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Bacterial Hachiman complex executes DNA
cleavage for antiphage defense
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Bacteria have developed a variety of immune systems to combat phage
infections. The Hachiman system is a novel prokaryotic antiphage defense
system comprising HamA and HamB proteins, which contains the DUF1837
and helicase domains, respectively. However, the defense mechanism remains
only partially understood. Here, we present the cryo-electron microscopy
(cryo-EM) structure of the Hachiman defense system featuring a fusion of
Cap4 nuclease domain within HamA. Further structure analysis indicates that
the DUF1837 domain on HamA resembles the PD-(D/E)XK nuclease but lacks
active sites. Bioinformatics analysis reveals that catalytically inactive DUF1837
domains often recruit other functional domains to fulfill anti-phage defense.
HamaA interacts with HamB to form a heterodimer HamAB to mediate ATP
hydrolysis and execute DNA cleavage, thus implementing antiphage defense.
Our findings elucidate the structural basis of the Hachiman defense complex,

highlighting the critical roles of the helicase and nuclease in prokaryotic

immunity.

Bacteriophages, as viruses specifically infecting bacteria, constitute
the most abundant organisms on Earth'% To proliferate in phage-rich
environments, bacteria have evolved multiple defense mechanisms to
counteract phage infection’>. Phage defense systems in bacterial
genomes are frequently clustered together and termed as “defense
islands”®. In recent years, more than one hundred novel bacterial anti-
phage systems have been identified, such as Thoeris, cyclic
oligonucleotide-based anti-phage signaling system (CBASS), retron,
Gabija, RADAR, and pAgo’'. These systems employ various strategies
to inhibit the phage reproduction cycle, such as nucleic acid degra-
dation, nucleotide modification, and membrane disruption'”>. Bac-
terial defense systems mainly including CBASS system, Avs system,
Type Il CRISPR system, and Lamassu system, all of which commonly
utilize nucleases to combat invasive genetic elements, such as phages
and plasmids, during the immune response process’'>**%, These
nucleases tend to be part of large protein complexes with a variety of
enzymatic activities”?* ¢, Helicases and nucleases always work toge-
ther to establish a cooperative defense against phage attacks®***,

Nhi, a nuclease-helicase protein, confers immunity against diverse
staphylococcal phages and prevents phage DNA accumulation in
cells®. The helicase/nuclease Hna provides defense against phages in
Sinorhizobium meliloti*°. The SF2 helicase/nuclease Cas3 can interfere
virus in type I CRISPR-Cas systems*”*$, However, the molecular basis of
these defense systems containing nuclease and helicase domains
remains to be fully explored.

The Hachiman system is a bacterial defense system, and it is dis-
tributed in -4% of bacterial genomes encompassing nearly 2000
species’. This defense system comprises two genes: hamA, encoding a
protein with a domain of unknown function (DUF1837), and hamB,
encoding a protein with a predicted helicase domain. Based on
bioinformatics analysis, Payne et al. classified the Hachiman systems
that contain only HamA and HamB as type I, while 3.8% of Hachiman
systems that include HamA, HamB, and HamC (DUF3223) were refer-
red to as type 11*°. The Hachiman system has been reported to provide
broad anti-phage defense functions’****°, For example, the Hachiman
operon from Bacillus cereus B4087 is expressed in Bacillus subtilis,
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conferring defense against three major families of Bacillus phages’.
However, the related molecular mechanisms of Hachiman systems
remain incompletely understood.

In this study, we constructed a phylogenetic tree based on 1781
representative HamA sequences identified by Doron et al.’, classifying
the type | Hachiman defense system into four distinct subtypes (type
I-A to I-D). The type I-A Hachiman defense system contains only the
DUF1837 domain in HamA, while the other three subtypes include an
additional N-terminal domain. We determined the cryo-EM structure
of the type I-B Hachiman defense system, which features a fusion of the
N-terminal Cap4 nuclease domain within HamA. Structural analyzes
reveal that the conserved DUF1837 domain in HamA resembles the PD-
(D/E)XK nuclease, enabling the degradation of diverse DNA substrates.
HamA recruits auxiliary functional domains, such as Cap4 endonu-
clease, for antiphage defense when its DUF1837 domain loses catalytic
activity. HamB is a typical SF2 helicase with two RecA-like domains,
exhibiting ATP hydrolysis activity in the presence of DNA, and this
activity is significantly enhanced upon binding to HamA. HamA and
HamB form a binary complex to exert antiphage activity collabora-
tively. Additionally, the HamAB complex in the type I-A Hachiman
system also exhibits nuclease activity and contributes to phage
defense functions.

Results

Hachiman system provides defense against phages

To investigate the anti-phage mechanisms of the Hachiman system, we
initially analyzed this system located in the region of prophage CP4-57
in Escherichia. coli K12 strain, which comprises the HamA (AbpA) and
HamB (AbpB) proteins®. HamA and HamB exhibit broad conservation
across bacterial species. HamA comprises a predicted Cap4 endonu-
clease domain and a functionally unknown domain DUF1837, and
HamB contains a DEAD-box helicase domain (Fig. 1a). The coding
sequences of HamA and HamB overlap by four base pairs. We intro-
duced the entire HamAB operon (along with its native promoter) into
the pACYC184 plasmid and evaluated the HamAB-mediated defense
against a panel of 50 phages using the E. coli strain (MG1655 AhamAB).
Our results show that the Hachiman system in E. coli affords 10- to
10,000-fold protection against a broad spectrum of phages from
various genes. HamAB shows a strong defense phenotype against
Hanrivervirus and Warwickvirus phages with a >1000-fold efficiency of
plating (EOP) reduction and against T1 and Dhilonvirus phages with a
>100-fold EOP reduction, whereas a less strong defense phenotype
against T7 and M13 phage (Fig. 1b and Supplementary Fig. 1).

