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Molecular basis of Gabija anti-phage 
supramolecular assemblies

Xiao-Yuan Yang    1,2,3,6, Zhangfei Shen    1,2,6, Jiale Xie1,2,3, Jacelyn Greenwald    4, 
Ila Marathe4, Qingpeng Lin1,2, Wen Jun Xie    5, Vicki H. Wysocki4 & 
Tian-Min Fu    1,2,3 

As one of the most prevalent anti-phage defense systems in prokaryotes, 
Gabija consists of a Gabija protein A (GajA) and a Gabija protein B (GajB). 
The assembly and function of the Gabija system remain unclear. Here we 
present cryo-EM structures of Bacillus cereus GajA and GajAB complex, 
revealing tetrameric and octameric assemblies, respectively. In the center 
of the complex, GajA assembles into a tetramer, which recruits two sets 
of GajB dimer at opposite sides of the complex, resulting in a 4:4 GajAB 
supramolecular complex for anti-phage defense. Further biochemical 
analysis showed that GajA alone is sufficient to cut double-stranded DNA  
and plasmid DNA, which can be inhibited by ATP. Unexpectedly, the  
GajAB displays enhanced activity for plasmid DNA, suggesting a role  
of substrate selection by GajB. Together, our study defines a  
framework for understanding anti-phage immune defense by  
the GajAB complex.

To mitigate phage infections, bacteria have evolved highly diverse 
anti-phage immune systems1. Though some bacterial immune systems 
like CRISPR–Cas and cyclic-oligonucleotide-based anti-phage signaling 
system (CBASS) have been extensively studied2,3, many newly identi-
fied systems remain unexplored4–6. The study of bacterial immune 
system not only offers evolutionary perspectives on immune sys-
tems but also provides invaluable tools for biomedical research and  
disease treatment.

As a newly identified bacterial immune system, the bacterial Gabija 
defense system exists in at least 8.5% of sequenced genomes with two 
components, Gabija protein A (GajA) and Gabija protein B (GajB)4,7. 
GajA was shown to be an endonuclease that can recognize specific DNA 
sequence8. GajB was predicted to be a UvrD-like helicase9. However, 
whether and how GajA and GajB assemble into a complex for anti-phage 
defense remains unclear.

In this article, we present the cryo-electron microscopy (cryo-EM) 
structures of GajA alone and the GajAB complex. GajA assembles into 
a tetramer via interactions mediated by both the ATPase domain and 

the nuclease domain. We also reveal that the GajA and GajB assemble 
into a heteromeric octamer with four molecules of GajA and four mol-
ecules of GajB, which is critical for the anti-phage defense. Given many 
other supramolecular assemblies identified in bacterial immunity, 
we propose that supramolecular assemblies may represent a unified 
mechanism in bacterial immune defense.

Results
Structure of GajA
To biochemically characterize GajA, we expressed and purified GajA 
in Escherichia coli BL21(DE3) (Extended Data Fig. 1a,b). The elution 
volume of GajA on gel filtration indicated that GajA formed an oligomer 
(Extended Data Fig. 1a). To reveal the assembly of GajA, we employed 
cryo-EM single particle analysis to determine the structure of GajA. 
However, GajA had a severe orientation preference problem on grids, 
leading to a reconstruction with a nominal resolution of 2.9 Å but poor 
densities (Extended Data Fig. 1c–g). To resolve this issue, we optimized 
conditions for grid preparation and eventually obtained a cryo-EM 
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Each protomer of GajA is composed of an N-terminal ATPase 
domain that is divided into two halves by an inserted dimerization 
domain, and a C-terminal nuclease domain (Fig. 1c–e). The N-terminal 
ATPase domain is composed of an 11-stranded mixed-paralleled β-sheet, 
sandwiching α1 and surrounded by α2–α8 (Fig. 1d and Extended Data 
Fig. 3a). Structural comparison revealed that the GajA ATPase domain 
resembles the canonical ATP-binding cassette (ABC) ATPase proteins 
with a highly conserved ATP binding site10,11 (Extended Data Fig. 3b).  

structure of GajA with a resolution of 3.2 Å by collecting a dataset  
using a grid with relatively thicker ice (Table 1 and Extended Data  
Figs. 1a and 2a–e). Although the nominal resolution is lower from  
reconstruction of images with thicker ice, the EM densities have been 
substantially improved in comparison to the 2.9 Å structure (Extended 
Data Figs. 1g and 2f). The cryo-EM structure of GajA revealed a sym-
metric tetrameric assembly with dimensions of 175 Å × 115 Å × 50 Å 
(Fig. 1a,b).

