DNA Repair 65 (2018) 54–63

Contents lists available at ScienceDirect

DNA Repair
journal homepage: www.elsevier.com/locate/dnarepair

NanoRNase from Aeropyrum pernix shows nuclease activity on ssDNA and
ssRNA
Yong-Jie Denga, Lei Fenga, Huan Zhoub, Xiang Xiaoa,c, Feng-Ping Wanga,c, Xi-Peng Liua,c,

T

⁎

a
State Key Laboratory of Microbial Metabolism, School of Life Sciences and Biotechnology, Shanghai Jiao Tong University, 800 Dong-Chuan Road, Shanghai 200240,
China
b
Shanghai Institute of Applied Physics, Chinese Academy of Sciences, No. 239 Zhangheng Road, Shanghai 201204, China
c
State Key Laboratory of Ocean Engineering, School of Naval Architecture, Ocean and Civil Engineering, Shanghai Jiao Tong University, 800 Dong-Chuan Road, Shanghai
200240, China

A R T I C LE I N FO

A B S T R A C T

Keywords:
nanoRNase
Aeropyrum pernix
NanoRNA
ssDNA
Archaea
pApase

In cells, degrading DNA and RNA by various nucleases is very important. These processes are strictly controlled
and regulated to maintain DNA integrity and to mature or recycle various RNAs. NanoRNase (Nrn) is a 3′exonuclease that speciﬁcally degrades nanoRNAs shorter than 5 nucleotides. Several Nrns have been identiﬁed
and characterized in bacteria, mainly in Firmicutes. Archaea often grow in extreme environments and might be
subjected to more damage to DNA/RNA, so DNA repair and recycling of damaged RNA are very important in
archaea. There is no report on the identiﬁcation and characterization of Nrn in archaea. Aeropyrum pernix encodes three potential Nrns: NrnA (Ape1437), NrnB (Ape0124), and an Nrn-like protein Ape2190. Biochemical
characterization showed that only Ape0124 could degrade ssDNA and ssRNA from the 3′-end in the presence of
Mn2+. Interestingly, unlike bacterial Nrns, Ape0124 prefers ssDNA, including short nanoDNA, and degrades
nanoRNA with lower eﬃciency. The 3′-DNA backbone was found to be required for eﬃciently hydrolyzing the
phosphodiester bonds. In addition, Ape0124 also degrads the 3′-overhang of double-stranded DNA. Interestingly,
Ape0124 could hydrolyze pAp into AMP, which is a feature of bacterial NrnA, not NrnB. Our results indicate that
Ape0124 is a novel Nrn with a combined substrate proﬁle of bacterial NrnA and NrnB.

1. Introduction
RNA degradation is a universal metabolic process in all three domains of life. Ribonucleases (RNases) play a central role in RNA metabolism. In cells, there are three types RNases: endonucleases, 5′exonucleases and 3′-exonucleases [1]. Approximately 20 RNases have
been identiﬁed and are involved in RNA degradation in Escherichia coli
[2]. RNase E, RNase Y and RNase III are the major endonucleases [3].
RNase E is a 5′-end dependent endonuclease, which prefers monophosphorylated 5′-ends over triphosphorylated 5′-termini (the original
termini of a transcribed RNA molecule) to start the mRNA degradation
process. After the fragmentation of long RNA by endonucleases, several
5′-exonucleases, such as RNase J, and 3′-exonucleases, including polynucleotide phosphorylase (PNPase) and RNase II, degrade RNA from
both termini [4]. However, all these 5′- and 3′-exoribonucleases cannot
fully degrade RNA into single nucleotides, and many short RNAs, ranging from 2- to 6-mer, accumulate in cells [5]. For example, the degradation end-products of RNase II and RNase R are 3–6-mer and 2–3-

mer [6–9], respectively, and PNPase produces 2–5-mer short ssRNAs
[10].
NanoRNAs are short RNAs with a length of 2–5 nucleotides [5].
NanoRNAs come mainly from the following sources: (I) the intermediates of RNA degradation, (II) the abortive short transcripts produced during transcription initiation [11,12], (III) the short RNA byproducts of endonucleolytic cleavage by Gre protein produced for restarting a backtracked transcription complex [13,14], and (IV) the dinucleotides produced during ﬁrst-step hydrolysis of cyclic dinucleotides
[15–17]. NanoRNAs play important roles during RNA metabolism. For
example, nanoRNAs can be used as primers to initiate transcription in
Pseudomonas aeruginosa, resulting in global changes of gene expression
[18]. However, nanoRNA accumulation is harmful for cells. Its toxicity
is possibly derived from its side-eﬀects on gene expression. NanoRNAs
may also be highly toxic for replication and transcription, since open
replication and transcriptional bubbles can accommodate nanoRNAs
[5]. There are several RNases speciﬁc for degrading the harmful nanoRNAs, including oligoribonuclease (Orn) [19] and nanoRNase (Nrn).

