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Escherichia coliSeptu system, an anti-phage defense system, comprises two
components: PtuA and PtuB. PtuA contains an ATPase domain, while PtuB
is predicted to function as a nuclease. Here we show that PtuA and PtuB
form astable complex with a 6:2 stoichiometry. Cryo-electron microscopy
structure of PtuAB reveals a distinctive horseshoe-like configuration. PtuA
adopts ahexameric arrangement, organized as an asymmetric trimer of
dimers, contrasting the ring-like structure by other ATPases. Notably, the
three pairs of PtuA dimers assume distinct conformations and fulfill unique
rolesinrecruiting PtuB. Our functional assays have further illuminated the
importance of the oligomeric assembly of PtuAB in anti-phage defense.
Moreover, we have uncovered that ATP molecules can directly bind to PtuA
and inhibit the activities of PtuAB. Together, the assembly and function of
the Septu system shed light on understanding other ATPase-containing
systems in bacterialimmunity.

The perpetual arms race between bacteria and bacteriophages has
spurred bacteria to evolve intricate immune networks as a defense
against phage attacks. Over the past few decades, amultitude of bac-
terial immune systems have been discovered and characterized'?,
including restriction-modification systems*, CRISPR-Cas systems™®,
prokaryotic Argonautes systems”® and cyclic oligonucleotide-based
anti-phage signaling systems’. Investigating these bacterial immune
systems has transformed biomedical research. Oneillustration of this
transformative impact can be seen in the study of CRISPR-Cas sys-
tems, which has revolutionized genome editing'°"2. Moreover, mecha-
nistic understanding of these bacterial immune systems has yielded
unprecedented insights into the origin and evolution of mammalian
immune systems. Many immune mechanisms, initially believed to be

evolutionary novelties exclusive to metazoans, have been discovered
inbacteria. This suggests that key components ofimmune systemsin
higher organisms may have their origins in bacterial homologs. For
example, the cyclic GMP-AMP synthase (cGAS)-stimulator of inter-
feron genes (STING) pathway, amajor innateimmune defense mecha-
nism in higher organisms, couples double-strand DNA sensing with
the induction of immune response™™. Recent studies revealed that
bacteria cyclic oligonucleotide-based anti-phage signaling systems also
encode cGAS-like proteins capable of activating downstream STING-like
effector proteins, thereby serving as a parallel of cGAS-STING axis in
the realm of anti-phage immune defense™ ™.

By miningthe microbe pangenome, manybacterialimmunesystems
with diverse compositions have been discovered, including Thoeris,
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Hachiman, Shedu, Gabija, Septu, Lamassu, Zorya, Kiwa, Druantia,
Wadjet and AVAST systems’®*’, However, the mechanisms by which
these systems restrict the infection and amplification of phages remain
largely unexplored. Some of these newly identified systems, including
the Septu, Gabijia and Lamassu systems, contain components with
ATPase domains and nuclease domains, suggesting that these systems
may use a similar mechanism to battle bacteriophage infection. The
Septu system has two components: PtuA and PtuB. Sequence analysis
reveals that PtuA contains an ATPase domain while PtuB is a nuclease
that belongs to the His—Asn—His (HNH) family®®*. As PtuB is a nucle-
ase, it is highly possible that the Septu system utilized PtuB to cleave
the genomic DNA of invading bacteriophages. Despite this limited
understanding, the assembly and function of PtuAB in anti-phage
defense remain unclear.

In this Article, our structural and functional analysis revealed
intriguing mechanisms of the Septu systemin anti-phage defense. Our
biochemical reconstitution and native mass spectrometry analysis
demonstrate that PtuA and PtuB assemble into a stable complex with
a stoichiometry of 6:2. Further cryo-electron microscopy (cryo-EM)
structural analysis reveals that PtuA assembles into ahexamer by form-
ing an asymmetric trimer of dimers. The three pairs of PtuA dimers
display different conformations, with two pairs of PtuA dimers favora-
bly interacting with PtuB, explaining the 6:2 stoichiometry of PtuA
and PtuB in the complex. Biochemical and cellular assays show that
PtuAB restricts phage growth by cleaving phage genomic DNA. Finally,
ATP molecules can bind to PtuA and modulate the PtuAB nuclease
activity. Together, we show that PtuA and PtuB can assemble into an
inflammasome-like complex for anti-phage defense, amechanismthat
may be universally shared by many other newly identified bacteria
immune systems.

Results

PtuA and PtuB form an oligomeric complex

To gain a comprehensive understanding of the Septu system across
species, we identified Septu systems from more than 400 bacteria
species and performed a deep sequence analysis. Despite the sequence
diversity of the Septu systems, all the PtuA from different species are
composed of an N-terminal ATPase domain followed by a C-terminal
triple-helixdomain (CTD), while PtuBis a nuclease (Fig. 1aand Extended
Data Figs.1and 2a,b).

To biochemically characterize the Septu system, we reconsti-
tuted the Escherichia coli Septu system by purifying PtuA and PtuB
overexpressed in E. coli BL21(DE3). We found that PtuA alone can be
overexpressed and purified as soluble forms in E. coli (Extended Data
Fig. 2¢). In contrast, PtuB alone was expressed as inclusion bodies in
E. coli (Extended DataFig. 2d), suggesting that PtuB failed to fold well
when expressed alonein E. coli. To test whether PtuA and PtuB can form
a stable complex, we co-expressed PtuA and PtuB in £. coli with PtuB
containing a C-terminal His, tag. The co-migration of PtuA and PtuB
on gel filtration suggested that they assembled into a stable complex
(Fig. 1b,c). Unexpectedly, over-stoichiometry of PtuA to PtuB was
observedinthereconstituted PtuAB complex (Fig. 1c). To further deter-
mine the stoichiometry of PtuA and PtuB, we performed native mass
spectrometry analysis of the purified complexes and found that PtuA
and PtuB formaheteromeric complex witha 6:2stoichiometry (Fig.1d).

Overall structure of PtuA hexamer

Tounderstand the assembly of PtuA, we determined the cryo-EM struc-
ture of PtuA with a resolution of 2.9 A (Fig. 2a, Table 1 and Extended Data
Figs. 3 and 4a), which enabled us to build an atomic model de novo.
After we built up the structural model, we were surprised to find that
the horseshoe-like structure is composed of six copies of the PtuA
ATPase domain (Fig. 2b). The six molecules of the PtuA ATPase domain
assemble as an asymmetric trimer of dimers to form the hexamer with
dimensions of 115 A x 110 A x 70 A (Fig. 2a,b).
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Fig.1|Reconstitution of the PtuA and PtuB complex. a, Domain organization
of PtuA and PtuB with residue numbers indicated below. b, Gel filtration profile
of the PtuA and PtuB complex that are co-expressed and purified. ¢, SDS-PAGE
analysis showing the purified PtuA and PtuB complex. The experiment was
replicated at least three times. d, Native mass spectrometry analysis of the PtuA
and PtuB complex, revealing a 6:2 stoichiometry of PtuA and PtuB.

