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The ATPases belonging to the structural maintenance of chromosomes (SMC) superfamily are involved in the maintenance of chromosome organization and dynamics, as well as DNA repair. The major proteins in this superfamily recognized to date are either conserved among the three domains of Life (i.e., SMC and Rad50) or specific to Bacteria (i.e., RecF, RecN, and MukB). In Archaea, no protein related to SMC (SMC-related protein) with a broad taxonomic distribution has been reported. Nevertheless, two SMC-related proteins, namely coalescin and Sph, have been identified in crenarchaea Sulfolobus spp. and the euryarchaeon Halobacterium salinarum, respectively, hinting that the diversity of SMC-related proteins has been overlooked in Archaea. In this study, we report a novel SMC-related protein that is distributed among broad archaeal lineages and termed “Archaea-specific SMC-related proteins” or “ASRPs.” We further demonstrate that the ASRP family encloses both coalescin and Sph but the two proteins represent only a tip of the diversity of this family.
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Introduction

Structural maintenance of chromosomes (SMC) proteins are ATPases that participate in maintaining the integrity of chromosome structure and have been found in all the domains of Life, indicating their significance for cellular viability (Losada and Hirano, 2005). The SMC proteins identified so far can be split into two “clusters” in phylogenetic analyses–one containing SMC1-4 in Eukaryota, bacterial SMC, and the “canonical” version of archaeal SMC, and the other containing SMC5 and SMC6 in Eukaryota and the “SMC5/6-related” version of archaeal SMC (Yoshinaga and Inagaki, 2021). As ATPases, SMC proteins have a set of conserved sequence motifs that are required for ATP binding and hydrolysis (i.e., Walker A, Walker B, and signature motifs) but these motifs are not in close proximity to one another in their primary structures (Losada and Hirano, 2005). Walker A motif at the N-terminus is separated from Walker B and signature motifs at the C-terminus by the amino acid sequence that constitutes coiled-coil and “hinge” in the tertiary structure.

The unique feature in distribution of the ATP binding motifs in SMC described above has been found in other ATPases, namely Rad50, RecN, RecF, and MukB, and these proteins, together with SMC, as a whole have been referred to as the “SMC superfamily” (Cobbe and Heck, 2000, 2004). Rad50, which is involved in DNA repair, is ubiquitous in the three domains of Life (the Rad50 homologs in Bacteria are termed as SbcC) (Kinoshita et al., 2009). On the other hand, RecN, RecF, and MukB are Bacteria-specific (Cobbe and Heck, 2004). Both RecN and RecF are involved in DNA repair and are conserved in diverse lineages of Bacteria (Hegde et al., 1996; Keyamura et al., 2013). In Escherichia coli, SMC is absent but instead, MukB was experimentally shown to fulfill the SMC function (Niki et al., 1991). So far, MukB has been found mainly in γ-proteobacteria including E. coli (Cobbe and Heck, 2004). In contrast to Eukaryota and Bacteria, it remains unclear whether the diversity of SMC-related proteins in Archaea is sufficiently understood. Ruepp et al. (1997) identified a 71-kDa protein, Hp71, in the euryarchaeon Halobacterium salinarum and its predicted structure resembles SMCs. The over expression of Hp71 in euryarchaeal cells (i.e., H. salinarum and Haloferax volcanii) altered the cell morphology, implying that this protein is involved in a cytoskeletal-like structures (Ruepp et al., 1997). Later, Hp71 appeared to correspond to one of the two “SMC like proteins in H. salinarum” or “Sph” (Herrmann and Soppa, 2002). Although Sph was proposed to be involved in DNA repair (Herrmann and Soppa, 2002), its precise function has yet to be clarified. Another SMC-related protein, Archadin-4, was found in Thermoproteales archaea (e.g., Pyrobaculum calidifontis) and experimentally shown to associate with cytoskeleton (Ettema et al., 2011). More recently, an SMC-related protein termed coalescin or ClsN was found in crenarchaea Sulfolobus acidocaldarius and Sulfolobus islandicus (Takemata et al., 2019). Sulfolobus spp. possess no SMC (Kamada and Barillà, 2018) but ClsN and a series of experiments indicated that ClsN is responsible for discriminating the portion of the Sulfolobus chromosomes with low transcriptional activity from that carrying the transcriptionally active genes (Takemata et al., 2019). Importantly, Takemata et al. (2019) hinted at the potential ClsN homologs in other archaea, although no detail of these sequences was provided. Likewise, the distribution of Sph in Archaea has not been addressed in any previously published works.

To grasp the diversity of the SMC superfamily in Archaea, we systematically surveyed SMC-related proteins in the archaeal genomes/metagenomes deposited in the GenBank database in this study. We here document a previously overlooked group of archaeal SMC-related proteins, which are distinct from any of previously known SMC, Rad50, or Bacteria-specific SMC-related proteins but enclose both ClsN and Sph. The novel archaeal proteins identified here are termed “Archaea-specific SMC-related proteins” or “ASRPs.” The diversity and function of ASRPs as a whole is unlikely represented by ClsN or Sph, as the two previously known ASRPs distribute in the restricted lineages in Archaea, namely Sulfolobales and Halobacteria, respectively.



