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Prokaryotic organisms have evolved unique strategies to acquire immunity

against the constant threat of bacteriophage (phage) and mobile genetic ele-
ments. Hna is a broadly distributed anti-phage immune system that confers
resistance against diverse phage by eliciting an abortive infection response.
Using a combination of biochemistry, cryo-electron microscopy, and single-
molecule fluorescence imaging, we reveal that Hna functions as a 3’5’ single-
stranded DNA exonuclease that forms an auto-inhibited dimer under physio-
logical ATP concentrations. Biochemical and mutational analyses demonstrate

that Hna catalytic outputs are governed by kinetic partitioning between
ATPase and nuclease active sites. Disruption of this balance enhances DNA
cleavage and causes cellular toxicity. Furthermore, we show that a phage-
encoded single-stranded DNA-binding protein (5 A SSB) destabilizes the
autoinhibited Hna dimer and shifts catalytic partitioning toward dysregulated
nuclease activation. Conversely, phage escape mutants encode SSB variants
that evade Hna surveillance by adopting higher order stoichiometries with
enhanced DNA binding affinity. Our work establishes the molecular basis of
Hna-mediated anti-phage activity and provides insights into how phage-
encoded proteins can directly stimulate a bacterial immune response.

Prokaryotic life is continually challenged by parasitic genetic elements,
such as bacteriophage (phage), that contribute disproportionately to
bacterial death and are ubiquitous to every environment in which
bacteria can grow'’. The environmental pressures imposed by phage
have driven bacteria to evolve a diverse repertoire of resistance stra-
tegies to neutralize or limit the spread of infection®®. Many well-
characterized anti-phage systems, such as CRISPR-Cas and restriction
modification (RM) systems, employ targeted nucleic acid degradation
to disrupt replication of the phage genome®’®, By contrast, a distinct
subclass of bacterial immune systems, known as abortive infection
(abi) systems, often interfere with viral propagation by weaponizing
host cellular processes and triggering cell death or dormancy to ben-
efit the surrounding bacterial population’™. Recent studies highlight

the mechanistically diverse and underexplored strategies of abi sys-
tems, emphasizing the potential for the discovery of novel approaches
used by bacteria to combat phage™.

Hna (helicase-nuclease abortive infection) is an abi defense sys-
tem originally discovered in the gram-negative bacterium, Sinorhizo-
bium meliloti, that has been identified in 2% of sequenced bacterial
genomes™" ", Foundational work by Sather et al. established that Hna
functions as a single-effector system to confer immunity against
diverse families of tailed viruses (Caudoviricetes). Hna interferes with
phage genome replication without releasing phage progeny via an
unknown mechanism®. Hna possesses highly conserved N-terminal
superfamily I (SF2) helicase motifs and a C-terminal PD-(D/E)XK
nuclease domain. The cooperativity of nuclease and helicase modules
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is an established approach for defense against phage attack and has
been characterized in functionally distinct systems such as Hachiman,
Gabija, Nhi, and Cas3'**°*, Conservation of both nuclease and helicase
modules is often necessary for proper anti-phage activity, however, the
interplay of each domain is highly variable across systems, allowing for
unique modes of activation and regulation.

Recently, studies have identified several phage-encoded protein
factors that induce abortive infection through direct or indirect acti-
vation of bacterial immune systems® >, Of growing interest are phage-
encoded single-stranded DNA binding proteins (SSB) which have been
shown to stimulate the anti-phage activity of several defense systems
including Hachiman, Nhi, Retron-Eco8, AbpAB, and Hna“*****, Co-
expression of a phage-encoded SSB is sufficient to induce Hna-
mediated abi independent of phage infection® and establishes a
unique opportunity to explore the nature of Hna anti-phage activity
and the external factors that regulate it.

Here, we characterize the catalytic properties of the Hna system
originating from S. meliloti. We demonstrate that Hna functions as a
3’5 exonuclease on single-stranded DNA and forms an auto-
inhibitory homodimer upon binding ATP. Disrupting either the
dimerization or ATP-binding domains restores Hna exonuclease
activity, establishing a mode of self-regulation under normal cellular
conditions. Addition of a phage-encoded SSB (5 A SSB) stimulates Hna
exonuclease activity even in the presence of ATP, disrupting Hna auto-
inhibition. Together, this work details the mechanism of Hna broad-
spectrum anti-phage activity and contributes to our understanding of
phage-encoded triggers for activation of abortive infection systems.

Results

Hna is a single-stranded DNA exonuclease

To investigate the putative nuclease capabilities of Hna, we recombi-
nantly expressed and purified the Hna gene originating from Sinorhi-
zobium meliloti in Escherichia coli. We first evaluated the ability of Hna
to degrade single-stranded DNA (ssDNA) in the presence of various
metal ions. Hna exhibited Mg?* and Mn**-dependent ssDNA degrada-
tion with no discernible nuclease activity in the presence of Ca*, Cu*,
Fe*, Ni**, or Zn?* (Fig. 1A). To determine the relative efficiency of Hna
nuclease activity, we assessed ssDNA degradation over time and
observed slow but continuous cleavage over extended time scales
(Fig. 1B). Additionally, to probe the directionality of nuclease activity,
we introduced nuclease-resistant phosphorothioate (PS) modifica-
tions at either the 3’ or 5’ end of the ssDNA. Hna was unable to degrade
ssDNA with 3’ PS modifications but was unperturbed by the inclusion
of 5" PS modifications, indicating that Hna functions as a 3'—5’ exonu-
clease (Fig. 1C, Supplementary Fig. 1A, 1B).

We next aimed to elucidate the molecular mechanism underlying
Hna-mediated nuclease activity. We used cryo-electron microscopy
(cryo-EM) to determine a structure of Hna at a resolution of 3.9 A by
combining Hna with 3-PS ssDNA and the non-cleavage competent
metal, Ca** (Fig. 1D). Hna is an 845-amino acid protein with two,
N-terminal SF2 helicase domains (HEL1, HEL2) and a C-terminal PD-(D/
E)XK nuclease-like domain (NUC)***, Structural analysis revealed that
Hna resembles a subclass of DinG-like proteins, termed ExoDinG, that
also function as 3'—5" ssDNA exonucleases****, Comparison of Hna with
structurally similar members of the DinG and XPD protein families
revealed that Hna retains characteristic sequence motifs associated
with ATP binding and hydrolysis in SF2 proteins, as well as a reduced
Arch domain, yet lacks the canonical iron-sulfur cluster (Supplemen-
tary Fig. 2A-C)*>+36739,

The C-terminal NUC domain of Hna contains a highly-conserved,
catalytic core associated with PD-(D/E)XK nucleases (af3Baf3 config-
uration) with minimal structural conservation in the surrounding
scaffold (Fig. 1E)***°. We mutated a single residue, K729A, in the
nuclease active site to develop a nuclease-dead Hna mutant (dHna).
Substitution of this residue was sufficient to completely abrogate Hna

exonuclease activity (Fig. 1F). In addition to ssDNA, we also assessed
whether Hna could degrade double-stranded DNA (dsDNA), partially
duplexed DNA, or ssRNA. Using high-resolution capillary electro-
phoresis (CE), we observed that Hna degrades all DNA substrates that
contain single-stranded 3’ ends and exhibits no nuclease activity with
sSRNA, dsDNA, or 5" ssDNA overhangs (Fig. 1F, Supplementary Fig. 1B).