ThePtuA ATPase domainfoldsinto anellipsoidal architecture with
convexand concave sides, which canbe divided into two lobes (Fig. 2c).
The N-terminallobe (N-lobe) assembles as an o/f roll via the packing of
aAagainst an antiparallel 3-sheet with 7B strandsin the order of 8,7, 6,1,
2,16 and 15.In contrast, the C-terminal lobe (C-lobe) adopts a —a—f fold
containinga central a-helical bundle of aD, oE and aF that is sandwiched
by afive-stranded mixed [3 sheet (3-sheet Il containing strands 9,13, 14
and 3) and a three-stranded antiparallel  sheet (B-sheet Ill containing
strands 10, 11and 12). The two lobes are connected via a long a-helix of
oB. DALI search showed that the PtuA ATPase domain resembles the
ATPase domain ofRad50 (ref. 22). Overlaid structures of PtuA and Rad50
revealed some features unique to PtuA. First, compared to Rad50, PtuA
has an inserted B-hairpin formed by 5 and 36 in its N-lobe (Fig. 2d),
whichisimportant for the hexamer assembly of PtuA (see next section).
Second, aC and aD of PtuA form an a-hairpin in the C-lobe (Fig. 2d),
whichisalsoinvolvedinthe oligomerization of PtuA (see next section).

Assembly of PtuA hexamer

Thehexamer of PtuAis organized by three pairs of PtuA dimers, in which
two pairs of PtuA dimers, hereafter referred to as side dimers, resemble
each other and are different from the third pair, denoted as a central
dimer (Fig. 2b). The differences between PtuA side dimer and central
dimer lieintwo aspects. First, the central dimer contains two ATP mol-
eculesinthe dimericinterface, while each side dimer coordinates one
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Fig.2|Overall structure of PtuA hexamer. a, The cryo-EM density map of PtuA
hexamer with each subunit colored individually. The hexamer has estimated
dimensions of 115 A by 110 A by 70 A. b, Ribbon diagrams of PtuA hexamer with
subunits colored in green, cyan, yellow, magenta, blue and light blue. ¢, Ribbon
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diagram of PtuA N-terminal domain (NTD) with secondary structures labeled.
The N-lobe and C-lobe of PtuA NTD are colored in blue and green, respectively.
d, Overlaid structures of PtuA NTD (green and blue) and Rad50 (gray), revealing
the B-hairpin and a-hairpin unique to PtuA.

ATP molecule (Fig.3a,b).Second, overlaid structures of the side dimer
and central dimer revealed dramatic conformational changes in the
B-hairpinand a-hairpinregions (Fig. 3c). Despite the differences above,
boththe central dimerand the side dimers are formed by two protom-
ers of PtuA in a head-to-tail manner, in which each N-lobe mutually
engages with the C-lobe of the opposing PtuA protomer, resembling the
dimeric arrangement of Rad50 (Fig. 3a-c and Extended Data Fig. 4b).
The dimeric interface displays along groove, 75 A in length, that runs
throughthe PtuA dimer. Moreover, both the central dimer and the side
dimer have a buried interface area of more than 3,000 A% In both the
central dimer and the side dimers, the dimericinterfaces are mediated
by B-hairpin, B-sheet Il and many loops from each protomer. Hydro-
phobic and hydrophilic residues establish an extensive interaction
network in the dimeric interfaces for both the central dimer and the
side dimers (Extended Data Fig. 4c).

Interactions between PtuA central dimer and the two side dimers
establish the structural basis of the PtuA hexamer assembly. The cen-
tral dimer is located in the middle for the engagement of two pairs of
side dimers using the dimer-dimer interface, which is mediated by
the B-hairpinin the N-lobe and a-hairpinin the C-lobe of PtuA ATPase
domain (Fig. 3d). Residues R73, Q78, E79, E84 in the B-hairpin from
one subunit of the side dimer establish hydrophilic interactions with

residues E138, E224,R227 and R179, respectively, in the a-hairpin of one
subunitinthe centraldimer.Residues L81and Y76 in the 3-hairpinof the
side dimer pack against residues W202,R230 and R227 in the a-hairpin
ofthe central dimer through hydrophobicinteractions (Fig. 3e). Mean-
while, residues from the a-hairpin of the other subunitin the side dimer
also establish interacting networks with residues from the a-hairpin
of a subunit in the central dimer (Fig. 3f). Together, these interaction
networks constitute the foundation of PtuA oligomerization.

Tovalidate the functionalimportance of residues onthe PtuA dimer-
dimer interface, we mutated L81into arginine and tested the oligomeri-
zation of the PtuA L8IR mutant. Mass photometry analysis revealed that
L8IR mutant predominantly exists as a dimer with a small population
of monomers, consistent with our gel filtration analysis (Fig. 3g and
Extended DataFig.4d). We further co-expressed PtuA L8IR mutant with
PtuB to test whether the mutant PtuA can assemble into acomplex with
PtuB. After purification, we found that the PtuA L8IR mutant failed to
formastable complex with PtuB (Fig.3h), suggesting that the hexameric
assembly of PtuAis critical for the recruitment of PtuB.