Materials and methods


Sequences related to Sulfolobus islandicus ClsN, and Halobacterium salinarum Sph1 and Sph2

Henceforth here, we designate S. islandicus ClsN (ADX84150.1) as “SisClsN.” Likewise, H. salinarum Sph1 and Sph2 (O07116 and Q9HHY2) are designated as “HsaSph1” and “HsaSph2,” respectively.

We searched for ClsN-related proteins in the GenBank nr database by using BLASTP (taxid = 2,157; max_target_seq = 50,000) with SisClsN as the query. 459 sequences matched with the query with E-values smaller than 10–5 were retrieved as the “ClsN candidates.” The BLASTP search was repeated twice by replacing the query from SisClsN to HsaSph1 and HsaSph2. 1687 sequences were retrieved as the “Sph1/Sph2 candidates,” which matched one of the two Sph proteins with E-values smaller than 10–5. The ClsN and Sph1/Sph2 candidates were pooled together and subjected to CD-HIT (Fu et al., 2012) with the -c 0.5 or 0.4 option to reduce the redundancy at the amino acid sequence level. Finally, we selected 111 archaeal sequences for the preliminary phylogenetic analysis (see below) as the “ClsN/Sph candidates.”

In our previous work, we prepared and analyzed a phylogenetic alignment of SMC and Rad50 amino acid sequences sampled from Eukaryota, Archaea, and Bacteria (Yoshinaga and Inagaki, 2021). We generated a smaller alignment of 20 archaeal Rad50, and 80 archaeal SMC from the pre-existing alignment. Then, the amino acid sequences of the 111 ClsN/Sph candidates, as well as SisClsN, HsaSph1, and HsaSph2, were added to the archaeal SMC/Rad50 alignment by MAFFT v7.453 (Katoh, 2002) with the L-INS-I and –merge options. 13 out of the 111 ClsN/Sph candidates were discarded due to their highly diverged sequence natures or lack of Walker A motif at the N-terminus or Waker B and signature motifs at the C-terminus. Prior to the phylogenetic analyses described below, we refined the alignment by the manual exclusion of ambiguously aligned positions, coupled with trimming of gap-containing positions by trimAI v1.2 (Capella-Gutierrez et al., 2009) with -gt 0.8 option. The resultant alignment comprised SisClsN, HsaSph1, HsaSph2, 98 full-length ClsN/Sph candidates, 59 canonical and 21 SMC5/6-related SMC in Archaea, and 20 archaeal Rad50 sequences with 222 unambiguously aligned amino acid positions and was subjected to the maximum-likelihood (ML) phylogenetic analysis with the LG + Γ + F + I model by using IQ-TREE version 2.1.2 (Nguyen et al., 2015) (the substitution model selected by IQ-TREE). The statistical support for the bipartitions in the ML tree was calculated by the ultrafast bootstrap approximation implemented by IQ-TREE (1,000 replicates). 15 sequences out of the 98 ClsN/Sph candidates showed the apparent phylogenetic affinities to SMC or Rad50, and the rest of the candidates (80 sequences), together with SisClsN, HsaSph1, and HsaSph2, formed a clade supported by an ultrafast bootstrap support value (UFBP) of 99%. Thus, we regard the 80 archaeal sequences as the close relatives of SisClsN, HsaSph1, and HsaSph2.

We repeated the BLAST search described above and this time against the bacterial sequences deposited in the GenBank nr database (taxid = 2; max_target_seq = 50,000). The details of the second search were the same as those of the first search (see above). 15 bacterial sequences matched with the three queries with E-values smaller than 10–5. After the inspection of the conserved motifs at the N- and C-termini and preliminary phylogenetic analysis (Supplementary Figure 1), only three out of the 15 bacterial sequences were retained as ClsN/Sph candidates. The bacterial ClsN/Sph candidates were identified in the marine sediment metagenomes of (i) Candidatus Cloacimonas sp. 4484_209 (OQX55830.1) and (ii) Candidatus Omnitrophica bacterium (RKY43431.1), and the marine metagenome of (iii) Dehalococcoidia bacterium (MBC8512469.1). In each of the three metagenome assemblies described above, (i) the genes surrounding the bacterial ClsN/Sph candidates and (ii) their origins deduced from the BLASTP searches against RefSeq Selected proteins are summarized in Supplementary Figure 2.



