
Nucleic Acids Research , 2025, 53 , gkaf132 
https://doi.org/10.1093/nar/gkaf132 
Molecular and Structural Biology 

Structural basis for cooperative ssDNA binding by 

bact eriophag e prot ein filament P12 

Lena K. Tr äg er 1 ,† , Mor r is Degen 

2 , 3 ,† , Joana Pereira 

2 , 4 , J anani Dur air aj 2 , 4 , 

Raphael Dias Teix eir a 

2 , Sebastian Hiller 2 , * , Nicolas Huguenin-Dezot 1 , * 

1 Department of Biosystems Science and Engineering, ETH Zurich, Schanzenstrasse 44, 4056 Basel, Switzerland 
2 Biozentrum, University of Basel, Spitalstrasse 41, 4056 Basel, Switzerland 
3 Swiss Nanoscience Institute, University of Basel, Klingelbergstrasse 82, 4056 Basel, Switzerland 
4 SIB Swiss Institute of Bioinformatics, University of Basel, Elisabethenstrasse 43, 4051 Basel, Switzerland 
* To whom correspondence should be addressed. Email: nicolas.huguenin-dezot@bsse.ethz.ch 
Correspondence may also be addressed to Sebastian Hiller. Email: sebastian.hiller@unibas.ch 
† The first two authors should be regarded as Joint First Authors. 

Abstract 

Protein-primed DNA replication is a unique mechanism, bioorthogonal to other known DNA replication modes. It relies on specialised single- 
stranded DNA (ssDNA)-binding proteins (SSBs) to stabilise ssDNA intermediates by unknown mechanisms. Here, we present the str uct ural 
and bioc hemical c haracterisation of P1 2, an SSB from bacteriophage PRD1. High-resolution cry o-electron microscop y re v eals that P12 f orms a 
unique, cooperative filament along ssDNA. Each protomer binds the phosphate backbone of 6 nucleotides in a sequence-independent manner, 
protecting ssDNA from nuclease degradation. Filament formation is driven by an intrinsically disordered C-terminal t ail, facilit ating cooperative 
binding. We identify residues essential for ssDNA interaction and link the ssDNA-binding ability of P12 to toxicity in host cells. Bioinformatic 
analyses place the P12 fold as a distinct branch within the OB-like fold family. This work offers new insights into protein-primed DNA replication 
and la y s a f oundation f or biotechnological applications. 
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rotein-primed DNA replication is employed by various bac-
eriophages as a means to facilitate the specific replication of
heir linear genome [ 1 ]. In this mechanism, a dedicated termi-
al protein (TP) acts as a primer by offering a free hydroxyl
roup required to incorporate the first nucleotide. This initial
tep, as well as the subsequent elongation, is performed by
 cognate DNA polymerase that covalently binds the TP to
he 5 

′ end of the replicating DNA strand. Because of its sin-
ularity, this replication mechanism behaves in a bioorthogo-
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adenoviruses [ 7 ], and are thus not available for E. coli as
a host. E. coli , however, remains the workhorse of modern
molecular biology, due to our extensive knowledge of its ge-
netics, transcriptome, proteome, and metabolome, and the
multitude of molecular tools available for its modification
[ 8 ]. Expanding knowledge on protein-primed DNA replica-
tion systems in E. coli is thus urgently required to fully un-
lock the broadest possible spectrum of applications. The only
bacteriophages known to replicate their genetic material via
protein-primed DNA replication in E. coli are members of the
Tectiviridae family, such as the Enterobacteria phage PRD1
[ 9 ], making it a prime target for structural and functional stud-
ies. 

Particularly crucial in the context of protein-primed DNA
replication is the recognition and stabilisation of the single-
stranded DNA (ssDNA) strands that are generated dur-
ing the replication process. Initial studies on PRD1 have
identified four proteins involved in the replication pro-
cess ( Supplementary Fig. S1 ), two of which, P12 and P19,
have been identified as single-stranded DNA-binding proteins
(SSBs) [ 10 , 11 ]. Whereas P19 appears to be dispensable, P12
is essential for in vivo replication of PRD1 [ 12 ] and has also
been shown to enhance DNA replication in vitro [ 10 ]. P12
overexpression has a detrimental effect on host cell viability
[ 12–14 ], overall suggesting a crucial role for P12 in the repli-
cation process of PRD1. 

In this study, we present a comprehensive structural and
biochemical examination of P12. We determine a high-
resolution cryo-electron microscopy (cryo-EM) structure of
P12 bound to ssDNA. The structure reveals the formation
of unique proteofilaments along the ssDNA strand. We char-
acterise functional aspects of the P12 filament architecture
through biochemical assays, including truncation, targeted
mutagenesis or a nuclease protection assay, and establish a
connection between ssDNA binding and host toxicity . Finally ,
bioinformatic analysis corroborates the singularity of the ob-
served filament arrangement, suggesting an adaptation specif-
ically tailored for protein-primed DNA replication systems. 