Given the observation that Hna can degrade DNA overhangs, we
performed additional cleavage experiments by incubating Hna with
substrates containing varying lengths of 3’ ssDNA overhangs. Using CE,
we can accurately measure the length and distribution of cleavage
products produced by Hna for each substrate. We observed that Hna
cleavage products converge on lengths consistent with the total length
of the ssDNA overhangs, suggesting that Hna likely degrades ssDNA
processively but is unable to bypass double-stranded DNA junctions
(Fig. 1G, Supplementary Fig. 1C). Unexpectedly, Hna exhibited rela-
tively low levels of nuclease activity when presented with a substrate
containing a 9-nt ssDNA overhang. In the absence of a DNA-bound
structure, we leveraged AlphaFold3 (AF3)* structural prediction to
visualize Hna bound to a 9-nt ssDNA substrate (Supplementary
Fig. 2D). Inspection of the AF3 model shows that the 9-nt substrate
fully occupies the DNA binding site, likely recapitulating the DNA
footprint of Hna. Additionally, overlay of the AF3 model with our
determined Hna structure revealed a unique conformation of the NUC
domain when bound to the 9-nt ssDNA that appears largely disengaged
from the HEL domains as observed in our Hna monomer structure. We
speculate that the precise occupancy of the DNA binding domain
results in non-productive rearrangements of the NUC domain, con-
tributing to the notable loss of nuclease activity.

ATP inhibits Hna nuclease activity

Due to the highly conserved ATP-binding motifs, we questioned
whether the inclusion of ATP could modulate Hna nuclease activity. To
assess this we performed a series of time-course ssDNA cleavage
experiments over a range of ATP concentrations (0 mM-10 mM) and
observed significant reduction in ssDNA cleavage across all con-
centrations of ATP tested (Figs.1H, 11). Additionally, substitution of ATP
for the non-hydrolyzable analog, ADP-BeF;, yielded comparable inhi-
bition of DNA degradation, suggesting that Hna enters an inhibited
state upon ATP binding rather than following ATP hydrolysis (Sup-
plementary Fig. 3C)*>**. These data suggest that ATP acts as a negative
regulator of Hna nuclease activity with considerable sensitivity at even
sub-physiological levels of ATP (<1 mM)*>*¢,

To understand the molecular mechanism of ATP-mediated
nuclease inhibition, we performed a native gel shift assay after incu-
bating Hna with a combination of ssDNA and various co-factors
including Mg** and ATP. We observed that Hna stochastically forms a
higher-order complex that is greatly enriched in the presence of ATP
(Fig. 2A). To more accurately probe the nature of Hna oligomerization,
we performed a series of fluorescence anisotropy experiments using
Hna with a C-terminal GFP tag. Holding GFP-Hna concentration con-
stant, we titrated the concentration of unlabeled Hna and monitored
changes in anisotropy in the absence or presence of ATP. The resulting
binding curves revealed that ATP stimulates a ~ 13-fold increase in Hna
oligomerization (Fig. 2B).

Characteristic of SF2 helicase proteins is their ability to form
stable homodimers, often with the dimeric state conferring increased
activity>>*’. For Hna, however, we postulated that ATP-binding facil-
itates the formation of an Hna homodimer with reduced nuclease
activity. To elucidate the molecular mechanism of Hna autoinhibition,
we determined a cryo-EM structure of an Hna dimer in the presence of
ADP-BeF; and 3-PS ssDNA at a global resolution of 4.4 A (Fig. 2C).
Despite limitations in the final resolution of this structure, we were able
to rigid-body fit domains of each Hna protomer to visualize notable
domain rearrangements upon Hna dimerization. Hna assembles into a
homodimer with psuedo-C2 symmetry via a highly conserved,
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Fig. 1| Hna is a 3’5’ single-stranded DNA exonuclease that is negatively
regulated by ATP. A Hna exonuclease activity using fluorescently labeled, single-
stranded DNA oligonucleotide in the presence of various metal ions and absence of
ATP. Gel shown is representative of 4 independent experiments. B Exonuclease
activity over time using ssDNA without or C with a series of 3'-phosphorothioate
(PS) modifications. Gels shown are representative of 3 independent experiments.
D Cryo-EM structure of monomeric Hna at a resolution of 3.9 A with Hna domain
organization shown below (HEL1, Superfamily 2 helicase 1 in light blue; HEL2,
Superfamily 2 helicase 2 in dark blue; NUC, PD-(D/E)XK nuclease in orange).

E Maghnified view of PD-(D/E)XK nuclease active site showing significant catalytic
residues and typical secondary structure of PD-(D/E)XK nuclease active sites.

F Quantification of DNA cleavage by Hna in the presence of various substrates using

capillary electrophoresis. Individual data points shown are from three biological
replicates Data shown are three independent reactions incubated at 37 °C for
1hour. G Quantification of DNA degradation by Hna using substrates containing
varying length of 3’ ssDNA overhangs. The length of each product formed was
measured using capillary electrophoresis to determine the number of nucleotides
removed. H Quantification of ssDNA cleavage by Hna in the presence of varying
concentrations of ATP using capillary electrophoresis. Data shown are the

mean + standard deviation of three independent experiments for each condition,
fit to a single-exponential equation. I, Rates of ssDNA cleavage across varying ATP
concentrations, derived from fit of three independent experiments. Source data are
provided as a Source Data file.

unstructured loop in the HEL1 domain (Fig. 2C and E). This interaction
is stabilized through an asymmetric shift of the HEL1 domain of pro-
tomer A, increasing availability of the dimerization interface (Fig. 2D).
Critically, we observed that the NUC domain in protomer A was only
partially resolved, while fully unresolved in protomer B, indicating a
high degree of flexibility in this region (Fig. 2C). Rearrangement of a
network of alpha helices in the HEL2 domain of protomer B promotes
flexibility of the NUC domain via a long, unstructured linker (Fig. 2D).
These asymmetrical movements provide a physical basis for the dif-
ferential resolvability of the NUC domain in each Hna protomer and,
consistent with our AF3 predictions, suggests that NUC flexibility may
contribute to decreased nuclease capacity.

