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Abstract: As nucleic acid-guided endonucleases, some prokaryotic Argonautes have been used as programmable nucleases. Natronobacterium gregoryi Argonaute (NgAgo) has also been proposed for gene editing, but this remains very controversial. Until now, the endogenous nucleic acids that bind to NgAgo in Natronobacterium gregoryi sp2 (N. gregoryi sp2) have not been characterized. We expressed the conserved PIWI domain of NgAgo and used it to induce anti-PIWI antibody. We also cultured the N. gregoryi sp2 strain and performed immunoprecipitation, chromatin immunoprecipitation (ChIP), and RNA immunoprecipitation (RIP) assays. The nucleic acids that endogenously bound NgAgo in N. gregoryi sp2 cells were sequenced and analyzed. The results showed that NgAgo endogenously bound RNA rather than DNA. NgAgo-associated RNAs were mainly transcripts of genes that encoded tRNA, transcriptional regulators, RNA polymerases, and RNA-binding proteins. NgAgo mainly binds to the transcripts inside genes or in their upstream sequences. Interestingly, the top enriched motif of peaks was the same as that of miR-1289, suggesting that NgAgo may regulate gene expression post-transcriptionally. GO enrichment analysis showed that the peak-associated genes were enriched in transmembrane transport processes. These results revealed that NgAgo binds RNA and may function in post-transcriptional regulation in vivo.
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Introduction

Eukaryotic Argonautes (eAgos) bind small RNAs and use them as guides for sequence-specific recognition of long RNA targets in a process known as RNA interference (RNAi) (Niaz, 2018). By contrast, many prokaryotic Agos (pAgos) contain divergent variants of conserved nucleic acid interaction domains, as well as extra domains that are absent from eAgos. This suggests that pAgos may have unusual specificities in nucleic acid recognition and transcription inhibition or cleavage (Ryazansky et al., 2018). Agos contain four domains that are organized in a bilobal structure and two linker domains (L1 and L2). The N-terminal and PAZ (PIWI-Argonaute-Zwille) domains form one lobe, and the MID (middle) and PIWI (P-element Induced Wimpy Testis) domains form the other lobe. Nucleic acids are bound between the lobes. The MID and PAZ domains interact with the 5’ and 3’ ends of small nucleic acid guides. The PIWI domain contains an RNase H-like fold with a catalytic tetrad of conserved amino acid residues. The N-terminal domain is the least conserved portion of the Ago protein, in some pAgos, it is proposed to prevent extended duplex formation during target recognition (Hur et al., 2014; Lisitskaya et al., 2018; Olina et al., 2018; Ryazansky et al., 2018; Swarts et al., 2014). AGONOTES (Jiang et al., 2020) was developed to identify Agos and annotate their domains based on proteome or protein sequences.

Many pAgos associated with putative nucleases, helicases, and DNA binding proteins within the same gene or operon have been proposed as potential tools for genome engineering (Swarts et al., 2014). Thermus thermophilus Argonaute (TtAgo)-gDNA has been demonstrated to cleave RNA targets in vitro (Lei et al., 2019; Swarts et al., 2015; Swarts et al., 2017; Zhu et al., 2016). The archaeon Pyrococcus furiosus Argonaute (PfAgo) and Methanocaldococcus jannaschii Argonaute (MjAgo) mediate DNA-guided DNA cleavage in vitro (Hegge et al., 2018). Archaeoglobus fulgidus Argonaute (AfAgo) has a preference for an ssDNA guide over an ssRNA guide for binding DNA targets in vitro (Ma et al., 2005; Parker et al., 2005). Genes encoding Marinitoga piezophila Argonaute (MpAgo) and Thermotoga profunda Argonaute (TpAgo) cluster with genes encoding CRISPR Cas enzymes, suggesting a functional link. MpAgo and TpAgo use 5’-hydroxyl group gRNA to cleave cognate ssDNA targets in vitro. MpAgo can also use a 5’-hydroxylated RNA guide to cleave ssRNA in vitro (Kaya et al., 2016). Aquifex aeolicus Argonaute (AaAgo) mediates DNA-guided RNA cleavage in vitro (Yuan et al., 2005). DNA-guided DNA cleavage by Clostridium butyricum Argonaute (CbAgo) and Limnothrix rosea Argonaute (LrAgo) has been observed in vitro (Hegge et al., 2019; Kuzmenko et al., 2019). Additionally, TtAgo-gDNA targets invading nucleic acids and cleaves single- and double-stranded DNA in vivo (Swarts et al., 2015). PfAgo was demonstrated to decrease the efficiency of plasmid transformation in P. furiosus in vivo (Hegge et al., 2018). Rhodobacter sphaeroides Argonaute (RsAgo)-RNA/DNA represses the expression of plasmids transcriptionally and/or post-transcriptionally by an unknown mechanism in vivo (Olovnikov et al., 2013). Many pAgos associated with DNA and/or RNA in vivo still remain uncharacterized, such as Methanopyrus kandleri Argonaute (MkAgo) and NgAgo.

