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Sequence-specific endoribonucleases

ABSTRACT

Ribonucleases are nucleolytic enzymes that commonly occur in living organisms and 
act by cleaving RNA molecules. These enzymes are involved in basic cellular process-

es, including the RNA maturation that accompanies the formation of functional RNAs, as 
well as RNA degradation that enables removal of defective or dangerous molecules or ones 
that have already fulfilled their cellular functions. RNA degradation is also one of the main 
processes that determine the amount of transcripts in the cell and thus it makes an import-
ant element of the gene expression regulation system. Ribonucleases can catalyse reactions 
involving RNA molecules containing specific sequences, structures or sequences within a 
specific structure, they can also cut RNAs non-specifically. In this article, we discuss ribonu-
cleases cleaving the phosphodiester bond inside RNA molecules within or close to particular 
sequences. We also present examples of protein engineering of ribonucleases towards the 
development of molecular tools for sequence-specific cleavage of RNA.

INTRODUCTION

Ribonucleases (RNases) belong to the class of transferases (phosphotrans-
ferases, EC 2.7), or to the class of hydrolases (esterases, EC 3.1), enzymes that 
catalyse the hydrolysis of phosphodiester bonds in the ribonucleic acid (RNA). 
RNases can be classified according to the location of the hydrolysed bond in 
the RNA polynucleotide chain into: exoribonucleases that cleave the bond con-
necting the terminal nucleotide residue in the chain, and endoribonucleases 
that cleave bonds inside the RNA molecule. Additionally, RNases are classified 
according to their substrates, hence RNases can be grouped into those acting 
on single-stranded RNA (ssRNA) or double-stranded RNA (dsRNA). Another 
way of RNase classification takes into account the degree of similarity of their 
sequences and structures, and their inferred evolutionary relationships. At the 
highest level of this classification, RNases are grouped according to types of 
three-dimensional folds (architectures) of their catalytic domains. Depending on 
the dominance of one type of secondary structures, one can distinguish folds 
that are dominated by α helices or β sheets, and if there is no clear dominance of 
one of these structures, mixed α/β or α+β folds [1]. The majority of RNases (also 
the majority of those described in this article) have folds of a mixed type, α/β or 
α+β. At the next level of classification, RNases can be grouped into superfamilies 
that encompass evolutionarily related proteins exhibiting structural similarity 
and often also functional one (similar biochemical properties) (Tab. 1). All or-
ganisms, whose genomes have been sequenced so far, contain genes encoding 
RNases that belong to various superfamilies and classes, and fold into various 
types of structures. It is postulated that a large number of RNases were also 
present in the last universal common ancestor of all living organisms, LUCA [1], 
which strongly suggests that the RNA cleavage process existed already at a very 
early stage of evolution of the cellular life.

RNases participate in many cellular processes and are of key importance for 
proper functioning of cells. Apart from RNA degradation, which is one of nec-
essary elements of gene expression regulation, these enzymes take part in the 
maturation of all kinds of RNA, including both protein-coding mRNAs and the 
structurally and functionally diverse group of non-coding RNAs [2]. Moreover, 
RNases constitute an important component of the cellular defence system which 
is used, for instance, against viruses [3].

Despite significant progress in our knowledge of the relationship between 
the RNA sequence, structure and function, the research on RNA biology is still 
hampered due to the lack of many crucial enzymatic tools that would allow per-
forming precise and planned manipulations of RNA molecules in vitro. RNases 
specifically cleaving RNA sequence seem to be ideal molecular tools that have 
the potential to revolutionize RNA research in the near future, as it happened in 
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the case of restriction enzymes used for DNA manipulation. 
Such a revolution in the techniques of molecular biology of 
RNA could have a significant influence on both basic and 
applied research. Specific RNases able to catalyse cleavage 
of specific RNA sequence could in future find application 
in diagnostics or therapy of some genetic diseases as well 
as perhaps be used in antiviral therapies. As a result, re-
search on RNase specificity and on molecular mechanisms 
of RNase-RNA interactions are very important in the con-
text of searching for natural molecular tools and creating 
new ones.

The best way to uncover the mechanisms of enzyme spec-
ificity is obtaining the structures of enzyme-substrate com-
plexes at the atomic resolution. This goal is attainable with 
X-ray crystallography or NMR spectroscopy. The availabil-

ity of a high-resolution structure makes it possible to estab-
lish the functional role of individual amino acid residues in 
the substrate selection process. In a further perspective, such 
knowledge enables protein engineering which is aimed at, 
for example, increasing substrate specificity or its alteration 
by manipulating non-covalent interactions between an en-
zyme and its substrate. The structures of numerous RNas-
es, including sequence-specific ones, have been determined 
experimentally. Unfortunately, so far there are not many 
structures available of RNase complexes with RNA. Addi-
tionally, in many structures of RNase complexes, RNases 
are bound only with fragments of the substrate, such as nu-
cleotides or their analogs (Tab. 2).

In this article, we focus on describing endoribonucleas-
es acting on various types of RNA molecules and having 

Table 1. RNases covered in this review

RNase Occurrence Superfamily Fold type Cleaved sequence Comments

Natural sequence-specific RNases

RNase A Mammals, some 
amphibia

α/β RNase A Y^N,  Y = C or U

RNase V 
(angiogenin)

Vertebrates α/β RNase A C^N U^N cleaveage is 12-times less 
efficient than C^N cleavage

RNase T1 Fungus α/β RNase T1 G^N

RNase U2 Fungus α/β RNase T1 R^N R = G or A

α-sarcin Fungus α/β RNaseT1 GAG^A Loop sequence
RegB T4 bacteriophage α/β RelE/YoeB GG^AG 3’ G of GGAG sequence must be 

base-paired; ribosomal protein 
S1 activates the cleavage

MazF Bacteria α/β CccB/MazF/Kid Depends on the MazF

Cas9 Bacteria, 
bacteriophages

α/β HNH &  
RNase H-like

CCNNNNN^N Specifically recognizes 20 nt 
sequences complementary to 
guide RNA (PAM) and the 
HNH domain cleaves the ssRNA 
substrate at 4 resiudes from PAM