Table 1 | Cryo-EM data collection, refinement and validation statistics

Gabija A tetramer (4A),  
(EMD-41319), (PDB 8TK0)

Gabija AB complex 1,  
(4A:4B, C1 symmetry),  
(EMD-41321), (PDB 8TK1)

Gabija AB complex 2,  
(4A:4B, D2 symmetry),  
(EMD-41314), (PDB 8TJY)

Data collection and processing

Magnification 81,000× 81,000× 81,000×

Voltage (kV) 300 300 300

Electron exposure (e− Å−2) 50 50 50

Defocus range (μm) 1.0–2.0 0.5–2.0 0.5–2.0

Pixel size (Å) 0.899 1.12 1.12

Symmetry imposed D2 C1 D2

Initial images (no.) 1,364 7,173 7,173

Initial particle images (no.) 849,640 6,928,153 6,928,153

Final particle images (no.) 96,633 942,091 942,091

Map resolution (Å) 3.23 2.98 2.79

 FSC threshold 0.143 0.143 0.143

Map resolution range (Å) 3.0–5.0 2.8–6.0 2.6–6.0

Refinement

Initial model used (PDB code) AlphaFold AlphaFold AlphaFold

Model resolution (Å) 3.4 3.2 3.1

 FSC threshold 0.5 0.5 0.5

Model resolution range (Å) 3.1–7.0 3.0–8.0 2.9–8.0

Map sharpening B factor (Å2) −141.5 −110.9 −121.5

Model composition

 Nonhydrogen atoms 14,816 23,424 22,692

 Protein residues 1,816 2,877 2,788

 Ligands 0 0 0

 Nucleotide 0 0 0

B factors (Å2)

 Protein 78.80 47.07 45.75

Ligand

Nucleotide

Root mean square deviations

 Bond lengths (Å) 0.004 0.004 0.003

 Bond angles (°) 0.614 0.938 0.469

Validation

 MolProbity score 1.71 1.40 1.40

 Clashscore 5.33 3.42 3.34

 Poor rotamers (%) 0.00 0.08 0.00

Ramachandran plot

 Favored (%) 93.61 96.12 96.01

 Allowed (%) 6.39 3.88 3.99

 Disallowed (%) 0.00 0.00 0.00

http://www.nature.com/nsmb
http://www.ebi.ac.uk/pdbe/entry/emdb/EMD-41319
https://doi.org/10.2210/pdb8TK0/pdb
http://www.ebi.ac.uk/pdbe/entry/emdb/EMD-41321
https://doi.org/10.2210/pdb8TK1/pdb
http://www.ebi.ac.uk/pdbe/entry/emdb/EMD-41314
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The GajA C-terminal domain folds as a topoisomerase–primase 
(Toprim) domain with a central four-stranded parallel β-sheet sur-
rounded by α-helices12,13 (Fig. 1d and Extended Data Fig. 3c). Both the 
N-terminal ATPase domain and the C-terminal Toprim domain were 
clearly resolved in our cryo-EM structure (Fig. 1d). In contrast, the 
dimerization domain, predicted to consist of three α-helices by Alpha-
Fold14, was invisible, indicating the flexibility of this domain (Fig. 1d,e). 
A recent cryo-EM structure of Bacillus cereus GajAB in complex with a 
phage protein Gad1 revealed that the dimerization domain of GajA not 
only contributed to the oligomerization of GajA but was also involved 
in recruiting Gad1 (ref. 15) (Extended Data Fig. 3d).

Assembly of GajA tetramer
The tetramerized GajA is arranged as a dimer of dimer with three types 
of interface, denoted as type I, type II and type III interfaces (Fig. 2a). 
The type I interface, located at the center of the GajA tetramer, is medi-
ated by the first half of the ATPase domain with a buried surface area 
of 609 Å2 (Fig. 2b). Detailed analysis revealed that both hydrophobic 
and hydrophilic interactions are critical for the formation of type I 
interface (Extended Data Fig. 4a). In contrast, both hydrophobic and 
hydrophilic residues in the second half of the ATPase domain contribute 

to the formation of type II interface that is characterized by a buried 
surface area of 325 Å2 (Fig. 2c and Extended Data Fig. 4b). Additionally, 
Toprim domains are arranged along a twofold axis to form the type III 
interface with an extensively buried surface area of 1,471 Å2 (Fig. 2d and 
Extended Data Fig. 4c). Together, interactions of these three interfaces 
govern the assembly of GajA tetramer.