NgAgo-gDNA was previously reported to cleave dsDNA at 37°C (Gao et al., 2016). This article was later retracted because the results could not be reproduced by many laboratories (Cyranoski, 2016; Javidi-Parsijani et al., 2017; Lee et al., 2016). A study showed that the NgAgo/gDNA system could knock down the fabp11a gene in zebrafish, and it was suggested that this occurred through binding to the fabp11a coding sequence (Qi et al., 2016). However, another study suggested that NgAgo instead mediated DNA-guided RNA cleavage. It has been demonstrated that NgAgo/gDNA regulates gene expression post-transcriptionally in vitro in a manner that resembles eukaryotic RNAi pathways (Sunghyeok, 2017). In addition, the NgAgo-gDNA system was also reported to inhibit HBV replication by accelerating pgRNA degradation (Wu et al., 2017). However, NgAgo was reported to show no meaningful binding to chromosomal targets in mammalian cells (O’geen et al., 2018). Recently, it was reported that NgAgo improved the efficiency of bacterial gene knockout by enhancing recA-mediated homologous DNA strand exchange independent of its DNase activity and exogenous gDNA (Fu et al., 2019). To date, although short DNA has always been used as a guide in all NgAgo-related studies, there have been no relevant studies on the natural nucleic acids that bind to NgAgo in vivo and information that is critical for its characterization. Nevertheless, the preference of NgAgo for DNA binding has not been reported. In this paper, we aim to characterize the nucleic acids that bind endogenously to NgAgo in N. gregoryi sp2 cells.

Materials and Methods

PIWI expression and purification

The pBBR-Tac-NgAgo plasmid was kindly provided by Chengdu Renhao Biological Technology Co., Ltd., China Recombinant plasmid construction and PIWI domain expression were performed by Hangzhou HuaAn Biotechnology Co., Ltd., China. The 6xHis-Flag-tagged PIWI domain (approximately 38 kDa) of the NgAgo gene was amplified by primers PIWI-F 5’CGGGATCCGCGGCATTCGTCGTACTG3’ and PIWI-R 5’CGCTCGAGGAGGTAACCCTTGGTCGC3’ and cloned into the pET-28a expression vector at the BamHI and XhoI sites (kanamycin-resistant). A recombinant plasmid circle map was drawn with SnapGene software (Insightful Science, snapgene.com) (Fig. 1). The cloned sequence was verified by sequencing. The pET-28a-PIWI plasmid (0.5 μL) was transfected into 100 μL of Rosetta Escherichia coli incubated in 300 mL of liquid LB medium at 37°C for 1 h. PIWI was induced using 1 mM IPTG (Shanghai Suobio Bioscience & Technology Co., Ltd., China.) at 37°C for 4 h. Rosetta cells were lysed by sonication. PIWI was expressed in the inclusion body, and the inclusion body was dialyzed with glycerol, arginine, and glycine gradient buffers (6, 4, 3, 2, 1, and 0 M urea) and dissolved using 1 × PBS. PIWI was eluted from Ni-NTA resin using 5 mL denaturing elution buffer (20 mM sodium phosphate [pH 7.8], 0.5 M sodium chloride, 8 M urea, 300 mM imidazole). The purity of PIWI was determined by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS–PAGE). The concentrated PIWI was stored at 4°C.

[image: images]

Figure 1: Schematic diagram of the recombinant plasmid pET-28a-PIWI. PIWI was cloned into plasmid pET-28a at the XhoI and BamHI sites (kanamycin-resistant).

Preparation of anti-PIWI polyclonal antibody

Polyclonal antibody serum was prepared by Hangzhou HuaAn Biotechnology Co., Ltd., China. New Zealand white rabbits (~2.5 kg) were subcutaneously injected with 0.2 mL PIWI emulsified with isopycnic Freund’s complete adjuvant. The titer and specificity of the antiserum against PIWI were determined by enzyme-linked immunosorbent assay (ELISA) and western blotting, respectively. Anti-PIWI polyclonal antibody was purified from antiserum by PIWI antigen affinity chromatography. Fifteen milliliters of antiserum were diluted to 20 mL with 50 mM PBS (pH 7.4) and then added to the chromatography column with PIWI antigen. The antibody was eluted twice using 0.2 M glycine-HCl buffer at pH 3.0.

Antiserum was collected after four rounds of immunization, and the anti-PIWI polyclonal antibody titer was determined by ELISA after antibody purification using protein A. Ninety-six-well Falcon immunoplates were coated with 50 μL of PIWI domain (diluted to 1 μg/mL using coating buffer [Na2CO3 and NaHCO3]) overnight at 4°C and blocked with 60 μL 1% bovine serum albumin (BSA) at 37°C for 1 h. Fifty microliters of purified anti-PIWI antibody (1:250, 1:1000, 1:4000, 1:16,000, 1:64,000, 1:256,000 gradient dilution) were added to the plates and incubated at 37°C for 1 h; the plates were then washed twice with TBST. Goat anti-rabbit IgG conjugated with horseradish peroxidase (HRP) was added to the plates at a dilution of 1:5000 as a secondary antibody and signal, and the plates were incubated at 37°C for 45 min. One hundred microliters of TMB chromogenic solution consisting of equal volumes of solution A (disodium hydrogen phosphate, citric acid, hydrogen peroxide, and deionized water) and solution B (TMB, citric acid, EDTA, glycerin, DMSO, and deionized water) were added and allowed to react for 5 min at 37°C. A stop solution (90 μL 2 M sulfuric acid) was added, and the absorbance was measured at 450 nm.

For western blotting of anti-PIWI polyclonal antibody serum, N. gregoryi sp2 cell lysates were mixed with an equal volume of SDS–PAGE loading buffer and boiled at 100°C for 5 min, then immediately put in ice for 10 min. N. gregoryi sp2 cell lysates were then separated on an 8% SDS–PAGE gel at 150 V for 90 min and transferred to a polyvinylidene difluoride (PVDF) membrane at 75 V for 60 min. Next, the membrane was blocked in 5% skim milk buffer in PBST for 1 h at room temperature. The membrane was then incubated with 1 mL antibody solutions (antiserum samples diluted 1:1000 with 5% skim milk buffer) for 1 h at room temperature. This was followed by a reaction with goat anti-rabbit IgG conjugated with HRP as a secondary antibody and signal (diluted 1:5000 with 5% skimmed milk powder buffer) at room temperature for 1 h. After three washing rounds, strips were incubated for 3 min at room temperature with a 1:1 mixture of solution A and solution B.