To validate the regulatory role of Hna dimer formation, we
mutated key residues along the dimerization interface (T30A/D31A/
P34A), henceforth referred to as the Hna dimer mutant (Fig. 2E). The

dimer mutant failed to stimulate increased anisotropy when titrated in
the presence of GFP-Hna, indicating successful disruption of Hna oli-
gomerization (Fig. 2B). We then performed additional time-course
ssDNA cleavage experiments using the dimer mutant in the presence
of ATP. Strikingly, we observed more than a 10-fold increase in intrinsic
Hna cleavage rate compared to wild-type Hna with minimal pertur-
bation upon inclusion of ATP (Fig. 2F). Collectively, these observations
indicate that Hna dimer formation, stabilized through ATP binding,
substantially inhibits Hna exonuclease activity. Consequently, disrup-
tion of the Hna dimer interface leads to enhanced ssDNA exonuclease
activity that is minimally regulated by ATP.

Kinetic partitioning governs Hna catalytic outcomes
Next, we sought to characterize the potential DNA unwinding and
ATPase capabilities of Hna based on its highly conserved helicase

Nature Communications | (2026)17:6544


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-026-73157-2

A B

MgCl, O @ O @ @ @

O 0 6 8 O e 1001 -ATP (K,: 4461 n\)
ssDONA O O O O @ ® +ATP (K,: 337 nM)
Hna “ 4 | s
dimer) t} | E

| =z

| [9)

2 £ 50

2

2

<

Hna
monomer } ?IOO 101 102 103 04 105
[Cold Hna] (nM)
Monomer —} Dimer
D ™~

dimer interface

Protomer A rearrangements

Fig. 2 | Hna forms an auto-inhibited dimer. A Native gel shift assay to assess the
basis of Hna dimerization. All reactions were incubated for 1 hour at 37 °C then
evaluated using non-denaturing gel electrophoresis. Gel shown is representative of
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absence or presence of ATP. Data points represent mean + SD from three biological
replicates and were fit to a one site specific binding model to derive apparent
dissociation constants C Cryo-EM structure of dimeric Hna at a resolution of 4.4 A
with domain organization of each protomer shown below (HEL1, Superfamily 2
helicase 1 in light blue; HEL2, Superfamily 2 helicase 2 in dark blue; NUC, PD-(D/E)
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D Domain rearrangements observed in protomer A or protomer B upon Hna
dimerization. Structure of Hna dimer (blue) overlaid with structure of Hna mono-
mer (gray). E Magnified view of Hna dimer interface denoting key residues in
unstructured HEL1 loop (T30, D31, and P34). F Quantification of DNA cleavage by
Hna dimer mutant (T30A/D31A/P34A) in the presence of ssDNA with or without the
addition of ATP using capillary electrophoresis. Data shown are the mean +
standard deviation of three independent experiments for each condition, fit to a
double-exponential equation. Source data are provided as a Source Data file.

domains. We incubated Hna with either fully dsDNA or partially
duplexed DNA containing 3’ or 5’-overhangs in the presence of ATP. By
incorporating a fluorophore on one DNA strand and a quencher in
immediate proximity on the complementary strand, we were able to
equate increased fluorescence to destabilization of the DNA duplex
over time. Compared to the commercially available helicase, Tte UvrD,
Hna exhibited no apparent DNA unwinding capabilities, regardless of
the DNA substrate present (Fig. 3A)*. Additionally, using a
colorimetric-based assay, we assessed the intrinsic and DNA-
stimulated ability of Hna to hydrolyze ATP. These data revealed that
Hna possesses minimal innate ATPase activity that is significantly
enhanced by the inclusion of ssDNA (Supplementary Fig. 3A, 3B).
Given the pronounced relationship between Hna nuclease and
ATPase activities, we wanted to investigate whether Hna uses distinct
kinetic partitioning to self-regulate under physiological conditions.
Kinetic partitioning is a strategy used by multifunctional enzymes to
bias competing catalytic outcomes. This mechanism is commonly
employed by DNA polymerases to maintain fidelity, but has also been
characterized in bacterial defense systems such as the type I-D CRISPR-
Cas system**!, We speculated that the Hna nuclease and ATPase active
sites may directly compete for resources or exhibit differential metal
ion affinity to tune its active mode. To assess this, we performed
additional ssDNA cleavage and ATPase assays while titrating the con-
centration of free Mg?'. These data revealed that Hna nuclease activity
exhibits higher dependency on metal ion concentration than ATPase
activity (Fig. 3B, C). Due to estimates of intracellular free Mg levels

ranging from -0.3-1 mM®?, we speculate that Hna likely exists in an ATP-
bound state with direct inhibition of nuclease activity under native
conditions.

To further characterize the direct competition between the
nuclease and ATPase active sites, we performed mutagenesis on resi-
dues predicted to be involved in Mg?* (P712A/D713A/E727A; PDE Hna)
and ATP coordination (R36A/Q39A; RQ Hna) in the NUC and HEL1
domains, respectively (Fig. 3D, E). We speculated that disrupting the
ability of each active site to chelate free metal ions would directly
influence the dominant enzymatic mode. As predicted, reevaluation of
ATPase activity revealed a significant increase in ATP hydrolysis by PDE
Hna with total loss of activity by RQ Hna (Fig. 3F). Additionally, RQ Hna
exhibited a 15-fold increase in ssSDNA cleavage efficiency compared to
wild-type Hna, while PDE Hna-mediated cleavage showed a marked
decrease in product formation (Fig. 3G). Collectively, these data sup-
port a model where Hna employs kinetic partitioning between its
ATPase and nuclease active sites. Disruption of Mg?* coordination
within the nuclease domain biases the enzyme toward ATP hydrolysis,
whereas impairment of ATP coordination within the helicase domain
shifts Hna toward enhanced DNA cleavage. The reciprocal enhance-
ment of opposing activities in these mutants indicates that the two
catalytic centers functionally compete, likely through shared metal ion
utilization and/or allosteric coupling.

Lastly, we wanted to evaluate whether dysregulation of nuclease
and ATPase function impact cell viability. We performed a series of cell
toxicity assays following overexpression of each of our Hna mutants.
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These data revealed that mutants that exhibit enhanced nuclease
activity (RQ Hna and Dimer mutant Hna) display increased cellular
toxicity, whereas mutants with minimal nuclease activity (PDE Hna and
dHna) show reduced toxicity relative to wild-type Hna (Fig. 3H, I).
Together, these findings indicate that nuclease activity is the primary
determinant of Hna-mediated cytotoxicity and support a model in
which tight regulation of catalytic partitioning is required to prevent
detrimental DNA degradation in vivo.