RNase III Bacteria, 
bacteriophages, 
some fungi

α RNase III U^NNANA/ U^NNANA  In dsRNA

MiniIII Gram-positive 
bacteria, plants’ 
plastids

α RNase III SWWS Cleaved sequence depends of 
organism of origin; L3 ribosomal 
protein activates the cleavage 
of natural substrate in vitro

Sequence specific fusion RNases

RNase A + 
oligonucleotides

– – – Depends on 
oligonucleotide sequence

RNase H + 
oligonucleotides

– – – Depends on 
oligonucleotide sequence

Cleaves the RNA strand in 
a DNA/RNA hybrid

RNase H + Zinc 
finger domain

– – – ^NNNNNUUCUUCCCC Cleaves the RNA strand in 
a DNA/RNA hybrid

PIN + PUF domain – – – UU^GAUAUAUUCG^ -
RNase T1 + RNA 
binding motifs

– – – Depends on the sequence 
recognized by the RBM
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preferences for cleaving RNAs with particular ribonucle-
otide sequences. We also describe molecular mechanisms 
that govern these preferences. It is worth mentioning that 
substrate specificity of a large number of RNases is lim-
ited to preferences for very short sequences, often in the 
context of a specific secondary RNA structure. Therefore, 
we subjectively selected enzymes to describe examples of 
the best studied and arguably the most interesting RNas-
es which specifically recognize and cut their substrates 
(Tab. 1). In the second part of the article, we present ex-
amples of specificity engineering of these enzymes and the 
potential of such manipulations for creating tools useful in 
biotechnology.

NATURALLY OCCURRING, SPECIFIC 
ENDORIBONUCLEASES ACTING ON 
SINGLE-STRANDED RNA

RNase A

An overview of RNases exhibiting substrate specificity 
towards the sequence, we start with pancreatic Ribonu-
clease A, a model representative of this class of enzymes 
which has been intensively investigated for over 50 years. 
RNase A is one of the best characterized enzymes [4]. It is 
worth emphasizing that it was one of the first proteins in 
history, and also the first enzyme, for which the amino acid 
sequence was determined, and also one of the first proteins 
and enzymes whose three-dimensional structures were de-
termined by X-ray crystallography (after myoglobin, hae-
moglobin and lysozyme). RNase A was first crystallized 
over 50 years ago and the resolution of diffraction data, 
which was obtained at that time, was 2 Å [5]. Christian B. 
Anfinsen, Stanford Moore and William H. Stein received 
the Nobel Prize in chemistry in 1972 for their research de-
voted to this protein.

RNase A catalyses the hydrolysis of phosphodiester 
bonds of RNA molecules on the 3’ side of nucleotide resi-
dues which contain pyrimidine bases (the cleaved sequence 
is Y^N, where Y is C or U, N is any residue and ^ indicates 
the cleavage site), however the CN dinucleotide is cut twice 
as fast as the UN dinucleotide (Tab. 1).

Structural data show that the specificity of RNase A re-
sults from interactions between the pyrimidine and side 
chains of Thr45 and Phe120 (1RCN, Fig. 1, Tab. 2). Thr45 
forms hydrogen bond only with the pyrimidine base, which 
results in spatial exclusion of the purine base (A, G and I). 
The side chain of the Phe120 takes part in van der Waals 
interactions with the pyrimidine and with the Thr45 side 
chain. Apart from these two residues, which are the most 
important for RNase A specificity, Asp83 and Ser123 also 
participate in binding of the pyrimidine residue forming 

Table 2. List of the structures mentioned in the text

RNase Structure 
determination method

Ligands Organism PDB accession number

RNase A Crystallography DNA (5’-ATAAG-3’) Bos taurus 1RCN (complex with 
homolog of substrate)

RNase V 
(angiogenin)

Crystallography – Homo sapiens 1ANG

RegB NMR – Bacteriophage T4 2HX6

αSarcin Crystallography – Aspergillus giganteus 1DE3

RNase T1 Crystallography Guanosine-2’,3’-cyclic 
phosphorothioate and 3’-GMP

Aspergillus oryzae (2-6)GSP

2’,3’-CGPS 1GSP, 7GSP
RNase U2 Crystallography 3’AMP Ustilago spharogena 3AGN, 3AGO

MazF Crystallography RNA Bacillus subtilis 4MDX

DNA homologue of substrate Escherichia coli 5CR2

RNase III Crystallography 2 × 28 nt RNA Aquifex aeolicus 2EZ6 (complex with products)
1YZ9, 1YYW, 1YYO, 1YYK 
(complex with intermediates)

MiniIII Crystallography – Bacillus subtilis 4OUN

Figure 1. Crystal structure of RNase A in complex with d(ApTpApApG) (1RCN) 
(A). RNA is represented in yellow; protein residues involved in base-specific con-
tacts are marked in green. Detailed representation of sequence-dependent inter-
actions (B).
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bonds with the phosphate group [6]. RNase A, upon bind-
ing its substrate, interacts with four RNA residues around 
the cleavage site, two on the 5’ side and two on the 3’ side. 
These bonds do not depend on the RNA sequence. Interac-
tions between RNase A and RNA were presented and dis-
cussed by Fontecilla-Camps et al. [7].

RNase A is an eponymous member of the RNase A super-
family that groups many various proteins with ribonucleo-
lytic activity. These enzymes have similar structures and, to 
some degree, amino acid sequences, especially within the 
evolutionarily conserved active centre.

RNase V (ANGIOGENIN)

RNase V is an RNase A superfamily member. It is also 
called angiogenin as it plays an important role in the pro-
cess of angiogenesis, the development of new blood vessels. 
This process occurs during the tissue development of higher 
organisms, but it is also of key importance in cancer pro-
gression.