Archaea strain N. gregoryi sp2 cell culture

N. gregoryi sp2 strain ATCC43098 was purchased from the China General Microbiological Culture Collection Center (CGMCCC) (#1.1967). Cells were grown in 211 minimal medium A at 37°C and 120 rpm under aerobic conditions at pH 9.5 for 5 days. The 211 minimal medium A was prepared using 7.5 g casamino acids, 10.0 g yeast extract, 3.0 g sodium citrate, 0.1 g MgSO4·7H2O, 2.0 g KCl, microscale Fe2+ and Mn2+, 200.0 g NaCl, and 8.0 g anhydrous Na2CO3 (sterilized independently); distilled water was added to give a volume of 1.0 L and a final pH of 9.5.

Protein complex immunoprecipitation and analysis

Immunoprecipitation (IP) assays were performed by Huan Biotechnology Co., Ltd. (Hangzhou, China). N. gregoryi sp2 cells were harvested and solubilized in IP buffer (1% Triton X-100, 1% glycerol, and protease inhibitors [Roche] in PBS). Five hundred micrograms of cell lysate were incubated with a complex of protein A-agarose beads (Santa Cruz Biotechnology) and anti-PIWI or rabbit IgG antibody for 3–5 h at 4°C. Beads were then washed with IP buffer three times and subjected to immunoblotting. Proteins from lysate alone and proteins from the lysate incubated with IgG were used as positive and negative controls, respectively. The anti-PIWI antibody was diluted to 1:50 and reacted with goat anti-rabbit IgG conjugated with HRP as a secondary antibody.

Nucleic acids were extracted from the NgAgo complex and quantified using a Qubit fluorometer and an Agilent 2100 Bioanalyzer (Agilent Technologies) before being prepared for sequencing. RNA read quality was assessed using FastQC, and reads were filtered and trimmed with FASTX-Toolkit to remove adapters, rRNA, and low-quality reads. Trimmed reads were mapped to the N. gregoryi sp2 reference genome using TopHat (version 2.0.9) (Trapnell et al., 2009). RNA transcripts from the NgAgo complex were quantified by fragments per kilobase of exon per million fragments mapped (FPKM) values using Cufflinks (version 2.1.1) (Trapnell et al., 2010).

Isolation of endogenous nucleic acid targets of NgAgo by ChIP and RIP assays

DNA fragments of the N. gregoryi sp2 genome associated with NgAgo were extracted and sequenced by ChIP and ChIP-seq, respectively. Likewise, RNA fragments from N. gregoryi sp2 genome-wide RNA transcripts that interacted with NgAgo were isolated and sequenced by RIP and RIP-seq. ChIP and RIP assays were performed by Zoonbio Biotechnology Co., Ltd., Nanjing, China, and ChIP-seq and RIP-seq were performed by Shanghai Biotechnology Corporation Co., Ltd., China.

The ChIP assay was performed as follows. N. gregoryi sp2 cells were grown in 211 minimal medium A at 37°C. When the cells reached 80% confluency, a 36.5% formaldehyde solution was added to the cell suspension to a final concentration of 1% and incubated for 15 min at room temperature. Up to 0.125 M glycine was added, and the mixture was incubated for 5 min at room temperature to stop the cross-linking reaction. Cells were washed twice with cold PBS containing protease inhibitor cocktail, and the cross-linked cells were centrifuged for 5 min at 4°C. The cells were harvested and resuspended in 300 μL 1% SDS lysis buffer containing protease inhibitor cocktail for 30 min on ice to ensure cell lysis. The cell lysates were sonicated to shear cellular DNA and centrifuged for 10 min at 4°C to remove cellular debris. Electrophoresis on a 1% agarose gel indicated that DNA fragment size ranged from 60 to 500 bp. Ten microliters of chromatin solution containing the total genomic DNA fraction were saved at −20°C for later use. Anti-PIWI antibody (5 μL) was added to the chromatin solution and incubated overnight at 4°C, and a tube with rabbit IgG was included as a negative control. The agarose bead antibody-chromatin complexes were centrifuged at 500 × g for 4 min at 4°C, and the beads were washed with wash buffers. The immune complexes were eluted from the agarose beads using 250 μL of elution buffer and incubated for 30 min at room temperature. Twenty microliters of 5 M NaCl were added to each tube, and cross-linking was reversed by heating at 65°C from 4 h to overnight. Ten microliters of 0.5 M EDTA, 20 μL of 1 M Tris–HCl (pH 6.5), and 2 μL of proteinase K (10 mg/mL) were added to each tube, incubated for 2 h at 45°C, and treated with RNase A (10 μg/μL) at 37°C for 2 h. To recover DNA, 500 μL of phenol/chloroform/isoamyl alcohol was added to each tube; tubes were shaken thoroughly for 15 s, and the supernatant was collected after centrifuging the samples at 13,000 × g for 15 min at 4°C. The DNA was extracted again using phenol/chloroform/isoamyl alcohol, and the supernatant was transferred to a 2-mL tube. To each tube were added 2.5 volumes of absolute ethanol, 1/10 volume of 3 M sodium acetate (pH 5.2), and 1 μL of glycogen (20 mg/mL). Tubes were incubated from 4 h to overnight at −20°C to precipitate DNA. DNA was dissolved in 50 μL of TE and stored at −20°C until analysis. Washing, crosslink reversal, and purification of the ChIP DNA were performed, and all DNA samples were quantified using a NanoDrop 2000 spectrophotometer.