To determine whether the Hachiman system functions through an
abortive infection mechanism, we challenged the bacteria with phages
at varying multiplicities of infection (MOIs). The Hachiman system
demonstrated protection, particularly against phages T1 or TPO41 at
low MOIs, whereas at a high MOI, premature culture collapse occurred
with the vast majority of cells infected by the initial TP0O41 phage attack
(Fig. 1c, d), indicating that the Hachiman system operates through an
abortive infection strategy, causing the death of infected cells before
the maturation of phage progeny®’.

Cryo-EM structure of the Hachiman complex
To elucidate the defense mechanism underlying the Hachiman system,
we determined the structure of the HamA and HamB complex using
single-particle cryo-electron microscopy (cryo-EM). HamA generates a
538-amino acid (aa) protein, while HamB produces a 729-aa protein
(Fig. 1e). The size-exclusion chromatography analysis showed that
HamA and HamB were successfully assembled into a complex HamAB
through the recombinant expression and purification (Supplementary
Fig. 2a). Subsequently, we resolved the cryo-EM structure of the
HamAB complex at a resolution of 3.1 A (Supplementary Fig. 2b-e).
The cryo-EM structure of the HamAB complex reveals that HamA
and HamB form a stable heterodimer in a 1:1 stoichiometry, with an

interface area of ~2560 A2 (Fig. 1f, g). HamA comprises an N-terminal
predicted nuclease domain (residues 1-252) and a C- terminal DUF1837
domain (residues 253-538, Fig. 1e). The N-terminal domain contains a
central four-stranded mixed (3 -sheet edged by a-helices on each side,
forming a scaffold for the active site assembly (Fig. 2a and Supple-
mentary Fig. 3a). The structure and topology of N-terminal domain is a
restriction endonuclease-like fold, with catalytic residues (aspartic
acid, glutamic acid, and lysine) situated in a characteristic central 3
strand. Structural comparisons of the N-terminal domain and the
restriction endonuclease HindIlI-DNA complex show structural simi-
larities and shared catalytic residues, suggesting that HamA belongs to
the PD-(D/E)XK nuclease-like superfamily (Supplementary Fig. 3b)***.
DALI analysis of the HamA N-terminal domain structure reveals its high
similarity to the Cap4 and SeAvs3 nucleases, with Z-scores (the amount
of structural similarity) of 11.9 and 10.7, respectively. These two
nucleases separately serve as phage-activated DNA endonucleases in
the CBASS and AVAST defense systems’?. Sequence alignment of
HamA-Cap4 and Cap4 enzymes from CBASS systems confirms the
presence of all putative active-site residues (D45, Q58 and Ké60)
essential for metal coordination (Fig. 2b and Supplementary Fig. 3¢). In
agreement with these observations, alanine substitutions at the con-
served active sites within the HamA Cap4 nuclease motif resulted in
the complete loss of Hachiman defense activity in E. coli*’ (Fig. 2c, d
and Supplementary Fig. 3d). These data suggest that HamA might
function as a PD-(D/E)XK nuclease enzyme.

The HamB protein encompasses three distinct domains, namely,
N-terminal domain, helicase core, and C-terminal helical domain
(Fig. 2e). The N-terminal domain of HamB exhibits similarity to the TPR
(tetratricopeptide repeat) motif (Supplementary Fig. 4a, b), and this
motif is characterized by pairwise alpha-helices linked by a loop,
facilitating protein-protein interactions™. HamB, belonging to the
super-family 2 (SF2) helicase family®, contains RecA-fold domains 1
and 2 which collectively include 7 conserved helicase sequence motifs
necessary for ATP hydrolysis and nucleic acid binding (Fig. 1e and
Supplementary Fig. 5). The structure of the RecA domain of human
RNA helicases RIG-1 and MDAS5 exhibit similarity to that of the RecA
domain of HamB, with a root mean square deviation (RMSD) of 4.01
and 3.73 (over 168 Co atoms), respectively (Supplementary
Fig. 4c-€)**”. Point mutations in the conserved residues that con-
stitute the ATP binding site (G127A/K128A/S129A) in the helicase motif
I completely abolished defense activity of HamAB (Fig. 2c, d, f). Taken
together, these results suggest that the ATP binding is essential for the
antiphage defense of the Hachiman system®.

The structure of HamAB complex reveals that HamA and HamB
adopt a heterodimer conformation via extensive hydrogen bonding and
salt-bridge interactions across three distinct interfaces (interfaces 1, 2,
and 3) (Fig. 2g). Interface 1 includes the Cap4 nuclease domain of HamA
(residues 31-34) and the TPR1 repeat (residues 31-33) of HamB. Interface
2 comprises the Cap4 domain of HamA (residues 180-251) and the RecAl
domain of HamB (residues 256-271). Finally, Interface 3 consists of the
DUF1837 domain of HamA (helices a8-10, strands $5/6/9) and the TPR
domain (helices 2/4/6) of HamB (Fig. 2h).

