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Abstract

Recent advances have significantly enriched our understanding of complex bacteria—phage interactions. To date, over one hundred bacterial
antiphage systems have been identified, yet the mechanisms of many, including the recently discovered Menshen system, remain elusive. We
employed comparative genomics and protein bioinformatics for a systematic investigation of the Menshen system, focusing on its organization,
structure, function, and evolution. By delineating six primary domain determinants and predicting their functions, we propose that the three
components (NsnA-B-C) of Menshen likely act as sensor, transducer, and effector modules, respectively. Notably, we unveil remarkable poly-
morphism in domain composition within both NsnA and NsnC. NsnA proteins universally share ParB-DUF262 and DNA-binding ParBDB domains,
and often include additional DNA-binding modules at their N-termini. NsnC effectors exhibit diverse inactive PIN (inPIN)-like domains for target
recognition in their N-termini, and multiple nuclease domains for toxicity in their C-termini. WWe demonstrate that this multifaceted polymorphism
results from the independent integration of various sensor domains into NsnA, alongside constant shuffling and diversification of the inPIN and
effector domains in NsnC. These findings not only elucidate the functional diversity and inter-subunit interactions of the Menshen system, but
also underscore its exceptional capacity for adaptability and versatility in the ongoing arms race between bacteria and phages.
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Introduction stages of research into prokaryotic immunity, the known arse-

The battle between bacteria and phages has been a driv-  nal of bacterial antiphage systems was limited to restriction-
ing force for the evolution of bacteria, resulting in a multi- modification (R-M) systems and CRISPR-Cas systems [2].
tude of defense and counter-defense systems [1]. In the early = However, recent years have witnessed a transformative
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expansion in our knowledge of antiphage systems, largely
driven by the genomic “guilt by association” principle [3]:
the recognition that multiple antiphage systems often clus-
ter within specific genomic loci in bacteria [4, 5]. By min-
ing genomes, researchers have uncovered over one hundred
antiphage systems [6-10], and extensive experimental stud-
ies have revealed many systems’ molecular mechanisms [1].
Among the identified antiphage systems, several are associ-
ated with the DUF262 domain [7], a member of the ParB NT-
Pase superfamily that functions as a sensor module to recog-
nize modified DNA in phage genomes [8-16]. The first ex-
ample is the GmrSD system, a single-gene Type IV R-M sys-
tem that contains an N-terminal DUF262 domain followed
by a DUF1524 HNH nuclease domain [9], which together
enable the recognition and degradation of phage genomes
marked by glucosyl-5-hydroxymethyl cytosines [10]. A ho-
molog of GmrSD, the SspE gene, was found in the SspABCD-
SspE system, which is a phosphorothioate-based antiphage
system [11]. The DUF262 domain in SspE recognizes and
binds genomic regions containing phosphorothioate modifica-
tions [12]. In addition, there are other DUF262-containing an-
tiphage systems, including PD-T4-2 [13], Dazbog, and Men-
shen [14], which are not associated with the DUF1524 domain
and remain largely uncharacterized.

Menshen is a recently identified antiphage system associ-
ated with the DUF262 domain [14], taking its name from a
pair of Chinese deities known for safeguarding homes. This
nomenclature aligns with other antiphage systems like Tho-
eris [15, 16], Gabija [17, 18], and Shedu [19, 20], which draw
inspiration from protective deities of various world mytholo-
gies [21, 14]. Menshen comprises three components known
as NsnA, NsnB, and NsnC. Among them, NsnA is charac-
terized by the DUF262 domain, while NsnB possesses a pre-
dicted ABC ATPase domain. In a recent study conducted by
Millman et al., a Menshen system from Solibacillus silvestris
effectively defended against Escherichia coli phages T2, T4,
and T6, and Bacillus subtilis phage Fado [14, 22]. However,
significant knowledge gaps still exist concerning the molecular
mechanisms of the Menshen system. Here, we employ bioin-
formatic approaches to systematically identify Menshen sys-
tems, dissect their structural and genomic organization, and
explore potential mechanisms. Our findings reveal Menshen
as a highly polymorphic system that leverages a wide range
of protein domains likely involved in phage infection sensing,
target identification, and effector function. We further pro-
vide functional and evolutionary insights into the major com-
ponents within Menshen systems, demonstrating their varied
strategies to counteract phage infections and resistance. Our
study lays the groundwork for further investigations into the
mechanisms of this system, and serves as an illustrative ex-
ample of comprehending novel antiphage systems through a
bioinformatics lens.

Materials and methods

Protein domain-centric homologous sequence
search and analysis

Our computational analyses were based on the protein do-
mains instead of the full length of proteins [23]. To col-
lect homologous sequences for each domain family, PSI-
BLAST [24] search was performed against NCBI nr database
iteratively until convergence, with an e-value cut-off of

0.001. To build Multiple Sequence Alignment (MSA) for
each domain family, highly similar sequences were re-
moved from the collection via the BLASTCLUST program
(https:/ftp.ncbi.nih.gov/blast/documents/blastclust.html) and
the remaining sequences were then aligned using KALIGN
[25], MUSCLE [26], or PROMALS3D [27] programs. All the
MSAs of novel domains identified in this study are available in
Supplementary File 1. To identify conserved residues for each
domain family, a custom Perl script was used to analyze the
conservation pattern in the MSA based on the classification
of amino acids [28]. In addition, MSAs of all newly identified
domains were used to generate HMM profiles with the HM-
MER package [29] for further studies. WebLogo was used to
generate sequence logos for families if necessary [30].

Genomic retrieval of the Menshen system using
gene neighborhood analysis

Given that Menshen is an antiphage system with multiple
components, we employed gene neighborhood analysis [31] to
comprehensively collect instances of the Menshen system. Ho-
mologous DUF262 proteins, collected through PSI-BLAST,
were initially annotated based on their domain architectures.
The accession numbers of these proteins were then used as
the input to retrieve their five upstream and five downstream
genes using a custom script. Subsequently, all neighbor pro-
teins were clustered by the BLASTCLUST program based on
their sequence similarities. The conserved neighbors were de-
termined by the criteria: (i) close association with DUF262
genes on their genomic loci, and (ii) presence of these as-
sociations across at least two different bacterial phyla. Fur-
thermore, these conserved neighbor proteins were annotated
based on their domain architectures by using the HMMSCAN
program [29] searching against the Pfam database [32] and
our custom HMM profile database. The operons were then
classified according to similarities in domain architectures of
DUF262 proteins and their conserved neighborhoods. We ulti-
mately identify multiple systems centered around the DUF262
domain, encompassing, but not limited to, the previously iden-
tified antiphage systems, such as GmrSD, PD-T4-2, Dazbog,
SspABCD-SspE, and Menshen. The Menshen operons were
subsequently isolated for further analyses, and their taxo-
nomic information was extracted from NCBI GenPept files.