Human RNase V catalyses the cleavage of 18S, 28S rRNA 
[8] and 5S rRNA in vitro [9] as well as tRNA after injection 
into Xenopus oocytes [10]. In human cells, angiogenin is also 
activated during oxidative stress, heat shock or ultraviolet 
irradiation, and cleaves tRNA leading to translational re-
pression [11]. It seems that the substrate specificity of an-
giogenin is determined not by the RNA sequence itself but 
rather its secondary structure (the hairpin or pseudoknot), 
sometimes formed as a result of RNA interactions with oth-
er proteins [12].

The amino acid sequence of RNase V shows consider-
able similarity (33% identity) to the amino acid sequence of 
RNase A [13]. Available crystallographic structures of both 
nucleases also show high similarity (1RCN, 1ANG, Tab. 2). 
The region of angiogenin that corresponds to the pyrimi-
dine residue binding pocket in RNase A contains many 
identical or very similar elements. In angiogenin, Thr44 and 
Ile115 correspond to Thr45 and Phe120 of RNase A, and 
Thr80 replaces Asp83 [14,15]. In this case, the role of Thr44 
is as important as that of Thr45 in RNase A, and substitution 
of any of these residues influences the nucleolytic activity of 
angiogenin [16]. Despite numerous similarities, differences 
in the structure of the active centres of the two nucleases 
can also be noticed. The pocket that binds the pyrimidine 
residue within the active centre of angiogenin, contains an 
additional side chain of Glu117. This change may be respon-
sible for the significant reduction in endonucleolytic activity 
of RNase V (by approx. 105–106) as compared to RNase A 
[8]. The presence of an additional chain in the active cen-
tre may also restrict RNase V specificity. It cuts sequences 
containing a C residue (within the C^N site) 12 times more 
efficiently than sequences that contain U (in the context of 
the U^N site) (Tab. 1) [17], which means a six-fold increase 
in selectivity as compared to RNase A.

On several occasions, the specificity of angiogenin was 
engineered. An example is the substitution of Thr44 by Asp, 
which changed the preference of the enzyme to U^N [16], or 
obtaining an angiogenin chimera containing corresponding 

RNase A residues (38-42) in positions 38-41. The chimeric 
RNase had activity that was similar to the activity of RNase 
A [18]. Crystallographic structures of both engineered pro-
teins are available [19], however, the structure of RNase V in 
the complex with RNA is so far unknown.

RNase T1

RNase T1 was discovered in 1957 in a cell extract from 
Aspergillus oryzae [20]. Since then it was a subject of numer-
ous investigations; nonetheless its physiological substrate 
remains unknown. The enzymatic activity of RNase T1 is 
restricted to the cleavage of the ssRNA after guanine res-
idue (within G^N sites) (Tab. 1) [21]. Structures of RNase 
T1 and its mutants were determined at high resolution by 
X-ray crystallography [22] and NMR spectroscopy [23]. 
The structural core of this enzyme consists of four antipar-
allel β strands and one α helix [24]. Several structures of 
RNase T1 complexed with single and di- or tri-nucleotides 
(or nucleotide analogs) are available as well. The most 
interesting are the structures analysed by time-resolved 
crystallography [25], which represent different stages of 
this reaction at high resolution (1-7GSP, Fig. 2, Tab. 2) and 
therefore allow precise dissection of the hydrolysis of gua-
nosine 2´,3´-cyclophosphorothioate by RNase T1. RNA hy-
drolysis conducted by RNase T1 can be divided into two 
steps: formation of intermediates by transphosphoryla-
tion of substrate and hydrolysis of these intermediates to 
a product with 3’ phosphate. The guanine base specificity 
of RNase T1 is also well understood. Guanine is mainly 
bound by the segment Tyr42-Glu46. Hydrogen bonds are 
formed between the nucleobase and the N-H groups of the 
peptide bonds of Asn43, Asn44, Tyr45, and the side chain 
of Glu46. Furthermore, the guanine is sandwiched between 
two tyrosine residues (Tyr42 and Tyr45). It forms a single 
hydrogen bond with the carbonyl group of Asn98, which 
is situated outside of the Tyr42-Glu46 segment. Conserva-
tion of this segment among the RNase T1 family members 
is very high [26] and these enzymes are specific for G or 
at least prefer G-containing RNA as a substrate. However, 
most of the contacts are formed between the nucleobase 
and main-chain peptide bonds. Therefore the reason for 
the conservation of this segment is unclear.

Figure 2. Crystal structure of RNase T1 in complex with 2’,3’-CGPS and 3’-GMP 
(2GSP) (A). Substrates are represented in yellow; protein residues involved 
in base-specific contacts are marked in green. Detailed representation of se-
quence-dependent interactions (B and C).
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RNase U2

Although RNase U2 belongs to the RNase T1 family, it 
constitutes a clear exception in substrate specificity. This 
enzyme, apart from the guanine residue, also recognizes 
A-containing substrates (Tab. 1). A decrease in the specific-
ity of this RNase is the result of differences in the structure 
of the pocket, which binds nucleobases. The Tyr42 – Glu46 
region of RNase T1 corresponds to the Tyr44 – Asp50 re-
gion in RNase U2 [27]. Base-specific contacts are also differ-
ent than those in RNase T1. Adenine forms four hydrogen 
bonds to the main-chain atoms of Tyr44 and the side-chain 
carboxyl group of Glu49 (3AGN, 3AGO, Tab. 2) [27].