Active site of GajA
The Toprim domains in GajA tetramer, which belong to a class of DNA 
endonucleases known as OLD (overcoming lysogenization defect)12, 
dimerize at opposite sides of the elongated tetramer. Analysis of the 
two proximal Toprim domains reveals that the two active sites are about 
20 Å away from each other, suggesting that the two active sites work 
independently (Fig. 2e). Similar to other OLD nucleases12,13, the active 
site of GajA is composed of a conserved DxD motif between β3 and β4, 
an invariant glutamate following β1, and two glutamate residues on α2 
and α7 (Fig. 2f). Collectively, these residues form a very acidic active 
site in GajA. Studies on BpOLD suggested a two-metal catalysis mecha-
nism13, which may be shared by GajA due to the structural similarity 
of the active sites between GajA and BpOLD (Extended Data Fig. 4d). 
The conserved DxD motif and E379 may coordinate a magnesium ion 
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rotation (right). c, Domain architecture of GajA. The ABC ATPase domain is 
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while the other magnesium ion may be coordinated by E513 and E383 
(refs. 13,16) (Extended Data Fig. 4d). Consistently, the E379A mutation 
abolished the nuclease activity of GajA, highlighting the notable role 
of E379 in catalysis8.

To further understand how the Toprim domain specifically  
recognizes and cleaves double-stranded DNA (dsDNA), we gener-
ated a structural model of the Toprim domain with dsDNA using  
RoseTTAFold2NA17 (Extended Data Fig. 4e). In the predicted model, the 
cutting site on dsDNA was precisely nested in the catalytic center of the 
Toprim domain (Extended Data Fig. 4f,g), poised for cleavage. Posi-
tively charged residues and hydrophilic residues surrounding the cata-
lytic center established intensive interactions with the dsDNA substrate 
(Extended Data Fig. 4f,g), which may partially explain the substrate 
specificity of the Toprim domain. Moreover, the narrow slit between 
two neighboring Toprim domains in the tetrameric GajA appears to 
be insufficient to accommodate the dsDNA substrate (Fig. 2d). As 

such, we speculated that the Toprim domains would undergo large  
conformational changes upon DNA binding.

Structure of GajAB complex
To understand the assembly of GajAB, we further reconstituted the 
GajAB complex and determined a 3.0 Å cryo-EM structure of the 
complex (Fig. 3a,b, Table 1 and Extended Data Figs. 5a–c and 6a–c). 
The cryo-EM structure of GajAB reveals a 4:4 assembly of GajA and 
GajB with a dimension of 175 Å × 145 Å × 95 Å, contrasting with a pre-
vious assumption that GajA and GajB form a complex with variable 
stoichiometries9 (Fig. 3a,b). Consistently, gel filtration analysis and 
native mass spectrometry analysis further confirmed that GajA and 
GajB assemble into a complex with a stoichiometry of 4:4 while GajB 
alone exists as a monomer (Extended Data Fig. 5a–c). In the GajAB com-
plex, the tetrameric GajA is decorated by a pair of GajB dimers at either  
end (Fig. 3a,b).
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GajB is composed of four structural domains: 1A, 1B, 2A and 2B, 
resembling superfamily 1A helicase proteins such as UvrD, PcrA and 
Rep that function to unwind and translocate DNA18–20(Fig. 3c,d and 
Extended Data Fig. 7a). In our cryo-EM structure, domains 1A, 1B and 
part of 2A are visualized, while domain 2B is completely absent (Fig. 3e). 

Sequence alignment revealed that GajB contains the eight sequence 
motifs in domains 1A and 2A of UvrD, which have been identified to 
be involved in ATP binding20 (Extended Data Fig. 7b). These features 
indicated that GajB is capable of hydrolyzing ATP. Consistently, ATPase 
activities are detected in GajB in the presence of DNA9, indicating that 
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DNA substrates are required to stimulate the ATPase activity of GajB. 
Structural comparison to UvrD revealed that domain 2A in GajB is not 
well positioned to coordinate ATP (Extended Data Fig. 7c). As such, 
conformational changes are required for GajB to bind and hydrolyze 
ATP upon DNA binding. The structure of UvrD in complex with ds–ss 
DNA junction revealed that the single-stranded DNA (ssDNA) binds 
to domains 1A and 2A at their interfaces with 1B and 2B while the DNA 
duplex is coordinated by domains 1B and 2B20. Comparisons with UvrD 
demonstrate that GajB contains all the key residues for coordinating 
ssDNA, suggesting that GajB may use a similar strategy for binding 
ssDNA (Extended Data Fig. 7d). In contrast, the domain 2B in GajB is 
much smaller than that of UvrD and lacks key residues for coordinating 
dsDNA, raising questions whether GajB can efficiently bind to dsDNA 
(Extended Data Fig. 7a,e).