Material and methods 

Cloning, plasmids and strains 

Synthetic oligonucleotides, plasmids, and E. coli strains are
listed in Supplementary Table S1 . To generate an expression
vector for P12, the P12 coding sequence was PCR-amplified
from PRD1 genomic DNA (gift from D. Bamford, Depart-
ment of Biosciences, University of Helsinki, Finland) with
primers P12_pBAD_SapI_fw and P12_pBAD_XhoI_rev. Sim-
ilarly, a Small Ubiquitin-like Modifier (SUMO) tag preceded
by an N -terminal hexahistidine was amplified using primers
His6_SUMO_pBAD__NcoI_fw and SUMO_pBAD_SapI_rev.
The pBAD backbone was digested using NcoI-HF and XhoI-
HF restriction enzymes (New England Biolabs [NEB]) and
dephosphorylated using alkaline phosphatase (Roche). The
P12 and SUMO inserts were digested using SapI (NEB) and
XhoI-HF or NcoI-HF respectively. The digested backbone
and inserts were ligated using the Rapid DNA Ligation
Kit (Roche), yielding plasmid pBAD_His 6 _SUMO_P12.
Primer pairs P12_K10A_fw / P12_K10A_rev and
P12_F44A_fw / P12_F44A_rev were used to introduce
specific mutations into P12. The amplified products were
digested with BsaI-HFv2 (NEB) and DpnI (NEB), followed
by ligation. Similarly, truncated versions of P12 were gen- 
erated using primers P12_trunc_fw , P12_trunc1-148_rev ,
P12_trunc1-140_rev and P12_trunc1-122_rev. For toxicity 
assays, the His6_SUMO-tag was removed with primers 
P12_removetags_fw / P12_removetags_rev. 

Protein expression and purification 

The pBAD_His 6 _SUMO_P12 plasmid was transformed into 

E. coli BL21 (DE3) cells and cultivated in TB medium with 

12.5 μg / mL tetracycline. The cultures were incubated at 37 

◦C 

with agitation at 220 r.p.m, until reaching an OD 600 of 0.6.
Protein expression was induced using 0.2% L-arabinose. Cells 
were incubated at 37 

◦C for an additional 4.5 h before be- 
ing centrifuged at 6000 × g for 15 min. For protein purifi- 
cation, the cell pellets were resuspended in buffer A (50 mM 

Tris-HCl pH 8.5, 50 mM NaCl, 1 mM MgCl 2 ) supplemented 

with 0.5 mg / mL lysozyme (Sigma), 50 μg / mL DNAse (Sigma) 
and EDTA-free Pierce™ (ThermoFisher) protease inhibitor 
tablets. The resuspended cells were lysed by sonication at 50% 

amplitude (Bandelin WH40 Sonicator) for 15 min, employ- 
ing an ON / OFF cycle of 1 s / 1 s. The lysate was clarified at
39 000 × g for 30 min at 4 

◦C. The clarified lysate was loaded 

onto a 5 mL HisTrap™ HP column (Cytiva) pre-equilibrated 

with buffer A. The protein was eluted with a linear gra- 
dient of imidazole (0–500 mM). Eluted protein was dial- 
ysed overnight against low salt buffer (50 mM Tris-HCl pH 

8.5, 20 mM NaCl, and 1 mM MgCl 2 ). The His 6 -SUMO-tag 
was cleaved concomitantly by using 40 ng / mg His 6 -SENP1 

protease. The protease, uncleaved protein and cleaved His 6 - 
SUMO were removed by reverse-affinity chromatography us- 
ing a 5 mL HisTrap™ HP column. The flow-through was ap- 
plied to a HiTrap™ Q HP column (Cytiva) pre-equilibrated 

in low salt buffer. Fractions containing P12 were concentrated 

with 3 kDa molecular weight cutoff Amicon Ultra Centrifu- 
gal Filters (Millipore) and injected on a HiLoad™ 16 / 600 Su- 
perdex 75 pg column (Cytiva) pre-equilibrated with buffer A.
Fractions containing purified P12 were pooled, flash frozen 

and stored at -80 

◦C. All chromatography procedures were 
conducted at 4 

◦C using an ÄKTA Go system (Cytiva). Protein 

analysis was performed using 4–12% BOLT Bis-Tris gel (Invit- 
rogen) with MES buffer and stained using QuickBlue protein 

stain (LubioScience). 

Cryo-EM sample preparation 

A 3.5 μL aliquot of the SSB–ssDNA complex, contain- 
ing 750 μM P12 and 50 μM of either (non-repetitive) 80 ,
(ATGCT) 16 , or (dT) 80 ssDNA, was absorbed onto a glow- 
discharged holey carbon-coated grid (Quantifoil R 1.2 / 1.3).
The sample was blotted with Whatman 1 filter paper and vit- 
rified into liquid ethane at -178 

◦C using a Leica GP2 plunger.