ATP binding sites
Structural analysis revealed four ATP moleculesin the hexameric PtuA.
ATP molecules are buried in the PtuA dimeric interface, sandwiched
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Table 1| Cryo-EM data collection, refinement and validation statistics

PtuA_Hexamer(from PtuAB dataset) PtuAB Focused

(EMDB-28045),(PDB 8EE4)

(EMDB-28048),(PDB 8EE7)

PtuAB Composite

PtuA_Hexamer(apo state)

(EMDB-28049),(PDB 8EEA) (EMDB-40779),(PDB 8SUX)

Data collection and processing

Magnification 81,000 81,000 81,000 81,000
Voltage (kV) 300 300 300 300
Electron exposure (e"A2) 50 50 50 50
Defocus range (um) 0.5-2.5 0.5-2.5 0.5-2.5 0.5-2.5
Pixel size (A) 112 142 112 112
Symmetry imposed C2 C1 n/a C2
Initial images (no.) 7,042 7042 7,042 6,992
Initial particle images (no.) 11,830,802 11,830,802 11,830,802 11,005,697
Final particle images (no.) 2,307,662 1,832,915 n/a 779,494
Map resolution (A) 2.60 272 n/a 2.93

Fourier shell correlation (FSC) 0.143 0.143 0143

threshold
Map resolution range (A) 2.50-3.20 2.60-3.20 2.50-3.20 2.50-4.00
Refinement
Initial model used (PDB code) AlphaFold AlphaFold AlphaFold AlphaFold
Model resolution (A) 30 3.0 27 30

FSC threshold 0.5 0.5 0.5 0.5
Model resolution range (A) 2.6-3.5 2.7-36 2.7-45 3.0-5.0
Map sharpening B factor (A% -123.3 -115.3 n/a -138.0
Model composition

Non-hydrogen atoms 18881 9188 24480 18101

Protein residues 2310 1135 3017 2231

Ligands (ATP) 4 1 4 4
B factors (A2)

Protein 33.01 40.57 60.66 71.20

Ligand 34.48 28.95 48.73 65.42
Root mean square deviations

Bond lengths (A) 0.002 0.003 0.004 0.003

Bond angles (°) 0.629 0.517 0.953 0.533
Validation

MolProbity score 1.48 1.20 121 1.44

Clashscore 3.98 1.75 1.97 3.82

Poor rotamers (%) 0.00 0.00 0.00 0.00
Ramachandran plot

Favored (%) 9571 96.07 96.31 96.05

Allowed (%) 4.29 3.93 3.69 3.95

Disallowed (%) 0.00 0.00 0.00 0.00

between the Walker A and B motifs of one protomer and the conserved
signature motif from the other protomer in PtuA dimer (Fig. 4a,b and
Extended DataFig.1). Residues R12,Y272and Q279 are responsible for
coordinating the adenyl group and sugar ring of ATP while K36, D282
and N160 interact with the phosphate groups (Fig. 4b). Electrostatic
surface analysis showed that ATP was nested inashallow pocket of PtuA
withthe adenyl groupinahydrophobic environment and the phosphate
groups surrounded by positively charged residues (Fig. 4c). Thereare
two ATP moleculesin the central dimer while one ATP molecule binds
toeach pair of the side dimers (Fig. 3a,b). Incomparisonto the central
dimer, a larger cleft at one side of the side dimer led to key residues

for ATP coordination rotating away from the ATP molecule in the side
dimers (Extended Data Fig. 5a,b). As such, this sitein the side dimer is
unfavorable for coordinating ATP.

As ATP molecules were observed in PtuA, we hypothesized that
PtuA may notbe capable of hydrolyzing ATP. We performed an ATPase
activity assay using a phosphate detection kit to test this hypothesis.
Compared to the positive control, no ATPase activity was detected in
either PtuA or PtuAB, providing evidence that neither PtuA alone nor
PtuAB complex can hydrolyze ATP (Fig. 4d). A previous study revealed
thatkey residues and Mg?" in the active site of Rad50 formed a hydro-
genbond network poised for ATP hydrolysis* (Extended Data Fig. 6a).
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In contrast, the unique configurations of ATP in PtuA and the substitu-
tion of akey GInresidue with Gly in PtuA probably lead to the deficiency
of ATP hydrolysis by PtuA (Extended Data Fig. 6b-d).

Cryo-EM structure of the PtuAB complex

To understand the assembly of the PtuAB complex, we collected
cryo-EM images of the PtuAB complex for structure determination
(Extended DataFig. 7a). During our initial structural reconstruction, we
picked particles using abox size of 216 pixels (about 242 A) (Extended
DataFig. 7b). After multiple rounds of 2D and 3D classification, we
obtained a cryo-EM map in which only PtuA is visible (Extended Data
Fig. 7b-d). To obtain the cryo-EM structure of PtuAB, we reprocessed
our cryo-EM data by re-picking particles using a larger box size of
256 pixels (about 287 A) (Extended Data Fig. 8a). We first obtained a
cryo-EM map of 5 A, which reveals two additional densities that are
tightly associated with PtuA side dimers in comparison to the PtuA
hexamer map (Extended Data Fig. 8b). We further generated amask to
perform focused refinement on one side dimer with the newly identi-
fied blob, resulting ina high-resolution map of 2.7 A for model building
(Fig. 5a, Table 1 and Extended Data Fig. 8a,c). Based on these cryo-EM
maps, we obtained a high-resolution composite map of the PtuAB com-
plextobuild astructural modelin which there are two PtuB molecules
and six PtuA molecules (Fig. 5b,c). Each side dimer of PtuA interacts
with one PtuB molecule while the central dimer does not recruit any
PtuB molecule, suggesting a functional difference between the central
dimer and side dimers (Fig. 5¢). Furthermore, the CTDs of PtuAin the

side dimers, which are responsible for the recruitment of PtuB, were
clearly resolved in the PtuAB complex. In contrast, the CTD of PtuAin
the central dimer remains absent. These observations suggest that the
interactionbetween PtuB and PtuA CTD may stabilize the conformation
of PtuA CTD. Detailed structural analysis showed that PtuB sitsina cleft
formed by the two CTDs of PtuA side dimers and establishes extensive
interactions with the two protomers of each PtuA side dimerin an asym-
metric way (Fig. 5c-i). PtuB folds as an o/f roll with five a-helices and
three B-strands (Fig. 5f). The long a-5 helix in PtuB is sandwiched by
a-helices of the PtuA CTD (Fig. 5g). PtuB establishes extensive interac-
tions with helices a-G and a-J in one PtuA CTD, whereas PtuB a-5 forms
afew interactions with the a-J helix of the other PtuA subunit in the
sidedimer (Fig. 5h,i). Notably, many hydrophobic residues in PtuB are
buried by the CTD of PtuA (Fig. 5h,i), explaining why PtuB alone cannot
be expressed as asoluble formin E. coli.