Sequence polymorphism analysis for the Menshen
system

Many antiphage systems were observed to have polymor-
phisms [20, 33], which is rational given the evolutionary force
driven by the positive selection between bacteria and phages.
Based on our pilot analysis of the typical NsnABC compo-
nents, we dissected these proteins into a few primary do-
mains including NsnA-N (only for Type Il Menshen), NsnA-C,
NsnC-N, and NsnC-C regions, in addition to the DUF262 do-
main in NsnA and the globular domain in NsnB. To systemati-
cally investigate the polymorphism of Menshen, we performed
network clustering analysis using the CLANS program [34] on
sequences from the NsnA-N, NsnA-C, NsnC-N, and NsnC-C
regions, respectively (Supplementary Figs S1 and S2). In this
analysis, significant high-scoring segment pairs (HSPs) among
sequences were first identified through all-against-all BLASTP
searches (P-value cutoff: .0001). These HSPs were then used
to organize the sequences into clusters using the Fruchterman
and Reingold force-directed layout algorithm [335, 36], where
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sequences are represented as nodes, and the edges connecting
them represent attractive forces proportional to the negative
logarithm of the alignment significance (P-values). The degree
of dispersion in the resulting network reflects the level of poly-
morphism in each region, while grouped nodes indicate dis-
crete domain families. For the NsnA-N, NsnA-C, and NsnC-
C regions, isolating their families is relatively straightforward
as their boundaries are clearly defined in the CLANS network.
However, in the NsnC-N sequence space, where many distinct
families share the same structural topology (inPIN domains),
we employed the embedded “find clusters” function of the
CLANS program to extract NsnC-N clusters (7 > 2) based
on the average linkage method. Sequences that did not form
such clusters were designated as the “ungrouped” cluster.

Structure prediction and analysis of the Menshen
system

Protein structures obtained through experimental studies were
retrieved from the PDB database [37] while all other struc-
tural models presented in this study were predicted using Al-
phaFold 2 [38, 39] or AlphaFold 3 [40]. The corresponding
.pdb or .cif files of all modeled structures and complexes are
provided in Supplementary Files 2, 3, and 4. Both the pLDDT
scores, which provide residue-level confidence for each struc-
tural prediction, and AF3 ipTM scores, which assess the con-
fidence of predicted protein-protein interactions, are avail-
able in Supplementary Figs S4, S5, and S7. The determina-
tion of domain boundaries for each family was guided by
both the structure models and the PAE matrix provided by
AlphaFold 2/3. To gain further insights into the functions of
novel domain families, the DALI program [41] was employed
to search their distant structural homologs. Finally, visualiza-
tion of structures was conducted via PyMOL [42] and the
NGL viewer [43].

Phylogenetic analysis and Sankey diagram
construction

To delineate the evolutionary trajectory of the Menshen sys-
tem, a comprehensive phylogenetic analysis was conducted.
We first extracted the DUF262 domain sequences from all
1 997 Menshen instances. These sequences were then used to
construct a phylogenetic tree, employing the IQ-TREE soft-
ware [44] with the model selection parameter (-m TEST).
Branch supports were assessed through 1000 iterations of ul-
trafast bootstrap approximation and 1000 iterations of the
SH-aLRT test. The MSA file of DUF262 domains and the cor-
responding tree file can be found in Supplementary File 5. The
resultant phylogenetic tree was visualized using iTOL [45],
incorporating annotations of various Menshen types, NsnA-
N sensor domains, NsnC-N inPIN domains, NsnC-C effector
domains, and taxonomy information. To understand the intri-
cate relationships and functional linkages among the various
domains (NsnA-N sensors, NsnC-N inPINs, and NsnC-C ef-
fector domains) in the Menshen system, Sankey diagrams were
created using the Flourish platform (https:/flourish.studio/).

Results and discussion

A first glimpse of the Menshen system via protein
structure predictions

The Menshen system from S. silvestris StLB046 represents the
first example with experimentally validated antiphage activity
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(Fig. 1A) [14], which we referenced to obtain the sequences
of NsnA, NsnB, and NsnC in the NCBI database. Next, we
used HMMSCAN profile detection [29], AlphaFold predic-
tion [38], and structural analysis to determine each protein’s
domain architecture.

NsnA

As depicted in Fig. 1B, we found that NsnA is predicted
to contain two distinct globular domains: the N-terminal
DUF262 domain and an uncharacterized C-terminal domain.
The DUF262 domain is known to have three conserved mo-
tifs: a QRxxxW motif (I), a DGxQR motif (II), and a FxxxN
motif (III), the second of which is the predicted nucleotide
binding center [9]. The AlphaFold 2 model shows that these
three motifs are clustered together, suggesting that they work
in concert with one another. We also constructed a model
of nucleotide-bounded NsnA by overlaying the AlphaFold
model of S. silvestris NsnA with that of an ATP-binding sul-
firedoxin (PDB: 3CYI_A), another member of the ParB su-
perfamily [46]. The modeled structure illustrates the interac-
tion of the DGxQR motif with the p and v phosphate groups
of the bound nucleotide (Fig. 1B). Different variants of the
ParB domain are known to function as NTPases in several
molecular systems, such as the canonical ParB protein which
functions in bacterial chromosome partitioning [8], the fer-
tility inhibition factor Osa [47], and the DndB protein from
the DndABCDE antiphage system [48]. Importantly, recent
studies have demonstrated that the DUF262 domain acts as
a sensor in two antiphage systems, SspABCD-SspE [11] and
GmrSD [49]. In these systems, the DUF262 domain detects
specific phage phosphorothioate-modified DNA and glucosyl-
5-hydroxymethyl cytosine, respectively, and further activates
their associated nucleases (DUF1524) through its NTPase ac-
tivity [49, 12] to initiate the antiphage response. The fact that
DUF262 acts as a sensor in other antiphage systems suggests
a similar role for NsnA in the Menshen system.