Mechanism of GajAB assembly
The structure of the GajAB complex revealed that the GajA recruits 
a pair of GajB molecules via its ATPase domain (Fig. 4a–c). Each GajB 
molecule interacts with two GajA molecules (cis and trans) that form 
a head-to-head dimer via their ATPase domain (Fig. 4b,c). The inter-
action between GajB and GajA in cis is quite extensive with a buried 
surface area of 755 Å2, which is dominated by interactions between 
the GajB 1B domain and the GajA ATPase domain (Fig. 4b and Extended 
Data Fig. 8a,b). Both hydrophobic and hydrophilic residues form an 
extensive network to dock the GajB 1B domain onto the ATPase domain 
of GajA, positioning the GajB 1A domain adjacent to the GajA ATPase 
domain with relatively weaker interactions (Extended Data Fig. 8a,b). 
In contrast, the interactions between GajB and GajA in trans are much 

weaker with a buried surface area of 140 Å2, which is mediated by the 
GajB 1A domain and the GajA ATPase domain (Fig. 4c and Extended Data 
Fig. 8c). Additionally, the two paired GajB molecules form relatively 
weak interactions with each other with a buried surface area of 380 Å2, 
which is dominated by hydrophilic residues in the 1B domain of GajB 
(Fig. 4d and Extended Data Fig. 8d). Collectively, these three interfaces 
together with the extensive interactions among tetrameric GajA form 
the basis of GajAB supramolecular complex assembly.

Nuclease activities and anti-phage defense of GajAB complex
Consistent with previous studies8,9, GajA has nuclease activities in the 
presence of Mg2+ and is capable of cleaving dsDNA while GajB has no 
nuclease activities (Fig. 5a,b). Unexpectedly, the complex of GajAB 
displayed similar nuclease activities toward dsDNA as GajA (Fig. 5c). 
The nuclease activities for both GajA and GajAB can be effectively 
inhibited by 0.5 mM ATP (Fig. 5a,c), indicating that ATP may serve 
as a critical factor in regulating the Gabija system. Contrasting a  
previous study8, we found that both GajA and GajAB are capable 
of cleaving plasmid pUC19 (Fig. 5d,e). Moreover, GajAB displayed 
higher nuclease activities toward pUC19 than GajA alone, highlighting 
the importance of GajAB complex assembly in effectively cleaving  
plasmid DNA (Fig. 5d,e). In addition, we found that GajB alone or 
the GajAB complex can effectively hydrolyze ATP in the presence 
of ssDNA, consistent with a recent study9. Therefore, ssDNA may 
activate the ATPase activity of GajB to lower the ATP level in cells for 
triggering the activation of GajA. Consistently, phage resistance assay 
showed that the GajAB complex is more effective in anti-phage defense 
compared to GajA or GajB alone (Fig. 5f). Moreover, we also showed 
that the nuclease activity of GajAB is essential for anti-phage defense 
(Fig. 5f). As such, the supramolecular complex assembly of GajAB is 
critical for anti-phage defense.

Discussion
We find that GajA and GajB assemble into a supramolecular complex 
for anti-phage defense (Fig. 6). Our structural analysis revealed that 
GajA alone forms a tetramer and further assembles into a hetero-
meric octamer with GajB (Fig. 6). Moreover, GajA alone has nuclease 
activity while GajB adopts a similar fold as UvrD that can bind DNA 
substrates. No obvious conformational changes have been observed 
in GajA upon binding to GajB. As such, we propose that GajB may 
function to assist GajA to better recognize its substrates and thereby 
promotes the activity of GajA. Consistent with this assumption, we 
found that the complex of GajAB displays higher nuclease activities 
toward plasmids than GajA alone (Fig. 5d,e). Given that the nuclease 
activity of GajA can be inhibited by ATP and GajB has ATPase activity 
in the presence of ssDNA, it is also possible that GajB may promote 
the activity of GajA through lowering cellular ATP level under certain 
conditions. Additionally, the nuclease activity of GajA is inhibited 
by ATP through a mechanism yet to be revealed. ATP binds to the 
ATPase domain and stabilizes the oligomerization of GajA. As large 
conformational changes are coupled with DNA binding, perhaps 
the presence of ATP may hinder the conformational changes of GajA 
and thereby prevents the DNA substrate from effectively binding  
to GajA.

Supramolecular assembly appears to be an emerging theme in 
anti-phage immune defense. More and more studies have revealed that 
bacterial immune systems tend to form large complexes for anti-phage 
defense21–24. For example, RdrA and RdrB in the restriction by an adeno-
sine deaminase acting on RNA (RADAR) system assemble into a giant 
assembly with a molecular weight of up to 10 MDa (refs. 21,22). Here, 
we present another example to show the supramolecular assembly by 
the Gabija system. As both the RADAR system and the Gabija system 
contain and oligomerize via ATPase domains, we believe that other 
ATPase-containing bacterial immune systems may also assemble into 
supramolecular complexes for anti-phage defense.
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Methods
Molecular cloning, protein expression and purification
B. cereus GajA (UniProt: J8H9C1) with an N-terminal His×6-tag was 
cloned into the pET28a vector. B. cereus GajB (UniProt: J8HQ06) was 
inserted into the pETDuet-1 vector with an N-terminal His×6 tag. All the 
mutants were generated through site-directed mutagenesis.