Catalytic mechanism of the PtuAB complex

DALIsearchshowed that PtuB belongs to the HNH nuclease superfamily
witha catalytic core resembling that of Cas9 NHN domain**** (Extended
DataFig.9a). Residues D839, H840, N854 and N863 were shown to be
critical for the catalysis of Cas9 (ref. 24) (Extended Data Fig. 9b). An
alignment between the catalytic cores of PtuB and Cas9 identified resi-
duesE71,H72,N88 and H114 in PtuB that are in positions equivalent to
that of the catalytic residuesin Cas9 (Fig. 6a and Extended Data Fig. 9b).
To test the functional importance of these residues in catalysis, we
developed a plasmid nicking assay (Fig. 6b). In comparison to the
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dimer in complex with PtuB (Red), revealing that PtuB was sandwiched by the
CTD of PtuA. f, Ribbon diagram of PtuB with all the secondary structures labeled.
g, Ribbon diagram of PtuB and PtuA CTD, revealing that the o-5 helix of PtuB is
surrounded by the a-helices of PtuA CTD. h, Detailed interactions between PtuB
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wild type, alanine substitutions of residues H72 and N88 in PtuB led
totheloss of catalytic activity, suggesting that PtuB degrades DNAin
asimilar way as HNH endonucleases (Fig. 6¢). In addition, compared
totheactive site of Cas9 NHN domain, key residues in the active site of
PtuB are not perfectly aligned for catalysis and conformational reor-
ganization of the active site may be required for the activation of PtuB
(Extended DataFig. 9b). Together, we propose that PtuB may adopt a
similar catalytic mechanism with Cas9, in whichH72 serves as a general
base to activate a water molecule for the attack of a phosphodiester

bond while the other three residues in the catalytic center may coor-
dinate a divalent cation to stabilize the conformation of nucleotides
(Extended Data Fig. 9b).

Totesttheroles of divalent cations in PtuB catalysis, we performed
the plasmid nicking assay inthe presence of different divalent cations
atdifferent concentrations. We found that both Mn* and Mg can sub-
stantially promote the activity of PtuAB ina concentration-dependent
manner (Fig. 6d). In contrast, Zn** did not potentiate the nuclease
activity of PtuAB (Fig. 6d). Considering that Mg?" is the most abundant
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Fig. 6 | Catalytic mechanisms of the PtuA and PtuB complex. a, The catalytic
site of PtuB with potential catalytic residues highlighted as sticks. b, Diagram
illustrating the plasmid nicking assay by the PtuA and PtuB complex. ¢, Plasmid
nicking activities of PtuB wild type and mutants. All the assays were replicated at
least three times. d, Effects of Mn**, Mg?* and Zn* on the catalysis of the PtuA and
PtuB complex. All the assays were replicated at least three times. e, The PtuA and
PtuB complex processes plasmids in a concentration-dependent manner. All the
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catalysis of the PtuA and PtuB complex. The experiment was replicated at least
three times. g, ATP inhibits the catalytic activity of the PtuA and PtuB complexin
aconcentration-dependent manner. All the assays were replicated at least three
times. h, Effects of UTP, CTP, GTP, dATP, dTTP, dCTP and dGTP on the catalysis of
the PtuA and PtuB complex. All the assays were replicated at least three times.

i, Effects of GDP, CMP, GMP, dAMP, dCMP, dCTP and dGMP on the catalysis of the
PtuA and PtuB complex. All the assays were replicated at least three times.

divalent cationamong the tested cations in cells, Mg might be the cat-
alytic metalionused by PtuAB complex under physiological conditions.

Toreveal theroles of nucleoside triphosphates (NTPs) in regulat-
ing the PtuAB complex, we performed the plasmid nicking assay in the
presence of different NTPs. In our plasmid nicking assay, we found that
the PtuAB complex can digest plasmids in a concentration-dependent
manner (Fig. 6e). Moreover, we noticed that freshly purified PtuAB
complex displayed muchlower activity than the PtuAB complex stored
at4 °Cforaweek (Fig. 6f), indicating that ATP molecule may inhibit the
nuclease activity of the PtuAB complex. Indeed, further experiments
showed that ATP can inhibit the nuclease activity of the PtuAB com-
plex while ADP and AMP do not (Fig. 6f). Subsequent analysis showed
that ATP inhibits the activity of PtuAB in a concentration-dependent
manner and can completely abolish the activity of PtuAB at concentra-
tions higher than 1 mM (Fig. 6f). We also evaluated the roles of other
NTP, deoxy-ribonucleoside triphosphate (ANTP), nucleoside diphos-
phate (NDP), deoxy-ribonucleoside diphosphate (ANDP), nucleoside
monophosphate (NMP), and deoxy-ribonucleoside monophosphate
(dNMP) moleculesin modulating the activity of PtuAB complex. Unex-
pectedly, we found that all the NTPs and dNTPs, but not other nucleo-
tides, cansuppress the nuclease activity of PtuAB (Fig. 6h,i). Given the

physiological concentration of ATP is over 3 mMin E. coli”, the nuclease
activity of PtuAB is probably inhibited under physiological conditions.
When phages infect bacteria, unknown phage factors may activate
PtuAB potentially via depleting the ATP bound to PtuA®.

Anti-phage activity of the PtuAB complex

Totest the anti-phage activity of PtuAB, we first developed a bacterial
colony-forming assay, in which bacteria infected with phages at dif-
ferent multiplicity of infection (MOI) were placed onan agar plate and
grown overnight. By comparing the sizes of colonies, we can evaluate
the anti-page effects of PtuAB. We tested the anti-phage activity of
PtuAB against phages of T2, T5, T4 and T7 that belong to the Myoviridae,
Demerecviridae, Myoviridae and Podoviridae families, respectively.
Compared towild-typeE. coli, E. coli expressing PtuAB display effective
anti-phage activity against TSand T7 phages even at a high MOI of 100
(Fig.7a,b).In contrast, PtuAB provides E. coli limited protection against
T2and T4 phages regardless of MOI (Fig. 7c,d). These results suggest
that PtuAB restricts phage amplificationin aspecies-dependent man-
ner. Furthermore, £. coliwith PtuB alone failed to grow well even at low
MOls, suggesting that both PtuA and PtuB are required to confer E. coli
anti-phage protection (Fig. 7a,b). To determine the growth kinetics of
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Fig.7| Anti-phage activity of the PtuA and PtuB complex. a-d, Bacteria growth
assay showing the effects of PtuAB, PtuB, and PtuB mutant against infections by
different phages, including T5 (a), T7 (b), T4 (c¢) and T2 (d). e,f, Bacteria survival
rates when infected by T5 phage (e) and T2 phage (f) at different MOl in the
presence and absence of the PtuAB system, respectively. Histograms correspond

Antiphage defense

to the mean of three independent experiments; error bars represent the s.d.

g,h, Quantified phage genomic DNA at different time points after T5 phage

(g) and T2 phage (h) infection, respectively. Histograms correspond to the
mean of three independent experiments; error bars represent the s.d. i, Diagram
illustrating the assembly and function of the PtuA and PtuB complex.