Phylogenetic analyses

From the 83 archaeal sequences related to ClsN/Sph, we selected 44 sequences that represent the diversity of the clade containing SisClsN, HsaSph1, and HsaSph2. Then, the amino acid sequences of SisClsN, HsaSph1, HsaSph2, and the 41 archaea proteins related to ClsN/Sph (see above) were aligned with (i) 30 sequences that represent the six SMC subfamilies in Eukaryota, (ii) 13 sequences of the canonical SMC in Archaea, (iii) 15 sequences of “SMC5/6-related SMC” in Archaea, (iv) 17 SMC sequences in Bacteria, (v) 15 MukB sequences, (vi) 17 RecN sequences, (vii) 10 RecF sequences, (viii) 15 sequences of Rad50 in Archaea, and (ix) 8 sequences of Arcadin-4. We omitted the Rad50 orthologs in Eukaryota and Bacteria, as they are extremely rapidly evolving (Yoshinaga and Inagaki, 2021) and potentially introduce severe artifacts in tree reconstruction (e.g., long-branch attraction or LBA). All of the SMC and Rad50 sequences described above were the subset of the sequences analyzed in our previous work (Yoshinaga and Inagaki, 2021) and thus pre-aligned. SisClsN, HsaSph1, HsaSph2, and their closely related sequences were also aligned for the preliminary phylogenetic analysis (see above). The full-length MukB, RecN, RecF, and Arcadin-4 sequences were retrieved from the GenBank database and aligned individually by MAFTT v7.453 (Katoh, 2002) with the L-INS-I option. The alignments described above were then merged into a large alignment by MAFTT with the –merge option. Ambiguously aligned positions and gap-containing positions were excluded as described above, leaving 184 sequences with 232 amino acid positions. The final alignment (“SMC-superfamily” alignment) was subjected to the tree reconstruction and non-parametric bootstrap analyses by using IQ-TREE v2.1.2 (Nguyen et al., 2015). The ML tree was inferred under the LG + C60 + F + Γ model, which was selected by IQ-TREE. We also conducted the ML non-parametric bootstrap analysis with the LG + C60 + F + Γ + PMSF [posterior mean site frequencies; Wang et al. (2018)] model (100 replicates) with the ML tree used as the guide tree. We repeated the ML phylogenetic analyses described above after excluding the 8 Arcadin-4 sequences from the SMC-superfamily alignment.

We generated the second alignment by removing the sequences of SMC in Eukaryota and Bacteria, Rad50, RecN, RecF, MukB, and Arcadin-4 from the SMC-superfamily alignment. The second alignment includes SisClsN, HsaSph1, HsaSph2, the 41 archaeal proteins related to ClsN/Sph, and 13 canonical and 15 “SMC5/6-related” SMC in Archaea. The second alignment was subjected to the ML and ML non-parametric bootstrap analyses as described above. We applied the LG + C60 + F + R5 model for tree reconstruction and the LG + C60 + F + R5 + PMSF model for bootstrap analysis.

We also subjected the SMC-superfamily alignment (with and without the Arcadin-4 sequences) and the second alignment to PhyloBayes v4.1 (Lartillot and Philippe, 2004, 2006; Lartillot et al., 2007) using the CAT + GTR model. For Bayesian analysis of SMC-superfamily alignment (including Arcadin-4), two Markov chain Monte Carlo (MCMC) chains were run for more than 90,000 cycles. The first 22,500 cycles were discarded as burn-in, and the consensus tree and Bayesian posterior probabilities (BPPs) were calculated from the remaining trees (the maxdiff value was 0.172805). In the same analysis after the exclusion of Arcadin-4, we ran two MCMC chains for more than 200,000 cycles and discarded the first 50,000 cycles as burn-in to calculate the consensus tree and BPPs (the maxdiff value was 0.0611113). For the second alignment, we ran two MCMC chains for more than 275,000 cycles. After the discard of the first 70,000 cycles, the consensus tree and BPPs were calculated from the remaining trees (the maxdiff value was 0.0353794).




Results and discussion


A novel SMC-related protein family specific to Archaea

In the phylogenetic tree inferred from the SMC-superfamily alignment, the SMC and RecF sequences formed individual clades with MLBP/BPP of 69%/0.99 and 99%/1.0, respectively (Figure 1A). The SMC clade comprised two sub-clades, one including bacterial SMC sequences, the canonical version of archaeal SMC sequences, and SMC1-4 in eukaryotes, and the other including SMC5 and SMC6 in eukaryotes and “SMC5/6-related” version of archaeal SMC sequences. The former and latter sub-clades received MLBP/BPP of 69%/0.99 and 100%/0.99, respectively. The Arcadin-4 sequences grouped together with full statistical support and this clade was nested within the radiation of the Rad50 sequences (Figure 1A). The clade comprising the Rad50 and Arcadin-4 sequences received only an MLBP of 50% and a BPP of 0.75 (node A; Figure 1B). As the Arcadin-4 sequences are more divergent than the Rad50 sequences considered here (Figure 1A), the evolutionary relationship between Rad50 and Arcadin-4 may have been difficult to recover with confidence. Although some uncertainty remains, the SMC-superfamily phylogeny prompts us to propose the Rad50 origin of Arcadin-4. After the exclusion of the Arcadin-4 sequences, the MLBP and BPP for the monophyly of the Rad50 sequences were 73% and 0.85, respectively (Figure 1B). The presence/absence of the Arcadin-4 sequences in the alignment did not change largely the statistical supports for nodes B-D in the SMC-superfamily phylogeny (Figure 1B). The clade of the RecN sequences received MLBPs of <50% and BPPs of <0.50 and then connected with the MukB clade with MLBPs of 100% and BPPs of 1.0 (Figure 1A). Although the union of RecN and MukB was supported by high statistical support, we need to be cautious whether the two bacterial SMC-related proteins share the most recent ancestry. In particular, MukB appeared to be extremely divergent from other SMC-related proteins at the amino acid sequence level and may have introduced severe systematic artifacts in tree reconstruction (e.g., LBA).
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FIGURE 1
Phylogenetic relationship among SMC and SMC-related proteins. (A) The ML tree inferred from the SMC-superfamily alignment. There was no substantial incongruity between the ML and Bayesian trees, and thus only the ML tree is shown. For the major nodes, non-parametric ML bootstrap support values (MLBPs) and Bayesian posterior probabilities (BPPs) are presented (the support values are colored in red). We repeated both ML and Bayesian analyses on the same alignment after the exclusion of the Arcadin-4 sequences. The overall tree topology remained the same before and after the exclusion of the Arcadin-4 in the alignment and only MLBPs and BPPs calculated from the second set of the phylogenetic analyses are presented for the major nodes (shown in black). The archaeal sequences identified in this study, together with Sulfolobus islandicus ClsN and Halobacterium salinarum Sph1 and Sph2 (SisClsN, HsaSph1, and HsaSph2; the corresponding terminal branches were marked by arrows), formed a clade with full statistical support. This clade is termed “ASRP (Archaea-specific SMC-related protein).” (B) The MLBPs and BPPs for the nodes labeled A–D. For each of the four nodes, we summarized the MLBPs and BPPs calculated from the ML/Bayesian analyses in which the Arcadin-4 sequences were included and excluded.