α-SARCIN

α-Sarcin RNase is produced by a mould, Aspergillus gi-
ganteus [28] and it represents a group of ribonucleases that 
belong to the group of ribotoxins related to the RNase T1 
family. α-Sarcin blocks the activity of the ribosome by cleav-
ing the phosphodiester bond on the 3’ side of the G4325 res-
idue in 28S rRNA. This nucleotide residue is located in the 
so-called α-Sarcin/ricin loop, whose cleavage prevents the 
binding of the EF2 and EF1 transcription factors by the ri-
bosome and leads to ribosome inactivation. There is a range 
of structural and biochemical similarities between α-Sarcin 
and RNase T1. Just like in RNase T1, the core of the α-Sar-
cin structure consists of five β strands and a single α helix 
[29]. The active centres of both nucleases consist of identi-
cal amino acid residues – His50, Glu96, Arg121 and His137 
[29]. As a result, the chemical reaction catalysed by α-Sarcin 
proceeds exactly in the same way as the one catalysed by 
RNase T1 [30]. Biochemical tests have shown that α-Sarcin 
recognizes and cuts most efficiently the GAG^A sequence 
situated in the α-Sarcin/ricin loop of 28S rRNA. It has also 
been shown that this sequence must be located in the con-
text of an appropriate secondary structure (Tab. 1), in this 
case, a double-stranded RNA helix consisting of at least 
three base pairs [31,32]. An analysis of the α-Sarcin complex 
model with RNA (1DE3, Tab. 2) revealed two structural ele-
ments that are probably responsible for the substrate speci-
ficity of this protein. These are: a fragment of loop 2 (Trp51-
Gly55), which could recognize the GAGA sequence, and a 
lysine-rich fragment of loop 3, which could be responsible 
for recognizing and binding of an appropriate secondary 
RNA structure [29].

RegB RNase

RegB is one of the most “mysterious” nucleases. It is en-
coded by the T4 bacteriophage and the majority of T4-like 
bacteriophages [33]. RegB is an important factor involved 
in controlling bacteriophage multiplication. The expression 
of the RegB coding gene takes place in bacterial cells at an 
early stage of bacteriophage infection. This nuclease partic-
ipates in regulation of the transition between the early and 
late infection phases by inactivation of early-phase mRNA 
[34]. Under in vivo conditions, RegB specifically cuts RNA 
in the middle of the GGAG sequence located at the ribo-
some-binding site in the majority of prokaryotic mRNAs 
(Shine-Dalgarno sequences, AGGAGG). Another RNA se-
quence cleaved by RegB, although much less efficiently, is 

GGAU. It should be emphasized that RegB is a transphos-
phorylase that generates a cutting product with a phosphate 
group at the 3’ end. Interestingly, RegB retains its catalytic 
activity throughout the entire lytic cycle of the T4 bacterio-
phage, but it does not cleave transcripts of the intermediate 
and late phases [35]. Moreover, GGAG motifs, located in 
the coding sequences (and not at the ribosome-binding site) 
of early mRNA, are not cut either. The in vitro activity of 
RegB increases over 100-fold (depending on the substrate) 
if the ribosomal S1 protein is present in the reaction [35]. 
The guanine residue from the 3’ end of the GGAG motif in 
the preferred RegB substrate in vitro is in the first base pair 
of a double-stranded structure (Tab. 1). Therefore, it seems 
very likely that RegB recognizes not only the nucleotide se-
quence but also the specific secondary RNA structure. The 
formation of such a structure may depend on the presence 
of the S1 protein [36]. Despite the fact that the RegB struc-
ture was solved (2HX6, Tab. 2), it is not known how exactly 
this RNase selects its RNA substrate [37].

MazF RNase

MazF RNase is a ribotoxin, one of two elements of the so-
called toxin-antitoxin system. Under physiological condi-
tions, MazF is combined with a protein that constitutes the 
so-called antitoxin (MazE), which blocks the RNase active 
centre. In such a system, MazF is inactive and it cannot ca-
talyse the RNA cleavage reaction. Under stress conditions, 
ClpAPP proteinase degrades MazE [38] and activates MazF. 
MazF activation leads to a change in the gene expression 
level and, consequently, it may lead to programmed cell 
death [39, 40]. It was previously thought that only mRNA 
molecules are the substrate of this nuclease; however, recent 
data show that also tRNA molecules are recognized and cut 
by MazF [41]. It is worth emphasizing that MazF nucleas-
es from various bacteria cleave different RNA sequences. 
MazF from Escherichia coli (EcMazF) recognizes U^AC [42] 
or A^CA sequences [43]. MazFs from other bacteria rec-
ognize sequences of various lengths that often contain the 
ACA sub-sequence. For example: MazF from Bacillus subtilis 
(BsMazF) recognizes and cuts the U^ACAU motif [44], and 
ChBK, a second MazF-like nuclease encoded in the E. coli 
chromosome, cuts the D^ACD sequence (where D stands 
for G, A, or U) [45]. On the other hand, Mycobacterium tuber-
culosis has as many as seven different genes encoding MazF-
like toxins (MazF-mc1-7). Some of them recognize and cut 
the same sequence as MazF from E. coli, while others show 
different sequence preferences. MazF-mt3 cuts the U^C-
CUU sequence [46], and MazF-mt7 the U^CGCU sequence 
[47] (Tab. 1). It should be emphasized that not all sequences 
containing motifs recognized by particular MazF proteins 
are cleaved by these enzymes, which implies that secondary 
structures (or their absence) may also play a role in the sub-
strate recognition process [48,49].

The structures of complexes of representatives of the 
MazF group of RNases with RNA are known. The BsMazF 
structure was described first (4MDX, Tab. 2) [50]. It helped 
to elucidate the mechanism of specific interaction of BsMazF 
with all five residues of its RNA substrate motif (U^ACAU). 
Uracil in position 1 is bound in the pocket formed by Pro26, 
Ala49, Glu70, Arg71 and Ser73 residues; however, hydro-
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gen bonds with the Glu70 and Ser73 residues involve Wat-
son-Crick edges. Adenine in the second position of the mo-
tif forms hydrogen bonds through its Hoogsteen edge with 
atoms of carbonyl and amide N-H groups of Gly18, Glu20 
and Gly22 residues. Cytosine in position 3 forms hydrogen 
bonds with Gln21 and Ser19. Adenine in position 4 forms 
hydrogen bonds through Watson-Crick and Hoogsteen 
edges with Glu78, Gly79 and Lys53, while uracil in position 
5 forms a hydrogen bond with Glu78 and a weak polar in-
teraction with His59 (Fig. 3 and Fig. 4) [50].