Native RIP assays (Gagliardi and Matarazzo, 2016) were performed using an RIP assay kit (Millipore, Billerica, MA, USA) according to the manufacturer’s instructions. All buffers and solutions were free of RNase contamination. For each immunoprecipitation, N. gregoryi sp2 cells were grown to approximately 80% confluence, harvested, and collected by centrifugation. RNA-NgAgo complex lysates (400 μL) were prepared from N. gregoryi sp2 cells using RIP lysis buffer (protease inhibitor cocktail and RNase inhibitor). The lysates were immediately frozen on ice to complete the lysis process. Protein A-sepharose beads were pre-bound with 1 μg of either anti-PIWI antibody or negative control normal rabbit serum IgG antibody using NT-2 buffer (250 mM Tris-HCl [pH 7.4], 750 mM NaCl, 5 mM MgCl2, 0.25% NP-40) at 4°C overnight. Equal amounts of RNA-NgAgo complex lysates (3 mg) were incubated with antibody-precoated sepharose beads. Beads were washed five times with 0.5 mL RIP wash buffer. Each immunoprecipitate was resuspended in 150 μL of proteinase K buffer and incubated at 55°C for 30 min to digest the proteins. All tubes were placed in a magnetic rack, the supernatants were transferred to new tubes, and 250 μL NT-2 was added after 30 min of incubation. Four hundred microliters of phenol:chloroform:isoamyl alcohol (125:24:1) were added to all tubes, and the tubes were centrifuged for 10 min at room temperature to separate the phases. A 350 μL-aliquot of the aqueous phase was placed into a new tube, 400 μL of chloroform was added, and the mixture was centrifuged for 10 min at room temperature to obtain 300 μL of the aqueous phase. Fifty microliters of 5 M ammonium acetate, 15 μL of 7.5 M LiCl, 5 μL glycogen (5 mg/mL), and 850 μL of absolute ethanol were added to each tube, and the tubes were maintained at −80°C overnight.

ChIP-seq analysis

ChIP-seq libraries were generated for paired-end sequencing using the TruSeq DNA LT Sample Prep Kit (Illumina, San Diego, CA, USA) according to the manufacturer’s instructions. In brief, the fragmented DNA samples (1 μg/each, duplicate) were end-repaired, A-tailed at the 3’ end, and ligated with the indexing adapters provided. The potential target DNA samples were extracted using AMPure XP magnetic beads and amplified by PCR to create the final ChIP-seq library. The ChIP-seq library concentration was 12.8 ng/μL quantified with a Qubit 2.0 fluorometer, and the peak length of the library was 256 bp quantified with an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA.). The DNA in the ChIP-seq library was sequenced twice with a read length of 150 bp on a HiSeq 2500 instrument (Illumina) according to the manufacturer’s protocol.

For ChIP-seq data analysis, read quality was assessed using FastQC (www.bioinformatics.babraham.ac.uk/projects/fastqc/). Read filtering and trimming were performed with Trim Galore (version 0.6.5). Reads were aligned to the N. gregoryi sp2 reference genome using Bowtie 2 (version 2.3.5.1) with default parameters (Langmead and Salzberg, 2012). Statistically significantly enriched peaks were identified using MACS2 (version 2.1.1.20160309) (Zhang et al., 2008). Peak annotation and motif enrichment were performed using HOMER (version 4.11) (http://homer.ucsd.edu/homer/motif/) (Heinz et al., 2010).

RIP-seq analysis

RNA sample quality was assessed with an Agilent 2100 Bioanalyzer and a Qubit fluorometer. To determine which mRNAs were associated with NgAgo, cDNA library synthesis from NgAgo-mRNA immunocomplexes was performed according to the manufacturer’s protocols (Illumina). In brief, mRNA was purified from 100 ng of immunocomplex total RNA using poly(T) magnetic beads. The mRNA was fragmented into small pieces using divalent cations at an elevated temperature. The RNA fragments were synthesized into first-strand cDNA with reverse transcriptase and random hexamer or oligo(dT) primers, followed by second-strand cDNA synthesis using DNA polymerase I and RNase H. The resulting cDNA fragments were repaired by adding a single “A” base and ligated to adaptors. The ligation products were then purified and amplified by PCR to construct the cDNA library according to the manufacturer’s instructions (Illumina). Finally, the library was analyzed with a Qubit fluorometer to measure concentrations and an Agilent 2100 to measure fragment sizes. The RIP-seq library was sequenced with a read length of 150 bp on a HiSeq 2500 instrument (Illumina) according to the manufacturer’s protocol.

RIP-seq read quality was assessed using FastQC, and the reads were then filtered and trimmed using Trimmomatic (version 0.39) (Bolger et al., 2014). Trimmed RIP-seq reads were mapped to the N. gregoryi sp2 reference genome using TopHat (version 2.0.9) (Trapnell et al., 2009). Expression of NgAgo-binding RNAs was quantified by FPKM values using Cufflinks software (version 2.1.1) (Trapnell et al., 2010). Peak detection and annotation were then performed using RIPSeeker (Li et al., 2013), which is specifically tailored for RIP-seq data analysis. Motif enrichment analysis of peaks was performed with HOMER (version 4.11), and the Gene Ontology (GO) term and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analyses were performed to annotate the functions of peaks associated with genes.