Recombinant plasmids for protein expression were transformed 
into E. coli BL21 (DE3) cells (Thermo Fisher Scientific) that were cul-
tured in Luria-Bertani (LB) medium containing 50 μg ml−1 kanamycin 
at 37 °C. When an OD600 of 0.6–0.8 was reached, protein expression 
was induced at 18 °C by 0.3 mM isopropyl β-d-1-thiogalactopyranoside 
(IPTG). Cells were collected after overnight induction (~16 h) and resus-
pended in lysis buffer (50 mM Tris–HCl pH 8.0, 500 mM NaCl and 
10 mM imidazole). After sonication, the supernatant of lysate was col-
lected through centrifugation at 30,000g, 4 °C for 50 min. The clarified 
lysate was loaded onto a pre-equilibrated Ni2+-NTA agarose column, 
and then the column was washed with 30 column volumes of Ni2+-NTA 
wash buffer (50 mM Tris–HCl pH 8.0, 500 mM NaCl and 10 mM imi-
dazole). The protein was eluted in elution buffer (50 mM Tris–HCl pH 
8.0, 150 mM NaCl, 250 mM imidazole and 0.4 mM tris(2-carboxyethyl)
phosphine). Protein was further purified by size exclusion chroma-
tography using gel-filtration column (Superose 6 increase 10/300 GL, 
Cytiva, Sigma-Aldrich) in a buffer containing 50 mM Tris–HCl pH 8.0, 
150 mM NaCl and 0.4 mM tris(2-carboxyethyl)phosphine.

For the assembly of the GajAB complex, we incubated GajA and 
GajB with molar ratio of 1:1 on ice for 1 h followed by further purifica-
tion via gel filtration.

Cryo-EM data collection
Three microliters of sample at 1.8 mg ml−1 was applied to a 
glow-discharged Quantifoil R1.2/1.3 400 mesh gold grid (Electron 
Microscopy Sciences), blotted for 4 s in 100% humidity at 4 °C and 
plunged into liquid ethane using an FEI Vitrobot Mark IV (Thermo 
Fisher). All grids were screened using a Thermo Fisher Glacios micro-
scope (OSU Center for Electron Microscopy and Analysis).

For GajA tetramer (4 GajA) in thicker ice, 1,364 micrographs were 
collected using a 300 kV Titan Krios microscope equipped with a K3 
direct electron detector (Thermo Fisher) in counting mode with a 
nominal magnification of 81,000×, and a physical pixel size of 0.899 Å 
with defocus values ranging from −1.0 to −2.0 μm. For GajA in thin ice, 
6,370 images were collected using similar parameters.

For GajAB hetero-complex (4 GajA:4 GajB), 7,173 micrographs 
were collected using a K3 detector with physical pixel size of 1.12 Å. 
Each micrograph stack contains 40 frames with a total electron dose 
of 50 e− Å−2 s−1.

Cryo-EM data processing
The detailed flowcharts for data processing of all the datasets are illus-
trated (Extended Data Figs. 1e, 2c and 5c). The datasets were imported 
into cryoSPARC (v4.1.1) implementation of patch motion correction 
and patch contrast transfer function estimation25. Initial particle pick-
ing was done by blob picking to generate initial two-dimensional (2D) 
classes. Representative 2D classes were then selected as templates to 
pick all the particles for reconstruction.

For GajA tetramer, 849,640 particles were picked and extracted. 
After two rounds of 2D classification, 583,860 particles were selected 
and merged for further three-dimensional (3D) reconstruction and 
heterogeneous refinement. The best class of 96,633 particles was 
selected for further nonuniform refinement with D2 symmetry, result-
ing in a 3.23 Å map.

For GajAB complex, 6,928,153 particles were picked and extracted. 
After two rounds of 2D classification, 2,682,203 particles were selected 
for further ab initio reconstruction to generate three initial models 
for further refinement. The best class was selected for further 3D 
classification and heterogeneous refinement. The final best class of 

942,091 particles was selected for nonuniform refinement with C1 
symmetry and D2 symmetry, resulting in a 2.98 Å map and a 2.79 Å 
map, respectively.

All reported resolutions were estimated on the basis of the 
gold-standard Fourier shell correlation (FSC) 0.143 criterion26.

Model building and refinement
Two initial models of GajA and GajB were predicted by AlphaFold14 and 
fit into the cryo-EM maps of GajA tetramer or GajAB complex using 
Chimera27. Manual adjustments were done using Coot to yield the 
final atomic model28. Real-space refinement was performed to refine 
the model against cryo-EM density map with secondary structure and 
geometry restraints in PHENIX29. The all-atom contacts and geometry 
for the final models were validated by Molprobity30. All the structural 
figures were generated using PyMOL31, Chimera27 and ChimeraX32.