Phage-encoded SSB activates Hna

To determine how Hna’s kinetic partitioning mechanism may be sub-
verted during phage infection, we next sought to identify viral factors
capable of disrupting the equilibrium of ATP-mediated nuclease

inhibition. Previous work identified a predicted single-stranded DNA-
binding protein (SSB) encoded by a T7-like podovirus, phage 5 A, that
elicits an Hna-mediated immune response even in the absence of true
phage infection. Additionally, escape phage carrying missense muta-
tions of the 5 A SSB evaded detection by Hna®, implicating a potential
interaction between Hna and the phage-encoded SSB leading to Hna-
mediated abortive infection.

Structural predictions revealed that the 5 A SSB bears similarity to
another SSB, gp2.5, encoded by bacteriophage T7°***. Based on this
comparison, we suspected that the 5 A SSB likely forms a stable dimer
without DNA; however, highest likelihood predictions provided by
AF3 suggest that Hna and the 5 A SSB form a heterodimer composed of
one copy of each protein (Fig. 4A)"". Formation of an Hna and 5 A SSB
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Fig. 3 | Kinetic partitioning governs Hna catalytic outcomes. A DNA unwinding
on fully double-stranded or partially duplexed substrates with 15-nucleotide over-
hangs on either the 3’ or 5" end of the molecule. At double-stranded ends of each
substrate, a 6-FAM label or Black Hole Quencher 1 (BHQ-1) modification is incor-
porated on either strand to quench fluorescence. All reactions were incubated at
37°C in the presence of ATP. The commercially available helicase, UvrD, included
as a positive control. Data shown are mean + standard deviation of three inde-
pendent experiments. B Nuclease activity and C, ATPase activity measured across a
range of free Mg2* concentrations. Plotted values represent raw cleavage product
formation or phosphate release + standard deviation of three biological replicates,
quantified after 20 minutes at 37 °C. Data were fit to a single-site binding model to
derive apparent Mg?* dissociation constants (Kg,app) for each activity. D Structure
of Hna monomer depicting sites of directed mutagenesis E Magnified view of sites
of mutagenesis with each mutant differentially colored: P712A/D713A/E727A PDE
Hna, red; K729A dHna, yellow; R36A/Q39A RQ Hna, green; and T30A/D31A/P34A

Dimer Mutant Hna, pink. F Malachite green ATPase assay using wild-type Hna or
various Hna mutants with single-stranded DNA present. Phosphate concentration
was determined reactions after 30 minutes of incubation 37 °C. Individual data
points are shown for three biological replicates. Statistical significance is evaluated
via two-sided unpaired t tests with p values for each analysis specified in plot;

*p < 0.05,*p < 0.0L **p < 0.001. G Quantification of DNA cleavage by Wild-type,
RQ, and PDE Hna in the presence of ssDNA using capillary electrophoresis. Data
shown are the mean + standard deviation of three independent experiments for
each condition, fit to a single or double-exponential equation. H Representative
spot assay showing ten-fold serial dilutions of cells expressing the indicated Hna
mutants plated under inducing conditions to assess cellular toxicity. Spot assay
shown is representative of three independent experiments. I Quantification of
cellular toxicity assay determined as the fold interference in cell growth compared
to uninduced condition. Individual data points are shown for three biological
replicates. Source data are provided as a Source Data file.

complex would, therefore, necessitate destabilization of the Hna and
5 A SSB dimers in favor of heterodimer assembly. To test this, we first
performed a native gel shift assay using Hna, 5 A SSB, ssDNA, and ATP
after pre-assembling each component into its dimeric form. We
observed that a unique species forms in the presence of Hna, 5 A SSB,
and ATP, but not ssDNA, that is consistent in size with an Hna and 5 A
SSB heterodimer (Fig. 4B).

To more extensively assess Hna-SSB heterodimer formation, we
performed additional fluorescence anisotropy experiments using GFP-
tagged 5 A SSB in the presence of ATP. Holding the concentration of
GFP-SSB constant and titrating unlabeled Hna, we observed a
concentration-dependent increase in anisotropy (Fig. 4C). At saturat-
ing levels of heterodimer formation, we then introduced unlabeled 5 A
SSB as a competitor to promote dissolution of the labeled complex. As
expected, we observed decreased binding as a direct function of cold
competitor concentration, indicating that Hna readily interacts with
the phage-encoded SSB (Fig. 4C).

Surprisingly, Hna and the 5 A SSB appeared to interact indepen-
dent of ssDNA (Fig. 4B). To directly visualize Hna DNA interrogation we
used single-molecule ssDNA curtains with Hna fluorescently labeled
with ATTO647N, as previously described®*®, and GFP-SSB in the
absence and presence of ATP. We observed very few, randomly dis-
tributed Hna binding events along the length of the ssDNA curtains.
Upon introduction of ATP, Hna ssDNA binding was significantly enri-
ched, establishing that Hna functions predominantly as an ATP-
dependent single-stranded DNA binding protein (Supplementary
Fig. 4A). Interestingly, in the absence of buffer flow, Hna rapidly dif-
fuses along the DNA independent of ATP (Supplementary Fig. 4B).
Lack of ATP-dependent translocase activity suggests that ATP binding
assists in the localization of Hna to ssDNA targets but does not con-
tribute to the innate ability of Hna to diffuse rapidly along lengths of
ssDNA. Although we observed extensive Hna and 5A SSB binding
along the lengths of the DNA molecules, we did not record consistent
or significant colocalization of the two proteins. This observation
supports a model in which Hna and the 5 A SSB form a complex prior
to, or independent of, DNA binding (Fig. 4D, E).

Given that Hna likely exists as an autoinhibited dimer under
physiological conditions, we questioned whether introduction of the
5 A SSB was sufficient to destabilize this dimeric state. To assess this we
performed additional fluorescence anisotropy experiments using
saturating levels of GFP-Hna homodimer complex. We then titrated
unlabeled 5 A SSB and observed a significant decrease in anisotropy in
the presence of ATP, suggesting the phage-encoded SSB promotes
dissolution of the autoinhibited Hna dimer (Fig. 4F). We then per-
formed additional ssDNA cleavage experiments in the presence of 5 A
SSB and observed a substantial increase in nuclease activity despite the
inclusion of ATP (Fig. 4G, Supplementary Fig. 4C). Together, these
findings demonstrate that the 5A SSB is sufficient to destabilize the

autoinhibited Hna homodimer and to relieve ATP-dependent repres-
sion of nuclease activity. The concomitant increase in ssDNA cleavage
suggests that SSB-mediated dimer destabilization shifts Hna out of its
ATPase-dominant state and toward nuclease activation.