To evaluate the importance of HamA-HamB interfaces, we
examined HamA-HamB interactions and phage defense function
through HamAB truncations and point mutations. Consistent with
our observations of the HamAB complex structure, pull-down assays
show that the truncation of the DUF1837 domain in HamA completely
deprives HamA of its ability to bind to HamB in vitro. Likewise, the
deletion of the TPR repeats from HamB hinders the in vitro formation
of the HamAB complex (Supplementary Fig. 6a). Specifically, the
HamA residues R428, 1432, D437, E369, E374, Y367, D433, R346,
D305, D316, and R328 show hydrogen bond interactions with HamB
S18/N21, N27, Y36, H56, T57/T58, N62, K66, D83, R86, Y91 and R92,
respectively (Fig. 2h). Consistent with the observed interaction mode
of HamAB, alanine substitutions at residues N62/K66 and Y91/R92
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Fig. 1| Hachiman system provides defense against diverse phages. a Schematic
of the Hachiman system gene cassette from Escherichia coli strain K-12. b Anti-
phage defense phenotype of E. coli strain MG1655 (AhamAB) expressing Hachiman
system with a native promoter. Fold defense was measured through serial dilution
spot test. Each assay was performed with two replicates (detailed data in Supple-
mentary Fig. 1). Growth curves for E. coli MG1655 strain expressing the Hachiman
system or an empty vector, infected with phages T1(c) or phage TP041 (d) at an MOI

90°

of 0, 0.02, or 2. Data are mean + SD of three technical replicates and are repre-
sentative of two independent experiments. € Domain organization of HamA and
HamB proteins of Hachiman system from the Escherichia coli str. K-12 genome.

f Cryo-EM density map of the HamAB complex. g Cartoon of structural model of the
HamAB complex. Blue, HamA-Cap4 domain; Green, HamA-DUF1837; Purple, HamB-
NTD; Brown, RecA-1 domain; Yellow, RecA-2; Cyan, HamB-C helical.

within the TPR repeats hinders the formation of the HamAB complex
and diminishs the protection against phage infection (Fig. 2i and
Supplementary Fig. 6b). These findings indicate that the N-terminal
TPR domain of HamB is responsible for HamA binding and phage
defense, which is in line with a recent report on Hachiman system®,
Mutations in the DUF1837 domain of HamA (D305A, R346A, R428A,
and D433A/D437A) result in loss or decrease of phage resistance
(Fig. 2i). Thus, these results highlight the essential role of the com-
plex assembly of HamA and HamB in anti-phage defense via the
Hachiman system.

ATPase activity is critical for the Hachiman function

Helicases are characterized by a set of essential conserved motifs
integral to their activity. These enzymes typically comprise two RecA-
like domains responsible for ATP binding and hydrolysis®. Considering
the pivotal role of ATP binding sites in the antiviral function of the
Hachiman system, we performed a malachite green assay in vitro to
investigate HamB'’s ATPase activity. Since nucleic acid often enhances
the ATPase activities of helicases, we examined ATP hydrolysis with
various DNA and RNA substrates. The results indicate that HamB cat-
alyzes the release of inorganic phosphate from ATP, with 52-bp dsDNA
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Fig. 2 | Cryo-EM structure of the HamAB complex. a Cartoon schematic and cryo-
EM structure of HamA in HamAB complex. HamA contains an N-terminal Cap4
endonuclease domain (blue) and a C-terminal DUF1837 domain (green). b Enlarged
view of the nuclease active sites of Cap4 endonuclease domain. Phage spot test of
phage T1 (c) and phage TP041 (d) infection on E. coli strain MG1655 containing
empty vector, Hachiman system, or mutant Hachiman systems, with three biolo-
gical replicates. Source data are provided as a Source Data file. e Cartoon schematic

and cryo-EM structure of HamB in HamAB complex. fEnlarged view of key residues
mediating HamB ATP binding. g Interactions between HamA and HamB. The insets
indicate the three key interfaces (Interface 1, 2, and 3). h Enlarged views of Interface
1, Interface 2, and Interface 3, exhibiting key residues on the interfaces. i Phage spot
test of T1 phage infection on E. coli MG1655 expressing wild-type Hachiman system
(HamAB) or expressing mutant HamA/HamB, with two biological replicates. Source
data are provided as a Source Data file.

fragment as substrate. Conversely, substrates such as 52-nt ssDNA,
pUCI19 plasmid dsDNA, phage ®X174 ssDNA, 1200 bp dsDNA, and 21-nt
ssRNA fail to significantly enhance HamB'’s ATPase activity. Mutation of
the ATP binding sites of HamB led to a complete loss of ATPase activity
(Fig. 3a). To explore the effects of HamA on HamB ATPase activity, we

quantified the release of inorganic phosphate from ATP hydrolysis
based on the assays of HamA, HamB, and HamAB complex, respec-
tively. Our analysis demonstrates that the ATPase activity of HamAB
complex is significantly enhanced in the presence of 52-bp dsDNA,
showing an almost tenfold increase relative to that of HamB alone
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Fig. 3 | ATPase and nuclease activity of HamAB complex. a ATPase activity assay
of HamB in the presence of various DNA and RNA substrates, including 52-bp
dsDNA, 52-nt ssDNA, phage TP041 genome dsDNA, pUC19 plasmid DNA, phage
®X174 genome ssDNA, PCR-amplified pUC19 1200-bp DNA, and 21-nt ssRNA
(sequences listed in Supplementary Table 2). b ATPase activity of HamA, HamB, and
HamAB complex proteins at 50 nM and 500 nM concentrations in the presence of
52-bp dsDNA. All reactions were performed at 30 °C for 30 min. Data are shown as
the mean + SD (n =3). Two-sided Student’s t-test was used for statistical analysis. P
values are indicated above the plots. P < 0.05 was considered statistically sig-
nificant. ¢ ATPase activity of HamAB and its mutants in the presence of 52-bp
dsDNA. Data are shown as the mean +SD (n =3). Two-sided Student’s t Test was
used for statistical analysis. P values are indicated above the plots. P<0.05 was
considered statistically significant. DNA unwinding assays of HamB (d) and HamA*B
(e) on substrates with a 15 bp duplex and forked 15 nt, 15 nt 3’ overhang, 15 nt 5’
overhang, or no overhang. DNA substrates are labeled with 5' FAM. Substrates