Data collection 

A FEI Titan Krios G1 TEM electron microscope operated at 
300 kV and equipped with a Gatan K2 Summit direct elec- 
tron detector and a Gatan Quantum-LS Energy Filter (GIF) 
energy filter was used for data collection. For the P12-(non- 
repetitive) 80 complex we collected 3 

′ 492 movies with an ac- 
cumulated dose of 49 e / Å2 , for the (ATGCT) 16 ssDNA com- 
plex we collected 6 

′ 387 movies with an accumulated dose of 
49,41 e / Å2 , and for the (dT) 80 we collected 7 

′ 484 movies with 

an accumulated dose of 48.7 e / Å2 . All collections were done 
at a pixel size of 0.82Å (nominal magnification of 165k). 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf132#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf132#supplementary-data
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ryo-EM data processing 

or all datasets, movies were imported into cryoSPARC [ 15 ]
3.4 + for initial patch motion correction, followed by con-
rast transfer function (CTF) estimation using patch CTF de-
ermination. Manually picked filamentous particles were ex-
racted with a box size of 360 pixels and subjected to 2D
lassification. Low-resolution 2D templates from these ini-
ial particles guided filament tracer and template-based par-
icle picking across the datasets. Subsequent 2D classifica-
ion produced high-resolution class averages, which were used
or ab initio reconstructions. Initial non-uniform refinements
f the ab initio models were performed without imposing
ymmetry constraints. Helical parameters, including rise and
wist, were estimated from the initial reconstructions and re-
ned using Fourier–Bessel indexing of averaged power spec-
ra from 2D classes. Final 3D reconstructions were obtained
hrough an iterative process of stringent particle stack clean-
ng, excluding heavily bent filaments based on 2D class av-
rages. To further improve particle quality, heterogeneous re-
nements were performed, incorporating low-pass filtered re-
onstructions alongside ‘junk’ classes to remove low-quality
articles. Cleaned particle stacks were then used for parti-
le picking with Topaz, and duplicate particles were removed
hrough either duplicate removal jobs or alignment-based ex-
lusion during 2D / 3D classifications. The most refined parti-
le stack from each dataset underwent final helical refinement,
ncluding correction of higher-order aberrations, per-exposure
roup CTF corrections, and reference-based motion correc-
ion with empirical dose weighting. This process was applied
onsistently across all datasets, yielding final reconstructions
ith resolutions of 3.71 Å for the (non-repetitive) 80 substrate,
.07 Å for the (ATGCT) 16 substrate, and 2.75 Å for the (dT) 80 

ubstrate at a GSFSC cutoff of 0.143. Helical parameters were
verall consistent across all reconstructions, with a helical rise
etween 27.5 and 29.2 Å and a helical twist between 17.8 

◦

nd 19.2 

◦ ( Supplementary Table S2 ). 

odel building of P12–ssDNA complexes 

 map corresponding to a single subunit repeat was extracted
sing UCSF ChimeraX [ 16 ], and initial de novo model build-
ng was performed in Coot [ 17 ]. This was guided by an Al-
haFold2 [ 18 ] structure prediction of monomeric P12, which
as compared and refined based on the solved crystal struc-

ure. The model was then fitted into the densities of three con-
ecutive P12 protomers from one filament and three consec-
tive protomers from the opposing filament. In a next step,
0 nt ssDNA strands were generated in ChimeraX, roughly
odelled into the corresponding densities using ISOLDE [ 19 ],

nd later manually refined using Coot. The resulting six-
rotomer map, including the two ssDNA strands, was refined
sing phenix.real_space_refine with default settings, incorpo-
ating non-crystallographic symmetry (NCS) to restrain the
ubunit repeats. After each round of refinement, model geom-
try was evaluated using MolProbity [ 20 ] v4.5.2, and poorly
tting regions were manually adjusted in Coot. This iterative
rocess was repeated until satisfactory model:map agreement
nd stereochemical quality were achieved ( Supplementary 
able S2 ). 

rystallographic studies of P12 

rystallisation conditions for P12 (1–122) were found by using
ommercially available screens (Morpheus[1], Molecular Di-
mensions) and a protein concentration of 11 mg / mL. Crys-
tals formed within 5 days at 20 

◦C using the sitting drop va-
por diffusion method. A 0.2 μL aliquot of protein in buffer
A (50 mM Tris-HCl pH 8.5, 50 mM NaCl, 1 mM MgCl 2 )
was mixed with an equal volume of reservoir solution con-
taining 0.12 M monosaccharides (0.2M D-glucose; 0.2M D-
mannose; 0.2M D-galactose; 0.2M L-fucose; 0.2M D-xylose;
0.2M N-acetyl-D-glucosamine), 0.1 M buffer system 3 (Tris
[base]; BICINE) at pH 8.5, and 37.5% v / v precipitant mix
4 (25% v / v MPD; 25% PEG 1000; 25% w / v PEG 3350).
The crystals were flash frozen in liquid nitrogen without re-
quiring additional cryoprotectant. X-ray data were collected
using the PXI beamline at the Swiss Light Source located at
the Paul Scherrer Institut in Switzerland. Data were processed
with XDS and CCP4i [ 21 , 22 ]. The structure was solved by
molecular replacement using Phaser [ 23 ], and a P12 model
generated by AlphaFold2 as searching model [ 18 ]. Subsequent
structure building and refinement were performed using Coot
[ 17 ], phenix.refine [ 24 ], and Refmac5 [ 25 ]. Structural analy-
sis and figure preparation were conducted using PyMOL and
UCSF ChimeraX [ 16 ]. The coordinates and structure factors
were deposited in the Protein Data Bank [ 26 ] under entry code
9GFQ ( Supplementary Table S3 ). 