For the C-terminal region of NsnA, our structure predic-
tions revealed similarities to the downstream domains found
in other ParB/DndB/DUF262-containing proteins such as
DndB, GmrSD, and SspE (Fig. 1C and Supplementary Fig.
S3A). These domains share eight conserved helices, with the
exception of the DndB C-terminal domain, whose fourth
helix is degenerated. These domains were previously con-
sidered part of the DUF1524 domain or linkers [49, 12].
However, our findings suggest that they instead form dis-
tinct, independent domains with unique conservation pat-
terns (Supplementary Fig. S3B). Notably, multiple conserved
charged or polar residues within each of these domain families
are located on the inner surface of the groove formed by the
dimer, such as those on GmrSD-M (D249) and SspE-M (E334
and K337) domains (Supplementary Fig. S3C). These residues
lie adjacent to the QRxxxW motif of DUF262, suggesting they
may coordinate their interactions with substrates. Indeed, Gao
et al. demonstrated that SspE-M domain (a homolog of the
NsnA-C domain) is essential for DNA binding [12], suggesting
that DNA-binding activity is a shared function among these
domains. Further, the combination of ParB-like DUF262 and
NsnA-C DNA-binding domains mirrors the arrangement seen
in the canonical chromosome partitioning protein ParB, in
which the ParB domain precedes an HTH-type DNA-binding
domain [50]. Accordingly, we have assigned the DUF262 do-
main as “ParB-DUF262” and the C-terminal domain as the
“ParBDB” (ParB-associated DNA-Binding) domain.
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Figure 1. Structure predictions and domain organization of the Menshen system in S. silvestris StLB046 strain. (A) Operonic structure of the Menshen
system in S. silvestris StLB046. (B) Upper. The domain architecture of S. silvestris StLB046 NsnA with the N-terminal loop in white, DUF262 domain in
green, and C-terminal NsnA-C domain in orange. Domain boundaries are indicated above, conserved motifs of the DUF262 domain below, and the NCBI
protein accession ID on the right. Bottom left. Cartoon representation of the full-length NsnA protein. Bottom middle: Cartoon representation of the
DUF262 domain with conserved residues depicted as ball-and-stick models, motif | in blue, motif Il in red, and motif Il in green. Bottom right. Model of
the DUF262 domain interacting with ATR where ATP is shown in pale yellow sticks, and the magnesium atom is represented as a green sphere. (C) Left:
Shared domain architectures of the S. silvestris StLB046 NsnA protein and ParB/DUF262-containing proteins from other antiphage systems, including
DndB, GmrSD, and SspE. Right: Structural similarity among NsnA-C, DndB-C, GmrSD-M, and SspE-M, with corresponding helices highlighted in distinct
colors. (D) Upper: The S. silvestris StLB046 NsnB containing an extended version of ABC-ATPase fold (NsnB-ATPase) and a C-terminal helix (DUF3696).
Bottom left two: (i) Cartoon representation of the NsnB-ATPase domain, highlighting the core regions in firebrick (helices) and teal (strands), major
insertions (Insert-1 in red, Insert-2 in orange), two strands N-terminal to the core (PS1 + PS2) in lime green, additional helix-strand-strand at the N-termini
of Insert-1 (AHSS) in magenta, and an additional C-terminal strand (TS1) in yellow. Conserved residues are shown as ball and stick, where the Walker A
motif (WA) in hot pink, Walker B motif (WB) in yellow-orange, Q motif in pale green, SGG motif in blue white, and Sen1 motif in slate. (ii) Zoomed-in view
of conserved residues in NsnB-ATPase with labels. Bottom right two: (i) Cartoon representation of the chromosome partition protein SMC (PDB:
BHB8_A, Z-score = 22.1). (ii) Zoomed-in view of conserved residues in SMC with labels. (E) Upper: Domain architecture of S. silvestris StLB046 NsnC
with PIN-like domain in purple and PB-BECR1 in hot pink. Bottom left. Cartoon representation of the full length NsnC protein. Bottom middle: Cartoon
representation of the PIN-like domain (left) and its distant homologous PIN domain (right, PDB: 1V80_D, Z-score = 5.8). Structural cores are shown in
firebrick (helices) and teal (strands), with conserved residues shown as ball and stick in yellow. Bottom right. Cartoon representation of the PB-BECR1
domain (left) and its distant homologous YafQ domain (right, PDB: 4NRN_B, Z-score = 8.5).



NsnB

In the case of S. silvestris NsnB, initial Pfam annotation iden-
tified two domains, an AAA_15 ATPase domain (or OLD-
ABC, given its frequent association with OLD-family nucle-
ase domains) [51] of the ABC ATPase superfamily, and a
C-terminal DUF3696 domain (Fig. 1D). By comparing the
predicted structure of S. silvestris NsnB with its distant ho-
molog, the chromosome partition protein SMC (PDB: SH68-
A with Z-score = 22.1) [52], we found that the NsnB-
ATPase domain exhibits typical structural characteristics of
the ABC ATPase superfamily [51], including the /B core
(BaBaPopaf), the C-terminal strand (TS1), the N-terminal
B-hairpin (PS1 + PS2), the main insertion 1 (Insert-1), and the
main insertion 2 (Insert-2) (Fig. 1D). To be noted, like the
SMC, the N-terminus of NsnB-ATPase Insert-1 has evolved
an additional «fB insertion, which is the hallmark of Type
ID Insert-1 of the ABC-ATPase superfamily [51]. However,
the remaining parts of Insert-1 of NsnB-ATPase exhibit more
strands than the corresponding region in SMC and the insert-2
of NsnB-ATPase lacks the long coiled-coil insertion observed
in SMC. Further, both NsnB-ATPase and SMC exhibit typi-
cal sequence motifs characteristic of ABC ATPase superfam-
ily, which encompass the Walker A motif (GxxxxGKS), the
Walker B motif (hhhhDE), the Q motif, the SGG motif, and
the Senl motif (H) [51]. Nonetheless, in the NsnB-ATPase,
the DE dyad in the Walker B motif has been replaced by EN,
the Q motif substituted with an arginine, and the SGG motif
replaced by a GxG motif.

NsnC

Finally, the predicted structures of S. silvestris NsnC identi-
fied two hitherto-uncharacterized domains (Fig. 1E). The N-
terminal domain exhibits a Rossmann-like fold and DALI
searches retrieved many members of the PIN domain super-
family, such as PDB: 1V80_D with Z-score 5.8 [53]. Typi-
cally, the classical PIN domain functions as an RNase, with
its catalytic site being orchestrated by four highly conserved
residues D-E-D-D [54]. However, these crucial residues are
absent in the NsnC-N domain. During evolution, enzymatic
domains that lose their catalytic activity often acquire alter-
native functional roles, such as binding the same substrates of
their active enzymatic counterparts [55, 56]. Given that PIN
domains are dedicated RNases and NsnC-N represents an in-
active variant, we predict that NsnC-N may have evolved to
function as an RNA-binding domain. Consequently, we have
named it as an “inactive PIN (inPIN)-like domain”. On the
other hand, our examination of the C-terminal domain of
NsnC conclusively places it within the BECR superfamily [57].
The most significant hit identified through DALI for NsnC-C
is the YafQ (PDB: 4NRN-B with Z-score 8.5) RNase domain
from a toxin—antitoxin (TA) system [58]. YafQ features a H-
D-H triad as its active sites while NsnC-C possesses an H-R-H
triad in a comparable position. Therefore, we have named the
NsnC-C domain as the PB-BECR1 (ParB -associated BECR 1)
domain.