E.coliwith or without PtuAB after infection by phages at different MOls,
we made growth curves of E. coli after infection. E. coli cells without
PtuAB displayed growth arrest at low MOIs for both T2 and T5 phages,
while E. coli with PtuAB resisted TS5 infection even at a high MOI but
failed to effectively battle with T2 infection at MOIs higher than 0.1
(Fig. 7e,fand Extended Data Fig.10a,b). Moreover, the growth of E. coli
with PtuAB is normalin the presence of T5 phage at a high MOl of 2.0
(Extended Data Fig.10b), suggesting that PtuAB does not confer bac-
teria anti-phage defense through the abortive infection mechanism.

We further tested whether the nuclease activity of PtuBis required
foranti-phage activity. H72A, a catalytic-defective mutant, substantially
reduced the anti-phage activity of PtuAB (Fig. 7a and Extended Data
Fig. 10c), suggesting that the nuclease activity of PtuB is required for
PtuAB anti-phage activity. In addition, the PtuA L8IR mutant that dis-
rupted the oligomerization of PtuA and cannot recruit PtuB also failed
to confer E. coli anti-phage activity (Extended Data Fig.10d), further sup-
porting that the assembly of PtuAB is critical for its anti-phage activity.

Based on our functional analysis, we postulated that PtuA and PtuB
assembleintoacomplextorestrict phage amplificationinbacteriaby

selectively degrading the genomic DNA of phages. To test this hypoth-
esis, we decided to quantify the phage genomic DNA in E. coli after
infection using quantitative polymerase chain reaction (qQPCR). After
infection, the genomic DNAs of T5 in wild-type E. coliincreased about
ten-fold every 10 min. In contrast, the amplification of T5genomic DNA
was substantially inhibited in E. coli expressing PtuAB (Fig. 7g), sup-
porting amechanism of E. coli anti-phage defense mediated by PtuAB
viadegrading the phage genomic DNA. Consistently, PtuAB, which was
shown to have limited anti-phage activity against T2 phages (Fig. 7h),
failed torestrict the genomic DNA amplification of T2 phagesin cells.
Together, these data suggest that PtuAB can confer bacteriaimmune
defense against phage infection by digesting phage genomicDNAina
species-dependent way (Fig. 7i).

Discussion

In this study, we revealed mechanisms of the assembly and function
of Septu, a newly identified anti-phage system in bacteria. The two
components of Septu systems, PtuA and PtuB, form a stable complex
with a stoichiometry of 6:2, which is critical for the function of the
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PtuAB complex. Structural analysis revealed that the oligomeriza-
tion of PtuA is formed by three pairs of PtuA dimers. Further analy-
sis showed that the unique ATPase domain of PtuA has one -hairpin
and one a-hairpin compared to other well-studied ATPase domains,
which are critical for the unique assembly of PtuA. More strikingly,
two pairs of PtuA dimers are responsible for the recruitment of PtuB
andresemble each other, but are conformationally different from the
third pair, highlighting the different functional roles of PtuA dimersin
the complex. Moreover, PtuA has no ATPase activity and may function
as an ATP sensor by directly coordinating ATP molecules. Biochemi-
cal assays showed that 1 mM ATP but not ADP or AMP can effectively
inhibit the nuclease activity of the PtuAB complex. Under physiologi-
cal conditions, the concentration of ATP in £. coli cells is higher than
3.0 mM (ref. 25), which can inhibit the activity of the PtuAB complex.
Upon phage infection, potential phage factors may activate PtuAB
viadepleting the ATP molecules tightly associated with PtuA through
an unknown mechanism. It is also possible that phage factors may
affect the conformation of the PtuAB complex to activate PtuB. Once
activated, the PtuAB complex can selectively cleave the genomic DNA
of phages potentially via recognizing unique genome modifications
in phages for anti-phage defense?.

The mechanism of PtuAB assembly and activation is reminiscent of
the nucleotide-binding domain and leucine-rich repeat (NLR) contain-
ing a caspase activating and recruitment domain (CARD) 4 (NLRC4)
inflammasome, in which the sensor protein NAIPs and the adaptor
protein NLRC4 share asimilar domain arrangement and formaring-like
oligomer via ATPase domains upon activation®*°, Upon activation, the
oligomeric NLRC4 inflammasome can activate downstream effector
caspase-1 (refs. 31-33). The PtuAB and NLRC4 inflammasome share
at least three common features. First, in both systems, the upstream
ATPase domain-containing proteins function as sensors and/or adap-
tors to recruit and facilitate the activation of downstream effector
proteins. Second, in both systems, the ATPase domain-containing
proteins assemble into large oligomers for function. Third, both sys-
tems function as immune surveillance systems to protect hosts from
infection by pathogens.

Despite their similarities, PtuAB also displays some unique fea-
tures from NLRC4 inflammasome. First, the ATPase domain of PtuA is
quite unique and has some inserted motifs, which form the structural
basis for PtuA to assemble into a unique horseshoe-like structure,
contrasting the ring-like structure of NLRC4 inflammasome. Second,
PtuAfunctionsasbothasensorandanadaptor, while the NLRC4 inflam-
masome has NAIP proteins as sensors and NLRC4 proteins as adaptors.
Third, the PtuA protomers in the hexamer display different conforma-
tions, while all the NLRC4 protomers resemble each other. Fourth,
PtuA exists as a constitutive oligomer, while NLRC4 oligomerization
isinduced. Fifth, the effector protein of PtuAB is a nuclease, while the
effector protein in NLRC4 inflammasome is a protease. Lastly, PtuB
needs to form a constitutive complex with PtuA for function. Upon
activation by NLRC4 inflammasome, caspase-1will bereleased fromthe
assembled inflammasome super-complex. Together, these data indi-
catethat PtuA and PtuB assemble into aninflammasome-like complex
with unique features for anti-phage activity. Primary sequence analy-
sis showed that many other bacterial immune systems also contain
components with ATPase domains and nucleases. As such, it is highly
possible that oligomerization mediated by ATPase-domain-containing
proteins for anti-phage defense may be universally shared by other
ATPase-domain-containing systems in bacteria.
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Methods

Bacterial strains and phages

E. colistrain ATCC25922,BL21 (DE3) and DH5a were cultured routinely
inLB at 37 °C.Phages T2, T4, T5and T7 were obtained from DSMZ and
propagatedin E. coli BL21 (DE3).