Hill model 

EMSA bands were quantified using ImageJ [ 27 ]. High-
resolution scans were converted to grayscale and analysed.
Regions of interest were defined for each band and applied
consistently across all lanes. Pixel density measurements were
taken for both the bands and their corresponding back-
grounds. Background-corrected values were calculated and
ratios of the bound band intensity to the total intensity. Hill
modelling was used to quantify the binding affinity and coop-
erativity of P12 across various ssDNA substrates. The fraction
of binding sites occupied ( θ) was plotted against protein con-
centration while ssDNA was constant (7.5 nM) and data were
fitted to the Hill equation: 

θ = 

θmax [ L ] n 

K 

n 
D 

[ L ] n 

Curve fitting was conducted using non-linear least squares
optimisation via the SciPy [ 28 ] curve_fit tool. Two models
were applied: An unconstrained model where θmax allowed
to vary for conditions with incomplete binding and a con-
strained model where θmax fixed at 1 for conditions indicat-
ing full binding. Initial guesses for K D 

, n and θmax were based
on the binding saturation and shift behaviour observed in the
EMSA raw data. Standard errors were calculated based on
residuals between the experimental and fitted data. Error bars
were plotted for each data point and coefficient determination
(R 

2 ) was used to evaluate the fit quality. 

Analysis of nucleic acid binding capacity 

EMSAs were employed to investigate the interactions be-
tween DNA / RNA substrates and proteins. ssDNA oligomers
of variable length ([non-repetitive] 20 , [non-repetitive] 30 ,
[non-repetitive] 34 , [non-repetitive] 35 , [non-repetitive] 36 ,
[non-repetitive] 37 , [non-repetitive] 40 , [non-repetitive] 50 , [non-
repetitive] c_50 , [non-repetitive] 80 , [dT] 80 , and [dA] 80 ) were
purchased from Merck, while the single-stranded RNA (non-
repetitive) 50 was obtained from Microsynth. Oligomers were
tagged with Cyanine-5 (Cy5) fluorophore at their 5 

′ end.

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf132#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf132#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf132#supplementary-data
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The dsDNA substrate was prepared by hybridising labelled
50mer with a 1.2 fold excess of its complementary unlabelled
counterpart ([non-repetitive] c_50 ) in a hybridisation buffer
containing 0.2 M NaCl and 60 mM Tris-HCl pH 7.5. The
mixture was heated for 10 min at 95 

◦C and left to cool to
room temperature. Binding reactions were performed using
7.5 nM of nucleic acid substrates and variable amounts of
protein in a reaction buffer containing 50 mM NaCl, 1 mM
DTT, 4% glycerol, 0.1 mg / mL BSA, 0.05% Tween20, 1 mM
EDTA, 50 mM Tris pH 8.5, and 1 mM MgCl 2 . The final
reaction volume was 20 μL. Reactions were incubated at 4 

◦C
for 30 min before being analysed on an 0.7% agarose gel
running for 150 min at 20 V and 4 

◦C in 0.5 × TBE buffer.
Cy5-labelled substrates were detected using a Typhoon™
FLA 7000 biomolecular imager (GE Healthcare). 

Nuclease protection assay 

DNA analysis in the nuclease protection assay was performed
using a constant ssDNA 80mer substrate concentration of
20 nM. The 20 μL reaction mixture contained 10 units of
Exonuclease I ( E. coli ) (NEB), 1 × exonuclease buffer (NEB),
50 mM NaCl, 4% glycerol, and 50 μM of P12. The reaction
mixtures were subjected to varying incubation times at 37 

◦C,
ranging up to 20 min. To stop the reactions, the samples were
boiled for 5 min at 95 

◦C. From the final 20 μL reaction mix-
ture, 10 μL were combined with 2 × Novex™ TBE-Urea sam-
ple buffer, and 10 μL of this mixture was loaded onto a 10%
Novex™ TBE-Urea polyacrylamide gel. The gel was run at
180 V for one hour and then stained using SYBR™ Green
II. DNA band intensities were quantified using Fiji ImageJ
software [ 27 ]. 

Toxicity tests 

Toxicity assays were performed by transforming 100 ng
of pBAD plasmids containing different P12 variants
(P12 (wild-type) , P12 (1–148) , P12 (1–140) , P12 (1–122) , P12 (F44A) ,
and P12 (F44A+K10A) ) into electrocompetent BL21 (DE3) E.
coli cells. Cells were recovered for 1.5 h at 37 

◦C after elec-
troporation before being plated on LB-agar plate containing
25 μg / mL tetracycline and either 1% D-glucose or 0.2% L-
arabinose to repress or induce protein expression respectively.
Plates were incubated at 37 

◦C before counting colonies. 

Fold classification and structural comparisons 

To evaluate whether the P12 fold belongs to any already clas-
sified protein fold, our crystallographic model of P12 was first
used as query for structural searches against the ECOD [ 29 ],
CATH [ 30 ], and PDB [ 26 ] databases. Searches against ECOD
were performed using the ‘protein structure search’ method
in the ECOD webserver, which employs TM-align [ 31 ] as the
search method. Searches against CATH were carried out using
the Foldseek [ 32 ] webserver, and against the PDB using both
the DALI [ 33 ] and Foldseek webservers. All searches were car-
ried out using default settings. 