⁎
Corresponding author at: State Key Laboratory of Microbial Metabolism, School of Life Sciences and Biotechnology, Shanghai Jiao Tong University, 800 Dong-Chuan Road, Shanghai
200240, China.
E-mail address: xpliu@sjtu.edu.cn (X.-P. Liu).

https://doi.org/10.1016/j.dnarep.2018.03.005
Received 29 January 2018; Received in revised form 7 March 2018; Accepted 23 March 2018
Available online 26 March 2018
1568-7864/ © 2018 Elsevier B.V. All rights reserved.

DNA Repair 65 (2018) 54–63

Y.-J. Deng et al.

Ape0124 was a weak 3′ to 5′ nanoRNase, while eﬀectively degraded
long RNAs. In addition, Ape0124 could hydrolyze ssDNAs of various
lengths (including short nanoDNAs) and single-stranded chimeric substrates (DNA-RNA or RNA-DNA). It preferred ssDNA to ssRNA as a
substrate. It had no obvious bias for base sequences. Although Ape0124
had no preference for 3′-terminal bases, it was inhibited by a 3′-phosphate group. Ape0124 could also hydrolyze the 3′-overhang of doublestranded DNA. Interestingly, Ape0124 had NrnA-type pAp phosphatase
activity. These enzymatic features implied Ape0124 is a novel archaeal
Nrn with a combined substrate proﬁle of bacterial NrnA and NrnB. This
study is the ﬁrst report on nanoRNA degradation enzymes in archaea
and can help us further understand the archaeal DNA and RNA metabolism.

In E. coli, Orn is an essential 3′-exonuclease that progressively degrades
nanoRNA into mononucleotides, and belongs to the DEDD exonuclease
superfamily that has a typical DEDD motif [20,21]. Orn requires Mn2+
as co-factor [22]. It prefers short RNAs with a 3′-OH and does not show
a clear preference for speciﬁc 3′-bases [23]. However, Orn has a higher
aﬃnity for longer oligonucleotides [22,23]. In addition, Orn also shows
DNase activity, but a 10-fold enzyme concentration is required to obtain a DNA-degradation comparable with RNA substrate [24]. It adopts
a homodimer topology in its crystal structure [25].
Although nanoRNA degradation is important, many bacteria lack
Orn homologs [26]. Some bacteria degrade nanoRNAs into mononucleotides with the Nrn-type exonuclease [27,28]. Nrn homologs are
mainly found in the bacterial phyla Firmicutes, Bacteroidetes, Chlorobi,
Actinobacteria, Sigmaproteobacteria and Epsilonproteobacteria, as well as
some archaeal species, and none of these species have a Orn homolog
[29]. Nrn proteins are classiﬁed into three subgroups, NrnA, NrnB, and
NrnC, based their sequences and substrate speciﬁcities [30]. NrnA is a
bifunctional enzyme with nanoRNase and CysQ activities, the latter of
which can degrade pAp into 5′AMP [27,28]. Diﬀerent from NrnA, NrnB
and NrnC only possess nanoRNase activity [28,31,32]. NrnA and NrnB
belong to the DHH/DHHA1 phosphoesterase superfamily, but they have
poor sequence similarity [30]. Both NrnC and Orn belong to the DEDD
exonuclease superfamily, but they only show low sequence similarity
(11% identity). Therefore, NrnC and Orn are not sequence homologues
[32].
NrnA was ﬁrst identiﬁed in Bacillus subtilis and preferentially degrades 3-mer nonoRNA with an activity 10-fold higher than 5-mer
nanoRNA. The crystal structure of B. subtilis NrnA gives a structural
basis for its bidirectional hydrolysis of ssRNA [33]. Rv2837c from
Mycobacterium tuberculosis, an NrnA homolog, can degrade nanoRNAs
of diﬀerent lengths, but it prefers 2-mer nanoRNA. Mpn140 from Mycoplasma pneumoniae, another NrnA homolog, also shows activity in
inverse proportion to the length of nanoRNA from 2- to 5-mer [15]. B.
subtilis nrnA, Rv2837c, and Mpn140 can complement orn- and cysQdeﬁcient E. coli, indicating that three NrnA homologs have nanoRNase
and pAp phosphatase activities [15,27,28]. Although NrnB can hydrolyze nanoRNA with a preference for 5-mer substrate, it cannot complement cysQ mutation, indicating that it has no pAp phosphatase activity [31]. Unlike NrnA, NrnB can degrade 5-mer nanoDNA and
nanoRNA with the same eﬃciency [31]. NrnC, recently found in Bartonella, also has nanoRNase activity and prefers to nanoRNAs rich in
pyrimidine bases [32]. Similar to NrnB, NrnC cannot restore the growth
of E. coli cysQ mutant strains, indicating that it has no pAp phosphatase
activity [32]. Unlike B. subtilis NrnA/B, the deletion of nrnC slows the
growth of Bartonella, indicating that it is very important for Bartonella
[32].
Aeropyrum pernix is a strict-aerobic hyperthermophilic archaeon of
Crenarchaeota [34,35]. At high growth temperatures, spontaneous
DNA damages, such as deamination of cytosine/adenine and hydrolytic
depurination, are accelerated and threaten the survival of hyperthermophiles [36,37]. In high-temperature and alkaline environments, RNA will suﬀer from accelerated spontaneous hydrolysis. This
RNA instability may be a threat to hyperthermophiles [38]. To date,
several archaeal RNases involved in RNA processing have been identiﬁed, including RNase P [39], RNase H [40], rRNA processing endonucleases [41], and tRNA splicing endonuclease [42,43], but none of
them can degrade nanoRNAs. Orn also does not exist in sequenced
archaeal genomes [20,28,44]. Therefore, it is necessary to identify archaeal nanoRNases and characterize their roles in nanoRNA degradation.
At present, there is no report on nanoRNA degradation in archaea.
We recently identiﬁed three potential nanoRNase candidates, Ape0124,
Ape1437 and Ape2190 in A. pernix genome. To investigate their potential activity, they were recombinantly expressed in E. coli and puriﬁed to electrophoretic purity. Activity assays showed that only
Ape0124 possessed nuclease activity. We further conﬁrmed that