Regardless of the presence/absence of Arcadin-4, SisClsN, HsaSph1, HsaSph2, and the archaeal proteins related to ClsN/Sph identified in this study formed a clade with full statistical support, excluding the rest of the sequences considered in the alignment (Figure 1A). This previously undescribed clade of the SMC superfamily suggests that SisClsN, HsaSph1, HsaSph2, and the archaeal proteins related to ClsN/Sph can be traced back to a single ancestral protein that is distinct from SMC, Rad50/Arcadin-4, RecF, RecN, or MukB. Takemata et al. (2019) briefly mentioned the “distant homologs of ClsN” in the species belonging to Halobacteria, Methanosarcinales, Heimdallarchaeota, and Archeoglobales. Although no detail was provided, the “distant ClsN homologs” mentioned in the pioneering study are most likely a subset of the archaeal proteins related to ClsN/Sph identified in this study. We found only three sequences related to ClsN/Sph in the bacterial metagenomes by surveying in the GenBank nr database. There are two possibilities for the three “bacterial” sequences related to ClsN/Sph. First, the three “bacterial” sequences are in fact the archaeal sequences contaminated in bacterial metagenome assemblies. Alternatively, the above-mentioned bacterial sequences may be the rare cases of lateral transfer of the archaeal gene encoded the SMC-related protein to bacterial genomes. Unfortunately, the bacterial metagenome assemblies harboring the Cls/Sph candidates range from 3.9 to 14.9 Kbp and are not sufficient to favor one of the two possibilities over the other (Supplementary Figure 2). Despite the uncertainties discussed above, the sequences related to ClsN/Sph may be, in principle, regarded as Archaea-specific. Henceforth here, we will refer to SisClsN, HsaSph1, HsaSph2, and the archaeal proteins related to ClsN/Sph as a whole as “Archaea-specific SMC-related proteins” or “ASRPs.”

As anticipated as SMC-related proteins, ASRPs were predicted to have the coiled-coil region, and Walker A and Walker B motifs localize at the N- and C-termini, respectively (Figure 2). Takemata et al. (2019) found a zinc hook motif, which likely facilitates the dimerization of the proteins, in the hinge region of Sulfolobus ClsN. This motif was found in the vast majority of the ASRP sequences analyzed in this study (including HsaSph1 and HsaSph2; Figure 2). Thus, together with Rad50, ASRP is an SMC-related protein family with a zinc hook motif. The predicted tertiary structures of HsaSph1 (Q9HHM7) and HsaSph2 (Q9HHY2) are available in AlphaFold Protein Structure Database.1 We predicted the tertiary structures of six additional ASRPs (including SisClsN) by AlphaFold2 (Jumper et al., 2021). Overall, the predicted tertiary structures of the ASRPs comprise the antiparallel coiled-coil and globular domain, as anticipated for SMC-related proteins (Figures 3A–F; the zinc hook, Walker A, and Walker B motifs are colored in green, blue, and magenta, respectively). The antiparallel coiled-coils in SisClsN, and two ASRPs (RLE79045 and WP_013193648) were predicted to be folded back in the middle (Figures 3A–C), resembling those in HsaSph1 and HsaSph2 (Figures 3G,H). In contrast, three predicted ASRP structures (HHQ49854, HII80511, and RLI75673) possess extended antiparallel coiled-coils (Figures 3D–F). If a pair of ASRP molecules constitutes a quaternary structure similar to the SMC complexes, the zinc hook motif and globular domain are too close in the tertiary structure with the folded antiparallel coiled coil. Thus, we anticipate that the antiparallel coiled coils in the predicted tertiary structures in Figures 3A–C,G,H are flexible and extended in their natural conformations as the predicted structures shown in Figures 3D–F.
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FIGURE 2
Distribution of conserved sequence motifs in the primary structures of ASRPs. For each ASRP, the distributions of Walker A, Walker B, and zinc hook motifs are shown in blue, magenta, and green, respectively. The coiled coil regions (shown in gray) were predicted by Waggawagga [http://waggawagga.motorprotein.de/; Simm et al. (2015)]. The ASPR sequences, of which tertiary structures were predicted (see Figure 3), are marked by filled stars. We marked HsaSph1 and HsaSph2 with open stars, as their predicted tertiary structures are available in AlphaFold Protein Structure Database (https://alphafold.ebi.ac.uk/).
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FIGURE 3
Predicted tertiary structures of ASRPs. (A–F) We predicted the tertiary structures of six ASRPs by AlphaFold2 (Jumper et al., 2021). The output files in the PDB format are available as Supplementary Materials. (G,H) The predicted tertiary structures of HsaSph1 (Q9HHM7) and HsaSph2 (Q9HHY2) were visualized from the files downloaded from AlphaFold Protein Structure Database (https://alphafold.ebi.ac.uk/). The amino acid residues in the zinc hook, Walker A, and Walker B motifs are shown in a ball-and-stick representation and colored in green, blue, and magenta, respectively.