heated to 95 °C for 10 min were used as a positive control. Native gels are repre-
sentative of three independent replicates. f Nuclease activity of HamA, HamB,
HamAB complex, and HamAB mutant proteins. All reactions were performed at
37 °C for 30 min. Phage genome DNA was used as the substrate. These experiments
were performed three times with equivalent results, and the representative results
were shown. g Nuclease activity of HamAB in the presence of different metal ions,
including MgCl,, MnCl,, CaCl,, CuCl,, CoCl,, ZnCl,, or BaCl,. All reactions were
performed at 37 °C for 30 min. Phage genome DNA was used as the substrate. These
experiments were performed twice with equivalent results, and the representative
results were shown. h DNA cleavage activity by HamAB in the presence of different
substrate DNAs, including PCR-amplified pUC19-1200 bp DNA, pUC19 plasmid
DNA, ®X174 genome ssDNA, TP041 phage genome dsDNA, and MG1655 bacteria
genome dsDNA. Black stars indicate the cleavage products. These experiments
were performed three times with equivalent results, and the representative results
were shown.

(Fig. 3b). In addition, the mutations of the conserved catalytic sites in
HamA do not affect HamAB ATPase activity, whereas the mutation of
ATP binding sites in HamB results in a complete loss of hydrolysis
activity of HamAB (Fig. 3¢). This indicates that ATP hydrolysis by HamB
is essential for Hachiman activity, which is in accordance with our
phage infection assay (Fig. 2c, d).

The HamB structure reveals an SF2 helicase core containing two
RecA-like helicase domains. To determine whether HamB possesses
helicase activity, we incubated HamB with various DNA duplexes in the
presence of ATP and Mg?. The results show that HamB does not
unwind overhang substrates or blunt dsDNA, with helicase activity
undetectable (Fig. 3d). Since HamAB complex exhibits a higher ATP
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hydrolysis activity than HamB, we further tested DNA unwinding by
HamA*B (D45A/Q58A/K60A, HamA nuclease inactive mutant) com-
plex. In contrast, HamA*B can unwind various substrates incubated
with overhang or blunt dsDNA containing a 15-bp duplex (Fig. 3e).
These results demonstrate that HamA coordinates with HamB to
unwind dsDNA.

Nuclease activity of the HamAB complex

Further, we evaluated the ability of HamA and HamAB proteins to
cleave DNA substrates in vitro. After incubating with a dsDNA sub-
strate, HamA exhibits no nuclease activity. In contrast, the HamAB
complex effectively catalyzes the complete degradation of dsDNA into
fragments smaller than 100 bp. Moreover, the mutation of conserved
active sites of the HamA (D45A or K60A) eliminates nuclease activity of
HamAB, indicating that the N-terminal Cap4 nuclease domain of the
HamaA is of cleavage capacity, but it is auto-inhibited in the full-length
protein (Fig. 3f). Additionally, the nuclease function of the HamAB
complex is dependent on Mg, Co*, or Zn**, but independent of Ca**,
Cu*, and Ba* ions (Fig. 3g). The HamAB complex degrades a wide
range of DNA, including linear dsDNA, plasmid DNA, ®X174 ssDNA,
phage genome dsDNA, and bacterial genomic DNA, as indicated by
clear degradation bands (Fig. 3h). Overall, these findings suggest that
the Hachiman complex adopts a Cap4 enzyme-like reaction mechan-
ism to degrade nucleic acids.

DUF1837 is a PD-(D/E)XK nuclease domain in the Hachiman
defense system

DUF1837, the C-terminal of the HamA protein, remains functionally
uncharacterized. Structural analysis of HamA reveals that the DUF1837
domain comprises a central five-stranded [3 sheet decorated on either
side by alpha helices, which resembles the core motif of the proteins in
the PD-(D/E)XK phosphodiesterase superfamily (Fig. 4a). The top hit of
DALI search for DUF1837 is type Il restriction endonuclease PaqCl, with
a Z score of 5.6. The active site core is the PD-(D/E)XK motif, essential
for phosphodiester bond cleavage in nucleic acids. Our analysis reveals
the absence of these active sites in the DUF1837 domain of HamA. In
contrast, in a different Hachiman defense system from E. coli DEC14B,
the structure (predicted by AlphaFold2) of DUF1837 domain of HamA
closely resembles that of PaqCl nuclease, but DUF1837 domain
includes all the active sites of PD-(D/E)XK nuclease family (Fig. 4a and
Supplementary Fig. 7a)®®. Sequence alignment classifies DUF1837
domain of HamA into two categories: one with conserved active sites
and the other without catalytic active sites (Supplementary Fig. 7a).

To better understand the HamA diversity in Hachiman defense
systems, we generated a phylogenetic tree based on 1781 representa-
tive sequences identified by ref. 7. The phylogenetic tree shows that
the HamA proteins are clustered into four distinct clades. Among
them, type I-A contains only the DUF1837 domain, with conserved
active sites, constituting the majority clade (1539 of 1781, accounting
for 86.4%), whereas type I-B, type I-C, and type I-D are characterized by
an additional N-terminal domain apart from the DUF1837 domain
(Fig. 4b, c). This additional domain contains predicted Cap4 nucleases,
peptidases, or other unidentified domains (hereafter referred to as
“X”), with its average length ranging from 87 to 577 amino acids
(Fig. 4b, d). We observed that the PD-(D/E)XK sites are absent in the
DUF1837 domains of type I-B, type I-C, and type I-D, based on which we
speculated that these DUF1837 domains might be catalytically inactive,
functioning as scaffolds.