2. Materials and methods
2.1. Construction of expression plasmids
A. pernix K5 was cultured at 92 °C as described by JCM. After harvesting cells by centrifugation at 8, 000g for 5 min at 4 °C, the genomic
DNA was extracted by phenol/chloroform and precipitated using isopropyl alcohol [45]. The expression plasmids were constructed as described [46]. In brief, Genes encoding the potential nanoRNases (ORFs
Ape0124, Ape1437, and Ape2190) were ampliﬁed from A. pernix
genomic DNA by PCR using their respective primers (Table S1) and
then inserted into pET28a or pET28a-SUMO vector using a gene recombination kit (AM Biotechnology Company, Shanghai, China). Sitedirected mutagenesis was used to introduce amino acid mutations into
Ape0124 using respective primers (Table S1). The nucleotide sequences
were conﬁrmed by DNA sequencing.
2.2. Protein expression and puriﬁcation
Expression plasmids were introduced into E. coli Rosetta 2(DE3)
pLysS to express recombinant proteins. Isopropylthio-β-galactoside
(0.5 mM ﬁnal concentration) was added to a bacterial culture of
OD600 = 0.5–0.6 to induce the expression of target proteins at 20 °C
overnight. Recombinant proteins were puriﬁed via immobilized Ni2+
aﬃnity chromatography. In brief, the bacterial pellet was suspended in
lysis buﬀer (20 mM Tris-HCl, pH 8.0, 300 mM NaCl, 5 mM mercaptoethanol, 1 mM phenylmethylsulfonyl ﬂuoride, and 10% glycerol) and
then disrupted by sonication. After incubation at 70 °C for 30 min, the
cell extract was clariﬁed by centrifugation at 12, 000g for 30 min at
4 °C. The supernatant was collected and loaded onto a column preequilibrated with lysis buﬀer. Then, the resin was washed with > 100
column volumes of lysis buﬀer containing 20 mM imidazole. Finally,
the bound protein was eluted from column using elution buﬀer (20 mM
Tris-HCl, pH 8.0, 300 mM NaCl, 5 mM mercaptoethanol, 200 mM imidazole, and 10% glycerol). The purity of eluate was veriﬁed by 15%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDSPAGE). If the SUMO tag needed to be removed, the preparations were
incubated with SUMO protease overnight at 4 °C, and the cleaved
SUMO tag was removed by ﬂowing through a Ni-NTA column. Finally,
preparations were dialyzed against a storage buﬀer (20 mM Tris-HCl,
pH 8.0, 150 mM NaCl, and 50% glycerol) and then stored in small
aliquots at −20 °C.
2.3. Nuclease activity characterization
A. pernix proteins were characterized in a buﬀer consisting of
20 mM Glycine-NaOH (pH 9.0), 50 mM NaCl, 10 mM MnCl2, and 1 mM
DTT after optimization of reaction buﬀer. RNase A inhibitor with a
concentration of 0.2U/reaction was included in reaction mixtures. The
oligoribonucleotides and oligodeoxyribonucleotides used in activity
assays were synthesized by Takara (Dalian, China), and their sequences
are listed in Table 1. After incubation for a speciﬁed time at 60 °C, an
55
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Table 1
Oligonucleotides used in enzyme activity analysis.
Base sequences (5′−3′)