We next wanted to assess whether the 5A SSB escape mutants
could elicit similar effects on dysregulation of Hna nuclease activity.
When evaluating the effect of each 5 A SSB mutant on Hna homodimer
dissolution and Hna ssDNA cleavage efficiency, we observed that the
mutant SSB’s exhibited significantly reduced to no effect on Hna dimer
disruption and only marginally increased DNA degradation compared
to the no SSB control (Fig. 4F-H). Collectively, these findings indicate
that the escape mutations impair the ability of the 5A SSB to disrupt
the autoinhibited Hna homodimer, thereby preventing heterodimer
formation, nuclease activation, and evading Hna surveillance.

Closer inspection of the AF3 model of the Hna and 5 A SSB com-
plex suggests that Hna and 5 A SSB monomers compete for the same
domain along the Hna dimerization interface; however, upon mapping
each of the previously studied 5 A SSB escape mutants, we noted that
none of the mutated residues are within the dimerization interface
(Fig. 4A). This provides a structural rationale for how the wild-type
phage-encoded SSB may promote disassembly of the Hna homo-
dimers but does not provide an intuitive explanation for how the
escape mutants evade Hna detection. Due to each of the missense
mutations conferring loss of a negatively charged residue, we specu-
lated that the 5 A SSB mutants may exhibit enhanced DNA binding that
promotes localization to the phage DNA without being sequestered by
Hna. We used fluorescence anisotropy to measure the binding affinity
(Kg) of Hna, wild-type 5A SSB, and three of the reported 5A SSB
mutants (E38K, E49A, and E201K) for a single-stranded DNA substrate
in the presence of ATP. As predicted, each of the 5A SSB mutants
exhibited improved DNA binding compared to wild-type 5 A SSB, with
Hna possessing the weakest affinity for ssDNA even in the presence of
ATP (Fig. 41, Supplementary Fig. 4E). Additionally, native gel shift
experiments revealed that two of the three 5 A SSB mutants, E38K and
E201K, adopt a unique, tetrameric stoichiometry in the absence of DNA
as opposed to the expected dimeric state (Fig. 4J). The persistence of
the E49A SSB mutant as a dimer may explain its ability to still mod-
erately disrupt the Hna homodimer (Fig. 4F). Collectively, these data
demonstrate that the 5A SSB mutants utilize diverse strategies to
evade Hna detection through adopting higher order conformations
that likely perturb formation of the Hna-SSB complex and increased
affinity for ssDNA, further obstructing Hna-mediated anti-phage
action.

Discussion

Hna is an abortive infection, bacterial immune system that provides
protection from phage through a previously undetermined mechan-
ism. Here, we show that Hna functions as a 3'—5" ssDNA exonuclease
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Fig. 4 | Phage-encoded 5 A SSB stimulates Hna nuclease activity.

A AlphaFold3 structural prediction of Hna and phage-encoded, 5 A SSB hetero-
dimer. Domain organization of each protein shown below with predicted protein-
protein interface (gray) and characterized phage escape mutants (E38K, E49A, and
E201K; dark pink). B Native gel shift assay to assess the basis of Hna and 5 A SSB
complex formation. Hna and 5 A SSB allowed to dimerize independently then
incubated at 37 °C for 30 minutes in the presence of a combination of ssDNA and/or
ATP. Gel shown is representative of three independent experiments.

C Fluorescence anisotropy of GFP-SSB (fixed concentration) was monitored during
titration with increasing concentrations of unlabeled (cold) wild-type Hna in the
presence of ATP (left). At saturating levels of Hna-SSB heterodimer formation,
unlabeled wild-type or E201K SSB were added to assess competition for Hna
binding (right). Data points represent mean + SD from three biological replicates
and were fit to a one site specific binding model. D Representative kymograph
showing binding of ATTO647N-labeled Hna (red) and GFP-labeled 5 A SSB (green)
on single-stranded DNA curtains in the presence of ATP. Hna was injected first,
followed by the 5 A SSB to assess for colocalization events. E Counts of Hna (blue)
and 5 A SSB (red) binding events on ssDNA curtains. Overlap in binding events

(white) indicates instances of colocalization. F Fluorescence anisotropy starting
with saturating levels of GFP-Hna homodimer followed by titration of cold, wild-
type or 5 A SSB variants. Data points represent mean + SD from three biological
replicates and were fit to a one site specific binding model. G, Quantification of DNA
cleavage by Hna in the presence of ATP and wild-type or 5 A SSB variants using
capillary electrophoresis. Data shown are the mean + standard deviation of three
independent experiments for each condition, fit to a single or double-exponential
equation. H Rates of Hna ssDNA cleavage incubated with various 5 A SSB variants,
derived from fit of three independent experiments. I Binding affinity (Kp) for ssDNA
was determined for wild-type Hna and each 5 A SSB variant using fluorescence
anisotropy and 6-FAM labeled ssDNA oligonucleotide. Data shown are individual
binding affinities determined from three biological replicate binding curves, error
bars represent the SD around the mean. J Native gel shift assay to evaluate the
native stoichiometry of wild-type 5 A SSB and 5 A SSB escape mutants. A portion of
the wild-type SSB reaction was melted at 95 °C for 10 minutes to visualize the
monomeric state. Gel shown is representative of three independent experiments.
Source data are provided as a Source Data file.
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results in degradation of host plasmid or loss in host genome integrity, leading to
abortive infection.

that is negatively regulated through the formation of an auto-inhibited
homodimer under physiologically relevant concentrations of ATP. Hna
dimers can be destabilized through the incorporation of phage-
derived SSBs, stimulating dysregulated nuclease activity that likely
contributes to host cell death or dormancy. Overall, these data support
that Hna is a broadly distributed anti-phage system that can surveil for
phage-encoded SSB, resulting in constitutive exonuclease activation to
confer resistance against phage infection.