To assess the protective capacity of type I-A Hachiman systems
against phage infection, we investigated the defense activity of the
HamAB complex (from E. coli strain DEC14B) comprised of HamA
containing only a DUF1837 domain and HamB containing a helicase
domain (Fig. 4e). We cloned the HamAB operon along with its native
promoter into plasmid pACYC184, and subsequently introduced
plasmid pACYC184 into E. coli MG1655 AhamAB, followed by challenge

with various E. coli phages. The results show that the type I-A Hachiman
system provides a protective effect against seven distinct dsDNA
bacteriophages, including model phages T4 and T7 (Supplementary
Fig. 7b, ). In addition, the mutation of the active sites EISOA and K152A
in HamA results in a loss of functionality, suggesting that the nuclease
activity of the DUF1837 domain is crucial for this defense. A point
mutation (G272A/K273A/T274A) of the helicase domain in HamB
impedes ATP binding, thereby eliminating the protective effect of the
Hachiman system (Fig. 4f).

Given that the DUF1837 domain exhibits structural homology with
type Il restriction endonucleases, we hypothesize that HamA DUF1837
is a PD-(D/E)XK nuclease family member. To evaluate the nuclease
activity of the type I-A Hachiman system in vitro, HamA and HamB
were recombinantly expressed and purified from E. coli. The co-
expression and purification experiments confirm the formation of
HamAB complex (Supplementary Fig. 7d). Incubation of HamA and
HamAB with linear double-stranded DNA showed progressive sub-
strate degradation only in the presence of HamAB, which is in line with
the observation of the type I-B Hachiman system from E. coli K-12. The
nuclease activity of HamAB is dependent on the catalytic residues of
HamA-DUF1837, and it is abolished by the E150A/K152A nuclease
mutation in HamA, which is consistent with results of phage spot test
(Fig. 4f, g). Further, we investigated the substrate specificity of type I-A
Hachiman system and found that HamAB effectively degraded various
DNA substrates, including 1200-bp double-stranded DNA (dsDNA),
supercoiled pUC19 plasmid DNA, ®X174 ssDNA, phage genome
dsDNA, and MGI1655 genome DNA, yielding the fragments ~100
nucleotides in length. This result suggests that HamAB has a non-
specific nuclease activity (Fig. 4h). Taken together, these results col-
lectively support the hypothesis that the DUF1837 domain acting as a
PD-(D/E)XK-like nuclease is essential for phage defense in the type I-A
Hachiman system.

Discussion

The Hachiman system provides protection against phage infection in
host cells through an abortive infection mechanism. Here, we investi-
gated bacterial type I-A and type I-B Hachiman defense systems,
revealing that both subtypes have broad-spectrum anti-phage func-
tions, which are mediated by two proteins, namely, HamA with DNA
endonuclease activity and HamB as an SF2-type helicase. All HamA
proteins possess a DUF1837 domain. Structural analysis reveals that
this domain is part of the PD-(D/E)XK nuclease family. Specifically, in
the type I-A Hachiman system, the DUF1837 domain includes all con-
served catalytic sites essential for its function. In contrast, in the type I-
B, I-C, and I-D systems, the DUF1837 domain displays a structure similar
to the PD-(D/E)XK nuclease, but it lacks catalytic sites and is integrated
with other domains to act as effector proteins, which is crucial for
phage resistance. Our data suggest that HamA alone exhibits no
nuclease activity in the presence of diverse nucleic acid substrates.
Likewise, HamB alone does not exhibit helicase activity, either. How-
ever, when HamA binds with HamB to form the HamAB complex, this
complex undergoes DNA unwinding through ATP hydrolysis, exerting
DNA degradation activities. A recent study by Tuck et al. showed that
HamA and HamB, classified as part of the type I-A Hachiman system,
can form a heterodimeric nuclease-helicase complex. Upon detecting
DNA damage, the activated Hachiman system degrades both phage
and host DNA’®, These results collectively indicate that the formation
of the HamAB complex is crucial for resistance against phage infec-
tion (Fig. 4i).

Tuck et al. indicated that HamB from the type I-A system can
detect DNA damage, recognize and bind to 3’ ssDNA ends to trigger
ATPase activity, further activating HamA to exert nuclease activity®®.
However, our data suggest that the ATPase activity of HamB in the
type I-B Hachiman system is significantly activated by dsDNA. Phy-
logenetic analysis shows that type I-A and type I-B HamB occupy
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Fig. 4 | DUF1837 belongs to the PD-(D/E)XK nuclease family. a Structural align-
ment of the DUF1837 domain from the HamA, PaqClI (PDB: 8EPX), and HamA-DUF
(AlphaFold 2, E. coli DEC14B). b Phylogenetic tree of HamA proteins with putative
DUF1837 domains, based on 1781 sequences. The yellow asterisk indicates the
presence of the (D/E)xK motif in HamA, and the red asterisk denotes its absence.
c Percentage of type I-A (blue), type I-B (green), type I-C (purple), and type I-D
(yellow) Hachiman systems. d Violin plots of the polypeptide length distribution of
different types of Hachiman systems. Solid black lines indicate the median length.
e Domain organization of HamA and HamB genes in the type I-A Hachiman system
from the Escherichia coli strain DEC14B. f Phage spot test of phage T4 infection on
the E. coli strain MG1655 containing empty vector, the type I-A Hachiman system, or
mutant Hachiman systems. Each assay was repeated three times. Source data are

Growth arrest

provided as a Source Data file. g Nuclease activity of the type I-A HamA, HamAB
complex, and mutant proteins. All reactions were conducted at 37 °C for 30 min.
Phage genome DNA was used as the substrate. These experiments were performed
twice with equivalent results, and the representative results were shown. h DNA
cleavage activity by the type I-A HamAB in the presence of different substrate DNAs,
including PCR-amplified pUC19-1200 bp DNA, pUC19 plasmid DNA, ®X174 genome
ssDNA, TP0O41 phage genome dsDNA, and MG1655 bacterial genome dsDNA. These
experiments were performed twice with equivalent results, and the representative
results were shown. Black stars indicate the cleavage products. i A proposed
mechanism for Hachiman defense. Imaging was created in BioRender. Zou, T.
(2025) https://BioRender.com/z35j180.