To put P12 in context of the matches obtained, a compre-
hensive set of experimental and predicted structural homologs
of P12 was collected and a structure similarity network con-
structed. Starting from our cryo-EM model of P12 and the
closest PDB match found with DALI (the DNA binding do-
main of Tequatrovirus T4 gp32 protein, PDB ID: 8GME,
chain A, residues 24–193), structural searches against the fol-
lowing pre-computed Foldseek databases were carried out
with the Foldseek API with default parameters using the 3Di 
mode: the AlphaFold database v4 [ 34 ] filtered to 50% se- 
quence identity (afdb50 v4), the ESM Metagenomic Atlas [ 35 ] 
filtered to 30% sequence identity (mgnify_esm30 v1), and the 
PDB filtered to 100% sequence identity (pdb100 20 240 101).
All matches were collected and processed for protein domains 
with Chainsaw [ 36 ] and only the domains aligning with at 
least one of the queries were considered further. For the search 

starting from the P12 model, a further Foldseek search round 

was carried out with each domain matched with a probability 
of 80% using the same approach, and the matches were fur- 
ther enriched by a similar but independent search over the Big 
Fantastic Virus Database (BFVD 2023_02) [ 37 ]. 

To reduce redundancy, the resulting set of collected domains 
was then filtered to a maximum of 50% sequence identity 
with Foldseek easy-cluster, which automatically groups se- 
quences into clusters of identical proteins and selects a rep- 
resentative for each group. These representatives were then 

complemented with the structure models of 33 non-redundant 
(maximum sequence identity of 100%) P12 proteins from 

Quinones-Olvera et al. [ 9 ], which we generated with Al- 
phaFold2 [ 18 ], as well as the single-stranded DNA-binding 
domains of Hafnia phage Enc34 ORF6 protein (PDB ID: 
5ODL, chain A, residues 1–177) and Enterococcus faecalis 
PrgE protein (PDB ID: 8S4T, chain B, residues 1–136). 

A protein structure similarity network of the resulting 
14 986 domain representatives was computed by all-against- 
all Foldseek pairwise comparisons and layouted with Cosmo- 
graph [ 38 ] until equilibrium. For layouting, each edge was 
given a weight proportional to the E -value of the match, and 

a maximum of 10 outbound edges were considered per node,
except for the P12 proteins from Quinones-Olvera et al. 2024,
where all edges with an E -value better than 1 × 10 

−4 were 
kept. Clusters were automatically identified and annotated it- 
eratively, by searching for connected components at a given 

E -value threshold. For each connected component in the map,
the median and median absolute deviation of the E -values 
were computed at each iteration and the E -value threshold set 
to median − 0 . 5 × MAD . This threshold was set to find fur- 
ther connected components in the next iteration until no more 
connected components with a minimum of 10 nodes were de- 
fined. Cluster identification was carried out for a maximum 

of five iterations. 

Results 

In vitro characterisation of specific ssDNA binding 

by P12 

We set out to characterise the binding specificity of P12 

to various nucleic acid substrates by EMSAs (Fig. 1 and 

Supplementary Fig. S2 ). ssDNA substrates of varying lengths,
ranging from 20 to 80 nt, were incubated with saturating con- 
centrations of P12 and then analysed by EMSA. P12 consis- 
tently bound ssDNA strands with lengths of 40 nt and above 
(Fig. 1 A). The binding affinity of P12 appears to increase with 

the length of the ssDNA substrates, as indicated by the appear- 
ance of sharp bands. This further suggests that cooperativity 
may be a feature of P12, with adjacent subunits favourably 
interacting along the ssDNA strand. 

We investigated the sequence-specificity of P12 by testing 
its binding to 80 nt homopolymers (dA), (dC), and (dT), as 
well as an 80 nt ssDNA strand with a non-repetitive sequence 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf132#supplementary-data
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Figure 1 . P1 2 specifically binds to single-stranded DNA. EMSAs of P1 2 in the presence of different nucleic acid substrates. ( A ) 7.5 nM of Cy5-labelled 
ssDNA of variable lengths incubated with 1 μM of P12. ( B ) 7.5 nM of different 80 nt long Cy5-labelled ssDNA substrates (ssDNA[non-repetitive] 80 , 
[dC] 80 , [dT] 80 , [dA] 80 ) incubated with increasing concentrations of P12. ( C ) 7.5 nM of different 50 nt long Cy5-labelled nucleic acid substrates 
(ssDNA[non-repetitiv e] 50 , dsDNA[non-repetitiv e] 50 , and ssRNA[non-repetitive] 50 ) incubated with increasing concentrations of P12. 
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Fig. 1 B). P12 bound the non-repetitive substrate, and both
oly(dC) and poly(dT) tightly at a ssDNA concentration of
.5 nM and 40 fold stoichiometric excess of P12 (Fig. 1 B). No-
ably, the two homopolymers were bound with higher affin-
ty than the non-repetitive substrate. In contrast, the poly(dA)
ubstrate showed a significantly reduced affinity for P12 (Fig.
 B). We furthermore assessed the specificity to other nucleic
cid forms. P12 does not bind to RNA and only weakly inter-
cted with dsDNA across a broad concentration range, in con-
rast to its pronounced affinity for ssDNA substrates of equiv-
lent length (Fig. 1 C). P12 is thus a specific ssDNA binder,
fficiently distinguishing from dsDNA or RNA, without re-
uiring specific sequence elements for binding. 