Thus, our sequence analyses and structure predictions have
delineated the primary domain components of the archety-
pal Menshen system from S. silvestris StLB046. NsnA pos-
sesses ParB-DUF262 and ParBDB domains; NsnB possesses
ABC-ATPase and DUF3696 domains; and NsnC possesses
an inPIN domain and an active BECR nuclease domain. No-
tably, both ParB-DUF262 and ParBDB domains in NsnA have
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been demonstrated to possess phage DNA sensing and DNA-
binding abilities in other antiphage systems [11, 12, 49], sug-
gesting that NsnA functions as an infection sensor in Men-
shen. Meanwhile, BECR nuclease domains are established as
effectors in various polymorphic toxins and TA systems [23,
57] and PB-BECR1 is the only potential active toxin domain
identified in this Menshen system. Consequently, we propose
that NsnC, which contains the PB-BECR1 domain, operates as
an RNase effector in the S. silvestris Menshen system. Based
on the isolated analysis of each protein, the specific role of
NsnB remains unclear.

Comprehensive analysis of Menshen homologs
reveals it is a highly polymorphic system

We next sought to explore the repertoire of the Menshen sys-
tem by mining available genomes (Fig. 2A). We first utilized
the ParB-DUF262 domain of S. silvestris NsnA as the seed
for the iterative PSI-BLAST searches. The retrieved proteins
were annotated based on their predicted domain architectures,
and their gene neighborhoods were further extracted from the
NCBI genome database. Next, all neighbor proteins were clus-
tered based on their sequence similarities. Clusters of neigh-
boring proteins that were associated with ParB-DUF262 pro-
teins in the genomic vicinity in at least two different bacterial
phyla were annotated and considered as conserved neighbors.
We then classified these ParB-DUF262 homologs and their ge-
nomic loci based on their domain architectures and conserved
neighbors. This process led us to identify multiple systems that
incorporate the ParB-DUF262 domain, including GmrSD, PD-
T4-2, Dazbog, and SspABCD-SspE, in addition to Menshen.
Importantly, for the Menshen system, we found that when a
NsnA-like gene (containing ParB-DUF262 and ParBDB do-
mains) is followed by a NsnB-like (NsnB-ATPase) gene, there
is almost always a third gene encoding a hypothetical protein
located immediately downstream. By domain analysis, some
of the third gene products contain known effector domains
at their C-termini, such as Gp49 [59], Ntox18 [23], and PB-
BECRI, a situation similar to the NsnC in the S. silvestris.
For the remaining hypothetical proteins, despite no known
domains recovered in either Pfam or CDD databases, our fur-
ther analysis in a later section confirmed the presence of many
novel toxin/effector domains at their C-termini. Therefore,
based on the conserved association of these three components,
we have identified a comprehensive collection (n = 1997) of
bacterial Menshen systems (Supplementary Table S1).

As many protein domains in our collection of Menshen sys-
tems are uncharacterized, we next sought to systematically
dissect their domain compositions and explore potential struc-
tural and functional diversity. To facilitate this, we used se-
quence similarity-based network clustering via the CLANS
analysis to identify the major sequence families or domains
(Fig. 2B). We found that the three major components of the
Menshen system can be divided into six regions of globular
domains. NsnA proteins possess an optional N-terminal do-
main not found in S. silvestris NsnA (here termed as NsnA-
N for N-terminal), plus ParB-DUF262 (NsnA-M for Mid-
dle), and ParBDB domains (NsnA-C for C-terminal). NsnB
proteins possess the ABC ATPase domain followed by an
o-helical tail (DUF3696 domain), and NsnC possesses sepa-
rate N-terminal and C-terminal domains (NsnC-N and NsnC-
C). Notably, we found that NsnA-N, NsnC-N, and NsnC-C
domains all exhibited exceptionally high sequence diversity,
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while the NsnA-C region displayed some degree of sequence
diversity (Supplementary Figs S1 and S2). The observed di-
versity within specific protein regions is a characteristic fea-
ture of domain polymorphism, a phenomenon evident in poly-
morphic toxin systems that employ domain shuffling, partic-
ularly in the toxin/effector component, to enhance diversity
and facilitate organismal inter-specific and intra-specific com-
petitions [23, 57, 60, 61]. In the following sections, we system-
atically dissected and classified the domain families in Men-
shen using a series of domain-centric protein analysis strate-
gies, including sequence/profile analysis, structural modeling
and comparison, and evolutionary analysis (see the ‘Materials
and methods’ section).