distinct branches, indicating significant sequence divergence
(Supplementary Fig. 8a). Structural analysis reveals that while both
subtypes share conserved DNA-binding amino acids, type I-B lacks
the winged-helix (WH*) and oligonucleotide-binding (OB) fold
domains present in type I-A (Supplementary Fig. 8b, ¢)***°. The OB-
fold domain, crucial for binding single-stranded nucleic acids, is
absent in type I-B, suggesting differences in substrate specificity®"*.
These structural and sequence variations likely explain why the
ATPase activity of the two subtypes is triggered by different
substrates.

Our findings indicate that the loss of nuclease activity in the
effector DUF1837 domain prompts the Hachiman immune system to
recruit an auxiliary effector to sustain antiphage defense. Furthermore,
we hypothesize that the DUF1837 domain may function as a scaffold
for assembling a multiprotein complex containing active homologs.
This hypothesis is supported by our observation that the DUF1837
domain of HamA facilitates the assembly of the HamAB complex.
Additionally, our data demonstrate that the ATP hydrolytic activity of
the HamAB complex is significantly higher than that of HamB alone
(Fig. 3b), aligning with recent results*®. However, a discrepancy exists
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between the two studies: in their research, the mutation of the
nuclease active sites in HamA of the type I-A Hachiman system mark-
edly influences HamAB ATP hydrolysis activity®. In contrast, the
mutation of Cap4 nuclease active sites in HamA of the type I-B
Hachiman system does not affect the ATP hydrolysis activity of HamAB
(Fig. 3c). This suggests that the inactive DUF1837 domain acts as an
intermediate to mitigate direct influence between the two catalytic
domains, thereby significantly increasing the probability of DUF1837
fusing with other domains, such as peptidases, ultimately broadening
the diversity of immune mechanisms in bacteria. Similarly, the pro-
karyotic Argonaute immune system employs various effector domains
for antiviral defense due to the absence of nuclease activity in its PIWI
domain'®*, Based on this, we speculate that bacteria adopt this strat-
egy to enhance their defensive arsenal through long-term evolution
against phages.

Methods

Bacterial strains, phages, and plasmids construction

The full-length of type I-B hamAB genes were amplified from the
Escherichia coli str. K-12 (2761204-2765368 of GenBank Accession
U00096.3). The full-length of type I-A HamAB genes from Escherichia
coli DEC14B (67654-71936 of GenBank Accession AIHL01000073.1)
were synthesized. For the construction of HamAB complex plasmids:
(1) The hamA was subcloned into a pETISD vector (Novagen)
between the Ndel and Xhol restriction sites, resulting in a fused
protein with an N-terminal 6x His tag. The HamB gene was subcloned
into the pBB75 vector (Novagen) without any tag between the Ndel
and EcoRlI restriction sites. (2) The Type I-A hamA gene was sub-
cloned into the pBB75 vector (Novagen) without any tag, and the
hamB was subcloned into a pET21b vector (Novagen) with a
C-terminal 6xHis-tag between the Ndel and EcoRlI restriction sites.
Plasmids encoding HamA and HamB were co-transfected in E. coli
strain BL21(DE3). For the construction of individual HamA and HamB
plasmids: The HamA was subcloned into a pET21b vector (Novagen)
with a C-terminal 6xHis-tag; The HamB was subcloned into a pET15D
vector (Novagen) with an N-terminal 6xHis-tag. HamA and HamB
mutants were amplified by Fusion PCR. Plasmids encoding HamA or
HamB were transfected in E. coli strain BL21(DE3). The Hachiman
genetic unit with its native promoter was amplified from its native
host and subcloned into pACYC184 vectors for the in vivo experi-
ments (plasmids used in the study see Supplementary Data 1 and
primer used for cloning see Supplementary Data 2). Except for the
model bacteriophage, the other collections were isolated from sew-
age samples on E. coli MG1655 (phage information see Supplemen-
tary Data 3), as previously described®. All primers were chemically
synthesized and purchased from Sangon Biotech.

Protein expression and purification

For the preparation of HamAB complex, the HamA and HamB, or the
boundary and mutants, were co-expressed in E. coli strain BL21(DE3)
using Lysogeny broth (LB) medium. The cells were induced by the
addition of isopropyl-B-D-thioacetamide (final concentration of
200 pM) when ODggg reached 1.1, and induction was performed at
16 °C for 16 h. For HamAB complex (from the E. coli K-12 and E. coli
DECI14B), HamA protein (from the E. coli DEC14B), and HamB protein
(from the E. coli K-12) purification, the harvested cells were resus-
pended in lysis buffer containing 25mM Tris-HCI (pH 8.0) and
150 mM NaCl. The lysate was disrupted using a homogenizer (JNBIO),
and the cell debris was removed via centrifugation at 20,000 x g for
1h at 4 °C. The target protein was purified over Ni** nitrilotriacetate
affinity resin (Ni-NTA, Qiagen) and eluted with Elution buffer (25 mM
Tris-HCI pH 8.0, 250 mM imidazole). The eluted protein was further
purified using ion-exchange chromatography (Source 15Q 10/100, GE
Healthcare). The purified protein was concentrated and subse-
quently purified by gel filtration chromatography (Superose 6 10/

300; GE Healthcare) in SEC buffer (25 mM Tris-HCI pH 8.0, 150 mM
NaCl, 5 mM dithiothreitol). The purity of the proteins was examined
by SDS-polyacrylamide gel electrophoresis and visualized by Coo-
massie blue staining. The mutant proteins were purified similarly to
the wild-type proteins. For the HamA protein (from the E. coli K-12)
purification, the collected cells were resuspended in lysis buffer
(25 mM Tris-HCI, pH 8.0, 1.5 M NaCl) and subsequently disrupted by
pressure homogenizer at 4 °C. The target protein was purified over
Ni?* affinity resin, Source 15Q10/100, and Superose 6 10/300 columns
used in tandem. The Elution buffer and SEC buffer of purified HamA
remains consistent with the above.