tructure determination of P12–ssDNA filaments 

e employed single-particle cryo-EM microscopy to deter-
ine the structure of P12–ssDNA complexes (Fig. 2 ). Ini-

ial micrographs of P12 in complex with 80mer ssDNA with
 defined, non-repetitive sequence showed filamentous as-
emblies, from which portions were manually picked and
ubjected to 2D classification (Fig. 2 A). The resulting low-
esolution templates guided particle picking, followed by it-
rative 2D classification to generate high-resolution class av-
rages (Fig. 2 B). Using these particle stacks, we performed
b initio model generation and non-uniform refinement with-
 

out symmetry constraints. By estimating the rise and twist
of the helical assembly through Fourier–Bessel indexing and
3D reconstruction, we refined the helical parameters signifi-
cantly, improving the map quality to 3.71 Å resolution (Fig.
2 C and Supplementary Fig. S3 A-C). P12 assembled as a long
and continuous, homooligomeric filament along one ssDNA
strand, and two such ssDNA–P12 filaments annealed to a dou-
ble filament in anti-parallel fashion. The ssDNA was poorly
resolved in the density map, likely due to variability intro-
duced by the non-repetitive ssDNA sequence causing the den-
sity to blur during the averaging process. Nonetheless, this
map allowed us to estimate that each P12 protomer in the
filament binds a 5–7 nt long segment of the ssDNA. 

To improve the resolution, we switched to repetitive ssDNA
sequences. EMSA experiments showed that substrates with
6 or 7 nt repeat sequences exhibited a reduced binding affinity
compared to the 5 nt repeat sequence, presumably due to the
formation of secondary structures ( Supplementary Fig. S2 ).
Using this 5 nt repeat sequence in the same cryo-EM work-
flow resulted in a map with a substantially improved res-
olution of 3.1 Å ( Supplementary Fig. S3 D and E). Despite
the improved resolution, the map unambiguously revealed a
6 nt long ssDNA segment bound per P12 protomer, and thus
a remaining mismatch between the 5 nt repeat used as ssDNA
substrate and the available binding sites per P12 protomer
in the filament (Fig. 2 D). Therefore, we next used an 80 nt

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf132#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf132#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf132#supplementary-data
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Figure 2. P12 forms a cooperative filament to bind ssDNA. ( A ) Cryo-EM micrograph showing filamentous assemblies of P12 bound to a ssDNA 

substrate (white arrows). ( B ) Representative 2D class averages of the P12–ssDNA complex. ( C ) 3D reconstruction of P12 bound to ssDNA 

(non-repetitive) 80 . ( D ) 3D reconstruction of P12 bound to a five-repeat ssDNA substrate (ATGCT) 16 at 3.07 Å resolution. ( E ) 3D reconstruction of P12 
bound to (dT) 80 at 2.75 Å resolution. ( F ) Modelled str uct ure of the anti-parallel double-filament of the P12–ssDNA complex, highlighting the arrangement 
of P12 subunits (coloured by protomer) and the ssDNA threaded through the central cleft of each filament (pink). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

long (dT) sequence devoid of any secondary structure for-
mation as a substrate. The single-particle cryo-EM structure
of poly(dT) bound to P12 was exceptionally well resolved,
achieving a global resolution of 2.75 Å for both the 16 kDa
P12 protomers forming the filament and the ssDNA (Fig. 2 E
and Supplementary Fig. S4 A–D). Importantly, the structure re-
tained the same anti-parallel double filament arrangement ob-
served with both the 5 nt repeat and the non-repetitive ssDNA
substrates, indicating that the ssDNA binding mode of P12 is
not sequence specific. 

Model building of the P12 protomer with bound ssDNA
into the high-resolution map (2.75 Å) revealed specific fea-
tures. Successive P12 protomers are arranged in a repetitive
manner along the ssDNA strand, forming a continuous fila-
ment. In this filament, P12 protomers bound to one ssDNA
strand connect via loose contacts to an opposing filament of
the same composition, forming a double filament (Fig. 2 E and 

F). This arrangement seems facilitated by the avidity originat- 
ing from the repetition of weak pairwise interaction between 

the two P12 filaments ( Supplementary Fig. S5 A). Notably, the 
two ssDNA strands remain spatially separated by approxi- 
mately 6–7 Å in this configuration and do not make direct 
contact ( Supplementary Fig. S5 B). 

Structural determinants of ssDNA binding 

The high-resolution map revealed further features underly- 
ing ssDNA binding by P12 (Fig. 3 ). The N-terminal do- 
main of P12 comprises five anti-parallel β-strands and an 