SF2 helicases typically couple ATP binding and hydrolysis to
directional translocation or duplex unwinding®’. In contrast, Hna uses
ATP to restrain, rather than stimulate, DNA cleavage. Both ATP and the
non-hydrolyzable analog ADP-BeF; suppress nuclease activity, indi-
cating that ATP binding, rather than hydrolysis, is sufficient to promote
stabilization of the inhibited state. Cryo-EM analysis revealed that Hna
assembles into a homodimer with pseudo-C2 symmetry via the HEL1
domain, accompanied by pronounced flexibility within the C-terminal
NUC domain. This rearrangement likely disrupts productive
alignment of catalytic residues and provides a structural basis for ATP-
dependent repression during non-infection states. Although ATP
hydrolysis stimulated by ssDNA binding may promote dimer dissolu-
tion, due to low availability of ssDNA wunder non-stressed
conditions®®”, Hna likely remains unbound and trapped in a
nuclease-incompetent state while acting as a surveillance system for
phage-encoded factors, such as SSBs. While we acknowledge that Hna
possesses basal levels of intrinsic ATPase activity, this process is
exceptionally slow and likely favors dimer reformation in the case of
spontaneous dissolution®”°,

Our kinetic analyses demonstrate that Hna catalytic outputs are
governed by kinetic partitioning between its ATPase and nuclease
domains. Nuclease activity exhibits stronger dependence on free Mg2*
than ATPase activity, suggesting that intracellular Mg?* levels bias Hna
toward an ATP-bound, cleavage-suppressed state. Reciprocal active-
site mutations further reinforce this model and demonstrate that dis-
ruption of nuclease metal coordination enhances ATP hydrolysis,
whereas impairment of ATP coordination markedly stimulates DNA
cleavage. The inverse relationship between these activities indicates
functional competition, potentially through shared metal utilization or
allosteric coupling. While PD-(D/E)XK nucleases often employ a two
metal ion mechanism of DNA cleavage, several instances of three metal
ion coordination have been reported within this family and provide
additional structural support necessary for catalysis® *>. We speculate

that the increased sensitivity of Hna nuclease activity on metal ion
concentrations may be attributed to additional ion coordination
requirements. Domain rearrangements upon ATP binding and sub-
sequent dimer formation may also disrupt or weaken metal ion bind-
ing within the NUC active site, providing an explanation for the lack of
exonuclease activity and increased flexibility of the NUC domain in our
Hna dimer structure.

Our work also provides direct biochemical evidence of Hna
nuclease activation mediated by a phage-encoded SSB. Structural
modeling predicts that Hna and 5 A SSB form a heterodimer through
competition at the Hna dimerization interface. Biochemical analyses
confirm that wild-type 5A SSB destabilizes the autoinhibited Hna
homodimer and relieves nuclease repression, thereby shifting catalytic
partitioning toward DNA cleavage. Single-molecule imaging indicates
that Hna and 5A SSB do not require DNA to interact, supporting a
model in which heterodimer formation precedes or occurs indepen-
dently of DNA engagement. Functionally, this interaction stimulates
nuclease activation even in the presence of ATP, possibly resulting in
loss of host genome integrity or unregulated degradation of host
plasmid, leading to abortive infection (Fig. 5). We therefore propose
that 5 A SSB acts as a molecular trigger that converts Hna from a sur-
veillance mode to an abortive infection effector. Intriguingly, escape
mutations within 5 A SSB fail to disrupt the Hna homodimer and do not
robustly stimulate nuclease activity. Instead, escape mutants
exhibit increased ssDNA binding and adopt higher-order oligomeric
states in the absence of DNA. These changes likely favor sequestration
of phage DNA while simultaneously reducing productive engagement
with Hna.

Hna functions as a single-effector ssDNA exonuclease with highly-
conserved SF2 helicase domains involved in ATP hydrolysis and
dimerization. We describe modes of Hna auto-inhibition and activation
by a phage-encoded SSB. This mechanism illustrates how ATP-
dependent oligomerization and metal-sensitive catalytic partitioning
can be integrated into a tunable immune switch. More broadly, our
findings expand the functional repertoire of SF2 helicase-associated
nucleases and highlight kinetic partitioning as a versatile strategy for
balancing immune activation with host viability. Future work is needed
to resolve discrete modes of DNA-binding and catalysis by Hna. We
anticipate that continued investigation of Hna orthologs will reveal
diversity in function and recognition of phage-encoded factors across
members of the Hna family of bacterial immune systems.
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Methods

Plasmid construction

S. meliloti Hna and phage-encoded 5 A SSB protein sequences as pre-
viously reported” were reverse translated and codon optimized for
expression in E. coli. The full-length Hna gene was commercially syn-
thesized by Integrated DNA Technology (IDT) as a gBlock and assem-
bled into a pET28 expression vector with a 6X N-terminal His tag, MBP
tag, and TEV protease site using Gibson Assembly. Point mutations
were introduced using site directed mutagenesis to generate each of
the Hna variants. Each of the 5 A SSB variants was commercially cloned
into a pET28 expression vector with a 6X N-terminal His tag by Twist
Biosciences.

The constructs described above were further modified for use in
single-molecule fluorescence microscopy and fluorescence anisotropy
experiments. We ordered the coding sequence for a 3X-FLAG tag as a
gBlock from IDT, then inserted it directly upstream of the Hna gene
using Gibson Assembly. Additionally, we ordered a coding sequence
for GFP as a gBlock from IDT and inserted it directly downstream of the
Hna or 5A SSB gene using Gibson Assembly. These constructs were
used to produce the Hna and SSB protein used for all single-molecule
fluorescence microscopy experiments.

Protein expression and purification

All Hna and 5 A SSB proteins were recombinantly expressed and pur-
ified from E. coli. The expression plasmids described above were
transformed into BL21 (DE3) or C41 (DE3) cells, plated on LB medium
plates, and grown overnight at 37 °C. Single colonies were used to
inoculate 30 mL of LB media and cultured overnight at 37 °C. For each
liter of LB media, 10 mL of overnight starter culture was used to
inoculate the expression cultures. Expression cultures were allowed to
grow (37°C, 220 rpm) until reaching an optical density at 600 nm
(ODgoo) of 0.6-0.7, then induced with 0.5 mM isopropyl-p-d-1-thioga-
lactopyranoside (IPTG) for 18 hours at 16°C (180 rpm).

Following induction, cells were pelleted by centrifugation and
lysed via sonication in buffer containing 20 mM Tris-HCI (pH 7.5), 10%
glycerol, 500 mM NaCl, 0.5 mM tris(2-carboxyethyl)phosphine (TCEP),
10mM MgCl,, 1X DNase, and Pearce protease inhibitor tablets
(Thermo Scientific). The cell lysate was clarified via ultracentrifugation
and loaded onto a HisTrap HP column equilibrated in buffer contain-
ing 20 mM Tris-HCI (pH 7.5), 10% glycerol, 500 mM NaCl, and 0.5 mM
TCEP, and eluted in buffer containing 20 mM Tris-HCI (pH 7.5), 10%
glycerol, 500 mM NaCl, 0.5 mM TCEP, and 250 mM imidazole (pH 8).
Fractions containing the target protein were added to Spectra/Por
dialysis tubing (12-14 kD MWCO) and incubated in buffer containing
20 mM HEPES (pH 7.5), 10% glycerol, 150 mM KCI, and 0.5 mM TCEP at
4°C overnight. For Hna proteins, TEV protease was added for removal
of affinity and MBP tags during dialysis. Dialyzed protein was con-
centrated using a 10 kDa or 50 kDa MWCO centrifugal filter (Sigma-
Aldrich) and purified by size-exclusion chromatography (Superose 6
10/300; GE Healthcare) in buffer containing 20 mM HEPES (pH 7.5),
10% glycerol, 150 mM KClI, and 0.5 mM TCEP. Purified proteins were
concentrated, aliquoted, flash-frozen using liquid nitrogen, and stored
at -80°C.