Cryo-EM grid preparation and data acquisition

For cryo-EM data acquisition of the HamAB complex (E. coli K-12), 3.5 ul
sample was dropped onto glow-discharged holey carbon grids
(Quantifoil Au R1.2/1.3, 300 mesh). After blotting for 4.5 s with 100 %
humidity at 8 °C, the grids were plunge-frozen in liquid ethane cooled
by liquid nitrogen in Vitrobot Mark IV (ThemoFisher Scientific). Sub-
sequently, the cryo-grids were screened using 300 kV Titan Krios
electron microscopes (Thermo Fisher Scientific) and equipped with a
Gatan K3 Summit Detector positioned to post a GIF Quantum Energy
Filter (slit width 20 eV). Images for the HamAB were recorded in the
counting mode with a magnification of 81,000 and collected with a
pixel size of 1.07A and a defocus range of -1.2 to —2.2um. Each
micrograph stack, which contains 32 frames, was exposed for 3.5 s with
a total electron dose of 50 " A2 Preliminary data processing results
show that the HamAB exhibit strong preferential orientation on cryo-
EM grids. Therefore, 6881 and 4864 cryo-EM micrographs were col-
lected at 0° and 30° specimen tilt, respectively®. EPU software was
used for fully automated data collection.

Cryo-EM data processing

A diagram of the procedures for data processing is presented in Sup-
plementary Fig. 2. The movies collected at tilt angles of 0 and 30
degrees are separately motion corrected by Motioncor2 with 7 by 7
patches and CTF estimated by cryoSPARC patch CTF estimation®®.
From the datasets at 0° and 30°, 5752 and 3062 micrographs,
respectively, were manually selected and merged into a total of 8814
micrographs for subsequent processing. A total of 3,516,428 particles
were automatically picked using cryoSPARC blob picker, and the
particle picking was optimized by Topaz software®®®’. The particles
underwent multiple rounds of 3D classification. In brief, the particles
were extracted into a box of 240 A and then binned by 4, 2, and 1,
respectively, facilitating the 3D classification. Following the 3D classi-
fication, the well-classified particles were merged, deduplicated, and
re-extracted. From the classification results of the original-sized par-
ticle images, 440,333 particles (-26.4% of the total) were selected for
3D refinement, resulting in a cryo-EM density map with an overall
resolution of 3.1A based on gold-standard Fourier shell correlation
(FSC)®®. The local resolution of the map was estimated to be 2.8 to 4 A
using Resmap (v1.1.4)°.

Model building and refinement

The initial model of HamA and HamB predicted by AlphaFold2’® was
rigidly docked to fit into the cryo-EM density map of HamAB, resulting
in the acquisition of the initial coordinates file for the HamAB complex
structure. The initial model of the HamAB complex was manually
adjusted using COOT”", and invisible segments were removed, yielding
an optimized model that included the 7-537 segment of HamaA, the
2-449 segment of HamB, and the 510-728 segment of HamB. The
complex models were refined against the map using PHENIX in real
space with secondary structure and geometry restraints’>. Model
quality was evaluated using the MolProbity scores’, the Ramachan-
dran plots, and EMRinger (see Supplementary Table 1)’*. Figures were
generated using ChimeraX v.1.2.5 and PyMol v.2.5.1.
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In vitro pull-down assay

A co-expression coupled Ni-NTA pull-down assay was performed to
detect the interaction of HamA and HamB. In this system, no tag HamB
and 6xHis-tagged HamA (wild-type or the boundary and mutants) were
co-expressed within E. coli strain BL21(DE3). Then, the cell debris of the
lysed cells and supernatant were loaded on Ni-NTA beads. After
washing unbound proteins, the His-tagged HamA and interacting
HamB were co-eluted by using an elution buffer (25 mM Tris-HCI pH
8.0, 250 mM imidazole). Elution was analyzed by SDS-polyacrylamide
gel electrophoresis and revealed key residues for the interaction
between HamA and HamB.

DNA degradation assays

DNA nuclease assays were carried out on various DNA in 20 pl
reaction buffer (25mM Tris-HCI pH 8.0, 5mM MgCl,, and 1mM
DTT) with 80 nM protein. The reactions were performed at 37 °C for
30 min and stopped by the addition of 2 ul 6x loading buffer (60 mM
EDTA, 20 mM Tris-HCI pH 7.5, 30% glycerol, 0.1% SDS). After the
reactions, products were separated on a 1.0% TAE agarose gel and
run at 150 V for 20 min. The Gels were visualized using a Gel Doc™
Molecular imager (BIO-RAD). Source data are provided as a Source
data file.

ATPase assay

The ATPase reactions were carried out in 20 mM Tris-HCI pH 7.5,
10 mM MgCl,, and 1 mM DTT. We added 500 nM or 50 nM protein in a
20 plL reaction volume containing 2 mM ATP, 50 nM or 100 ng DNA
substrate at 30 °C for 30 min. The release of inorganic phosphate (Pi)
was monitored by Malachite Green Phosphate Assay as previously
described”. The reaction products were measured by adding 150 uL
malachite green solution (86 uL of 28 mM ammonium heptamolybdate
in 2.1M H,SO,4 and 64 L of 0.76 mM malachite green in 0.35% poly-
vinyl alcohol). After 10 min, absorption at 595 nm was monitored.