Neither ClsN nor Sph represents the diversity and function of ASRP

ClsN was first identified in Sulfolobus spp. and found to facilitate establishing the chromosome compartment with low transcriptional levels from that comprising transcriptionally active genes (Takemata et al., 2019). On the other hand, the cellular functions of Sph1 and Sph2 in H. salinarum have not been understood well (Herrmann and Soppa, 2002). At least there is no chromosome compartmentalization mediated by transcription in H. salinarum (Cockram et al., 2021), implying that the function of Sph1 or Sph2 is unlikely homologous to Sulfolobus ClsN. We analyzed the second alignment, which contained 44 ASRP and 28 archaeal SMC sequences (note that the latter includes both canonical and SMC5/6-related versions), to obtain the clues to examine whether the function of ASRP can be represented by ClsN or Sph1/2. In the ASRP phylogeny, SisClsN and HsaSph1/HsaSph2 were separated from each other but individually grouped with the ASRP sequences identified in the archaea closely related to Sulfolobus and Halobacterium, respectively (see below for the details). No apparent consensus in the repertory of the genes flanking an ASRP gene across genomes was found (Supplementary Table 1).

SisClsN and the ASRP sequences of the three members of the order Sulfolobales grouped together with an MLBP of 100% and a BPP of 1.0 (Figure 4). Furthermore, three additional members of Sulfolobales were found to possess ASRP bearing an intimate phylogenetic affinity to SisClsN (Supplementary Figure 3). Altogether, the Sulfolobales ASRPs identified in this study are likely homologous to Sulfolobus ClsN termed as the ClsN clade in Figure 4 and Supplementary Figure 3. In the 7 members of Sulfolobales, in which ClsN sequences were detected, Rad50 sequences were constantly found albeit no SMC sequence was detected (Supplementary Figure 3). Thus, we propose that the loss of SMC and the emergence of ClsN coincided with one another and occurred in the common ancestor of the extant archaea belonging to Sulfolobales.
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FIGURE 4
Phylogenetic relationship among 44 ASRP sequences including SisClsN, HsaSph1, and HsaSph2. The second alignment, which contained 44 ASRP and 28 archaeal SMC sequences, was subjected to both maximum-likelihood (ML) and Bayesian phylogenetic analyses. There was no substantial incongruity between the ML and Bayesian trees, and thus only the ML tree is shown. Only the clade of the ASRP sequences was presented. Non-parametric ML bootstrap support values greater than 70% and Bayesian posterior probabilities greater than 0.95 (indicated by closed dots) were shown on the corresponding nodes. The ASRP sequences of euryarchaea, crenarchaea, and Asgard archaea are colored in magenta, green, and dark blue, respectively. The Sph and ClsN clades are shaded in blue and orange, respectively.


All of the ASRP sequences of the members belonging to the class Halobacteria grouped together with an MLBP of 94% and a BPP of 0.99 (Figure 3). HsaSph1 and HsaSph2 were distantly related to each other in this clade (Figure 2). HsaSph1 and the ASRP sequences of Halorientalis persicus and Halococcus salifodinae formed a clade with full statistical support, while the rest of the ASRP sequences of Halobacteria (including HsaSph2) grouped together with an MLBP of 77% and a BPP of 0.95 (Figure 3). Among the 80 ASRP sequences identified in this study, there were 34 ASRP sequences that were of Halobacteria but only a subset of them was included in the second alignment. Importantly, all the ASRP sequences of Halobacteria including HsaSph1 and HsaSph2 formed a highly supported clade (Supplementary Figure 3). Thus, we regard that the ASRPs of Halobacteria are functionally homologous to HsaSph1 and HsaSph2 and term the clade of these ASRP sequences as the Sph clade in Figure 3 and Supplementary Figure 3. We detected multiple distinct Sph sequences in three members of Halobacteria, namely H. salinarum NRC-1, Natrarchaeobius halalkaliphilus, and Halobellus captivus (marked by closed circles; Supplementary Figure 3). In contrast to the Sulfolobales archaea in which no co-occurrence of ClsN and SMC was observed, most of the members of Halobacteria appeared to possess both SMC and Rad50, as well as Sph. The co-occurrence of SMC and Sph implies a certain level of difference in function between the two proteins.