α-helix, resembling the Greek key motif typically found in 

oligonucleotide / oligosaccharide-binding (OB) folds, a promi- 
nent class of ssDNA-binding proteins. However, P12 adopts 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf132#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf132#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf132#supplementary-data
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 unique pincer-shaped conformation, forming a positively
harged binding cleft, thereby significantly diverging from the
lassic closed β-barrel commonly found in OB-folds. Upon
lament assembly, this charged cavity accommodates the ss-
NA (Fig. 3 A). Cooperativity between P12 protomers is me-
iated by the C-terminal α-helix of each protomer, which ex-
ends to the adjacent protomer, where it stacks onto the β-
heet core (Fig. 3 B). The key polar residues responsible for
his cooperative binding are R128, E123, and Q130 of the
-terminal α-helix, interacting with Y31 and E55, R33, and
91 of the adjacent protomer, respectively (Fig. 3 B I). Within

he ssDNA-binding cleft, the first two nucleobases of the 6 nt
inding segment are oriented inwards, interacting with the
ore of the P12 protomer. The remaining four nucleobases
ace outward, with their sugar-phosphate backbone anchored
ithin the cavity (Fig. 3 B II). The primary interactions be-

ween P12 and ssDNA are thus mediated by hydrogen bonds
ith the sugar-phosphate backbone, involving residues K6,
10, Q15, K49, K103, Y108, and Y110. A key stabilising in-

eraction in the ‘pincer’ β-hairpin involves F44, creating π–

tack interactions with the ssDNA nucleobases.  
Direct hydrogen bonding with the nucleobases is minimal,
consistent with the lack of sequence specificity in ssDNA bind-
ing. Although purine bases can fit into the binding pocket, we
did not observe binding for poly(dA) substrates. Poly(dA) ss-
DNA strands have been shown to adopt a helical conforma-
tion promoted by the efficient base stacking of adenine nucle-
obases [ 39 ]. This distinctive structural feature likely interferes
with the ability of this substrate to interact effectively within
the P12 binding cleft (Fig. 1 B). Lastly, two salt bridges present
between the N-terminus of P12 and the α-helix of the preced-
ing protomer might also contribute significantly to the stabil-
ity of the filament (Fig. 3 B III). The C-terminal tail of P12 be-
yond the α-helix responsible for cooperative binding was pre-
dicted to be intrinsically disordered and, as anticipated, was
not resolved in our cryo-EM density map. 

To independently validate the P12 structure, we crystallised
a truncated form of P12 lacking the C-terminal tail, in the ab-
sence of ssDNA. The resulting X-ray crystal structure (1.7 Å
resolution) closely matched the filament protomer structure,
with an RMSD of 0.87 Å ( Supplementary Fig. S5 C). Thus,
the core fold of P12 is a stable feature of the protein and is

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf132#supplementary-data
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not perturbed by binding of ssDNA. Notably, the most signif-
icant structural deviation between the apo-state of P12 and
the holo-state within the P12 filament occurs in the pincer re-
gion. Specifically, F44, located at the tip of the pincer loop be-
tween β-strands 4 and 5, undergoes a well-resolved 5 Å shift in
the ssDNA bound state (Fig. 3 C). This conformational change
enables F44 to engage in π-stacking with the nucleobases at
positions T3 and T4, effectively stabilising the interaction by
locking the ssDNA in place. 

Role of the ssDNA interface and C-terminus in 

ssDNA interaction 

To further validate our structural model and to investigate the
functional contributions of key regions of P12, we performed
a series of EMSAs and toxicity tests to assess the effects of
specific mutations and truncations (Fig. 4 ). First, we intro-
duced mutations at two key residues of the ssDNA-binding
interface. F44 stabilises ssDNA through π-stacking with nu-
cleobases, while K10 forms hydrogen bonds with the sugar-
phosphate backbone (Fig. 3 B II and C). Consistent with our
structural model, we observed a strong reduction of ssDNA
binding for the mutant F44A and a complete loss upon intro-
duction of the additional mutation K10A (Fig. 4 A). We next
set out to characterise the role of the C-terminal tail, which
is comprised of an α-helix spanning residues 123–134 and an
unstructured tail from residues 135–160. Our cryo-EM struc-
ture shows that the C-terminal α-helix binds the adjacent P12
subunit in the filament, thereby providing an element of co-
operativity for filament formation (Fig. 3 B I). In contrast, the
C-terminal tail was not resolved in the density. We purified
two truncated versions of P12, P12 (1–140) , and P12 (1–122) and
assessed their affinity to ssDNA (Fig. 4 B). P12 (1–140) lacks the
disordered C-terminal tail after the α-helix. Intriguingly, this
truncation leads to a significant reduction in DNA binding
compared to full-length P12, thus indicating that the intrinsi-
cally disordered tail significantly contributes to cooperativity
even though it is not resolved in the cryo-EM map. Truncat-
ing the tail N -terminally of the α-helix (P12 (1–122) ) led to a
total loss of detectable ssDNA binding, validating the essen-
tial role of the α-helix for cooperative binding predicted from
our cryo-EM structure (Fig. 3 B I). 

We then quantified the binding characteristics of P12 using
Hill modelling. We quantified band intensities in EMSAs to as-
sess ssDNA-binding affinity and cooperativity across various
substrates. The Hill coefficient ( n ) and dissociation constant
( K D 

) varied significantly depending on the substrate (Fig. 4 C).
For (non-repetitive) 80 ssDNA, a high Hill coefficient ( n = 5.3)
indicated strong cooperative binding, with a K D 

of 350 nM.
In contrast, the (dT) 80 substrate exhibited moderate coopera-
tivity ( n = 2.8) and stronger binding affinity ( K D 

= 63 nM).
These findings demonstrate that the observed variability in
the binding dynamics of P12 is influenced by both substrate
length and sequence with cooperativity being mediated by the
C -terminal α-helix, which plays a critical role in the stabilisa-
tion of ssDNA (Fig. 4 D). 