a

Figures

*TCCGATAGCCAGATATCTTGACA
*TCCGATAGCCAGATATC
*TCCGATAGCCAGATATCTTGTGAGCGTGGG
*TCCGATAGCCAGATATCTTGACA
*T-C-C-G-A-TAGCC-A-G-A-T-ATCTTGACA
*T-C-C-G-A-TAGCCAGATATC-T-T-G-A-C-A
*acgacgagcggagaugacgg
*a-c-g-a-cgagcgg-a-g-augacgg
*a-c-g-a-cgagcggagaug-a-c-g-g
*TG
*CGAT
*TCCGAT
*TCCGATAGCCAG
*TCCGATAGCCAGATATC
*TCCGATAGCCAGATATCTTGACA
*TCCGATAGCCAGATATCTTGTGAGCGTGGG
*AGGCTGCGGTCGAGTTGACAGCACTGCACGCATTACTGAGCT
*CTCCAGTGGTGTTCGGCTCCGATAGCCAGATATCTTGTGACGTGACGTGCGTAATGAC
*gu
*acgu
*ugacgu
*cggagaugacgg
*cgagcggagaugacgg
*acgacgagcggagaugacgg
*cugcuacgacgagcggagaugacgg
*TCCGATAGCCAGATATCTTGACA
TGTCAAGATATCTGGCTATC-G-G-A
*AGGCTGCGGTCGAGTTGACAGCACTGCACGCATTACTGAGCT
GCTGTCAACTCGACCGCAG-C-C-T
*TCCGATAGCCAGATATCTTGACA
*TCCGATAGCCAGATATCTTGACT
*TCCGATAGCCAGATATCTTGACC
*TCCGATAGCCAGATATCTTGACG
*cgagcggagaugacgg
*cgagcggagaugacgc
*cgagcggagaugacga
*cgagcggagaugacgu
*AAAAAAAAAAAAAAAAAAAA
*TTTTTTTTTTTTTTTTTTTT
*CCCCCCCCCCCCCCCCCCCC
*AAAAAAAAAA
*TTTTTTTTTT
*CCCCCCCCCC
*TCCGATAGCCAGATATCTTGACA
*TCCGATAGCCAGATATCTTGACAp
*cggagaugacgg
*cggagaugacggp
*ACGACGAGCGGAGATGACGG
*ACGACGAGCGGAGATGACgg
*ACGACGAGCGGAGATGacgg
*ACGACGAGCGGAGAugacgg
*ACGACGAGcggagaugacgg
*ACGAcgagcggagaugacgg
*Acgacgagcggagaugacgg
*aCGACGAGCGGAGATGACGG
*acGACGAGCGGAGATGACGG
*acgaCGAGCGGAGATGACGG
*acgacgagCGGAGATGACGG
*acgacgagcggagaTGACGG
*acgacgagcggagaugACGG
*acgacgagcggagaugacgG
pAp

Fig. 2, S3

Fig. 3

Fig. 4, S4, S5

Fig. 5, S5

Fig. 6

Fig. S6

Fig. 7

Fig. 8

Fig. 9

Asterisks denote the ﬂuorescein (6-FAM) moiety at the 5′-end. The upper cases denote DNA bases, and lower cases
denote RNA bases. The phosphorothioate modiﬁcations are denoted by dashes, and the phosphate groups are denoted
by the letter p. The complementary DNA strands used to prepare the dsDNAs have three successive phosphorothioate
modiﬁcations at the 3‘-terminus to protect the 3′ digestion of ssDNA by Ape0124.
a

2.4. Phylogenetic tree construction

equal volume of stopping buﬀer (90% formamide, 100 mM EDTA,
0.25% SDS, and 0.25% bromophenol blue) was added to the reactions.
Subsequently, the reactions were subjected to 18% 8 M urea-denatured
PAGE. After electrophoresis, images of the gels were scanned using a
FL9500 ﬂuorescent scanner (FUJIFILM).

The homologs of Ape0124 were searched in the JGI database
(https://img.jgi.doe.gov/cgi-bin/mer/main.cgi). Seventeen typical
Ape0124 orthologs from each family are hit in archaea and listed at
56
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Fig. 1. Domain structure and sequence analysis of Nrn homologs. (A) Schematic of the domain combination of NrnA and NrnB. The DHH and DHHA1 domains are
shown with green and red rectangles, respectively. The extended C-terminal tail in NrnB that does not exist in NrnA orthologs is shown as an extended line. (B)
Multiple sequence alignment of selected Nrn orthologs. Sequences are BsuNrnA (O34600), Ape1437 (BAA80434), MtuNrnA (WP072464845), TthNrnA
(WP011174238), BfrNrnA (3W5WA), MpnNrnA (WP010874497), ShaNrnA (Q4L745), SmuNrnA (WP024784444), BsuNrnB (O31824), and Ape0124 (BAA79035).
The abbreviations are the following: Bsu, Bacillus subtilis; Ape, Aeropyrum pernix; Mtu, Mycobacterium tuberculosis; Tth, Thermus thermophilus; Bfr, Bacteroides fragilis;
Mpn, Mycoplasma pneumoniae; Sha, Staphylococcus haemolyticus; Smu, Streptococcus mutans. The secondary structure elements, α-helixes and β-strands, in BsuNrnA
are represented at the top of the sequences. The C-terminal sequence and the last α-helix 10 in BsuNrnA are omitted in the simpliﬁed multi-alignment. Completely
and partly conserved residues are shaded in dark and light, respectively. Motifs I to VI are marked by red rectangles. The alignment was performed using the multiple
sequence alignment program ClustalW and manually modiﬁed to take into account the secondary structure conservation.
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activity using Mn2+ as cofactor (Fig. 2B). Co2+ was also found to be a
cofactor of Ape0124, promoting exonuclease activity poorly. However,
both Ape1437 and Ape2190 had no activity in the presence of the ions
tested (Fig. 2C and D). To exclude the possibility that the exonuclease
activity of Ape0124 was from contaminating E. coli proteins, we prepared two site-mutated Ape0124 proteins, D96A and H285A, which are
located at the essential DHH and DHHA1 motifs for DHH phosphoesterase superfamily. The exonuclease activity of two mutants were
greatly decreased (Fig. 2E). Mutant D96A of DHH motif almost completely lost activity, and mutant H285A of DHHA1 motif showed a
signiﬁcantly decreased activity. These results indicate that DHH and
DHHA1 motifs play a key role in the catalytic hydrolysis of phosphodiester bonds.
To determine the optimal reaction conditions for Ape0124, we
characterized the eﬀects of pH value, Mn2+ concentration, ion strength,
and reaction temperature on enzymatic activity. Ape0124 showed the
highest activity at pH 9.0, 10 mM Mn2+, and low NaCl concentration
(Fig. S3A-C). High concentration of NaCl (100–500 mM) inhibited
Ape0124 activity (Fig. S3C). As an enzyme from hyperthermophiles,
Ape0124 showed activity at a wide temperature range, from 50 to
80 °C, with an optimal reaction temperature of 70 °C (Fig. S3D). After
optimization, all reactions were conducted at 60 °C in the optimal reaction buﬀer consisting of 20 mM Glycine-NaOH (pH 9.0), 50 mM NaCl,
10 mM MnCl2, and 1 mM DTT.