The three ASRP sequences of Methanomethylovorans hollandica, Methanohalobium evestigatum, and Methanosarcina sp. formed a well-supported clade, which was connected to the Sph clade with an MLBP of 85% and a BPP of 0.97 (Figure 4). Despite the phylogenetic affinity to the Sph clade, we do not regard the three ASRP sequences as the Sph homologs, as they were identified from the species that do not belong to Halobacteria. Otherwise, any ASRP sequence identified in the members of the TACK superphylum, Euryarchaeota, and Asgard group showed no apparent phylogenetic affinity to the ClsN or Sph clade (Figure 4). Multiple distinct ASRP sequences were found in each of M. evestigatum, Candidatus Methanodesulfokores washburnensis, and Candidatus Heimdallarchaeota archaeon LC 3 (marked by closed circles; Supplementary Figure 2). The ASRP sequences, which were excluded from both Sph and ClsN clades, co-occur with both SMC and Rad50 sequences in the corresponding genomes. Thus, if ASRP and SMC co-exist, we anticipate that the functions of the two proteins are distinct from one another.




Conclusion

We here report the novel SMC-related protein family found exclusively in Archaea. Both of the two SMC-related proteins identified previously in Sulfolobus spp. and H. salinarum, namely ClsN and Sph, belong to this protein family that was termed ASRP here. The original function of ASRP currently remains uncertain but is likely distinctive from that of ClsN or Sph. If so, the function of ASRP may have been remodeled in the common ancestor of Sulfolobales and that of Halobacteria separately and uniquely. Our proposals above stand solely on the phylogenetic distribution and thus need to be considered tentative. To estimate the function of the ancestral ASRP and retrace the changes in the ASRP function, the cellular functions of ASRPs of phylogenetically broad archaea including Sph are indispensable as the most fundamental information.



Data availability statement

The original contributions presented in this study are included in the article/Supplementary material, further inquiries can be directed to the corresponding author.



Author contributions

MY and YI conceived the study, conducted the database searches and phylogenetic analyses, and wrote the manuscript. TN conducted the phylogenetic analyses and the predictions of protein structures. All authors contributed to the article and approved the submitted version.



Funding

This work was supported in part by grants from the Japan Society for the Promotion of Science awarded to YI (18KK0203 and 19H03280).



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2022.913088/full#supplementary-material



Footnotes

1     https://alphafold.ebi.ac.uk/



References

Capella-Gutierrez, S., Silla-Martinez, J. M., and Gabaldon, T. (2009). trimAl: a tool for automated alignment trimming in large-scale phylogenetic analyses. Bioinformatics 25, 1972–1973. doi: 10.1093/bioinformatics/btp348

Cobbe, N., and Heck, M. M. S. (2000). Review: SMCs in the world of chromosome biology— From prokaryotes to higher eukaryotes. J. Struct. Biol. 129, 123–143. doi: 10.1006/jsbi.2000.4255

Cobbe, N., and Heck, M. M. S. (2004). The evolution of SMC proteins: phylogenetic analysis and structural implications. Mol. Biol. Evol. 21, 332–347. doi: 10.1093/molbev/msh023

Cockram, C., Thierry, A., Gorlas, A., Lestini, R., and Koszul, R. (2021). Euryarchaeal genomes are folded into SMC-dependent loops and domains, but lack transcription-mediated compartmentalization. Mol. Cell 81, 459–472.e10. doi: 10.1016/j.molcel.2020.12.013

Ettema, T. J. G., Lindås, A.-C., and Bernander, R. (2011). An actin-based cytoskeleton in archaea: an archaeal cytoskeleton. Mol. Microbiol. 80, 1052–1061. doi: 10.1111/j.1365-2958.2011.07635.x

Fu, L., Niu, B., Zhu, Z., Wu, S., and Li, W. (2012). CD-HIT: accelerated for clustering the next-generation sequencing data. Bioinformatics 28, 3150–3152. doi: 10.1093/bioinformatics/bts565

Hegde, S. P., Qin, M., Li, X., Atkinson, M. A. L., Clark, A. J., Rajagopalan, M., et al. (1996). Interactions of RecF protein with RecO, RecR, and single-stranded DNA binding proteins reveal roles for the RecF–RecO–RecR complex in DNA repair and recombination. Proc. Natl. Acad. Sci. U.S.A. 93, 14468–14473. doi: 10.1073/pnas.93.25.14468

Herrmann, U., and Soppa, J. (2002). Cell cycle-dependent expression of an essential SMC-like protein and dynamic chromosome localization in the archaeon Halobacterium salinarum. Mol. Microbiol. 46, 395–409. doi: 10.1046/j.1365-2958.2002.03181.x

Jumper, J., Evans, R., Pritzel, A., Green, T., Figurnov, M., Ronneberger, O., et al. (2021). Highly accurate protein structure prediction with AlhpaFold. Nature 596, 583–589. doi: 10.1038/s41586-021-03819-2

Kamada, K., and Barillà, D. (2018). Combing chromosomal DNA mediated by the SMC complex: structure and mechanisms. BioEssays 40:1700166. doi: 10.1002/bies.201700166