Phylogenetic tree construction

CD-HIT (version 4.8.1) was utilized to perform efficient clustering of all
aminoacid sequencesin thisstudy®*. The sequence identity threshold
wasset to 0.75to ensurereliable clustering results. Additionally, aword
length of 5was chosen for the analysis, allowing for abalance between
accuracy and computational efficiency. Following the clustering pro-
cess, representative sequences were extracted based on the cluster-
ing results. These representative sequences were then subjected to
sequence alignment using MAFFT v7.475 in auto mode®. To improve
alignment quality, the aligned sequences were further trimmed using
trimal v1.4 in automatedl mode™.

For phylogenetic tree construction, the maximum likelihood
(ML) method was employed using Iqtree v1.6.5 (ref. 37). The ML
tree was built with 1,000 ultrafast bootstrap replicates and 1,000
Shimodaira-Hasegawa-like approximate likelihood ratio tests, ensuring
robustness and reliability of the tree topology. Finally, the constructed
ML tree was visualized usingiTOL®, an online tool specifically designed
for the display, annotation and management of phylogenetic and other
typesoftrees.

Protein expression and purification
Genes encoding PtuA and PtuB were amplified from E. coli strain ATCC
25922 genomic DNA and cloned into a vector derived from pET-28a (+)
(Novagen), containing a C-terminal His, tag (Table 1). Proteins were
overexpressedin E. coli BL21 (DE3) at 18 °Cfor 18 h.

For protein purification, cell pellets were resuspended in buffer
A (20 mM Tris-HCI, 150 mM NaCl, pH 8.0) followed by cell lysis and
centrifugation to remove cell debris. The supernatant was incubated
with 1 ml Iminodiacetic-Acid-nickel magnetic beads (BeaverBeads,
Beaverbio) pre-equilibrated with buffer A. The beads were washed
with buffer A supplemented with 10 mM imidazole to remove nonspe-
cifically bound proteins, and then the target proteins were eluted by
buffer A supplemented with 250 mM imidazole. The target proteins
were concentrated and further purified by a gel-filtration column
(Superdex 200 10/300 GL, GE Healthcare) with SEC buffer 20 mM
HEPES and 150 mM NaCl, pH7.5).

Cryo-EM data collection

Three microliters PtuA or PtuAB sample at 2.0 mg ml™ was applied to a
glow-discharged Quantifoil R1.2/1.3400 meshgold grid (Electron Micros-
copy Sciences) followed by 4 sblottingat4 °Cusingan FEI Vitrobot Mark
IV.Allthe grids were screened using a ThermoFisher Glacios microscope
(OSU Center for Electron Microscopy and Analysis). We collected all the
datasets using a 300 kV Titan Krios microscope (FEI) equipped with
a K3 direct electron detector (Gatan) using EPU v2.11.1 at the National
Cancer Institute Cryo-Electron Microscopy Center. 7,042 micrographs
for the PtuAB complex and 6,992 micrographs for PtuA were collected
by a counting mode, with 50 total frames per movie, 50.0 electrons per
A2accumulated dose, and a physical pixel size of 1.12 A, respectively.

Cryo-EM structure reconstruction

Allthe collected frames were motion-corrected and dose-weightedin
MotionCor2 (ref. 39). Initial contrast transfer function parameters were
estimated by CTFFIND4 (ref. 40). All the particles were automatically
picked using CryoSPARC v4.0.0 (ref. 41).

For PtuA, 11,005,697 particles were picked for multiple rounds of
2D and 3D classificationin CryoSPARC". Eventually, 779,494 particles
were selected for the final reconstruction and refinement, leading to
amap of 2.9 A (Extended Data Fig. 3a-c).

For PtuA reconstructed from the PtuAB dataset, initial particle
picking resulted in 1,183,080 particles. After 2D and 3D classifica-
tion within CryoSPARC", 2,379,256 particles were selected for final
refinement to generate amap of 2.6 A (Extended Data Fig. 7b). For the
PtuAB complex, asimilar procedure was performed as the PtuA except
particle picking using a larger box size (Extended Data Fig. 8a). The
local resolution for PtuB is very low in the initial reconstructed map.
To improve the resolution of PtuB, we generated a mask covering a
PtuA side dimer and a PtuB for focused refinement, which signifi-
cantly improved the local resolution of PtuB. Then, we aligned the
focused refined map onto the original map to generate acomposite
map of PtuAB in Chimera®.

All the maps were filtered according to their local resolutions
with b-factor sharpening within CryoSPARC*.. Softwares (other
than CryoSPARC) for structure determination were supported
by SBGrid*.

Cryo-EM model building and refinement
The AlphaFold models for PtuA and PtuB were fitted into cryo-EM
maps using Chimera*’. Manual adjustments were done using Coot**,
followed by refinementin PHENIX*. All the structural representations
were generated using ChimeraX*? or PyMol*°.

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 pl min~. A Vanquish Duo
ultra-high-performance liquid chromatography 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 SEC1,2,1x 300 mm,300 A, 5 pm; 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 spectrom-
eter, while salts fromthe 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. Scan range was set to 1,000-20,000. Resolution was set to
12,500. Number of microscans was set to 5. Maximum injection time
was set to 200 ms. Sheath gas was set to 60 psi. Auxiliary and sweep
gas were set to O psi. Spray voltage was set to 3.85kV in positive ion
mode. Capillary temperature was set to 275 °C. S-lens RF level was set
to 200 V. In-source trapping was set to =120 V. In-source dissociation
was set to 5 V. Source direct current (DC) offset was set to 21V. Injec-
tion flatapole DC was set to 5 V. Inter flatapole lens was set to 4 V. Bent
flatapole DCwas setto 2 V. Tapping gas pressure was set to 7. The total
run time for the method was 30 min. The mass spectrum was decon-
volved using Unidec.

Mass photometry analysis

Refeyn TwoMP mass photometer was used for mass photometry
experiments. Glass coverslips (Thorlabs) were cleaned using water,
100% isopropanol, water, 100% isopropanol and water and were
dried using nitrogen. Similarly cleaned reusable silicone gaskets
with culture wells (Sigma) were affixed to the glass coverslips. Mass
measurements were doneineither 50 mM Tris (pH 8.0),150 mM NacCl,
and 0.5 mM tris(2-carboxyethyl)phosphine (TCEP) or200 mM ammo-
nium acetate. First, calibrations were obtained using an equimolar
mixture of beta-amylase (monomer 56 kDa, dimer 112 kDa, tetramer
224 kDa) and thyroglobulin (monomer 330 kDa, dimer 660 kDa) in
each buffer. Sample stocks were added to wells containing buffer to
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achieve nanomolar concentrations required for mass photometry.
Data acquisition was done using AcquireMP and data analysis was
done using DiscoverMP. Three measurements were done in each
buffer. Masses were calculated by applying appropriate calibra-
tion. Inboth buffers, the sample showed presence of monomer and
dimer. Due to high buffer background seen in 50 mM Tris (pH 8.0),
150 mM NaCland 0.5 mM TCEP, measurements were also conducted
in200 mM ammonium acetate. The masses obtained in each buffer
areas follows. In50 mM Tris (pH 8.0),150 mM NaCland 0.5 mM TCEP:
monomer 49.0 + 0 kDa (from two measurements as monomer was
notvisiblein one of the three measurements), dimer107.7 + 2.1 kDa.
In 200 mM ammonium acetate: monomer 54.7 + 1.5 kDa, dimer
108.7 + 0.6 kDa.