Table S2. Combining 8 NrnB orthologs from Firmicutes and Synergistetes,
a phylogenetic tree of 26 NrnB sequences, listed in Table S2, was
constructed using online software (http://www.phylogeny.fr).
3. Results
3.1. A. pernix encodes three nanoRNase candidates
Nrn plays important roles in RNA degradation. A. pernix encodes
three potential Nrn homologs, Ape0124, Ape1437, and Ape2190, all
with the conserved motif DHH and DHHA1 (corresponding to the motif
III and VI in Fig. S1). Among them, Ape1437, Ape0124, and Ape2190
were annotated as NrnA, NrnB, and hypothetical protein, respectively.
Ape1437 and Ape0124 have the same DHH and DHHA1 domains as
bacterial NrnA and NrnB (Fig. 1A). Judging from the multi-alignment of
Nrns, Ape0124 and Ape1437 possess the typical motifs of the DHH
phosphoesterase superfamily, of which DHH and DHHA1 motifs (corresponding to the motif III and VI in Fig. 1B) are highly conserved. To
analyze the phylogenetic distribution of NrnB, we used Ape0124 as the
query sequence to search homologous sequences in archaeal and bacterial genomes on the JGI website. One typical homolog was selected
from each family in which the homologous hits were returned, and, in
total, 17 homologous sequences in archaea domain and 8 homologous
sequences from phyla of Firmicutes and Synergistetes in bacteria domain
were used to build the phylogenetic tree (Fig. S2). The homologs are
clustered into three groups: the ﬁrst contains NrnBs from methaneproducing Euryarchaeota; the second group includes both bacterial and
euryarchaeal (haloarchaea) NrnBs; and the third one contains members
from Crenarchaeota, Thaumarchaeota, and Korarchaeota.

3.3. Hydrolysis polarity of ape0124
To determine the hydrolysis polarity of Ape0124, partially phosphorothioated (PT) ssDNA and ssRNA were used. The natural 5′-FAMlabeled substrates, whether it is ssDNA or ssRNA, generated a standard
ladder consisting of various length products after incubation with
Ape0124 (Fig. 3A and B, left panel). The digestion of PT substrates was
strongly inhibited and stopped at the PT sites, leading to product accumulation of 15-mer ssDNA (Fig. 3A, middle panel) and 14-mer ssRNA
(Fig. 3B, middle panel). Meanwhile, the phosphorothioate groups at the

3.2. Exonuclease activity of Ape0124
After purifying the three candidate Nrns to electrophoretic purity
(Fig. 2A), we ﬁrst veriﬁed their potential exonuclease activity on
ssDNA. The results show that Ape0124 possesses clear exonuclease

Fig. 2. Exonuclease activity of A. pernix
nanoRNase candidates. (A) 15% SDS-PAGE of
puriﬁed A. pernix nanoRNase candidates.
Determination of exonuclease activity of (B)
Ape0124, (C) Ape1437, and (D) Ape2190. The
assays were performed in basic buﬀer (20 mM
Tris-HCl (pH 8.0), 50 mM NaCl, and 1 mM
DTT) supplemented with various divalent
metal ions (2 mM). Substrate of 23-mer ssDNA
(100 nM) were incubated with each Nrn candidate (2.5 nM) at 60 °C for 10 min. (E)
Exonuclease activity assay of Ape0124 mutants
M1 (D96A) and M2 (H285A). The reactions
were conducted in the same buﬀer as in (B) but
with 2.0 mM MnCl2 and 20 nM wt or mutant
Ape0124.
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Fig. 3. Hydrolysis of phosphorothioated (PT)
substrates. 5′-FAM-labeled (A) 23-mer ssDNA
(100 nM) and (B) 20-mer ssRNA (100 nM) with
or without phosphorothioate modiﬁcation
were incubated with Ape0124 (2.5 nM) at 60 °C
for 0, 2, 5, 10 min (ssDNA), or 0, 5, 10, 15,
20 min (ssRNA). The modiﬁcation models of PT
substrates are shown on the top of the ﬁgure,
and phosphorothioate modiﬁcations are denoted by asterisks.