Sequence and structural diversity of NsnA-like
proteins

Upon examining NsnA-like proteins, we found that 77% of
them, including S. silvestris NsnA, either lack any domain or
have only the loop region at their N-termini preceding the core
ParB-DUF262 and ParBDB domains. However, the remain-
ing 23% of NsnA proteins possess additional N-terminal do-
mains. Consequently, we have designated Menshen systems
lacking additional N-terminal domains in NsnA as Type |
Menshen, and those systems whose NsnA possesses additional
N-terminal domains as Type II Menshen (Fig. 2C). Further
exploration through network clustering and structure predic-
tions of NsnA-N sequences within Type II Menshen systems
has led to the identification of at least 33 distinct domain fam-
ilies with unique structures (Figs 2D and 3). Substantial evi-
dence suggests that domains in this region serve as extra sen-
sor domains to recognize components of invading phages: (i)
Domains with a canonical DNA-binding winged Helix-Turn—
Helix (wHTH) fold [62] were the most commonly observed
domains in NsnA N-termini, including eight novel families
(designated ParB superfamily associated Sensor-wHTH, PS-
wHTH families 1 through 8) and the known Mrr_N fam-
ily (Fig. 3A). Notably, Type IIS restriction enzymes are one
example of antiphage systems that utilize wHTH domains
to recognize specific DNA sequences, including BpuJI (PDB:
2VLA) [63] and FokI (PDB: 1FOK) [64]. DALI searches fur-
ther revealed that both Bpu]I and Fokl contain two wHTH
domain copies in their N-terminal regions, which exhibit sig-
nificant structural similarities with PswHTH1 + PswHTH2
and PswHTH3 + PswHTH4 in the Menshen system, respec-
tively; (ii) Three families belong to the restriction endonucle-
ase (REase) superfamily (designated PS-REase1 to PS-REase3;
Fig. 3B), members of which are often nucleases found in R-
M systems. However, REase domains in NsnA lack the PD-
(D/E)XK active site motif, suggesting that they are enzymat-
ically inactive and solely serve to bind DNA [65]; (iii) An-
other three families (PS-B3-1, PS-B3-2, and EcoRII-N) have
a predicted B3 fold (Fig. 3C), the core of which has seven (-
strands (arranged in the order B1-f6-p7-B3-p4-BS5-B2) to
form a pseudo-B-barrel. B3 family domains are DNA-binding
domains often found in plant transcription factors [66]. Nev-
ertheless, some restriction enzymes also use B3 domains as
their recognition domains, such as EcoRII [67] and Bfil [68];
(iv) Compared to the above domains that likely recognizing
unmodified DNA sequences, two types of NsnA-N domains
may bind modified DNA bases. The first one is the PS-Fxn1
(Fig. 3D), which adopts a frataxin-like fold with elements ar-
ranged as afRBPRRx [69]. The second type is PUA domains
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(PS-PUA1 and PS-PUA2; Fig. 3E), which possess a pseudo-3-
barrel that is ordered as 31-B3—f4—35-B2 [70]. Both mem-
bers of frataxin-like and PUA superfamilies are presented in
Type IV R-M systems, where they sense modified phage DNA
[71, 72]; (v) Next, PsTRD1 (Fig. 3F) is another domain with
strong evidence to be a sensor domain, since it shows signifi-
cant structural similarity with the specificity domain of Type
I R-M systems [73, 74].

In addition to the above domain families, we also identified
many other domains in NsnA-N that are not commonly recog-
nized in antiphage systems. Given that they occupy the same
position as the other putative sensor domains in the Men-
shen system, we propose that these uncharacterized domains
also serve as infection sensors. Several NsnA homologs con-
tain two copies of DUF1508 domains (Fig. 3G). We found
the two copies are predicted to form an intrinsic dimer that
is similar to the topology of the sPC4/Whirly superfamily,
many members of which are single-stranded nucleic acid bind-
ing domains [75]. In fact, our recent study has found various
sPC4/Whirly domains are potential sensor domains located
at N-termini of Shedu antiphage nucleases [20]. Further, three
NsnA proteins have the T4SS-DNA_transf domain in their N-
termini (Fig. 3H), which is a member of the P-loop ATPase
family with an «-helical insertion. This domain shares signif-
icant structural similarity with the plasmid conjugative cou-
pling protein TrwB (PDB: 1TEGR_G), which forms a hexamer
and uses a similar o-helical insertion to ensure specificity in
recognizing DNA substrates [76]. Finally, the potential sensor
domains found in NsnA also include five domains (PS-BH1 to
PS-BHS; Fig. 31) that sharing a topology of a curved B sheet
followed by a helix, three domains (PS-S7011-1 to PS-S7011-
3; Fig. 3]) that show structural similarities with region 1.1
of sigma-70 factors [77], and four uncharacterized domains
made of only «-helices (Fig. 3K).

Sequence and structural diversity of NsnC-like
proteins

As the third component of the Menshen system, NsnC-like
proteins display remarkable diversity in both their N-terminal
and C-terminal regions (Figs 2B and D, and 4). Using CLANS
network clustering, we classified NsnC N-terminal regions
into 35 major families, and identified an additional 81 se-
quences that remain ungrouped. Subsequent structural mod-
eling and comparisons among the representative sequences of
these 35 families, as well as ungrouped sequences, revealed
that the majority (97.9%) adopt a PIN domain-like topology
similar to that observed in S. silvestris NsnC, despite sharing
very limited sequence identity (Fig. 4A and Supplementary
Fig. S6). The remaining 2.1% lacked a PIN-like fold and
were characterized by disordered structures with notably low
pLDDT scores, indicating AlphaFold 2 modeling difficulties
due to the absence of homologous sequences. Further se-
quence conservation analysis revealed that all major PIN-like
domains lack the canonical PIN catalytic residues, suggesting
that they may be functionally inactive (Supplementary File 1).
Accordingly, we named these major domain families inPIN1
to inPIN35, of which the one in S. silvestris NsnC is assigned
to the inPIN11 family.

For the C-terminal domains of NsnC, we also detected 15
different families (Fig. 4B-E). Detailed sequence analysis and
structure predictions allowed us to successfully relate these
domains to known protein domain families, with at least 12
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Figure 3. Cartoon representations of diverse sensor domains identified in the NsnA-N region of the Menshen system. (A) wHTH domains. (B) Inactive
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structure is displayed alongside its corresponding NCBI protein accession

number. In cases where distant structural homologs that interact with nucleic acids are available and considered pertinent, their structures are shown
with the name highlighted in box. The structural cores of most domains are colored in firebrick (helices) and teal (strands). However, for the PS-wHTH2
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of these families being likely nucleases. First, nine NsnC-C
domains belong to the BECR (Barnase/EndoU/Colicin/RelE)
superfamily, which share a structural core of one «-helix fol-
lowed by a four-stranded antiparallel B-sheet (Fig. 4B). The
RNase activity of several BECR domain families related to
those found in Menshen systems has been experimentally val-
idated, including Gp49 [59], YoeB [78], and Ntox21 [79]. Sec-
ond, we identified DUF4276 and RloB domains as two novel

members of the Toprim (Topoisomerase/primase) superfam-
ily (Fig. 4C), which exhibit a three-layered o/p topology with
a central sheet arranged in the order of B2-p1-33-34 [80].
Typical Toprim domains, such as RNase M5 (PDB: 6Z2B)
[81] and those found in OLD nucleases (i.e. PDB:6NKS8) [82],
are characterized by a conserved glutamic acid on the al-
B1 loop and a conserved DxD motif after the B3 strand;
all these catalytic residues are also observed in the Menshen
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DUF4276 and RloB domains (Fig. 4C). Notably, both ho-
mologs of DUF4276 (Mad4) and RloB have been shown to be
components of other antiphage systems, such as methylation-
associated defense system [83] and Type I R-M systems [84],
consistent with their predicted effector roles in Menshen. Fur-
ther, the PB-PLD1 domain (ParB-associated PLD1-like) rep-
resents a third class of potential nucleases in NsnC-C do-
mains (Fig. 4D). The predicted structure of PB-PLD1 exhibits
strong structural similarity and profile similarity to several
nucleases within the phospholipase D superfamily, including
MIT_C (PDB: 2YMB; DALI Z-score: 11.4; HHsearch proba-
bility: 89%), NucT nuclease (PDB: 6EHI; DALI Z-score: 8.9)
[85],and Tyrosyl-DNA phosphodiesterase (PDB: 6DIH; DALI
Z-score: 8.7) [86]. Notably, the catalytic site of PB-PLD1, in-
volving a conserved aspartic acid/glutamic acid after the 32
strand and a conserved HDR motif before the 5 strand, is
highly similar to that of the MIT_C domain in the MITD1
protein [87], which we further found in the C-termini of many
BrxL proteins (e.g. WP_019470419.1) of the BREX antiphage
system [88]. This raises an interesting hypothesis that both
MITD1 and BrxL are enzymatic proteins, which requires fur-
ther study.