Results

NgAgo PIWI production and purification

The His-tagged PIWI domain was heterologously produced and purified. The purification was performed based on a 6X-His tag. PIWI was induced using 1 mM IPTG and dissolved in urea. On SDS–PAGE, PIWI migrated to a position indicative of a mass of approximately 38 kDa (Fig. 2). The PIWI sample and the dialyzed PIWI were both subjected to SDS–PAGE analysis, and PIWI from different samples migrated to the same position of approximately 38 kDa (Fig. 2a lanes 4 and 5, Fig. 2b lanes 2 and 3). Greater amounts of PIWI were eluted with increasing imidazole concentrations within certain limits.
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Figure 2: SDS–PAGE of purified PIWI (38 kDa). Conditions for PIWI expression and purification are described in the Methods. The purified PIWI was analyzed by electrophoresis on a 12% SDS gel. (a) Lane 1, molecular weight markers (kDa); lane 2, flow-through liquid; lane 3, washing buffer; lane 4, purified recombinant PIWI (eluted with 30 mM imidazole); lane 5, purified recombinant PIWI (eluted with 300 mM imidazole). (b) PIWI samples were dialyzed with glycerol, arginine, and glycine gradient buffers (6, 4, 3, 2, 1, and 0 M urea). Lane 1, molecular weight markers (kDa). Lanes 2 and 3 correspond to lanes 4 and 5 in (a).

Preparation of anti-PIWI antibody

The anti-PIWI polyclonal antibody titer was determined by ELISA after antibody purification using protein A. The mean value at OD 450 nm of a 1:16,000 dilution of anti-PIWI antibody was 0.737 (>0.6), indicating that the antibody titer was sufficient (Tab. 1). Western blotting was performed with anti-PIWI antibody (1:200 and 1:1000 dilutions) on an 8% SDS gel as described above (Fig. 3a). In the blocked group, the anti-PIWI antibody had been previously incubated with excess PIWI antigen. Therefore, in the blocked group, there were no binding sites on the membrane for PIWI (or NgAgo in the N. gregoryi sp2 cell lysates). The NgAgo band was weaker or absent in the blocked group compared with the experimental group (Fig. 3b). Subsequently, the antibody was purified for western blotting, which again showed a unique band that was bound by purified anti-PIWI antibody (Fig. 3c). The band corresponding to NgAgo and detected by anti-PIWI antibody in N. gregoryi sp2 cell lysates was approximately 120 kDa.
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Figure 3: Western blotting for anti-PIWI antibody. (a) Two dilutions of antiserum samples (Lanes 1 and 3 [1:200], Lanes 2 and 4 [1:1000]) from two rabbits (Rabbit 1 in Lanes 1 and 2, Rabbit 2 in Lanes 3 and 4) incubated with N. gregoryi sp2 cell lysates. (b) The anti-PIWI antibody had been previously incubated with excess PIWI antigen in the blocked group (Lane 2). (c) Western blot for purified anti-PIWI antibody (Lane 1 1:50, Lane 2 1:100).

N. gregoryi sp2 cell culture

The N. gregoryi sp2 strain is aerobic, Gram-negative, red, and very thick after centrifugation; it grows in an extremely saline environment. The strain was cultured and identified by whole-genome sequencing. Here, the genome of N. gregoryi sp2 was purchased from CGMCCC (Accession Number 1.1967) and assembled by Illumina sequencing. The draft genome sequences have been deposited at GenBank under the accession number PKKI00000000 (Jiang et al., 2019). The draft genome was annotated by the NCBI Prokaryotic Genome Annotation Pipeline (PGAP4.4) with default settings. Conserved PIWI sequences of Argonaute proteins from known bacteria and archaea were used to construct a local BlastP database, and the N. gregoryi sp2 proteome was used as a query. The top five hit sequences with the lowest e-values were selected and annotated using CDART (Geer et al., 2002). Only one sequence was successfully annotated as containing the conserved PIWI domain. The PIWI sequences of MtAgo and TtAgo had the highest similarity with the PIWI of NgAgo. There was only one PIWI domain in N. gregoryi sp2, according to the above analysis.

RNAs in the NgAgo complex

We performed immunoprecipitation (IP) using an anti-PIWI antibody, extracted nucleic acids from the NgAgo complex and quantified them using a Qubit fluorometer and an Agilent 2100 Bioanalyzer in preparation for sequencing. Only RNA, and no DNA, was detected in the complexes (Fig. 4b). The NgAgo complex band was detected using an anti-PIWI antibody (approximately 120 kDa), as shown in Fig. 4a. The concentration of RNA was 11.8 ng/μL, and the total amount was 0.14 μg.
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Figure 4: Western blot of the NgAgo complex from the IP assay and RNA size estimation, quantification, and quality control. (a) Lane 1, positive control, proteins from N. gregoryi sp2 lysate; lane 2, negative control, proteins from the lysate incubated with IgG in the IP assay; lane 3, NgAgo complex from the IP assay. (b) Total RNA was analyzed using an Agilent 2100 Bioanalyzer.