NrnB did not degrade blunt dsDNA (Fig. S5A), but could very weakly
degrade the 3′-overhang of dsDNA (Fig. S5B). For nanoRNA, B. subtilis
NrnB showed stronger degradation activity than NrnA (Fig. S5C), which
is consistent with a previous report [31]. B. subtilis NrnA did not hydrolyze nanoDNA, but NrnB did hydrolyze nanoDNA (Fig. S5D). In
summary, Ape0124 could hydrolyze nanoDNA, nanoRNA, long ssDNA
and ssRNA, and the 3′-overhang of dsDNA, suggesting that it is a chimeric nanoRNase enzyme of bacterial NrnA and NrnB.

3′-end almost completely blocked the hydrolysis of phosphodiester
bonds (Fig. 3A and B, right panel). These results prove that Ape0124 is
a 3′ to 5′ exonuclease on ssDNA and ssRNA. By comparison, the bidirectional exonuclease NrnA of B. subtilis degrades long ssRNAs in the 5′
to 3′ direction and nanoRNAs from the 3′-terminus [33].
3.4. Ape0124 prefers short ssDNA and long ssRNA
To determine the preference of Ape0124 for substrate length, its
digestion of a series of ssDNAs and ssRNAs with diﬀerent lengths were
conducted. Ape0124 hydrolyzed all lengths of ssDNAs, with a preference for 2–23-mer ssDNAs (Fig. 4A). However, ssDNAs longer than
30-mer were not the preferred substrates of diﬀerent sequence. For the
ssDNA substrates shorter than 6-mer, the 1-mer ﬁnal product ran slowly
than 2-mer and 4-mer ssDNA (Fig. 4A, lanes 2, and 4; Fig. S4A), which
was also reported during hydrolyzing nanoDNAs by E.coli Orn [24]. In
contrast to ssDNA, only medium-length ssRNAs (12–20 mers) could be
eﬀectively digested by Ape0124, and short nanoRNAs were poorly
degraded (Fig. 4B). Ape0124 could clearly degrade nanoRNAs only at
the 10-fold enzyme concentration used for medium-length ssRNAs (Fig.
S4B). The time course of degradation of 6-mer and 16-mer ssRNA
clearly show that Ape0124 hydrolyzs longer ssRNA more eﬃciently
than shorter one (Fig. S4C). In summary, the substrate preference of
Ape0124 is diﬀerent from bacterial NrnA, NrnB and NrnC, which have a
preference for nanoRNAs [28,31,32].

3.6. Ape0124 has no preference for base sequence
As an exonuclease, Ape0124 might show preference for speciﬁc
terminal bases or base sequences. SsDNAs and ssRNAs with diﬀerent
terminal bases were used to determine whether Ape0124 has a preference for special terminal bases. The results showed Ape0124 had no
obvious selectivity to terminal bases, showing almost equal degradation
eﬃciency for four kinds of terminal bases (Fig. 6). Meanwhile, judging
from the digestion of 10-mer and 20-mer ssDNAs, Ape0124 did not
show obvious selectivity for base sequences (Fig. S6). As a 3′-exonuclease, Ape0124 digestion activity might be aﬀected by the 3′-terminal
groups of the substrate. Compared with 3′-OH substrates, the existence
of a phosphate group at the 3′-terminus inhibited the hydrolysis of
ssDNA and ssRNA by Ape0124 (Fig. 7).
3.7. The 3′-deoxyribose backbone is preferred by Ape0124

3.5. Ape0124 could hydrolyze 3′-overhang of dsDNA

Since Ape0124 showed a preference for ssDNA, to further conﬁrm
its requirement for a (deoxy)ribose backbone, 5′-FAM-labeled chimeric
single-stranded 5′-DNA-RNA-3′ and 5′-RNA-DNA-3′ were degraded by
Ape0124. The results showed that the degradation activity of 5′-DNARNA-3′ substrates decreased with the extension of the 3′-RNA backbone
(Fig. 8A). However, the degradation activity of 5′-RNA-DNA-3′ substrates increased with the extension of the 3′-DNA backbone (Fig. 8B).