The remaining three Nsn-C domains—DUF4160
(PF13711), PB-UF1 (Unknown Fold 1), and DUF2103-
like—display distinct topologies, and DALI searches using
our predicted structures retrieved no confident structural
homologs. However, an analysis of their domain architec-
tures and gene neighborhoods provides evidence that they
also function as effector components in other toxin systems
(Fig. 4E). The majority of DUF4160 domains are found
in single-domain proteins, which are typically followed by
proteins containing DUF2442 domains within the same
genomic loci. A homologous DUF4160/DUF2442 pair has
been identified as a novel TA system in Dickeya dadantii 3937
strain [89]. The PB-UF1 domain is located at the C-termini
of polymorphic toxin proteins secreted via the Type VI se-
cretion system, often followed by Imm15 immunity proteins
(Fig. 4E). The DUF2103-like domain is associated with the
PDEXK domain (Cas_APE2256) in the RAMP-2 subtype of
CRISPR/Cas loci (i.e. WP_193942373.1 from Sphaerosper-
mopsis aphanizomenoides). Its distant homolog, DUF2103,
has been implicated in Type III CRISPR-Cas antiviral systems
[90].

Thus, the highly conserved architecture of all NsnC pro-
teins, comprising N-terminal inPINs and diverse C-terminal
effector domains, strongly supports our hypothesis that NsnC
functions as the effector in the Menshen system. We propose
that once activated, Menshen systems degrade nucleic acids,
most likely RNAs, of the invading phage and/or the bacterial
host. Consistent with this hypothesis, the N-terminal RNA-
binding inPIN domains in NsnC could serve as target recog-
nition modules for phage RNAs. The rampant sequence diver-
sity observed in inPIN domains indicates they have undergone
extensive positive selection, reflecting the ongoing arms race
between bacteria and phages.

Protein-protein interactions in the Menshen system

To gain insight into the oligomeric state and interactions
between Menshen components, we performed AlphaFold 3
structure predictions for homo- and hetero-oligomeric com-
plexes of NsnA, NsnB, and NsnC from S. silvestris StLB046,
and used the interface predicted template modeling (ipTM)
score to judge the likelihood of complex formation. ipTM

scores below 0.6 indicate a failed complex prediction, and
scores above 0.8 indicate a confidently-predicted complex
[91]. NsnA was not predicted to form a complex either
with itself, NsnB, or NsnC (Supplementary Table S2). Pre-
dictions of NsnB homo-oligomers showed higher confidence,
with the highest ipTM score (0.87) obtained with a pre-
diction of an NsnB homotetramer plus ATP and Mg?*
(Supplementary Table S2). NsnB was also predicted to inter-
act with NsnC, with an NsnB4(ATP-Mg?*)-NsnC, complex
showing the highest ipTM score of 0.81. In this model, the
NsnB homotetramer is assembled through two symmetric in-
terfaces, one of which (interface 1) is equivalent to the canon-
ical ABC ATPase dimer interface, and the second (interface
2) positioned orthogonal to interface 1 (Fig. SA). A structural
similarity search using the Foldseek server in Multimer mode
[92] revealed that the predicted NsnB homotetramer is struc-
turally equivalent to the observed homotetramer assembly of
GajA, the ABC ATPase subunit of the Gabija antiphage system
(Fig. 5B). In the GajA tetramer, interface 1 involves both the
N-terminal ABC ATPase domain and the C-terminal toprim-
family nuclease domain, and ATP binding to the GajA ATPase
domains is thought to allosterically control nuclease activity
of the toprim domain [93, 94]. In the predicted NsnB4—NsnC,
structure, ATPase dimer interface 1 positions two NsnB C-
terminal DUF3696 domains close to one another, where they
sandwich the NsnC inPIN11 domain through an asymmetric
interaction (Fig. 5C). This arrangement—an ABC ATPase ho-
modimer bound asymmetrically to a single effector protein—
has been recently observed in two other antiphage systems:
Septu and PARIS. In Septu, the PtuA ATPase forms a homo-
hexameric assembly with three PtuA dimers, two of which
bind a PtuB nuclease protomer between two PtuA C-terminal
domains (Fig. 5D) [95]. In PARIS, the AriA ATPase forms
a homohexameric assembly with three AriA dimers, each of
which bind a single AriB nuclease subunit via a surface on
the dimer interface of the AriA ATPase domain (Fig. SE) [96,
97].In both Septu and PARIS, ATP binding and/or hydrolysis
by the ABC ATPase subunit (PtuA/AriA) is thought to regu-
late the activity of the bound nuclease subunit (PtuB/AriB),
either by conformational changes (Septu) or by nuclease sub-
unit release (PARIS). Thus, the predicted NsnB4—NsnC; struc-
ture shares key architectural similarities with three other an-
tiphage systems—Gabija, Septu, and PARIS—and suggests a
mechanism by which ATP binding and/or hydrolysis by NsnB
could regulate NsnC activity, either allosterically via coupled
conformational changes, or by triggering binding or release of
NsnC.