The percentage of rRNA among the raw reads was 98.13%. The proportion of trimmed reads in the raw reads was 75.77%. The trimmed reads that mapped to the genome were 45.58%. The top 20 genes were selected from the RNA-seq gene expression data based on the FPKM value. Analysis of the RNA-seq expression data showed that NgAgo bound significantly to ncRNA (ffs and rnpB), tRNA, and transcripts of non-histone chromosomal MC1 family protein, cold-shock protein, and twin-arginine translocation signal domain-containing protein (Tab. 2). ffs (SRP_RNA) plays a critical role in co-translational protein targeting and delivery to cellular membranes by binding with signal recognition particle (SRP) (Flores and Ataide, 2018; Fukuda et al., 2020). rnpB (RNase_P_RNA) (Kirsebom, 2002; 2007) associates with endoribonuclease P (RNase P) to process tRNA precursors and generate mature 5’ termini. RNase_P_RNA-based catalytic activity has been preserved during evolution in both prokaryotes and eukaryotes.
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Enrichment of DNA and RNA associated with NgAgo

N. gregoryi sp2 cells were grown in 211 minimal medium A at 37°C for about 5 days. The cells were harvested when they reached approximately 80% confluency for each immunoprecipitation. ChIP and RIP assays were performed using the N. gregoryi sp2 cells and anti-PIWI antibody. The endogenous DNA and RNA that bound to NgAgo were collected, as shown in Fig. 5.
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Figure 5: The DNA of ChIP and RNA of RIP were detected by 1% agarose gel electrophoresis respectively. (a) ChIP: marker (100–600 bp); Lanes 1–3, purified DNA. (b) RIP: Lane 1, negative control; Lane 2, purified RNA.

No detection of meaningful NgAgo genomic binding

We performed ChIP-seq using an anti-PIWI antibody, and the resulting sequences were aligned to the N. gregoryi sp2 genome using Bowtie 2. Enriched peaks were called using MACS2. NgAgo binding peaks were called at a threshold of P < 1.0e−2 and fragment size of approximately 200 bp. Only five binding peaks were obtained, and they could not be annotated using HOMER (Tab. 3). Peak-calling was therefore considered a failure. Peaks 1 and 5 covered genes annotated as hypothetical proteins. Peak 2 overlapped the end of Natgr_0893 (PGF-CTERM archaeal protein-sorting signal). Peak 3 included Natgr_2520 (polysulfide reductase), and peak 4 covered Natgr_2963 (transposase family protein) and Natgr_2964 (hypothetical protein).
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Detailed information on five peaks, including their genomic loci. Chromosome NC_019792.1 is N. gregoryi sp2. ‘Submits’ refer to the distance from the start of a peak to the summit of a peak. ‘Tags’ is the number of reads in the peak region. ‘Fold enrichment’ is the fold-change value of a peak relative to the Poisson distribution modeling background.

Endogenous transcripts bound to NgAgo

RIP-seq reads were trimmed by Trimmomatic and mapped to the N. gregoryi sp2 reference genome using TopHat. RIP-Seq gene expression was quantified as FPKM using Cufflinks. Seventeen genes were selected from a total of 3648 genes (FPKM > 1000). The expression of tRNA was the highest. The main endogenous RNAs bound to NgAgo were transcripts of tRNA, transcriptional regulators, RNA polymerase, and RNA-binding protein. These results suggest that NgAgo is involved in post-transcriptional processes in the natural state (Tab. 4).
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Peak detection and annotation were performed using RIPSeeker based on the .bam file obtained from the mapping procedure. RIPSeeker is a free, open-source Bioconductor/R package for RIP peak prediction based on Hidden Markov Models (HMMs). Four hundred sixty-five peaks were identified by RIPSeeker, and the peaks were classified into six categories based on their spatial positions relative to associated genes. As shown in Fig. 6, NgAgo bound mainly to transcripts inside of genes (42%), overlapping with the gene end (16%), overlapping with the gene start (20%), or upstream of genes (17%). In total, 79% of peaks were found all or in part in genic regions. In addition, coding regions accounted for 86.5% of the N. gregoryi sp2 genome.
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Figure 6: Peak distribution. The peaks were classified into six categories based on their spatial positions relative to associated genes.

De novo motif enrichment analysis of peaks was performed using HOMER. We searched for de novo motifs at the peaks of RIP-seq read density. There were 349 total target sequences and 20,200 total background sequences. The most enriched motif was concentrated at such peaks (Fig. 7). The top enriched motif was GGACUACAUGUU, which was most similar to Homo sapiens miR-1289 MIMAT0005879 (miRbase, Kozomara et al., 2019) with a score of 0.572. The other four top motifs were most similar to H. sapiens miR-4497, miR-4682, miR-1178, and miR-4793-3p, respectively. MicroRNAs (miRNAs) are short (20–24 nt) non-coding RNAs involved in post-transcriptional regulation of gene expression in multicellular organisms. These motifs show enrichment for G/C, A/U, and G/C residues at the seventh, ninth, and tenth positions, respectively (Fig. 8).
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Figure 7: Identification of potential NgAgo binding sequences by HOMER de novo motif analysis. The top five enriched motifs out of 29 motifs (P < 1e−3). % of targets, percentage of target sequences with a given motif; % of background, percentage of background sequences with a given motif. Best match, motif matching details.
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Figure 8: Nucleotide bias of the top five enriched motifs. Ten to twelve nucleotides were trimmed from the 3’ end, and the remaining 10 nt were analyzed with WebLogo.

GO term and KEGG pathway enrichment analyses were performed to annotate the functions of the peak-associated genes. The degree of enrichment was quantified by the rich factor, the P-value, and the number of genes enriched in the given term or pathway. All peak-associated genes were mapped to terms in the Gene Ontology database, the number of genes associated with each term was calculated, and the hypergeometric test was used to identify GO terms that were significantly enriched in genome peaks relative to the entire GO database background. The most enriched GO terms were related to transmembrane transport processes, including ATPase-coupled phosphate ion transmembrane transporter activity (GO:0015415), phosphate ion transmembrane transporter activity (GO:0015114), anion transport (GO:0006820), substrate-specific transmembrane transporter activity (GO:0022891), hydrolase activity, acting on acid anhydrides, catalyzing transmembrane movement of substances (GO:0016820), ATPase activity (GO:0016887), and integral component of membrane (GO:0016021) (Fig. 9). The peroxisome KEGG pathway (ko04146) was also significantly enriched (P < 0.05).
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Figure 9: GO enrichment analysis showing the top 21 significantly enriched GO terms in peak-associated genes (P < 0.05).