Katoh, K. (2002). MAFFT: a novel method for rapid multiple sequence alignment based on fast Fourier transform. Nucleic Acids Res. 30, 3059–3066. doi: 10.1093/nar/gkf436

Keyamura, K., Sakaguchi, C., Kubota, Y., Niki, H., and Hishida, T. (2013). RecA protein recruits structural maintenance of chromosomes (SMC)-like RecN protein to DNA double-strand breaks. J. Biol. Chem. 288, 29229–29237. doi: 10.1074/jbc.M113.485474

Kinoshita, E., van der Linden, E., Sanchez, H., and Wyman, C. (2009). RAD50, an SMC family member with multiple roles in DNA break repair: how does ATP affect function? Chromosome Res. 17, 277–288. doi: 10.1007/s10577-008-9018-6

Lartillot, N., Brinkmann, H., and Philippe, H. (2007). Suppression of long-branch attraction artefacts in the animal phylogeny using a site-heterogeneous model. BMC Evol. Biol. 7:S4. doi: 10.1186/1471-2148-7-S1-S4

Lartillot, N., and Philippe, H. (2004). A Bayesian mixture model for across-site heterogeneities in the amino-acid replacement process. Mol. Biol. Evol. 21, 1095–1109. doi: 10.1093/molbev/msh112

Lartillot, N., and Philippe, H. (2006). Computing Bayes factors using thermodynamic integration. Syst. Biol. 55, 195–207. doi: 10.1080/10635150500433722

Losada, A., and Hirano, T. (2005). Dynamic molecular linkers of the genome: the first decade of SMC proteins. Genes Dev. 19, 1269–1287. doi: 10.1101/gad.1320505

Nguyen, L.-T., Schmidt, H. A., von Haeseler, A., and Minh, B. Q. (2015). IQ-TREE: a fast and effective stochastic algorithm for estimating maximum-likelihood phylogenies. Mol. Biol. Evol. 32, 268–274. doi: 10.1093/molbev/msu300

Niki, H., Jaffé, A., Imamura, R., Ogura, T., and Hiraga, S. (1991). The new gene mukB codes for a 177 kd protein with coiled-coil domains involved in chromosome partitioning of E. coli. EMBO J. 10, 183–193. doi: 10.1002/j.1460-2075.1991.tb07935.x

Ruepp, A., Wanner, G., and Soppa, J. (1997). A 71-kDa protein from Halobacterium salinarium belongs to a ubiquitous P-loop ATPase superfamily with head-rod-tail structure. Arch. Microbiol. 169, 1–9. doi: 10.1007/s002030050534

Simm, D., Hatje, K., and Kollmar, M. (2015). Waggawagga: comparative visualization of coiled-coil predictions and detection of stable single α-helices (SAH domains). Bioinformatics 31, 767–769. doi: 10.1093/bioinformatics/btu700

Takemata, N., Samson, R. Y., and Bell, S. D. (2019). Physical and functional compartmentalization of archaeal chromosomes. Cell 179, 165–179.e18. doi: 10.1016/j.cell.2019.08.036

Wang, H.-C., Minh, B. Q., Susko, E., and Roger, A. J. (2018). Modeling site heterogeneity with posterior mean site frequency profiles accelerates accurate phylogenomic estimation. Syst. Biol. 67, 216–235. doi: 10.1093/sysbio/syx068

Yoshinaga, M., and Inagaki, Y. (2021). Ubiquity and origins of structural maintenance of chromosomes (SMC) proteins in eukaryotes. Genome Biol. Evol. 13:evab256. doi: 10.1093/gbe/evab256



OPS/images/cross.jpg
@ Check for updates.





OPS/xhtml/nav.xhtml




Contents





		Cover



		A novel structural maintenance of chromosomes (SMC)-related protein family specific to Archaea



		Introduction



		Materials and methods



		Sequences related to Sulfolobus islandicus ClsN, and Halobacterium salinarum Sph1 and Sph2



		Phylogenetic analyses



		A novel SMC-related protein family specific to Archaea



		Neither ClsN nor Sph represents the diversity and function of ASRP









		Conclusion



		Data availability statement



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		Supplementary Material



		Footnotes



		References

















OPS/images/fmicb-13-913088-g001.jpg
ASRP

RADS5S0

.
Noad\“

A B C D
MLBP, with Arcadin-4 50 62 65 65
BPP, with Arcadin-4 49 89 SO0 .67
MLBP, without Arcadin-4 73 58 62 74
BPP, without Arcadin-4 85 .94 51 .92

100/ 1 On

»
48/- / 99/1.0
43/ 99/1.0

RECN

N
3
A\ [© ?3'5\3
‘|| E

0.8

qQ,

99/1 0

(y
C‘Q,’cbe





OPS/images/fmicb-13-913088-g003.jpg
Sulfolobus islandicus (SisCIsN) Thermoprotei archaeon Methanohalobium evestigatum
ADX84150 RLE79045 WP_013193648

Ignisphaera aggregans Methanosarcina sp. Archaeoglobales archaeon
HHQ49854 HI180511 RLI75673

G H

Halobacterium salinarum (HsaSph1) Halobacterium salinarum (HsaSph2)
Q9HHM7 Q9HHY2