Another available structure of an MazF complex with 
RNA is the EcMazF structure (5CR2, Tab. 2). The amino 
acid sequence of this protein, which recognizes and cuts 
the N^ACA motif, shows only 23% identity with BsMazF. 
Differences in the amino acid sequences of these proteins 
are responsible for differences in the structures of the seg-
ments responsible for substrate binding. The EcMazF pock-
et, which binds the first nucleotide residue of the NACA se-
quence, is much deeper than in BsMazF. Therefore, EcMazF 
may probably also bind purine residues. This, in turn, may 
account for the reduced specificity of EcMazF as compared 
to BsMazF. Apart from the differences in the binding of the 
first residue, the majority of interactions between the Ec-
MazF protein and its substrate are the same as in the case 
of BsMazF. An exception is the hydrogen bond formed by 
Glu78 and Gln79 residues, which are not retained in the Ec-
MazF-RNA complex. These amino acid residues in EcMazF 

are replaced by Asp76 and Gln77. A shorter side chain of 
Asp76 prevents the formation of the hydrogen bond, while 
in the case of Gln77, the side chain is located too far from 
the RNA to form a contact. In the case of BsMazF, the amino 
acid residue corresponding to Asp76 binds uracil in posi-
tion 5 (Fig. 3). It could explain the lack of specificity of Ec-
MazF for this position of its substrate. In summary, EcMazF 
recognizes the ACA sequence; therefore, it does not recog-
nize the first and last nucleotide residue in the BsMazF sub-
strate, namely UACAU. Additionally, the absence of hydro-
gen bonds allows the “sliding” of the recognized sequence 
in the binding pocket. As a result EcMazF can cut RNA  at 
both the U^AC site and the A^CA site [51].

RNase Cas9

Cas9 (CRISPR associated protein 9) is a family of endo-
nucleases that cleave nucleic acid molecules (usually DNA, 
but in some cases also RNA) base-paired to a targeting RNA 
molecule. To describe the specificity of the Cas9 nuclease, it 
is necessary to present the mechanism of the CRISPR system 
(Clustered Regularly Interspaced Short Palindromic Re-
peats), an “immune” mechanism of prokaryotic organisms. 
In many bacteria and the majority of archaea, CRISPR forms 
special loci that provide an acquired immunity to bacterio-
phages and plasmids. This immunity involves sequence-de-
pendent recognition and fragmentation of foreign genetic 
material. Host immunity is acquired through prior contact 
with a given foreign DNA, which is “remembered” by the 
insertion of a  fragment of this DNA between repetitions of 
short sequences situated in the CRISPR locus. Due to the 
diversity of known classes and types of this mechanism, 
we will present only class 2, type II of the CRISPR. In this 
case, the process of degradation of foreign DNA requires 
the presence of CRISPR RNA molecules (crRNA) and trans-
activating crRNA molecules (tracrRNA), which are encod-
ed in the CRISPR loci. It is the crRNA sequence that deter-
mines the specificity of CRISPR. crRNA binds to tracrRNA 
and forms a double-stranded structure bound by the Cas9 
nuclease, which is an executive part of this system. After 
forming the complex, Cas9 cuts sequences that are com-
plementary to crRNA. The Cas9 nuclease most frequently 
used in biotechnology is that from Streptococcus pyogenes, 
which recognizes sequences 20 nucleotides long, adjacent 
to the PAM sequence (protospacer-adjacent motif), NGG 

Figure 3. Crystal structure of RNase MazF in complex with ssRNA (4MDX) (A). 
RNA is represented in yellow; protein residues involved in base-specific contacts 
are marked in green. Detailed representation of sequence-dependent interactions 
(B-F).

Figure 4. Schematic representation of sequence-specific interactions between 
BsMazF and RNA. The sequence of RNA recognized and cleaved by BsMazF is 
shown, where ^ indicates the cleavage site. Specific interactions between BsMazF 
and each nucleotide of the RNA sequence are presented in the table.
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[52]. The cleavage site is situated between the 3rd and 4th 
base pair from the PAM sequence (CCNNNN^ in the target 
DNA sequence and ^NNNNGG in the non-complementary 
sequence). Cas9 contains two nuclease domains that belong 
to the HNH and RNase H-like nuclease superfamily, re-
spectively. The HNH domain is responsible for cleaving the 
complementary sequence (with CCN) and the RNase H-like 
domain is responsible for cleaving the non-complementary 
sequence (with NGG). [53].

The CRISPR mechanism has became the basis for produc-
ing tools for very specific recognition and cleavage of var-
ious DNA sequences. tracrRNA and crRNA were replaced 
with one molecule, the so-called sgRNA (single guide RNA) 
or gRNA (guide RNA), whose structure resembles the struc-
ture of the crRNA-tracrRNA complex. The sequence of the 
5’ end of this molecule determines the cleavage site in the 
complementary DNA strand, while the sequence of the 3’ 
end allows the production of a double-stranded RNA struc-
ture bound by Cas9.

The first Cas9 nuclease which specifically cleaves RNA 
but not DNA was discovered in 2013. It was Cas9 from 
Francisella novicida, which forms a complex with a unique 
scaRNAs (small, CRISPR/Cas-associated RNA) [54] and 
hydrolyses RNA transcripts encoding bacterial lipopro-
teins. In subsequent studies, the same nuclease was used for 
sequence-dependent cleavage of viral RNA in eukaryotic 
cells [55]. Independently, another research group showed 
the possibility of programmed cleavage of ssRNA mol-
ecules by Cas9 from Streptococcus pyogenes. The use of the 
so-called PAMmers, i.e. DNA oligomers with a length of at 
least 15 nt complementary to the ssRNA sequences whose 
5’ end began from the PAM sequence (NGG), considerably 
increased the efficiency of the cleavage reaction. In contrast 
to DNA cleavage by Cas9, ssRNA is cut between the 4th 
and 5th nucleotide before the PAM sequence (Fig. 5, Tab. 
1) [56]. In practice, this means that it is possible to design a 
nucleolytic specificity of Cas9 for any RNA sequence of 20 
nucleotide residues, which contains a sequence complemen-
tary to PAM, i.e. CCN, at the 5’ end. This makes Cas9 one of 
the most specific ribonucleases available. Adjustment of the 
Cas9 specificity is possible by changing a fragment of the 
gRNA sequence and designing an appropriate PAMmer.