Plasmid nicking assay

Plasmid nicking assay was carried out in a 10-pul reaction system con-
taining 200 ng pUC19 plasmid, 50 nM PtuAB proteins,1 mMMnCl, and
20 mM Tris-HCI (pH 8.0). The reactions were performed at 37 °C for
15 min and terminated by adding 10 mM ethylenediaminetetraacetic
acid. The samples were analyzed using 1% agarose gels.

ATPase assay

The ATPase activity was measured using a phosphate detection kit
(Solarbio, BC0965) that monitored the amount of free phosphate
released according to the manufacturer’s protocol. The reactions were
performed with various concentrations of PtuA or PtuAB (50 nM and
1pM), with or without 20 ng pl™ pUC19, by a microplate reader (CLARIO
star plus) at 660 nm.

Phage titer determination

Phage titer was determined using the small drop plaque assay as
described previously*®. Briefly, E. coliBL21(DE3) were mixed with MMB
agar (LB supplemented with 5 mM MgCl,, 0.1 mM MnCl,, 5mM CaCl,
and 0.6% agar), and serial ten-fold dilutions of phages were added on
top of them for overnight incubation at 37 °C. Phage titer was deter-
mined by calculating plaque-forming units (PFUs) per milliliter. Three
technical replicates were conducted for each phage.

Bacterial colony-forming assay

E. coli cells with or without the Septu defense system grew at 37 °C
and were induced by 0.1 mM isopropyl B-D-1-thiogalactopyranoside
at OD,, of 0.2. E. coli cells were infected by phages at MOIs of 100,
10,1, 0.1, 0.01 or O and spotted on 1.5% agar plates for overnight cul-
ture at 37 °C. The mock data were generated using bacteria with a
pET28avector.

Bacterial growth assay

Bacteria with or without the Septu defense system were cultured at
37 °C to 0Dy, 0f 0.2. Then, 180 pl cultured bacteria were transferred
into a 96-well plate, followed by adding 20 pl phages at MOls of 2, 0.02
or 0. The OD,, of the bacteria was monitored using amicroplate reader
(CLARIO star plus) every 5 min for a total duration of 6 h.

Phage genomic DNA quantification assay

Bacteria with or without the Septu system were infected by T2 or T5
phages withan MOl of 1. Cells were collected at 0,10, 20 or 30 min after
infection, and their total DNA was extracted using TIANamp Bacteria
DNAKIit (TIANGEN, 4992448). We used 20 ng DNA as templates, 2 pM of
phage-specific primers or host-specific primers, and 2x ChamQ Univer-
sal SYBR qPCR Master Mix (Vazyme, Q711-02/03) for each PCR reaction.
A CFX Connect Real-Time System (Bio-Rad) was used to amplify the
DNA templates. Phage DNA copy number was normalized. DNA copy
number at 0 minwas set to, relative to which the DNA copy numbers
atother time points were quantified as described previously*. All the
experiments have threereplicates.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

Accession numbers for PtuA and PtuAB are as follows: (coordinates of
atomic models: 8SUX, 8EE4, 8EE7 and 8EEA, deposited to Protein Data
Bank), and (density map: EMD-40779, EMD-28045, EMD-28048 and
EMD-28049, deposited to Electron Microscopy Data Bank). All data
needed to evaluate the conclusions are presentin the paper.
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Extended Data Fig. 1| Sequence Alignment of PtuA from Different Species.
Sequence alignment of PtuA from Escherichia coli (Genbank ID AIL15948.1),
Proteus mirabilis (Genbank ID AGS60026.1), Pseudomonas veronii (Genbank
ID KRP82805.1), and Yersinia enterocolitica (Genbank ID AHM71342.1) with

secondary structural elements labeled below. NTD was highlighted in blue, and
CTD was highlighted in green. Walker A motif, Walker B motif, and a signature
motif critical for coordinating ATP were highlighted inred, yellow, and green,
respectively.
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Extended Data Fig. 2| Analysis and Purification of PtuA and PtuB.
a, Sequence alignment of PtuB from Escherichia coli (Genbank ID AIL15172.1),
Janthinobacterium agaricidamnosum (Genbank ID CDG84671.1), Yersinia
enterocolitica (Genbank ID AHM71343.2), and Pseudomonas veronii (Genbank
ID KRP82804.1) with secondary structural elements labelled below. Catalytic
residues of PtuB were highlighted in yellow. b, Diagram of phylogenetic trees
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Expression and purification of
PtuB

of PtuB from different species. ¢, SDS-PAGE analysis of PtuA expression and
purification via Ni** affinity column. The experiment was replicated at least

three times. d, SDS-PAGE analysis of PtuB expression and purification via Ni**
affinity column. Bands of PtuB were highlighted in a red box. The experiment was
replicated at least three times.

Nature Structural & Molecular Biology


http://www.nature.com/nsmb

Article

https://doi.org/10.1038/s41594-023-01172-8

a [ 6992movies | b
Particle Picking 240 Extraction box
Inspect Picks size(pix)

[ 11,005,697 particles |

l 2D Classification

| » e
ey @ ey
>

Resolution (A)

Local resolution of PtuA

— NoMask (3.34)
— Loose (34)
— Tight (2.94)
— Corrected (2.94)

293A@
FSC=0.143

5,686,080 particles
Ab-Initio Heterogeneous refinement
Reconstruction in C1 symmetry c
Z‘ < L 1.0
-~ % 0.8
B0.6
= “04
- N W 1 0.2
3,016,667 0
particles  Heterogeneous refinement
l in C1 symmetry

3D refinement

779,494 particles

S
13 6.7 45 34 27
Resolution (A)

Extended Data Fig. 3| Structure Determination of PtuA. a, Workflow of PtuA 3D reconstruction using CryoSPARC. b, Local resolutions of the reconstructions of
PtuA. Resolutions are color-coded by scale bars. ¢, Fourier shell correlation (FSC) curve of 3D reconstructed PtuA.