DNA cleavage assay

Hna cleavage assays were conducted using a buffer containing 20 mM
Tris-HCI (pH 7.5), 100 mM KCI, 10 mM MgCl,, and 5% glycerol with
100nM protein and 10nM DNA. For select experiments, ATP or
ADP-BeF; were added at 1mM unless otherwise specified. All DNA
substrates tested are listed in Supplementary Table 1. Reactions were
incubated at 37 °C for the indicated time and terminated with the
addition of 50 mM EDTA. For gel-based assays, Proteinase K and SDS
were individually added to each reaction, mixed with TBE-Urea Sample
Buffer (Novex), loaded onto a 15% TBE-Urea PAGE gel, and DNA pro-
ducts were allowed to separate for 2 hours at 90 V. Gels were imaged

using a fluorescence scanner. For analysis via capillary electrophoresis,
reactions were combined with Hi-Di formamide (Applied Biosystems)
and processed using a 3730 series DNA Analyzer (Applied Biosystems).
Peaks corresponding to unique DNA species and sizes were quantified
using the GeneMapper software.

Cryo-EM sample preparation and data collection

To determine a structure of an Hna monomer, 15uM Hna was incu-
bated with 10 mM CaCl, and 10 uM 3’-PS single-stranded DNA for
5 minutes at 37 °C. 2.5uL of sample was applied to glow discharged
holey carbon grids (Quantifoil 1.2/1.3), blotted for 8 seconds with a blot
force of 0, at 4°C and 100% humidity, then rapidly plunged into liquid
ethane using an FEI Vitrobot Mark IV (Thermo Fisher). For the dimeric
Hna structure, 15 uM Hna was incubated with 10 mM MgCl,, 10 uM 3’-PS
ssDNA, and 1 mM ADP-BeF; for 20 minutes at 37 °C. 2.5 uL of sample
was applied to glow discharged holey carbon grids (Quantifoil 1.2/1.3),
blotted for 7 seconds with a blot force of 1, at 4°C and 100% humidity,
then rapidly plunged into liquid ethane using an FEI Vitrobot Mark IV
(Thermo Fisher). For both structures, data was collected using a FEI
Glacios cryo-EM microscope (200 kV) equipped with a Falcon 4 direct
electron detector (Gatan). Movies were recorded in SerialEM with a
pixel size of 0.94 A and a total exposure time of 15seconds for an
accumulated dose of 49 e/A2.

Cryo-EM data processing and model building

All cryo-EM data processing was performed using CryoSPARC. Parti-
cles were initially picked by applying a minimum and maximum par-
ticle diameter of 70 and 100 A, respectively for the monomeric dataset,
and 70 and 150 A, respectively for the dimeric dataset. Particle picks
were manually inspected to eliminate particle outliers.

For the Hna monomer dataset, particles were extracted with a box
size of 300 pixels with a fourier crop to 128 pixels and then classified
into 50 2D classes. 2D classes were manually selected then processed
through one round of ab-initio volume reconstruction and hetero-
geneous refinement. The representative 3D class was further refined
using non-uniform refinement. The resulting volume was used to
generate 50, 2D templates that were used to guide particle picking via
template picker. The refined set of particles was manually inspected
and extracted with a box size of 284 pixels with a fourier crop to 128
pixels and then classified into 50 2D classes. 2D classes were manually
selected then processed through two rounds of ab-initio volume
reconstruction and heterogenous refinement with 5 classes for each.
The representative 3D class from the final round of heterogenous
refinement was further processed using non-uniform refinement,
particles were unbinned, then underwent a final round of non-uniform
refinement to determine a 3.9 A structure of an Hna monomer.

For the Hna dimer dataset, particles were extracted with a box size
of 320 pixels with a fourier crop of 128 pixels and then classified into 50
2D classes. 2D classes were manually selected then processed through
one round of ab-initio volume reconstruction and heterogeneous
refinement. The representative 3D class was further refined using non-
uniform refinement and then evaluated for particle heterogeneity
using 3D classification. Volumes representing the same consensus
structure were combined and refined using non-uniform refinement.
Particles were unbinned and over-represented views were removed
using the rebalance orientations job. The final set of particles was input
into a reconstruct only job to determine a 4.4 A structure of an
Hna dimer.

Both Hna structures were initially rigid body fit using models
generated from AlphaFold3 predictions within ChimeraX. For the Hna
monomer, domain conformations were individually rigid body fit, then
further refined through interactive rounds of modeling in Isolde
(version 1.10) and Coot (version 0.9.8.95). The model was subse-
quently processed using real space refinement in Phenix (version 1.21)
to generate final validation scores. Detailed structural analysis pipeline
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and validation statistics for both structures provided in Supplemen-
tary Fig. 5 and Supplementary Table 2, respectively.

DNA unwinding assay

Double-stranded DNA duplexes were prepared by combining either a
3" or 5-fluorescently labeled ssDNA oligonucleotide with a com-
plementary ssDNA containing either a 3’ or 5-Black Hole Quencher
(BHQ-1) in a 1:2 molar ratio. Each mixture was heated to 95°C for
2 minutes and then slowly cooled at room temperature over the span
of 4 hours. The DNA unwinding assay was performed by combining
100 nM of Hna with 10 nM of fully duplexed DNA or partially duplexed
DNA containing either a 3’ or 5" ssDNA overhang in a buffer containing
20 mM Tris-HCI (pH 7.5), 100 mM KClI, 10 mM MgCl,, 5% glycerol, and
1mM ATP. Reactions were monitored in real time at 37 °C for up to
90 minutes in the presence of an unlabeled strand identical to the
FAM-labeled strand at 10X molar surplus to sequester the com-
plementary strand upon DNA unwinding. Due to fluorescence
quenching while duplexed, we monitored for increases in fluorescence
over time using a CLARIOstar Plus plate reader (BMG Labtech).