The Cas9-based technology is currently one of the fast-
est-developing technologies based on molecular biology 
tools. The only limitation in designing RNA-specific Cas9 
is the requirement to retain the PAM sequence next to the 
target sequence. Recent results demonstrate that it is possi-
ble to change the specific recognition of the PAM sequence 
by Cas9 nucleases specific for DNA. Therefore, it seems that 
similar engineering of RNA-cutting Cas9 nucleases is possi-
ble and, as a result, development of Cas9 RNases that cleave 
any desired ssRNA sequences should be possible.

NATURALLY OCCURRING, SPECIFIC 
ENDORIBONUCLEASES ACTING ON 
DOUBLE-STRANDED RNA

RNase III

A superfamily of enzymes related to RNase III 
can simultaneously cut both strands of dsRNA. 
They are characterized by the presence of a unique 
α-helical domain that is capable of dimerization to 
form a structure with two active centres, each re-
sponsible for cutting one of the RNA strands in  
dsRNA. Amino acid residues that are evolutionarily con-
served among all RNase III superfamily members are 
responsible for binding divalent metal cations and phos-
phodiester bond cleavage. The products of the reaction 
catalysed by RNase III enzymes usually contain 3’ sticky 
ends that are two residue long. In addition to the RNase 
III domain, enzymes of this superfamily may contain 
other structural elements. These additional elements are 
mostly responsible for the selection of the RNA substrate, 
interactions with it or with other proteins, and regulation 
of the enzymatic activity [57-59]. Consequently, the pres-
ence of these additional elements is used for classification 
of RNase III family enzymes [60].

Eponymous representatives of the RNase III family 
(e.g. RNase III from E. coli) belong to class I. Enzymes 
from this class consist of a catalytic domain and a  
dsRNA binding domain (dsRBD) and they form homodi-
mers. Crystallographic (2EZ6, 1YYK, 1YYO, 1YYW, 1YZ9, 
Tab. 2) and biochemical tests have shown that the selec-
tion of the substrate sequence requires contact of the pro-
tein with at least two regions in dsRNA. These regions, 
which are called the proximal box and distal box, are se-
quences with the length of 4 and 2 base pairs, respectively 
[61]. The third dsRNA region, which can also be import-
ant during the substrate selection process, is the so-called 
middle box [62,63]. Interactions between RNase III and 
the RNA are mediated by four RBM1-4 regions (RNA 
binding motifs), which are situated both in the dsRNA 
binding domain and in the catalytic domain (Fig. 6). 
In the structure of the RNase III complex from Aquifex 
aeolicus with dsRNA, it has been observed that the ma-
jority of the interactions take place between side chains 
of amino acid residues and riboses or phosphates of the 
RNA, which means that these interactions are sequence 
non-specific, but allow the selection of dsRNA molecules 
with a defined length and appropriate arrangement of 
the enzyme and substrate. An exception is the hydrogen 
bond formed between the conserved Gln157, and the O2 

Figure 5. Schematic representation of Cas9 Nuclease, S. pyogenes sequence rec-
ognition and RNA cleavage. The cleaved RNA molecule is presented in black. 
gRNA is presented in grey. PAM sequence is marked in red. PAM together with 
the purple line stand for the DNA PAMmer, which is required for sequence-spe-
cific cleavage of RNA molecule. The arrow indicates the cleavage site between 
nucleotides 4 and 5 downstream of the NCC sequence complementary to the 
PAM sequence.
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atom of a base-paired adenine [63]. This glutamine resi-
due is situated in RBM1, the N-terminal helix of the dsR-
NA-binding domain, and it interacts with the A/U base 
pair situated in the proximal part of the dsRNA. Substitu-
tion of this base pair by G/C inhibits the binding of dsR-
NA by RNase III [64]. Apart from this, despite the lack of 
specific interactions between RNase III and dsRNA in po-
sition 1 of the proximal box, the substitution of the A/U 
base-pair by G/C in this place also disrupts the binding 
of the substrate (Fig. 6, Tab. 1).

Enzymes belonging to class II of RNases III (with Drosha 
being their best-known representative), have two catalytic 
domains that interact with each other, a dsRBD domain and 
a polyproline domain. The structure of human Drosha has 
been recently determined [65], but in the absence of struc-
tural data concerning enzyme-substrate complex, the atom-
ic details of the substrate selection mechanism for this class 
of enzymes remains unknown.

Class III of RNases III is represented by Dicer. This en-
zyme is composed of two slightly different catalytic do-
mains, dsRBD domain, a PAZ domain, a domain with un-
known function and an N-terminal domain with helicase 
activity. It is known that Dicer acts as a “molecular ruler” 
that measures the distance from one of the pre-miRNA ends 
(3’ or 5’), which is bound by the PAZ domain, to the cleav-
age site [66]. So far, approximately 2000 substrates of this 
RNase have been identified. They are very diverse, both, in 
terms of sequence and secondary structure [67]. In the case 
of perfect double-strand substrates, Dicer shows a detect-
able sequence preference. Dicer generates miRNA with the 
guanine residue at the 5’-end much less efficiently and it 
prefers an uracil residue in this position [68].

MiniIII RNase

Class IV of RNases III consists of the smallest enzymes 
belonging to this family (hence their name, MiniIII RNases), 
because, as opposed to canonical RNase III, they do not con-
tain a double-stranded RNA binding domain and comprise 
only the catalytic domain. Like classical RNase III, these 

enzymes are homo-dimeric. MiniIII-coding sequences are 
found in the genomes of Gram-positive bacteria and plant 
plastids. The MiniIII RNase from Bacillus subtilis (BsMiniIII) 
has been so far the most studied enzyme of class IV of RNas-
es III. The physiological function of BsMiniIII is the cleavage 
of a double-stranded fragment formed by both ends of pre-
23S rRNA in the last stage of its maturation [69]. The pres-
ence of the ribosomal L3 protein significantly increases the 
efficiency of this reaction in vitro, most likely by facilitating 
the recognition of the target site in pre-rRNA [70]. In plant 
plastids, MiniIII also participates in the degradation of in-
trons that have been spliced out [71].