Discussion

We detected RNA but not DNA in NgAgo complexes by IP assay. Gene expression analysis of RNA-seq data indicated that NgAgo was significantly bound to ncRNA (ffs and rnpB), tRNA, and transcripts of non-histone chromosomal MC1 family protein, cold-shock protein, and twin-arginine translocation signal domain-containing protein (Tab. 2). In addition, the genes for DNA-directed RNA polymerase subunits, RNA-binding protein, and RNA-processing protein were also expressed in vivo and associated with NgAgo, as detected by IP assay. In the workflow that followed, ChIP and RIP assays were performed to specifically collect NgAgo-associated DNA and RNA, respectively. DNA was enriched in the ChIP experiment, and five enriched peaks were identified by MACS2. The peaks covered genes annotated as hypothetical protein, PGF-CTERM archaeal protein-sorting signal, polysulfide reductase, and transposase family protein. We hypothesized that such a result might be due to the use of formaldehyde cross-linking in the ChIP experiment, which fixed the NgAgo interacting protein and associated DNA. NgAgo is reported to enhance gene insertions or deletions in bacteria through the interaction of its PIWI-like domain with recombinase A (recA), thereby enhancing recA-mediated DNA strand exchange (Fu et al., 2019).

The RNA-seq expression of the IP experiment showed that NgAgo binds mainly to ncRNA (ffs and rnpB) and tRNA. The RIP-seq data indicate that NgAgo binding RNAs in N. gregoryi sp2 cells are mainly transcripts of tRNA, transcriptional regulators, RNA polymerase, and RNA-binding proteins. The tRNA-derived small RNAs (tsRNAs) are a class of novel small RNAs ubiquitously present in eukaryotes, bacteria, and archaea. The tsRNAs are involved in gene expression at the transcriptional and/or post-transcriptional levels binding to AGO or PIWI proteins in animal systems (Zhu et al., 2018). The tsRNAs are involved in the global control of small RNA silencing and inhibiting the global mRNA translation through differential Argonaute protein associations. The tsRBase was developed which is a comprehensive tsRNA repository of multiple species (Zuo et al., 2021). The tsRNA-3s are generated from the TψC loop to the 3’-end of mature tRNAs by cleavage with RNase Z or RNase P (Garcia-Silva et al., 2012; Venkatesh et al., 2016). Interestingly, the gene expression of rnpB (RNase_P_RNA) and tRNA are at a high level in the IP assay in our study. It was found that tsRNAs play a role in fundamental physiological processes such as proliferation and protein translation control (Jehn et al., 2020). The tsRNAs also play a role in pathological and physiological processes, in which gene expression is frequently dysregulated. The tsRNAs bind to Argonaute proteins and Piwi proteins like miRNAs and piRNAs sequentially (Vafaei et al., 2020). In addition, tsRNAs have been detected in archaea. The tsRNAs were generated from 51 tRNA genes encoded in halophilic archaeon Haloferax volcanii (Gebetsberger and Polacek, 2013; Heyer et al., 2012). A 26 nt-long 5’tsRNA was shown to directly bind to the small ribosomal subunit and inhibit translation by interfering with peptidyl transferase activity in H. volcanii in vitro and in vivo (Gebetsberger et al., 2012; Raina and Ibba, 2014). Here, tRNAs associated with NgAgo were both highly enriched in the IP and RIP experiments. Thus, it deserves further exploration that whether the RNAs derived from tRNA can function via binding to NgAgo in vivo.

Peak annotation indicated that NgAgo prefers to bind gene transcripts and upstream regions. It prefers the RNA motifs GGACUACAUGUU and CGUCCAGGAGGA, which are most similar to H. sapiens miR-1289 and miR-4497. Microvesicle (MV) mRNA enrichment assays have indicated that the presence of both the miR-1289 binding site and the core “CTGCC” region of a zipcode-like 25-nt sequence in the 3’ UTR of mRNAs promotes their targeting to MVs, which are considered one of the essential intercellular communication tools (Bolukbasi et al., 2012). The expression of miRNA-4497 promotes cell apoptosis (Chen et al., 2019; Tang et al., 2015; Yang et al., 2020). The complementary sequences of the top five enriched motifs were aligned to RNA sequences in the Ray2013_rbp_All_Species database using the Tomtom Motif Comparison Tool (Gupta et al., 2007). They were matched to RNCMPT00212 (P = 4.11e−3), RNCMPT00066 (P = 2.29e−4), RNCMPT00282 (P = 1.56e−2), RNCMPT00150 (P = 3.54e−3), and RNCMPT00140 (P = 5.32e−3). They were eluted from RNA-binding proteins of eukaryotes. GO enrichment showed that the peak-associated genes were enriched in transmembrane transport processes. In conclusion, we propose that endogenous nucleic acid targets of NgAgo are RNAs rather than DNAs. It is suggested that NgAgo is involved in post-transcriptional regulation processes in vivo that bear resemblance to the RNAi process of eukaryotes. However, DNA may also bind to NgAgo indirectly through other proteins such as homologous recombinase recA that interact with NgAgo.
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TABLE 1

ELISA of purified anti-PIWI antibody

Antibody dilution OD 450 nm

1:250 2.176 2.111
1:1000 2.035 2.097
1:4000 1.632 1.621
1:16,000 0.736 0.738
1:64,000 0.395 0.360
1:256,000 0.206 0.209
BSA 0.055 0.053

