem-
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peratures. It was shown that these enzymes could be programmed with small (~18–20 nt)
DNA or RNA guides to cleave single-stranded DNA with high specificity [128–137].

9. Changing the Specificity of Enzymes by Protein Engineering

Despite the availability of a large amount of information about amino acid sequences
and structural data, the construction of modified restriction enzymes has led to a decrease
in specificity and/or in the rate of cleavage. Additionally, the introduction of mutations
that alter the recognition site for the restriction enzyme may be lethal to the host without
a corresponding change in methyltransferase activity. Indeed, the successes of rational
or semi-rational specificity engineering are quite rare. This results in part from the close
spatial proximity of catalytic sites and specificity-determining regions, which makes en-
zyme activity vulnerable to changes intended to alter specificity, and in part from many
interdependent degrees of freedom of the substrate DNA, which make detailed modeling
difficult [138–144].

Nonetheless, there has been some success in the field of the creation of mutant restric-
tion enzymes capable of recognizing and using various modifications in recognition sites.
For the EcoRV enzyme, mutants containing substitutions N188Q and T94V have been ob-
tained. EcoRV N188Q has been shown to cleave recognition sites containing uracil instead of
thymine by >2 orders of magnitude more efficiently than the wild-type enzyme does [145].
EcoRV T94V cleaves recognition sites with methylphosphonate in one of the positions in the
phosphate backbone three orders of magnitude more efficiently than the wild-type enzyme
does [146]. Additionally, EcoRV mutants A181K and A181E preferentially cleave sites con-
taining a purine or thymine 5′ to the recognition site [142]. A directed-evolution approach
has helped to construct EcoRV mutants N97T/S183A/T222S and K104N/A181T, which
20-fold and 7-fold preferentially use GC- and AT-rich flanking regions, respectively [144].
Heterodimers of EcoRV containing a catalytically inactive subunit created by site-directed
mutagenesis act as a site-specific nickase by cleaving only one strand in DNA [147].

A significant effort was made to alter BamHI recognition, which allowed for discover-
ing a mutant form that preferentially cut at the same sequence but required that the adenine
base be methylated [148]. Janulaitis and coworkers obtained a variant of R.Eco57I with a
relaxed specificity by inactivating the endonuclease activity with a single substitution in the
nuclease domain, error-prone PCR mutagenesis, and selection of variants with a relaxed
methylation specificity [149]. In the final step, the endonuclease activity of the modified
enzyme was restored by reversing the substitution in the nuclease domain, leading to an
enzyme with a new, relaxed specificity. Morgan and coworkers conducted a comparative
analysis of amino acid sequences in a relatively large group of close homologs of R.MmeI to
create enzymes that exhibit conversion of specificity [150,151].

In the recent report [152], authors present the results of a directed evolution approach
to the engineering of a dimeric, blunt-end-cutting restriction enzyme NlaIV (GGN/NCC).
The obtained variants cleaved target sites with an up to 100-fold kcat/KM preference for AT
or TA (GGW/WCC) over GC or CG (GGS/SCC) in the central dinucleotide step, compared
to the only ~17-fold preference of the wild-type enzyme.

10. Fusion Proteins

Hybrid enzymes can be constructed via the fusion of recognition and cleavage domains
from different proteins. One such example is an enzyme created from the recognition
domain of subtype IIS restriction endonuclease AlwI and the catalytic domain of nickase
N.BstNBI. The resulting chimeric N.AlwI enzyme cuts only one strand of DNA at four
nucleotides downstream of the recognition site of AlwI (GGATC) [153].

It was subtype IIS restriction enzymes that were chosen to create chimeric proteins,
and restriction endonuclease FokI was the first to be used. FokI recognizes nonpalindromic
pentadeoxyribonucleotide 5′-GGATG-3′ and cleaves the DNA duplex at a distance of
9/13 nucleotides downstream of the recognition site. This fact implies the presence of two
separate protein domains in FokI: one for specific DNA sequence recognition and the other
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for the catalytic activity of the endonuclease. The modular nature of the FokI restriction
endonuclease suggested that it might be possible to create chimeric restriction enzymes
with novel specificity by fusing other DNA-binding proteins to the cleavage domain
of FokI. In 1994, the first “chimeric” restriction endonuclease came onto the scene and
contained the DNA-binding domain of the Ubx protein from Drosophila and the catalytic
domain of FokI [154]. Afterward, based on the catalytic domain of FokI, constructs were
created containing the “zinc finger” domain of eukaryotic transcription factor Sp1 [155] and
147 N-terminal amino acid residues of yeast transcription factor Gal4 [156]. Notably, the
FokI–Sp1 “chimera” can cleave a hybrid DNA/RNA duplex. Another example of fusion
proteins is the study [157], which showed the possibility of the generation of type II enzymes
with predetermined specificities. Authors engineered a functional type IIB endonuclease,
having previously undescribed DNA specificity by swapping putative target recognition
domains between the type IIB enzymes AloI, PpiI, and TstI. In the study [39], authors
cloned and expressed variants of the BsaXI enzyme. By rearrangement of target recognition
domains (TRDs) and conserved regions (CRs), they examined the activity of variants and
demonstrated that the S subunit of a Type IIB system could be manipulated to create new
specificities. Over the years, this field has rapidly evolved and currently represents a set of
approaches and methods for editing DNA in the genome of live cells [158–160].

11. Conclusions

Restriction endonucleases, which are some of the key tools for gene sequence ma-
nipulations in a variety of molecular biological techniques, continue to be the subject of
active research on the mechanism of action, in vivo function, and evolutionary origins.
Restriction endonucleases are still attractive models for investigating specific DNA–protein
interactions in complicated genetic processes in which enzymes interact simultaneously
with several DNA regions, as well as in models for studying the mechanisms of the search
for a specific recognition site with a certain nucleotide sequence in the presence of a huge
excess of nonspecific DNA. Along with this research, attempts to find new natural re-
striction enzymes and rational design of their properties continue to give enzymes with
high specificity for a unique nucleotide sequence within a restriction site and devoid of
nonspecific activity. Taken together, these approaches can expand the possibilities of both
the study and—in the future—modification of any genome.
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