The main pre-rRNA cleavage site of BsMIniIII is situat-
ed at the end of a short double-stranded structure, in the 
ACC sequence. The cleavage specificity of BsMiniIII RNase 
has been also studied in vitro on long dsRNAS where it was 
found that this enzyme strongly prefers cleaving within the 
ACC^U sequence [72]. Despite the fact that the mechanism 
of substrate recognition by MiniIII has not yet been estab-
lished, due to differences in the RNase III and MiniIII struc-
tures, it must be different from the mechanism identified in 
classic RNase III. Apart from the lack of double-stranded 
RNA binding domain, MiniIII distict due to the presence of 
an additional α-helix (α5b) and a short loop between the α5b 
and α6 helices in the catalytic domain, which replace a long 
loop present in classic RNase III. A model of the BsMiniIII 
complex (4OUN, Tab. 2) with dsRNA implies that this loop 
can play a significant role in the MiniIII substrate selection 
by interactions with the major groove of dsRNA. This pre-
diction has been confirmed experimentally [72].

SEQUENCE SPECIFIC RNASES CONSTRUCTED 
BY PROTEIN ENGINEERING

RNase A FUSED WITH OLIGONUCLEOTIDES
The conjugation of a synthetic oligonucleotide to RNase 

A was probably the first attempt to obtain RNase targeting 
specific sequences in RNA. As a result of limited digestion 
of RNase A by subtilisin, active RNase S is formed. It can 
be separated into two components: S-peptide and S-protein 
(amino acid residues 1-20 and 21-124, respectively), which 
do not show any activity on their own. After mixing both 
proteins at a 1:1 stoichiometric ratio, they form a complex 
with activity comparable to native RNase A. S-peptide, 
which contains the cysteine residue in position 1, was syn-
thesized and then covalently joined with a deoxyriboo-
ligonucleotide containing an S-tiopyridic residue at the 3’ 
end. The resulting fusion enzyme specifically cut the RNA 
sequence complementary to the sequence of the oligonucle-
otide used (Tab. 1) [73].

RNase H FUSED WITH OLIGONUCLEOTIDES

RNase HI degrades the RNA strand of the double strand-
ed DNA-RNA hybrid [74] of at least four base pairs [75]. In 
the structure of an RNase HI complex with a DNA/RNA 
hybrid, hydrogen bonds are formed between amino acid 
residues and the major and minor DNA/RNA grooves, 
leading to a weak sequence preference [76]. For this reason, 
this enzyme is basically sequence non-specific. However, 
RNase H from E. coli has a very weak preference for se-

Figure 6. Schematic representation of the interactions between RNaseIII dimer 
and its dsRNA target sequence. The boxed fragments of sequence indicate distal 
box (DB) middle box (MB) and proximal box (PB). Interactions between RNA 
binding motifs and sequence boxes are indicated by dashed lines. Sequence-spe-
cific contacts are indicated by red dashed lines. Arrows indicate the cleavage sites.
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quences containing the WNAGWGNNCWUNNN^NAW-
GNNCWCUNW motif.

The first attempt at RNase HI fusion aiming at creating 
a sequence-specific enzyme took place in 1992. The RNase 
H from E. coli used for this purpose, was first subjected to 
targeted mutagenesis. All cysteine residues were replaced 
with Ala and Glu135 was replaced with Cys. Then the GT-
CATCTCC DNA oligonucleotide with a maleimid group at 
the 5’ end was covalently attached to Cys135. Such a fusion 
of RNase H cleaves the RNA sequence complementary to 
the conjugated oligonucleotide between the 5th and the 6th 
ribonucleotide residue (GGAGA^UGAC) (Tab. 1) [77]. An-
other example is the fusion of RNase H with DNA oligonu-
cleotides complementary to viral RNA. Specific conjugates 
were obtained which cut RNA of the hepatitis B virus in vi-
tro [77] and RNA of hepatitis C RNA virus in vitro and in 
vivo [78].

RNase H IN FUSION WITH A ZINC FINGER

Fusions of proteins with oligonucleotides require a com-
plicated chemical procedure. It is much easier to produce 
fusion proteins with new domain combinations by fusing 
parts of various genes.

The zinc finger domain of the Cys2His2 type is a small 
protein domain that selectively binds a tri-nucleotide se-
quence in double-stranded nucleic acids. There are many 
classes of zinc fingers with various functions, however, the 
most important function from the point of view of this arti-
cle is binding nucleic acids in a specific way and the possi-
bility of engineering this specificity [79].

An appropriately designed and optimized fusion of the 
RNase H catalytic domain from Bacillus halodurans (origi-
nally without any particular sequence specificity) and the 
ZfQQR zinc finger resulted in an enzyme that exhibited 
sequence-specific cleavage of the RNA strand in a DNA/
RNA hybrid. The zinc finger used for the development of 
this fusion protein specifically binds GGGGAAGAA DNA 
sequence, while RNase H cleaves the RNA strand between 
the 5th and the 6th base pair of the hybrid upstream the se-
quence bound by the zinc finger. The target sequence can be 
therefore presented as the following motif: N^NNNNNU-
UCUUCCCC [80].

PIN NUCLEASE IN FUSION WITH PUF DOMAIN

The PIN domain from a non-specific nuclease SMC6 
and the sequence-specific PUF domain (Pumilio/fem-3-
binding domain) of the PUM1 protein were used to devel-
op a recombinant sequence-specific ssRNA endoRNase. 
The catalytic function in this protein is fulfilled by the 
PIN domain, whose molecular structure has been quite 
well studied [81]. The PUF domain consists of modules, 
which specifically recognize and bind the consecutive 
ribonucleotide residues of the ssRNA sequence. Three 
amino acid residues in conserved positions of the PUF 
module and the Watson-Crick edge of the RNA mole-
cule participate in these interactions. Substitutions of the 
amino acid residues in these conserved positions lead 

to altered specificity of the individual modules, which 
makes construction of PUF domains with any sequen-
tial specificities relatively easy [82]. For optimal activity 
of the PIN+PUF fusion, the linker between the domains 
must be of the right length. The use of 8 modules allowed 
the development of a nuclease that specifically binds the 
UUGAUAUA sequence and cleaves the RNA between 
the 4th and 5th nucleotide downstream of this sequence 
(UUGAUAUANNNN^N) (Tab. 1). This nuclease also 
cuts the RNA sequence inside the bound motif, but with 
lower efficiency [83,84]. These results indicate a great po-
tential of engineering of such fusion proteins and their 
numerous potential applications.