Note: The antiserum samples of two rabbits are listed under the column of “OD
450 nm”.
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TABLE 3

ChIP-seq peaks identified by MACS2

PeakID Chr Strand Start End Length Submits Tags Fold enrichment -10xlogo
(P-value)

1 NC_019792.1 + 536523 538504 1982 1392 1878 19 3163

2 NC_019792.1 + 890377 891921 1545 763 1465 1.64 26.82

3 NC_019792.1 + 2453486 2455293 1808 1052 1791 1.48 45.96

4 NC_019792.1 + 2893256 2895772 2517 1358 2155 1.39 20.07

5 NC_019792.1 + 2922936 2924899 1964 982 1839 1.65 21.58
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TABLE 4

Gene expression of RIP-Seq

Gene ID Gene symbol Gene description Locus FPKM'
14206897 NATGR_RS04980 tRNA NC_019792.1:1017191-1017264 5942.87
14208425 NATGR_RS12475 DNA-directed RNA polymerase subunit N NC_019792.1:2486297-2486492 157091
14210235 NATGR_RS18425 dodecin domain-containing protein NC_019792.1:3753664-3753865 1308.29
14206575  NATGR_RS00270  CopG family transcriptional regulator NC_019792.1:57324-57555 1261.01
14208655  NATGR_RS07245  ribbon-helix-helix protein%2C CopG family NC_019792.1:1480952-1481129  1243.52
14207967 NATGR_RS10260 RNA-binding protein NC_019792.1:2055147-2055327 1208.07
31823403  NATGR_RS18860  MarR family transcriptional regulator NC_019792.1:1827258-1827501  1174.07
14208578 NATGR_RS06870 DUF2892 domain-containing protein NC_019792.1:1403107-1403308 1161.61
14206879 NATGR_RS04895 photosystem reaction center subunit H NC_019792.1:1000934-1001180 1148.67
14208374 NATGR_RS12230 ribbon-helix-helix protein 2C CopG family NC_019792.1:2443779-2443962 1106.15
14208734  NATGR_RS07650  DUF1931 domain-containing protein NC_019792.1:1550933-1551101 1089.74
14208325 NATGR_RS12000 glutaredoxin NC_019792.1:2396585-2396831 1081.36
14207383 NATGR_RS01060 Asp-tRNA(Asn)/Glu-tRNA(GIn) amidotransferase NC_019792.1:234624-234903 1074.91
subunit GatC
14208085  NATGR_RS10835  protein translocase SEC61 complex subunit gamma  NC_019792.1:2166136-2166759  1033.41
14209753 NATGR_RS17240 chorismate mutase NC_019792.1:3511052-3512248 1011.99
14207472 NATGR_RS01480 508 ribosomal protein 129 NC_019792.1:310771-312434 1010.84
14207888 NATGR_RS09860 preprotein translocase subunit Sec61beta NC_019792.1:1977695-1977857 1004.12

Note: 'FPKM = 1000 selected from 3648 genes.
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TABLE 2

Top 20 genes from IP assay sorted by FPKM gene expression values

Gene ID  Gene symbol Gene description Locus FPKM'
31823366 NATGR_RS18675 ffs (SRP_RNA) NC_019792.1:630164-630476 350776
25137887 NATGR_RS18600 rnpB (RNase_P_RNA) NC_019792.1:1274805-1275275 180253
14208553 NATGR_RS06745 Non-histone chromosomal MCI family protein NC_019792.1:1379869-1380178 74437.4
14207837 NATGR_RS03240 cold-shock protein NC_019792.1:674251-674446 34699.3
14208918 NATGR_RS08575 twin-arginine translocation signal domain-containing protein NC_019792.1:1743382-1743853 33714.3
14206897 NATGR_RS04980 tRNA NC_019792.1:1017191-1017264 33122.8
14208115 NATGR_RS10975 PGF-CTERM sorting domain-containing protein NC_019792.1:2195474-2197895 29875.8
14208167 NATGR_RS11240 cold-shock protein NC_019792.1:2247618-2247813 27657.6
14208116 NATGR_RS10980 PGF-CTERM sorting domain-containing protein NC_019792.1:2198357-2201303 22525.5
14209689 NATGR_RS14245 cold-shock protein NC_019792.1:2862248-2862443 182404
14208063 NATGR_RS10730 translation initiation factor 1A 2 NC_019792.1:2145858-2146143 16497

14208450 NATGR_RS12585 superoxide dismutase NC_019792.1:2508630-2509233 13398.7
14207766 NATGR_RS02900 molybdopterin-binding oxidoreductase NC_019792.1:605543-606071 11180

14208908 NATGR_RS08525 Ferredoxin NC_019792.1:1733835-1734225 10553.3
14210198 NATGR_RS15670 DNA starvation/stationary phase protection protein NC_019792.1:3169318-3169864 9269.03
14207431 NATGR_RS01280 Dehydrogenase NC_019792.1:278268-281671 9260.23
14208407 NATGR_RS12385 PadR family transcriptional regulator NC_019792.1:2474481-2474841 9249.24
25137756 NATGR_RS01940 anaerobic dehydrogenase subunit alpha NC_019792.1:398736-400117  7864.79
25137852 NATGR_RS14800 DUF2892 domain-containing protein NC_019792.1:2986630-2986840 7362.24
14207735 NATGR_RS02760 Fe-S cluster assembly protein SufD NC_019792.1:575506-576724 7040.52

Note: 'FPKM = 7000 selected from 3648 genes.
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