To determine whether the predicted NsnB-NsnC interac-
tion is conserved across diverse Menshen systems, we per-
formed AlphaFold 3 structure predictions on 24 additional
NsnB4(ATP-Mg?*)-NsnC, complexes representing 10 dif-
ferent NsnC-N inPIN domain families and all 15 NsnC-
C effector domain families. AlphaFold 3 produced high-
confidence models (ipTM > 0.8) in eleven cases, and medium-
confidence models (ipTM between 0.6 and 0.8) in 10 cases
(Supplementary Table S3). All 24 models showed a consis-
tent NsnB tetrameric assembly, and 23 of 24 models showed
each pair of NsnB dimers binding an NsnC N-terminal do-
main asymmetrically through their C-terminal DUF3696 do-
mains (Supplementary Fig. S7). Overall, these predictions sug-
gest that despite the high sequence and structural diversity in
NsnC-N domains, these domains likely interact with NsnB
in a structurally equivalent manner via the NsnB DUF3696
domain.
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Supplementary Fig. S7 for PAE plot and for models of 24 additional NsnB4(ATP-Mg?*)-NsnC, complexes. (D) CryoEM structure of E. coli Septu, showing
two protomers of PtuA (blue/yellow and gray) bound to one protomer of PtuB (green) (PDB ID: 8EEA) [103]. (E) CryoEM structure of E. coli PARIS,
showing two protomers of AriA (blue and gray) bound to one protomer of AriB (green) (PDB ID: 8V46) [96].

Evolution of the Menshen system

In light of the extensive diversity and polymorphism observed
in three regions of the Menshen system (Fig. 2D), we sought
to unravel its likely evolutionary trajectory. We constructed a
phylogenetic tree of the ParB-DUF262 domains collected from
all the Menshen loci and examined the distribution patterns
of the associated NsnA-N, NsnC-N, and NsnC-C domains,
along with the bacterial lineages in which they are found (Fig.
6A). Notably, the majority of the loci across the entire tree
belong to Type I Menshen, characterized by the absence of
the NsnA-N domain, and possess inPIN1 and PB-BECR1 do-
mains in NsnC. Based on its frequency among Menshen sys-
tems, we propose that this domain arrangement in NsnA and
NsnC represents the ancestral state of the Menshen system,
which was subsequently augmented by addition of NsnA-N
domains and diversification of NsnC.

Our analysis revealed a complex diversification process
during evolution of Menshen, involving domain acquisition,
shuffling, loss, and gene transfers. First, the emergence of
the Type II Menshen instances appears to be largely shaped

by clade-specific recruitment of NsnA-N sensor domains by
Type I Menshen systems (Fig. 6A). Moreover, we observed,
beyond the prevalent inPIN1 and PB-BECR1 domains, nu-
merous closely related ParB-DUF262 domains exhibited as-
sociations with distinct NsnC-N inPIN domains and NsnC-
C effector domains. This suggests that extensive domain
shuffling/diversification has occurred to replace ancestral ver-
sions with new variations during evolution. Additionally, the
acquisition of the same sensor domains in NsnA-N and the
substitution of the same effector domains in NsnC-C oc-
curred independently and repeatedly. Examples include the
PsPUA1 domain and the Ntox18 domain, which are dis-
tributed at multiple positions in the phylogenetic tree (Fig.
6A). We also note certain instances of domain loss follow-
ing domain acquisition and shuffling for either NsnA-N sen-
sor, NsnC-N inPIN, or NsnC-C effector domains (Fig. 6A and
Supplementary Table S1). Finally, the presence of mixed bac-
terial lineages within the same phylogenetic clade of ParB-
DUF262, combined with the similar domain architectures of
NsnA and NsnB, suggests extensive gene transfer events of
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Menshen during evolution (Fig. 6A). These events might have
also facilitated the domain acquisition and shuffling that we
have observed in the system.

The observed complex diversification patterns (Fig. 6B—
D) likely reflect the ongoing arms race between bacteria and
phages. First, the independent recruitment of distinct, addi-
tional NsnA-N sensor domains to the existing ParB-DUF262
and ParBDB domains likely represent an adaptative strategy
of Menshen to expand its ability to sense specific phage DNA
elements. These new sensors are likely crucial for Menshen
to retain activity as phage inevitably evolve mechanisms to
evade the basal recognition provided by the ParB-DUF262
and ParBDB domains. Second, the continuous shuffling and
diversification of the NsnC-N inPIN domains and NsnC-C
effector domains could also be a strategy to combat evolv-
ing phage resistance, especially given that phage molecules
targeted by antiphage systems can evolve rapidly [98]. This
accounts for Menshen loci that either share the same effec-
tor domain but differ their inPIN domains (e.g. PS-wHTHS-
PB-BECR1-containing loci) or have the same inPIN domain
followed by different effector domains (e.g. loci led by PS-
BH2 sensors). Last, the sporadic domain loss in Menshen
systems, potentially through pseudogenization of sensor, in-
PIN, or effector domains, could contribute to the development
of phage tolerance, a bacterial adaptation to gain advantage
from phages in specific environments.

Taxonomic distribution of Menshen and its
association with other antiphage systems

An analysis of the taxonomic distribution of species contain-
ing the Menshen operons revealed that Menshen is widely
distributed across a diverse range of bacteria, spanning
at least 27 different phyla (Fig. 7A and Supplementary
Table S1). These include gammaproteobacteria (33.1%),
bacteroidota (15.47%), actinomycetota (12.47%), bacillota
(9.91%), cyanobacteriota (8.16%), and alphaproteobacteria
(5.76%). This broad distribution highlights the prevalence
and significance of the Menshen system across the bacte-
rial kingdom. Our analysis also showed that most bacte-
rial genomes contain a single version of the Menshen sys-
tem. Notably, many genomes from the same genus harbor
distinct versions of the system (Fig. 6E-G), suggesting that
Menshen is typically unique to each genome. However, we
identified 53 genomes spanning a wide range of bacterial
lineages that carry two or three distinct Menshen systems
(Fig. 2C). This retention of multiple variants within the same
genome may enable bacteria to defend against diverse phages,
providing a broader and more versatile antiphage defense
strategy.

Menshen systems are also frequently associated with other
antiphage systems in their gene neighborhood. About 27.9%
of Menshen operons are linked with systems such as BREX,
Type I and Type III R-M systems, and various methylase genes
(Fig. 7B-F). This association supports the role of Menshen
as an antiphage system and indicates potential cooperative or
complementary interactions with these R-M and R-M-like sys-
tems. It is worth noting that for Menshen operons associated
with methylase genes, we also often find other nuclease genes
in proximity. These nuclease genes could potentially serve as
restriction components for the methylases. However, there are
instances where nucleases are absent, raising questions about
whether the associated methylases are primed for their role
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in conjunction with the Menshen systems, wherein the ParB-
DUF262 domains may target non-modified genomes.