Nuclease assays
For pUC19 plasmid, a final concentration of 400 nM protein and 
1,000 ng plamid substrate were incubated in reaction buffer (20 mM 
Tris–HCl pH 8.0) at 37 °C for 10 min. Samples were separated in 1% (w/v) 
agarose gel in 1× tris acetate EDTA (TAE) buffer for 30 min.

For dsDNA substrate, we annealed 5′-TTTTTTTTTTTTTTTT 
TA ATA ACCCG GT TAT T T T T T T T T T T T T T T T T T T T T T T T T T- 3 ′ 
and 5′-AAAAAAAAAAAAAAAAAAAAAAAAAATAACCGGGTTAT 
TAAAAAAAAAAAAAAAAA-3′ to generate a dsDNA substrate. Then, 
400 nM protein and 800 nM nucleic acid substrate were incubated in 
reaction buffer (20 mM Tris–HCl pH 8.0) at 37 °C for 10 min. Samples 
were separated in 12% polyacrylamide gel electrophoresis gel in 1× tris 
borate EDTA (TBE) buffer for 1 h. In each reaction, a final concentration 
of 5 mM MgCl2 or 0.5 mM ATP was added as indicated. All gels were 
stained by running buffer containing 0.5 ng μl−1 ethidium bromide and 
visualized by Imaging System (Bio-Rad).

ATPase assays
The ATPase activity was measured by an ATPase/GTPase Assay Kit 
(Sigma-Aldrich, #113CB04A30). GajB or GajAB in the absence or pres-
ence of ssDNA (5′-TTTTTTTTT TTTTTTTTAATAACCCGGTTATTTTTT 
TTTTTTTTTTTTTTTTTTTT-3′) was incubated with ATP in the buffer 
of 20 mM Tris pH 8.0, 75 mM KCl and 2 mM MgCl2 at 37 °C. The reaction 
products were monitored by BioTek Synergy HT microplate reader at 
600 nm. ATPase activities were calculated on the basis of the released 
phosphate.

Structural prediction
We utilized RoseTTAFold2NA17, a deep learning technique, to pre-
dict the complex between the GajA protein and dsDNA. This method 
relies solely on protein and DNA sequences for predicting complex 
structures. We used the GajA Toprim domain (residues 372–574) and a 
dsDNA segment (5′-GAATAACCCCGGATATT-3′ and 5′-AATATCCGGGGT 
TATTC-3′) as the input of the method. To predict the protein’s structure, 
3,361 homologous sequences of the GajA top domain were identified. 
RoseTTAFoldNA also offers a confidence measure for its predictions, 
known as predicted aligned error (PAE). PAE estimates the positional 
discrepancy in angstroms between predicted and actual structures, 
calculated for each pair of residues. In the predicted model, the aver-
age PAE between residues of the protein and residues of DNA was 16.8, 
indicating high confidence in the predicted complex’s structure.

Plaque assays
Plaque assays were performed as previously described4,33. Briefly, 
reconstructed plasmid was transformed into E. coli DE3 competent 
cell. A single bacterial colony was picked from a fresh LB agar plate and 
grown in LB broth containing antibiotic at 37 °C to an OD600 of ∼0.4. 
Protein expression was induced by the addition of 0.2 mM IPTG. After 
further growth for ∼3 h, 500 μl of the bacterial cultures was mixed with 
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14.5 ml of 0.5% LB top agar, and the entire samples were poured onto 
LB plates containing antibiotic and IPTG (0.1 mM). Plates were spotted 
with 4 μl of the T4 phage diluted in LB at eight tenfold dilutions, namely 
100 to 10−7. Lysate titer was determined using the small drop plaque 
assay method as previously described33,34. Plates were incubated at 
37 °C overnight and then imaged.