OPS/images/fmicb-13-913088-g002.jpg
SisCIsN Sulfolobus islandicus REY15A ADX84150.1 [5687 aa] *
APNAVGK CNVC

FILDE

HsaSph2 Halobacterium salinarum NRC-1 QOHHY?2 [667aa] ¢
GRNATGR CWTC

DS

HsaSph1 Halobacterium salinarum NRC-1 O07116.1 [629 aa] i%
ASNFQGK CFVC

ILLDG

Archaeoglobales archaeon RLI75673.1 [619 aa] *
APNATGK CPFC

/LDE

LI l

Candidatus Heimdallarchaeota archaeon NHJ00843.1 [612 aa]
APNATGK CivC

'LDK

Candidatus Bathyarchaeota archaeon RJS87239.1 [499 aa]
APNASGK FLVDE

Methanosarcina sp. HII80511.1 [645 aa] *
APNASGK CPLC

ILDE

Methanohalobium evestigatum WP_013193648.1 [634 aa] Y
GSNAVGK CILC

LLDE

Candidatus Methanodesulfokores washburnensis WP_125670604.1 [634 aa]
APNANMGK CPVC

L1 I

Ignisphaera aggregans HHQ49854.1 [616 aa] *
APNASGK CPVC

DE

L1 I

Thermoprotei archaeon RLE79045.1 [635 aa] *
APNASGK CPYC

-IDD

Thermococcus sp. AM4 WP_014123117.1 [656 aa]
GPNASGK CPLC

Theionarchaea archaeon DG-70 KYK33037.1 [646 aa]
GSNSSGK CPLC

L | l






OPS/images/fmicb-13-913088-g004.jpg
85

HsaSph2 === Halobacterium salinarum NRC-1
——————————————————— Natrarchaeobius halalkaliphilus
——————————————————————— Halorubrum halodurans
————————————————————— Natrinema versiforme
—————————————————— Halorubrum vacuolatum
—————————————— Halodesulfurarchaeum formicicum
———————————————————— Halorubrum sp. ASP1
————————————————————————— Salinirussus salinus
—————————————————————— Halorhabdus sp. CBA1104
——————————————————————————— Haloferax sp. KTX1
————————————————————— Halorhabdus rudnickae
————————————————————— unclassified Haloferax
———————————————————————— Haloterrigena dagingensis
—————————————————— Natrarchaeobius halalkaliphilus
Halobacteriales archaeon QH 6 64 20
Halosimplex halophilum
——————————————————————————— Natrialba swarupiae
- - - - -Halobacterium salinarum NRC-1
————————————————————— Halorientalis persicus
————————————————————— Halococcus salifodinae

98 ——--—m—m————————— - Methanomethylovorans hollandica
H—@ ——————————————————— Methanohalobium evestigatum
————————————————————————— Methanosarcina sp.

97 SisClsN - - - - ——= ===t Sulfolobus islandicus REY 15A
—————————————————— Metallosphaera sedula DSM 5348
———————————————————————— Sulfodiicoccus acidiphilus
————————————— Sulfolobales archaeon SCGC AB-777_J03
130 [ mmmmmmmm e m——— - Ignisphaera aggregans
B . s o Candidatus Methanodesulfokores washburnensis
Candidatus Heimdallarchaeota archaeon
————————————————— Candidatus Bathyarchaeota archaeon
———————— Candidatus Heimdallarchaeota archaeon LC_3
———————————————— Candidatus Bathyarchaeota archaeon
———————————————————————— Archaeoglobales archaeon
————————————————————— Methanosarcinales archaeon

————— Candidatus Methanodesulfokores washburnensis
~~~~~~~~~~~~~~~~~~~~~ Archaeoglobales archaeon
——————————————————————— Theionarchaea archaeon DG-70
—————— Thermoplasmatales archaeon E-plasma
———————————————————— Methanohalobium evestigatum
Candidatus Heimdallarchaeota archaeon LC_3

————————————————————————— Thermococcus sp. AM4
[— VI AT B 1 e G B PR B Thermoprotei archaeon

e i T W e P T AT B i Thermoprotei archaeon

Q9HHY2
WP_124179675.1
OYR56967.1
WP_006433170.1
WP_179213714.1
WP_148661790.1
WP_137711470.1
WP_159898610.1
WP_154552254.1
WP_148416136.1
WP_135664296.1
WP_115861584.1
SIR83847.1
RQG88021.1
PSP44214.1
WP_135364026.1
WP_149080859.1
007116.1
WP_092661275.1
WP_005044931.1
WP_015313802.1
WP_157197417.1
HII80511.1
ADX84150.1
ABP94944.1
WP_158613809.1
PVU73522.1
HHQ49854.1
WP_125670604.1
NHJ00843.1
HGU06440.1
OLS27983.1
RJS87239.1
RLI75673.1
RZN38397.1
WP_125670098.1
RLI76506.1
KYK33037.1
EQB65036.1
WP_013193648.1
OLS18901.1
WP_014123117.1
RLE79045.1
RLE85629.1

Sph

CisN





OPS/images/cover.jpg
& frontiers | Frontiers in Microbiology

A novel structural maintenance
of chromosomes-related protein
family specific to Archaea












OPS/images/logo.jpg
’ frontiers ‘ Frontiers in Microbiology