Nature Structural & Molecular Biology


http://www.nature.com/nsmb

https://doi.org/10.1038/s41594-023-01172-8

Rad50 dimer
B1(1-9) B2 (16-22)

Structural comparison

C
d Interfacial residues of PtuA central dimer or side dimer
20004 PtUA_L81 R
2 1500
E

10004 PtuA WT

5 10 15 20
Elution volume (ml)
Extended Data Fig. 4 | Cryo-EM Density of PtuA and Structure comparison.

a, Representative segments of PtuA cryo-EM density map with the final atomic
model (2.0 ). b, Overlaid structures of PtuA (green and cyan) and Rad50 dimers

(Grey). ¢, Residues on the dimeric interface of PtuA were highlighted in sticks.

d,Gelfiltration profiles of PtuA wild type (blue) and L81R mutant (gold), showing
that L81R disrupted the PtuA hexamer.

Nature Structural & Molecular Biology


http://www.nature.com/nsmb

Article

https://doi.org/10.1038/s41594-023-01172-8

Larger cleft
in the side

Central dimer
Il Side dimer

R12
ATP} ) R12
K36
K36

Extended Data Fig. 5| Comparison of ATP Binding Sites. a, Overlaid structures of the central dimer (cyan and green) and the side dimer (yellow and magenta),
revealing alarger cleft at the ATP binding site of the side dimer. ATP is highlighted as sticks. b, Key residues for ATP coordination are highlighted as sticks. Key residues
are far away from the potential ATP binding site in the side dimer.
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Extended Data Fig. 6 | ATP Catalysis. a, ATP catalytic site of Rad50, highlighting

b
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an extensive hydrogen bond network formed by key residues and magnesium
(sphere). b, ATP catalytic site of PtuA. Key residues are not well aligned to form

hydrogen bonds with ATP. ¢, Comparison of ATP molecules in PtuA (cyan) and
Rad50 (yellow), revealing the unique configuration of ATP in PtuA. d, Overlaid
structures of ATP catalytic sites in PtuA (cyan) and Rad50 (yellow).

Nature Structural & Molecular Biology


http://www.nature.com/nsmb

Article

https://doi.org/10.1038/s41594-023-01172-8

a Cc
s '
g 08 ]
So 06
32 0.4 ]
b= ] 26A@
& 02 FSC=0.143
5
st K e
— 0 02 04 06
. Spatial Frequency (1/A)
A cryo-EM image of PtuAB
b d
[ 7,042 movies |
Particle Picking l . R A)
Inspect Picks 216 Extraction box size(pix) ol
[ 11,830,802 particles |
l 2D 25
Classification 27
29
s
5,219,059 particles
Multiclass Heterogeneous refinement

Ab-Initio Reconstruction

in C1 symmetry

2,379,256
Extended Data Fig. 7 | Structural Reconstruction of PtuA from the PtuAB
Dataset. a, Arepresentative cryo-EM image of the PtuA and PtuB complex.
Thousands of images were collected. b, Workflow of PtuA 3D reconstruction

975,852

3D Refinement
in C2 symmetry %

using CryoSPARC. ¢, Fourier shell correlation (FSC) curve of 3D reconstructed
PtuA.d, Local resolutions of the reconstructions of PtuA. Resolutions are color-
coded by scalebars.

Nature Structural & Molecular Biology


http://www.nature.com/nsmb

Article https://doi.org/10.1038/s41594-023-01172-8

a 7,042 movies |
Particle . .
Picking 256 Extract!on box size
Inspect Picks (Pix)
[ 4,115,663 particles |
2D
Classification
5 A map of PtuAB
C
[= 1 4
S
2 08
3,795,659 particles L
; og
Multiclass Heterogeneous refinement = 8 04
Ab-Initio Reconstruction in C1 symmetry PR haads 27A@
g 021 FSC=0.143
N 2 o : \, .
57 L= 0 0.2 0.4 0.6

Spatial Frequency (1/A)

= A

1,832,915

Non-Uniform

Refinement o«H

in C1 symmetry L \

f’ l Y al
G

... Focused “ al
i3, Refinement cTD

PtuA structure

Extended Data Fig. 8| Cryo-EM Structure Reconstruction of the PtuA and of 5A. ¢, FSC curve of the focused refined cryo-EM map of the PtuAB complex.
PtuB complex. a, Workflow of the PtuAB complex 3D structure reconstruction d, Ribbon diagram of the full-length PtuA, revealing that PtuA CTD is composed
using CryoSPARC. b, Initial cryo-EM map of the PtuAB complex at a resolution of three a-helices.

Nature Structural & Molecular Biology


http://www.nature.com/nsmb

Article https://doi.org/10.1038/s41594-023-01172-8

a b
- \
Cas9 NHN - £ ¢ —
domain y A N 1%\
) 2 ; A
CDr o
(N863 @ H840 N845
4 h ) ‘
g, ¢ ( /
¥ ‘\ \\
mCas9 NHN ImCas9 NHN
PtuB PtuB
Structural comparison of Cas9 Overlaid catalytic cores of Cas9
NHN domain and PtuB NHN domain and PtuB

Extended Data Fig. 9 | Structural Comparison of PtuB and Cas9. a, Overlaid structures of PtuB (pink) and the HNH domain of Cas9 (green) revealing their similarity.
b, Overlaid catalytic cores of PtuB (pink) and the NHN domain of Cas9 (green) with catalytic residues highlighted in sticks.

Nature Structural & Molecular Biology


http://www.nature.com/nsmb

https://doi.org/10.1038/s41594-023-01172-8

Article
a b
159 Mol 0 002 2 1.57 MOl 0 0.02 2
T
E 1.0 E10{ U -
S e
3 ©
N a
8 0.5 o
O.G T 1 1 T T
0 2 3 4 5 y 3
Time (hours) Time (hours)
Growth curves of E. coli Growth curves of E. coli
infected by T2 phages infected by T5 phages
c d
1.5 PUAPB_H72A MOl 0 00101 1 10 100
MOl 0 002 2 Mock _
€ 1.0
c
©
3 0.5
- PtuB
OC T T T T T 1
0 23 4 5
Time (hours) E. coli infected by T5

Growth curves of E. coli with

phages at different MOI

PtuA/PtuB_H72A mutant
infected by T5 phages
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assay. The experiment was replicated more than three times. d, PtuA L81R/PtuB
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assay. The experiment was replicated more than three times.
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