Native mass spectrometry analysis
The sample underwent online buffer exchange before mass spec-
trometry analysis. A mobile phase of 200 mM ammonium acetate at 
pH 7.0 was maintained at a flow rate of 50 μl min−1. A Vanquish Duo 
Ultra-High-Performance LC system (Thermo Scientific) equipped 
with a dual pump and autosampler was used to load protein samples 
without further purification into a MAbPac size exclusion column 
(MAbPac SEC1, 2.1 × 300 mm, 300 Å, 5 μm; Thermo Scientific, 008789). 
One microgram of the sample was injected onto the column and was 
further tracked by ultraviolet absorbance. From 0 min to 16.8 min, the 
flow was diverted from the column to the mass spectrometer, while 
after this time (16.8 min to 30 min), flow was diverted to the waste. 
The timing of this switch was optimized to allow for buffer-exchanged 
protein samples to make it to the mass spectrometer, while salts from 
the original buffer were passed to the waste. Buffer-exchanged samples 
were then analyzed using a Q Exactive Ultra-High Mass Range Hybrid 
Quadrupole-Orbitrap mass spectrometer (Thermo Scientific). The 
following settings were used for mass spectrometry analysis: the scan 
range was set to 1,000–20,000. The resolution was set to 12,500. The 
number of microscans was set to 5. The maximum injection time was 
set to 200 ms. The sheath gas was set to 60 psi. The auxiliary and sweep 
gas were set to 0 psi. Spray voltage was set to 3.85 kV in positive ion 
mode. The capillary temperature was set to 275 °C. S-lens RF level was 
set to 200 V. The in-source trapping was set to −120 V. The in-source 
dissociation was set to 5 V. The source d.c. offset was set to 21 V. The 
injection flatapole d.c. was set to 5 V. The inter-flatapole lens was set 
to 4 V. The bent flatapole d.c. was set to 2 V. The tapping gas pressure 
was set to 7. The total run time for the method was 30 min. The mass 
spectrum was deconvolved using Unidec35.

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

Data availability
Accession numbers for Gabija A tetramer (4A), Gabija AB complex 1 
(4A:4B, C1 symmetry) and Gabija AB complex 2 (4A:4B, D2 symmetry) 
are as follows: coordinates of atomic models, 8TK0, 8TK1 and 8TJY, 
deposited to Protein Data Bank, and density map. EMD-41319, EMD-
41321 and EMD-41314, deposited to Electron Microscopy Data Bank. 
All data needed to evaluate the conclusions are present in the paper. 
Source data are provided with this paper.
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Extended Data Fig. 1 | See next page for caption.
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Extended Data Fig. 1 | Cryo-EM reconstruction of GajA in thin ice. a, b, Gel 
filtration profile (a) and SDS-PAGE gel (b) of GajA purification. The experiment 
was replicated at least three times. c, A representative cryo-EM image of GajA 
in thin ice. Thousands of images were collected. d, Representative 2D class 
averages of GajA calculated from thin-ice cryo-EM images. e, Data processing 

workflow for 3D reconstruction of GajA tetramer from thin-ice cryo-EM images. 
f, The FSC curve of reconstructed GajA tetramer from thin-ice cryo-EM images. 
g, Representative cryo-EM density of GajA tetramer fitted with α-helices and 
β-strands. The density map was shown at a contour level of 0.03.
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Extended Data Fig. 2 | Cryo-EM reconstruction of GajA in thicker ice.  
a, A representative cryo-EM image of GajA in thicker ice. Thousands of images 
were collected. b, 2D class averages of GajA calculated from thick-ice cryo-EM 
images. c, Data processing workflow for 3D reconstruction of GajA tetramer from 

thick-ice cryo-EM images. d, The FSC curve of reconstructed GajA tetramer from 
thick-ice cryo-images. e, Local resolution of reconstructed GajA tetramer from 
thick-ice cryo-images. f, Cryo-EM density of GajA tetramer fit with α-helices and 
β-strands. The density map is shown at contour levels of 0.03.
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Extended Data Fig. 3 | Architecture of GajA. a, Ribbon diagram of GajA 
N-terminal ATPase domain with secondary structures indicated. b, Overlaid 
structures of GajA N-terminal ATPase domain (green) and Rad50 ATPase domain 

(PDB ID 5DNY, magenta). c, Ribbon diagram of GajA C-terminal Toprim domain 
with secondary structures indicated. d, The dimerization domain of GajA in 
complex with a phage protein Gad1 (magenata).
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Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | Interfaces in GajA tetramer. a–c, Enlarged views of 
interface I (a), interface II (b), and interface III (c) in GajA tetramer. Key residues 
on the interfaces were highlighted in sticks. d, Superimposed structures of the 
active sites from GajA (green) and BpOLD (PDB ID 6NK8, gray). e, Structure of 
GajA in complex with dsDNA (Yellow) that was predicted by RoseTTAFoldNA.  

f, Electrostatic surface representation of GajA with dsDNA. The catalytic center 
of GajA is highlighted by a red circle. Negatively charged residues surrounding 
the catalytic center of GajA coordinate dsDNA. g, Key residues involved in 
coordinating dsDNA are highlighted in sticks.
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Extended Data Fig. 5 | Oligomerization state of GajB and GajAB. a, Gel filtration profile of GajB indicates that GajB alone assembles as a monomer. b, Gel filtration 
profile of GajAB indicates that GajAB assembles as a tetramer of heterodimer. c, Native mass spectrometry analysis revealed that there are four copies of GajA and four 
copies of GajB in the GajAB complex.
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Extended Data Fig. 6 | Cryo-EM reconstruction of GajAB. a, A representative 
cryo-EM image of GajAB complex. Thousands of images were collected.  
b, 2D class averages of GajAB complex. c, Data processing workflow for 3D 