In addition to ssDNA and ssRNA degradation activity, Ape0124 also
degraded the 3′-overhang of dsDNA but had no activity on blunt ended
dsDNA (Fig. 5). However, the degradation activity on the 3′-overhang
was very weak, since more than a 4-fold amount of enzyme were used
than the ssDNA/ssRNA degradation assay (Fig. 5B). B. subtilis NrnA and

Fig. 4. Substrate length preference of Ape0124. Digestion of diﬀerent length (A) ssDNA, and (B) ssRNA for 10 min. SsDNAs are 2, 4, 6, 12, 17, 23, 30, 42, and 58-mer,
and ssRNAs are 2, 4, 6, 12, 16, 20, and 25-mer. Substrates (100 nM) were incubated with Ape0124 (2.5 nM) at 60 °C for 10 min.
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Fig. 5. Digestion of double-stranded (ds) DNA.
(A) Blunt and (B) 3′-overhung dsDNAs
(100 nM) were incubated with wt or mutant
Ape0124 (10 nM) at 60 °C for increasing times.
The structures of substrates are shown at the
top of the ﬁgure. Several phosphorothioate
groups, denoted by asterisks, are introduced
into the complementary strand to block its
possible 3′-digestion.

hypothesized that Ape0124, like NrnB, had no pAp degradation activity. However, it was surprising to ﬁnd that Ape0124 had pAp degradation activity (Fig. 9), which presumably is involved in recycling
pAp into AMP in cell. The mutants M1 and M2 lost pAp degradation
activity (Fig. 9), suggesting that exonuclease and pApase use the same
catalytic active center. Unlike the Rv2837c from M. tuberculosis [47],
Ape0124 did not hydrolyze the second messenger molecule c-di-AMP
(data not shown).
4. Discussion
At present, multiple nanoRNases have been identiﬁed in bacteria,
such as NrnA and NrnB in B. subtilis [28,31]. However, there is no report on any nanoRNase in archaea. Here, we identiﬁed three nanoRNase candidates, Ape0124, Ape1437, and Ape2190, in A. pernix.
According to the sequence similarity, they all belong to the DHH/
DHHA1 superfamily, with a highly conserved DHH motif. Biochemical
characterization conﬁrmed that only Ape0124 is an active Nrn, but
with a substrate proﬁle diﬀerent from bacterial NrnA and NrnB. Since
Ape1437 and Ape2190 also have the conserved motifs of the DHH/
DHHA1 family, notably Ape1437 that shows higher similarity to bacterial NrnA, they might show activity under other speciﬁc conditions.
The activity of Ape1437 and Ape2190 and their intrinsic substrates
should be identiﬁed in the future. Considering the 26% sequence similarity with B. subtilis NrnB, Ape0124 should be an NrnB homolog.
However, its unique enzyme properties, including the pApase activity,
suggest that it is a new subtype of NrnB. At present, there is no crystal
structure of NrnB. In the future, solving the crystal structures will be
important to interpret the diﬀerent biochemical properties of bacterial
and archaeal NrnBs.
Diﬀerently from bacterial Nrns that have a strong preference for
nanoRNA, Ape0124 has a unique substrate proﬁle and can degrade

Fig. 6. Ape0124 without preference for terminal bases. Diﬀerent (A) 23-mer
ssDNAs (100 nM) and (B) 16-mer ssRNAs (100 nM) with diﬀerent 3′-terminal
bases were incubated with Ape0124 (1 nM for ssDNAs, and 2.5 nM for ssRNAs)
at 60 °C for increasing times.

These results indicate that a longer 3′-DNA backbone is required for
eﬀective hydrolysis of phosphodiester bonds by Ape0124, which is
consistent with its preference for ssDNA.

3.8. pAp phosphatase activity
Since Ape0124 has a higher homology with NrnB than NrnA (amino
acids residues with 26% identity and 41% positive to NrnB), we

Fig. 7. Eﬀect of 3′-phosphate group on hydrolysis of ﬁrst phosphodiester bond. 100 nM of (A) ssDNA and (B) ssRNA with a phosphate or hydroxyl group at 3′terminus were incubated with Ape0124 (2.5 nM) at 60 °C for increasing times.
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Fig. 8. The backbone ribose dependence of Ape0124. Various 5′-FAM-labeled chimeric (A) 5′-DNA-RNA-3′ or 5′-RNA-DNA-3′ substrates (100 nM) were incubated
with Ape0124 (2.5 nM) at 60 °C for 10 min.

Bacillus genus. NrnB homologs are also found in Epsilon-proteobacteria,
such as Helicobacter, Campylobacter, and certain species from archaea,
such as A. pernix. Compared with NrnB, NrnA widely exists in bacteria,
indicating its importance as a nanoRNase. Interestingly, the Epsilonproteobacteria have neither Orn nor NrnA homolog, so NrnB might play
an important role in nanoRNA degradation in these organisms [31]. In
bacteria, orn often coexists with cysQ, but nrnA seldom coexists with
cysQ. However, some bacteria, such as M. pneumonia and Actinomycetes,
encode three genes, nrnA, orn and cysQ [26,28]. In summary, the microorganism evolve diﬀerent recycling machineries for nanoRNA, nanoDNA, and pAp.
NanoRNAs have emerged as a new type of small regulatory RNA
that can inﬂuence gene expression through pairing with a template
strand as primers and extending into full-length transcripts [18]. Because of the inability to extend a nanoRNA with a 3′-phosphate group,
when 3′-phosphated nanoRNAs hybridize with the ssDNA template
during forming the complex of RNA polymerase and opened promoter,
leading to inactivation of the transcription complex, they qualify as
transcription inhibitors [5,49]. Therefore, some enzymes are needed to
degrade these “non-extended” nanoRNAs and to unlock transcription
inhibition. Ape0124 can degrade nanoRNAs with a 3′-phosphate group
(Fig. 7), indicating it might function as the enzyme unlocking this kind
of transcription inhibition.