ATPase assay

Hna ATPase activity was assessed using a Malachite green phosphate
assay kit (Sigma-Aldrich). Phosphate standards were prepared as
detailed by the kit. Reactions were conducted using 100 nM Hna and a
reaction buffer containing 20 mM Tris-HCI (pH 7.5), 100 mM KClI,
10 mM MgCl,, 5% glycerol, and 20 uM ATP, ADP-BeF;, AMP-PNP, ADP,
CTP, or GTP with or without the inclusion of 10 nM unlabeled ssDNA.
Each reaction was performed in triplicate and incubated at 37 °C for
20 minutes. Reagent provided by the kit was added to each reaction,
incubated at room temperature for 30 minutes, and then absorbance
values at 620 nm were recorded for each reaction using a CLARIOstar
Plus plate reader (BMG Labtech). We determined the concentration of
free phosphate produced in each reaction by converting the raw
fluorescence values to concentration using the standard curve
generated.

Electrophoretic mobility shift assay

To evaluate the basis of Hna dimerization, 1 uM Hna was pre-incubated
for up to 2 hours at 37 °C in a buffer containing 20 mM Tris-HCI (pH
7.5), 100 mM KCI, 10 mM MgCl,, and 5% glycerol with 10 nM ssDNA
and/or 1 mM ATP. Reactions were loaded onto a non-denaturing 4-20%
Tris-glycine protein gel (Invitrogen) and run at 100 V for 90 minutes at
4°C. For assessing Hna and SSB interaction and SSB stoichiometry,
each protein was allowed to independently oligomerize for 1hour
prior to initiating the reaction. Hna and SSB were combined in equi-
molar concentration using the buffer composition described above in
the presence or absence of 10 nM ssDNA and/or 1 mM ATP. Reactions
were loaded onto a non-denaturing 4-20% Tris-glycine protein gel and
run at 100V for 45-90 minutes at 4°C.

Fluorescence anisotropy
For Hna and SSB oligomerization assays, GFP-Hna or SSB were inclu-
ded at a concentration of 10 nM in a buffer containing 20 mM Tris-HCI
(pH 7.5),100 mM KCI, 10 mM MgCl,, 5% glycerol, and 0.05% Tween-20.
We performed a series of 2-fold dilutions to titrate the concentration of
cold Hna, SSB, or competitor based on the given experiment. For
disassembly experiments, saturating levels of labeled complex were
pre-formed prior to introduction of cold competitors. Each reaction
was incubated for 30 minutes at 37 °C in the presence or absence of
ATP, then anisotropy values were recorded using a CLARIOstar Plus
plate reader (BMG Labtech) equipped with a fluorescence polarization
optical module. Data were fit using a one-step binding model to define
the Kp for each unique protein tested.

For DNA binding assays, Hna or 5A SSB were included at the
highest concentration possible in a buffer containing 20 mM Tris-HCI

(pH 7.5),100 mM KCI, 10 mM MgCl,, 5% glycerol, and 0.05% Tween-20.
We performed a series of 2-fold dilutions of each protein in triplicate,
then combined each dilution with 10 nM of FAM-labeled single-stran-
ded DNA with 3’-phosphorothioate modifications to observe binding
without degradation. Each reaction was incubated for 30 minutes at
37 °C in the presence or absence of ATP, then anisotropy values were
recorded using a CLARIOstar Plus plate reader (BMG Labtech) equip-
ped with a fluorescence polarization optical module. Data were fit
using a one-step binding model to define the Kp for each unique
protein tested.

Cellular toxicity assay

BL21(DE3)-competent cells containing recombinant plasmids for var-
ious Hna variants were grown up to an ODggo of approximately 0.6 at
37 °C. The culture was then split into two equal volumes: (1) as an
uninduced negative control and (2) the other induced with a final
concentration of 0.5mM IPTG. Both cultures with or without IPTG
were incubated for 18 hours at 16 °C. A series of eight, tenfold dilutions
were made for both the cultures with and without IPTG and were
plated on dry LB agar plates containing antibiotics for Hna recombi-
nant plasmid. The LB agar plates were incubated at 37 °C overnight.
Colonies were quantified from the dilution series to measure colony
growth repression due to Hna toxicity arresting cell growth.

Single-molecule fluorescence microscopy

Single-molecule fluorescent images were collected using a customized
prism TIRF microscopy-based inverted Nikon Ti-E microscope system
equipped with a motorized stage (Prio ProScan Il H117). The sample
was illuminated with a 488-nm laser (Coherent Sapphire) and a 637-nm
laser (Coherent OBIS) split by a 638-nm dichroic beam splitter
(Chroma). Two color imaging was recorded using dual electron-
multiplying charge-coupled device (EMCCD) cameras (Andor iXon
DU897). Subsequent files were exported as uncompressed TIFF stacks
and further analyzed in FIJI. Flowcells used for single-molecule DNA
experiments were prepared as previously described*>*. All the single-
molecule experiments were conducted in the imaging buffer (40 mM
Tris-HCI pH 8.0, 50 mM NaCl, 2 mM MgCI2,1 mM DTT and 0.2 mg mL/1
BSA) with or without 1 mM ATP at 37 °C.

For the fluorescent labeling of Hna, protein was conjugated with
monoclonal anti-Flag antibody (Sigma Aldrich, F1804) and anti-Mouse-
IgG-ATTO647N antibody produced in goat (Sigma Aldrich, 50185) on
ice for 10 minutes. The mixture was then diluted to a total volume of
100 pL imaging buffer with 200 nM final protein injection concentra-
tion. Immediately after the conjugation and dilution, the fluorescently
labeled protein, Hna-ATTO647, was injected into the flowcell at a 0.12
mL min-1 flow rate. During image acquisition, the exposure time was
set to 60 ms, with an interval of 1-2seconds between frames. To
observe Hna diffusion events, flow was temporarily turned off during
imaging.

To image the binding of Hna on ssDNA and its colocalization with
5A SSB-GFP, 100 pL volume of Hna-ATTO647 protein (final con-
centration 200 nM) in ATP imaging buffer was injected into the flow-
cell, followed by injection of SSB-GFP (final concentration 1 nM) in ATP
imaging buffer using 10 mL syringe for at least 10 minutes.The buffer
flow was set to 0.2 mL min-1 flow rate. During image acquisition, the
exposure time was set to 60 ms, with an interval of 2 seconds between
frames.

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

Data availability
The structures and associated atomic coordinates have been depos-
ited into the Electron Microscopy Data Bank (EMDB) and Protein Data
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Bank (PDB) with accession codes: Hna Monomer (EMD-75470 [https://
www.ebi.ac.uk/emdb/EMD-75470] and PDB 10UJ) and Hna Dimer

(EMD-73047

[https://www.ebi.ac.uk/emdb/EMD-73047] and PDB

9YK]J). Source data are provided with this paper.
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