Final remarks

Our detailed investigation has led to a comprehensive dis-
section of the Menshen antiphage system, revealing its com-
plex architecture involving NsnA, NsnB, and NsnC proteins.
Notably, extensive polymorphism is observed in the domain
compositions of NsnA and NsnC, underscoring the system’s
evolutionary adaptability. NsnA is characterized by the core
ParB-DUF262 and ParBDB domains, along with multiple N-
terminal DNA-binding domains. The shared DNA-binding ca-
pabilities of these domains—ParB-DUF262, ParBDB, and var-
ious N-terminal DNA-binding domains—strongly suggests
that NsnA acts as the sensory module of the system, primarily
detecting phage genomic DNA. This detection likely serves as
the initial trigger for system activation. NsnC exhibits exten-
sive polymorphism in its N-terminal inPIN domains, which
are predicted to possess RNA-binding activity, and in its C-
terminal effector domains, most of which are RNases. These
features strongly support the hypothesis that NsnC acts as the
effector component of the system, with RNA molecules likely
being its primary targets. The pronounced polymorphism of
NsnC likely reflects an evolutionary arms race between phage
and bacteria, suggesting that NsnC may specifically target
phage-encoded RNAs. However, our analysis cannot defini-
tively predict whether Menshen targets phage RNAs or in-
stead acts on host RNAs as part of an abortive infection-like
defense strategy.

Additionally, our analysis of protein-protein interactions in
Menshen suggests that NsnB serves as a transducer for sig-
nal transmission from the sensory (NsnA-like) to the effector
(NsnC-like) components. We find that NsnB is predicted to
form a homotetramer like that of the GajA ATPase subunit
of Gabija, and is predicted to bind NsnC in a manner simi-
lar to that of Septu and PARIS, two other antiphage systems
incorporating ABC ATPases and toxin effectors. In Gabija,
the GajA ATPase domain is thought to regulate its C-terminal
toprim nuclease domain [93, 94], and in both Septu and PARIS
the ATPase subunit regulates the activity of the bound nu-
clease toxin [95-96]. Relatedly, in antiphage systems involv-
ing RloC [99] and PrrC [100], activated ABC ATPases are
also known to regulate nuclease domains. We hypothesize that
NsnB controls NsnC activity through either coordinated con-
formational changes or NsnC binding/release that are cou-
pled to ATP binding and/or hydrolysis. Unfortunately, our
analysis does not yield a definitive hypothesis regarding how
NsnA signals to NsnB. However, in analogous systems like the
ParABS and SMC chromosome-partition complexes, the ParB
component relies on DNA binding to modulate the activity of
an associated ATPase, either the ParA ATPase [101, 104, 105]
or the SMC ATPase [101, 102]. By analogy, it is plausible that
in Menshen, NsnA, upon binding DNA, similarly stimulates
the ATPase activity of NsnB.

Consequently, we can propose a unified model of Men-
shen’s mechanism of action, despite its diversity in domain
composition. In both Type I and Type Il Menshen, NsnA pro-
teins detect invading phage DNAs via ParB-DUF262, ParBDB,
and NsnA-N domains, acting as the initiators of the response.
Then NsnAs activate the NsnB-like ABC ATPase, which func-
tion as inducers to drive the activation of the NsnC effec-
tor proteins. These effectors, armed with inPIN domains, are


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf357#supplementary-data

14 Li et al.

Actinomycetota

12.47%
Bacteroidota Bacillota
15.47% 9.91%
Mysterious operons
17.73% Methylase associated
Cyanobacteriota 8.16% [ | Type | RM associated
Alphaproteobacteria 5.76% .
Gammaproteobacteria Epsilonproteobacteria 4.26% I Type Ill RM associated
33.1% Betaproteobacteria 2.85% Il BREX associated
Deltaproteobacteria 1.8% 72.06%
Actinobacteria 1.15% s Known defense
Firmicutes 1% Mysterious operons
Other phyla 3.41%
Unclassified 0.65%
n = 1997 instances after filtering
C BREX
Menshen
BrxL Pglz NsnC NsnB NsnA PgIX BrxC BrxB BrxA
Desulfobacula toluolica K ‘
Tol2: NC_018645.1
T T T
3360K 3365K 3370K
BREX Menshen
L
r \
Endozoicomonas BrxA BrxB BrxC PgIX PglZ BrxL NsnA NsnB NsnC
0 ) )
NZ_PJPV01000024.1
I T T T
15K 20K 25K
Type | RM
D Menshen
Campylobacter sp. NsnA NsnB  NsnC
NZ_MJLK01000002.1 - NsnA
T T
60K 65K
Type | RM [ o]
o ®
Q. —
Menshen 23 - NsnC
2=
aQ .
Bacteroides sp. NsnA NsnB  NsnC |:> Other antiphage
OF04-15BH: S D R systems
NZ_QUEM01000010.1
T
90K 95K
E Menshen
— Type Il RM
NsnC NsnB NsnA DndD r = \ integrase
Bacteroides clarus: <:K K { K R K M ‘ Type IIl RM
NZ_CALIXP010000041.1 Associated
T T
5K 10K
F Menshen
PS-wHTH6 DNA  PS-wHTHS r
Enterobacter cloacae HNH_2 Vsr  methylase REase NsnC  NsnB NsnA transposase

subsp. dissolvens:
NZ_LEDR01000019.1

D@ -:>--— LK ]

g
40K s 3
2
Menshen %3
r - \ 2o
Chamaesiphon minutus NsnA NsnB NsnC ~ Uma2 Uma2 N-6 DNA methylase DEAD/DEAH box helicase § §
PCC 6605: DD
NC_019697.1
T T T
1825K 1830K 1835K
Menshen
A \ DNA GMP beta  lon Na+/H+
NsnC NsnB NsnA methylase reductase barrel channel  antiporter
& C ] DOC
NZ_RHO0OZ01000007.1 ss
== - Methylases
5K 10K °3
2
cl
Menshen 82 |:> Nucleases
Reverse conjugal transfer genes . y DNA . O O
transcriptase NsnC NsnB NsnA methylase integrase 29
» o

Escherichia coli:
NZ_JICD01000013.1

L > 1 [T

|

25K

Figure 7. (A) A statistical summary of the taxonomic distribution of genomes containing the Menshen system. (B) A statistical summary of various types

30K

pejenossy

X349

of genomic neighborhoods of the Menshen system. Representative examples of gene neighborhoods of the Menshen system associated with the
BREX antiphage system (C), Type | R-M system (D), Type Ill R-M system (E), and the methylase-nuclease pairs or solitary methylases (F).



likely designed to recognize and degrade specific nucleic acids.
Our identification of distinct domains, their predicted func-
tions, and the hypothesized interactions within the Menshen
system provides a valuable framework for understanding its
role in bacterial antiphage defense. We anticipate that these
insights will inspire experimental validation and more sophis-
ticated investigations into Menshen’s diverse mechanisms and
evolutionary dynamics.
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