more substrates, including long ssDNA and ssRNA, nanoDNA and
nanoRNA. Although Ape0124 can degrade both nanoRNA and long
ssRNA (Fig. 4B), it shows a preference for long ssRNA. However, B.
subtilis NrnA and NrnB hydrolyze long ssRNA with a rate that is three
orders of magnitude lower than that for nanoRNA [28,31]. NrnC in
Bartonella also hydrolyzes long ssRNA in a 1000-fold lower comparison
with nanoRNA [32]. We speculate that, to eﬀectively transform nanoRNA into NMPs, A. pernix might have other special nuclease(s) for
nanoRNA degradation.
Ape0124 can also degrade a wide length range of ssDNA. Unlike
ssRNA, nanoDNA can be degraded with a higher eﬃciency than long
ssDNA (Fig. 4A). Ape0124 prefers ssDNA (Fig. 3 and 4) and requires 3′DNA backbone (Fig. 8), indicating that Ape0124 has a stronger capability to degrade ssDNA. Compared with the weak DNase activity of
bacterial NrnB (Fig. S5), archaeal NrnB Ape0124 possesses a strong
DNase activity that is also a feature of Orn [24]. Meanwhile, Ape0124
does not show clear sequence speciﬁcity or a preference for bases in the
3′ position. T. thermophiles RecJ-like nuclease TTHA0118 is also a
member of DHH-DHHA1 phosphodiesterase family and can degrade
ssDNA and ssRNA into (d)NMP to prevent from accumulation of
harmful nanoRNAs and nanoDNAs [48]. However TTHA0118 hydrolyzes single-stranded nucleic acids in a direction of 5′ to 3′, which is
reverse to Ape0124. Deletion gene ttha0118 results in a very slow
growth and addition of AMP restores the growth phenotype [48]. As a
hyperthermophilic aerobic microorganism, A. pernix encounters more
DNA damages. Some ssDNA by-products are generated during various
DNA repair processes, such as BER and NER. On the one hand, Ape0124
can recycle ssDNA by-products into single nucleotide for reuse during
DNA synthesis like TTHA0118 in T. thermophiles [48]. On the other
hand, Its degradation activity on the 3′-overhang of dsDNA can convert
double-stranded breaks with a 3′-overhang into blunt ends, which are
further processed by the appropriate DNA repair pathway. In other
words, Ape0124 might be involved in the initiation step in DNA repair.
The main function of nanoRNA-degrading enzymes is to recycle
nanoRNA into NMP in bacteria. NanoRNA degradation is essential in
cells. Orn and Nrn are two families of nucleases that degrade nanoRNA.
Orn is essential in E. coli [19,21], but Nrn is not absolutely essential in
Thermus thermophiles [48]. An nrnA and nrnB double-deleted strain can
still survive, indicating that nanoRNase activity is redundant in B.
subtilis [31]. As a multiple-activity enzyme, Ape0124 might perform a
variety of important physiological functions in the cell. Given their
extremely high living temperatures, nucleic acid molecules, especially
RNA, are easily disrupted in hyperthermophiles. Therefore, taking a
strategy of possessing a single enzyme with multiple activities might be
more beneﬁcial to the survival of hyperthermophilic archaea at high
temperature. However, because of the lack of gene-knockout tools, it is
very diﬃcult to study the in vivo function of Ape0124 in A. pernix.
Generally orn and nrn genes are not found in all organisms and
seldom coexist in one microorganism. The orn gene is absent in archaea,
and mainly exists in Proteobacteria (β and γ divisions) and Actinomycetes
in bacteria [20]. Gene nrnB coexists with nrnA in some species of the

5. Conclusion
In summary, we biochemically characterized archaeal potential
Nrns for the ﬁrst time. Our results show that archaeal Ape0124 is a
novel NrnB, a chimeric Nrn of bacterial NrnA and NrnB. Ape0124 has a
unique substrate proﬁle and can degrade more substrates, including
long ssDNA and ssRNA, short nanoDNA and nanoRNA, and pAp. These
enzymatic features indicate that Ape0124 might play roles during DNA
repair and recycling of RNAs.
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Fig. 9. The pAp phosphatase activity of Ape0124. The pAp (100 μM) was incubated with Ape0124 or its mutants (20 nM) at 60 °C for 2 h. Then, the reaction product
was separated by HPLC in a mobile phase consisting of 10% methanol and 90% 1 × PBS. Substrate pAp and product pA (AMP) were run by HPLC and used as the
standard.
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