Helicase assays

To prepare substrates of double-stranded DNA (dsDNA) with 15bp
duplexes and a forked 15 nt OH, 15 nt 3’ OH, 15 nt 5 OH, and no
overhang for helicase assays, 5° FAM-labeled single-stranded DNA
(ssDNA) and unlabeled complementary ssDNA (see Supplementary
Table 2 for oligonucleotide information) were mixed in a 1:2 molar
ratio, denatured at 95 °C for 5 min, and annealed at 25 °C. For helicase
assays, 40 nM 5’ FAM-labeled dsDNA substrates were incubated with
HamB or HamAX®B at indicated concentrations (200 nM, 40 nM, and
8 nM) and 2.5 mM ATP in helicase buffer (20 mM Tris-HCI pH 8.0, 1mM
DTT, and 5mM MgCl,) supplemented with 1uM unlabeled ssDNA
(corresponding to the 5 FAM-labeled ssDNA) to prevent reannealing.
10 pL reaction mixtures were incubated at 30 °C for 15 min, and then
the unwinding reactions were stopped by adding 25 mM EDTA to the
mixtures. Reactions without ATP served as negative controls. The
reaction mixtures without proteins were incubated at 95 °C for 10 min
as positive controls for unwinding. Samples were resolved on a 12%
Tris-glycine polyacrylamide gel at 150 V for 5 h at 4 °C. The fluorescent
signal of FAM-labeled DNA was detected using a Typhoon FLA-5100
scanner (Fujifilm Life Science, Japan). FAM-labeled DNA were synthe-
sized and purchased from GenScript.

Phylogenetic analysis of HamA

According to the Hachiman systems identified in a previous study’,
1781 protein sequences of HamA used in this study were downloaded
from the NCBI database (https://www.ncbi.nlm.nih.gov/sites/
batchentrez). The multiple sequence alignment was conducted using
MAFFT version 7.310 with an automatic model’, followed by auto-
mated alignment trimming using trimAl version 1.4”7. Subsequently, a
phylogenetic tree based on the trimmed sequence alignment was
constructed using IQ-TREE version 2.0.3 with parameters -m MFP

(ModelFind plus) -bb 1000 (1000 iterations of the ultrafast
bootstrap)’®. The tree was visualized using iTOL”. Additional domains
beyond DUF1837 within HamA were analyzed using the tools HHpred*®
and NCBI's Conserved Domain Database (CCD) with default
parameters®.

Bacterial liquid growth assays

Bacterial growth curves were measured in liquid media. The hamAB
gene from Escherichia coli strain K-12 was cloned into the pACYC184
vector. The recombinant vectors were transformed into E. coli MG1655
(AhamAB) strain. An empty vector was used as a control. A single
bacterial colony was picked from a fresh LB agar plate and grown in LB
broth supplemented with chloramphenicol (25mgmL™) at 37°C.
Overnight cultures were diluted 1:100 into a liquid LB medium con-
taining chloramphenicol (25 mgmL™) and grown at 37°C for 2 h to an
ODgop of about 0.18-0.2. Subsequently, MG1655 (AhamAB) strain
harboring the hamAB gene cassette or the empty vector was infected
with phages T1 or TPO41 at ¢ = 0 at a multiplicity of infection (MOI) of O,
0.02, or 2. Growth was monitored using a FLUOstar Omega for 6 h at
30 °C with ODggo readings every 6 min. Graphs were produced using
GraphPad Prism 8 software.

Phage spot test

The phage was propagated by picking a single phage plaque into a
liquid culture of E. coli MG1655 grown at 37 °C in LB medium sup-
plemented with 0.1mM MnCl, and 5mM MgCl,. The culture was
centrifuged for 10 min at 2000 x g, and the supernatant was filtered
using a 0.45 pM filter to remove bacterial debris. The phage was then
amplified and purified. The reconstructed pACYC184 plasmid was
transformed into E. coli MG1655 (AhamAB) strain, E. coli JM109 strain
(as the sensitive host bacteria for M13 phage), and DMB127 strain (as
the sensitive host bacteria for ®X174 phage). Different bacteria
strains were incubated with chloramphenicol (25 mgmL™) at 37 °C.
After overnight incubation, 500 pl of the bacterial culture was mixed
with 4.5 ml molten top agar (containing 10 gL™ tryptone, 5g L™ yeast
extract, 10 gL™ NaCl, and 5g L™ agar), and the entire samples were
poured onto LB plates containing antibiotic. Phage solution was
diluted in LB at seven 10-fold serial dilutions, namely, 10°-107°. After
the top agar had solidified, 2 pl drops of the diluted phage culture
were spotted on the bacterial layer. Plates were incubated at 30 °C
overnight and then imaged. Source data are provided as a Source
data file.

Statistics and reproducibility

Statistical analyzes were performed using GraphPad Prism 8 (Graph-
Pad Software Inc., USA). Sample sizes were chosen according to similar
experiments published in previous literatures®®*°. Multi-group com-
parisons were determined by Two-sided Student’s t-test. All data are
presented as the mean = SD of three replicates, and p <0.05 was con-
sidered statistically significant. All P values are indicated above
the plots.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The atomic coordinates and EM density for the reported structures of
the HamAB complex (PDB: 8ZUE; EMDB: EMD-60482) have been
deposited in the Protein Data Bank (www.rcsb.org) and the Electron
Microscopy Data Bank (www.ebi.ac.uk/pdbe/emdby/). All data needed
to evaluate the conclusions in the paper are present in the paper and/
or the Supplementary Materials. Additional data related to this paper
may be requested from the authors. Source data are provided with
this paper.
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