reconstruction of GajAB complex. d, e, Local resolution (d) and FSC curve (e) of 
reconstructed GajAB complex without symmetry setting. f, g, Local resolution (f) 
and FSC curve (g) of reconstructed GajAB complex with D2 symmetry setting.
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Extended Data Fig. 7 | Structural comparison of GajB and UvrD. a, Overlaid 
structures of GajB (magenta, pink, yellow, and orange, AlphaFold predicted 
structure) and UvrD (PDB ID 2IS2, cyan). b, Sequence alignment of ATP binding 
motifs between GajB and UvrD. c, Overlaid structures of GajB (magenta) and 
UvrD (cyan) showed that domain 2A of GajB is not well positioned to coordinate 

ATP. d, Expanded view of key residues involved in coordinating ssDNA from 
GajB (magenta, AlphaFold predicted structure) and UvrD (cyan). e, Overlaid 
structures of GajB (magenta, AlphaFold predicted structure) and UvrD (cyan) 
revealed that domain 2B in GajB lacks key motifs for coordinating dsDNA.
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Extended Data Fig. 8 | Interfaces in GajAB. a, Key residues mediating 
interactions between GajB domain 1B (magenta) and GajA ATPase domain 
(green). b, Key residues mediating cis-interactions between GajB domain 

1A (pink) and GajA ATPase domain (green). c, Key residues mediating trans-
interactions between GajB 1A (pink) and GajA ATPase (blue). d, Key residues 
mediating interactions of two neighboring GajB protomers.
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Reporting Summary
Nature Portfolio wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency 
in reporting. For further information on Nature Portfolio policies, see our Editorial Policies and the Editorial Policy Checklist.

Statistics
For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided 
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) 
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code
Policy information about availability of computer code

Data collection EPU v2.11.1 for cryo-EM data collection.

Data analysis We used cryoSPARC v4.1.1,  Coot 0.9.8.7, PHENIX 1.20-4487, PyMOL 2.5.3, Molprobity 4.02-528, UCSF Chimera 1.15 and UCSF ChimeraX 1.5 
for cryo-EM data analysis. We used RoseTTAFold2NA to predict the structure of the GajA and DNA complex.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and 
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data
Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 
- Accession codes, unique identifiers, or web links for publicly available datasets 
- A description of any restrictions on data availability 
- For clinical datasets or third party data, please ensure that the statement adheres to our policy 

 

Accession numbers for Gabija A tetramer (4A), Gabija AB complex 1 (4A:4B, C1 symmetry), and Gabija AB complex 2 (4A:4B, D2 symmetry) are as follows: 
(coordinates of atomic models: 8TK0, 8TK1, and 8TJY deposited to Protein Data Bank), and (density map: EMDB-41319, EMDB-41321, EMDB-41314, deposited to 
Electron Microscopy Data Bank). All data needed to evaluate the conclusions are present in the paper.
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Research involving human participants, their data, or biological material
Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation), 
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender N/A

Reporting on race, ethnicity, or 
other socially relevant 
groupings

N/A

Population characteristics N/A

Recruitment N/A

Ethics oversight N/A

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting
Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences Behavioural & social sciences  Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size No any sample sizes or statistical analyses were pre-determined. In the cryo-EM datasets, each datasets contains thousands of images, from 
which millions of particles were selected for final reconstruction. For our biochemical experiments, no information was derived from a 
population based sampling. 

Data exclusions In cryo-EM data processing,  bad images with CTF outliers (ice contamination or crushed) were removed form further analysis. We also 
discarded "junk" particles that could not be classified into useful 3D refinmenet during 2D or 3D classifications. Those procedures are widely 
used practice in the cryo-EM field. No other data were excluded from analysis.

Replication All biochemical experiments were performed independently at least three times with the similar result.

Randomization For cryo-EM maps determination, FSCs were calculated using two independent havles of the datasets, into which the particles were randomly 
allocated.  Randomization is less relevant to other in vitro biochemical analysis. In vitro biochemical experiments were conducted in a highly 
controlled environment, where variables such as temperature, pH, concentration, and other experimental conditions can be precisely 
regulated. This controlled setting reduces the potential for external factors to influence the outcome of the experiment, mitigating the need 
for randomization to balance out confounding variables.

Blinding Blinding was not necessary for cryo-EM analysis as well as in vitro biological experiments, including cleavage assay, ATPase measurement, 
Plaque assay and Native Mass Spectrometry Analysis. All the in vitro biological experiments involve standardized protocols and procedures 
that are followed systematically by laboratory personnel. These protocols are designed to minimize variability and ensure consistency in 
experimental conditions, reducing the likelihood of bias introduced by differences in experimental handling or interpretation.

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 
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