RNase T1 IN FUSION WITH RNA-BINDING MOTIFS

The fusion Tα RNase consists of RNase T1, in which part 
of the L3 loop has been substituted by the corresponding do-
main from α-sarcin. This modification was the first attempt 
to engineer specificity in RNase T1. The chimeric protein 
was designed in a way that allows the chimera to cut after a 
guanine residue not only in ssRNA but also in dsRNA [85]. 
The replacement of the L3 loop was also performed in order 
to develop an RNase T-tat fusion. The fragment of the L3 
loop of RNase T1 was replaced by the TAT protein peptide 
of the HIV-1 virus. This peptide is responsible for binding 
to an early transcript of Tar RNA (the region responsible for 
transcription activation). The constructed chimera selective-
ly recognized and hydrolysed HIV-1 TAR RNA both in vitro 
and in vivo (Tab. 1) [86].

SUMMARY AND PERSPECTIVES

Ribonucleases are a highly diverse group of proteins. 
Many researchers have shown interest in their substrate 
specificity. There is no doubt, however, that the substrate 
specificities of endoribonucleases are much less studied 
than the specificities of enzymes which cleave DNA mol-
ecules, such as restriction enzymes, commonly used in 
molecular biology. The reasons for this lie, amongst other 
things, in the nature of the RNases. Many of them recognize 
not only a nucleotide sequence but also the RNA structure, 
which often makes it difficult to interpret the experimental 
results that compare the effectiveness of digestion of RNA 
substrates sequences. This is due to the fact that, as in the 
case of RNA a change of the nucleotide sequence may also 
cause a change in its structure. In addition, a change in the 
substrate structure may depend on many external and cel-
lular factors, which are difficult to identify and even more 
difficult to control under in vivo conditions. Taken together, 
these make the determination of the properties of a given en-
zyme very difficult. While some RNases cut RNA non-spe-
cifically, the specificity of others is sometimes limited to a 
very short sequence or, in extreme cases, to the presence of 
a single nucleotide. RNases often recognize and cut several 
similar motifs in the RNA sequence with variable efficiency. 
The recognition of more than one sequence motif by a given 
enzyme and the functional redundancy of RNases in a cell 
result in a situation when a mutation leading to dysfunction 
of one of RNases is compensated by another enzyme from 
a given class without blocking RNA synthesis and/or deg-
radation [2].
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Structural biology is very helpful in understanding the 
molecular mechanisms determining the specificity of a giv-
en enzyme. The availability of the structure of an enzyme 
complex with its substrate is also important when engi-
neering of a given protein is planned. RNase engineering 
has been successfully conducted for many years. It utiliz-
es, amongst other things, the creation of chimeric RNases 
and fusions with other proteins. In this way, it was possi-
ble to combine the non-specific RNase H with a zinc finger 
domain and thus to obtain a fusion protein capable of se-
quence-specific cleavage. However, determination of more 
high-resolution structures of RNase complexes with RNA is 
essential to foster RNase engineering with the aim of creat-
ing new molecular tools.

Recent years have brought many fundamental discover-
ies, revealing completely new roles fulfilled by non-coding 
RNA molecules. The rapidly growing interest in RNA re-
search exposes limitations resulting from the absence of en-
zymatic tools, analogous to those available in DNA research 
for years. One of basic causes of revolutionary changes in 
the 20th century biology, leading to the establishment of 
molecular biology, was the capability of planned and repro-
ducible DNA fragmentation using restriction enzymes. It 
seems that a similar breakthrough in the 21st century might 
involve research on non-coding RNA and its biological 
functions. From a methodological point of view, this will 
certainly require new methods of RNA modification anal-
ysis using third-generation high-throughput sequencing of 
RNA molecules and mass spectrometry, but most of all, new 
enzymatic tools enabling planned in vitro RNA manipula-
tions. It is possible that the results of sequence specificity 
studies of known endoribonucleases and first attempts at 
engineering their specificity presented in this article are an 
announcement of such breakthrough discoveries.
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STRESZCZENIE
Rybonukleazy są to enzymy nukleolityczne rozkładające cząsteczki RNA powszechnie występujące w organizmach żywych. Enzymy te są 
zaangażowane w podstawowe procesy komórkowe, między innymi w dojrzewanie RNA towarzyszące powstaniu funkcjonalnych cząsteczek, 
jak i degradację RNA umożliwiającą usuwanie cząsteczek wadliwych, obcych lub takich, które spełniły już swoje funkcje komórkowe. De-
gradacja RNA jest również jednym z głównych procesów determinujących poziom akumulacji transkryptów w komórce, a co za tym idzie 
ważnym elementem systemu regulacji ekspresji genów. Rybonukleazy mogą katalizować reakcje z udziałem cząsteczek RNA zawierających 
swoiste sekwencje, struktury lub sekwencje w obrębie konkretnej struktury, mogą też przecinać cząsteczki RNA niespecyficznie. W niniej-
szym artykule przedstawiamy wybrane endorybonukleazy przecinające wiązanie fosfodiestrowe wewnątrz cząsteczek RNA w specyficznie 
rozpoznawanych sekwencjach lub ich pobliżu. Przedstawiamy również przykłady konstruowania rybonukleaz z myślą o zapotrzebowaniu 
na specyficzne narzędzia molekularne, które mogłyby zostać wykorzystane między innymi w pracy badawczej nad cząsteczkami RNA.
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