Next, we investigated whether the ability of P12 to bind
ssDNA would be connected to the reported P12 toxicity [ 12–
14 ]. In addition to the ssDNA-binding deficient mutants F44A
and F44A+K10A and the truncations P12 (1–122) and P12 (1–140)

(Fig. 4 A and B), we designed one additional truncated ver-
sion of P12, P12 (1–148) . We tested the toxicity of each of these
P12 variants in E. coli cells (Fig. 4 E). BL21 (DE3) cells were
transformed with a plasmid containing one of the P12 vari- 
ants and then plated onto two different LB-agar plates, with 

expression-inducing or -repressing conditions. The difference 
in colony-forming units (CFUs) between the two plates serves 
as an indicator of the toxicity associated with each variant.
The results show that the full-length, wild-type protein is 
highly toxic to E. coli , effectively killing the cells. Toxicity de- 
creases with increasing deletion of the C -terminal tail and es- 
tablishes a link between the DNA binding capacity of P12 (Fig.
4 B) and its associated toxicity (Fig. 4 E). Similarly, we observe 
that the two mutants with reduced ssDNA-binding capacity 
in vitro (Fig. 4 A) also have a strongly decreased toxicity (Fig.
4 E). The data thus clearly connect the toxic effect of P12 to 

its ssDNA-binding activity. 

P12 protects ssDNA from nucleolytic degradation 

To further explore the biological role of P12, we examined its 
efficiency to protect bound ssDNA from enzymatic degrada- 
tion [ 12–14 ]. To this end, we tested whether saturating con- 
centrations of P12 could shield ssDNA from degradation by 
Exonuclease I from E. coli in vitro . The degradation of ssDNA 

was followed and quantified by acrylamide gel electrophoresis 
(Fig. 5 ). The results show that P12 efficiently protects ssDNA 

from nucleolytic degradation, increasing the half-life from a 
few seconds in the absence of P12 to around 5 min, i.e. sev- 
eral orders of magnitude, when P12 was present (Fig. 5 A). No- 
tably, the protective effect of the filament was not complete,
as we observed a slow ssDNA decay over time in the presence 
of P12 (Fig. 5 B). This suggests a dynamic binding / unbinding 
equilibrium of P12 and ssDNA that allows the nuclease to ac- 
cess and degrade the ssDNA strand. 

P12 adopts a new fold within the OB-like structure 

landscape 

Intrigued by the distinct pincer-shaped structure of P12, we 
sought to determine how this novel fold positions itself within 

the broader protein fold space. To do so, we conducted struc- 
tural searches across multiple fold classification databases,
including ECOD [ 29 ] and CATH [ 30 ], to explore potential 
relationships between P12 and previously characterised pro- 
tein folds (Fig. 6 and Supplementary Fig. S6 ). These searches 
did not identify any high-confidence or full-length matches to 

known protein folds, confirming the singularity of the P12 

fold. We further tried to relate the P12 fold to pre-existing 
structures using the DALI server [ 33 ]. This search revealed lo- 
cal structural similarities to the single-stranded DNA binding 
domain of the gp32 protein from the Tequatrovirus T4 (PDB 

ID: 8GME, chain A, residues 24–193, Z-score 3.8), which has 
been described as displaying an OB-fold [ 40 ]. This finding 
prompted us to further examine the relationship between the 
P12 fold and the OB- and OB-like fold families, which no- 
tably include a variety of ssDNA-binding proteins. We there- 
fore constructed a structure similarity network incorporating 
117 experimental and 14 869 predicted structural domains 
(Fig. 6 A and Supplementary Fig. S6 A). This network reveals 
a diverse OB-like structure landscape with multiple clusters,
representing groups of protein domains with similar structural 
features that may indicate shared functions or evolutionary 
origins. We specifically highlighted clusters containing exper- 
imentally solved structures from the PDB, offering validated 

reference points within the landscape. 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf132#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf132#supplementary-data


Structural basis for cooperative ssDNA binding 9 

A C

Free ssDNA - 

 
ssDNA+P12 - 
Free ssDNA - 

 
ssDNA+P12 - 

Free ssDNA - 

 P12 [nM]   7.5 50 10
0 20

0
30

0
40

0
50

0 
10

00
15

00
0- - - - - - - - - - WT

T2

T3

++

KD

D

Free ssDNA - 

 P12 [nM]   7.5 50 10
0 20

0
30

0
40

0
50

0 
10

00
0- - - - - - - - - - 

ssDNA+P12 - 
M1

M2

E

R
el

at
iv

e 
C

ol
on

y 
C

ou
nt

s

T1 T2 T3WT M1 M2

0.2

0.4

0.6

0.8

1.0

15
00

B

ssDNA 80bp (P12 WT)
ssDNA (dT)80 (P12 WT)

ssDNA 80bp (P12 T2)

101100

0.2

0.4

0.6

0.8

1.0

0.0
102 103 104

Fr
ac

tio
n 

of
 b

in
di

ng
 s

ite
s 

oc
cu

pi
ed

 (θ
)

KD=63 nM, n=2.8KD=350 nM, n=5.3

θmax   [L]n

Kn + [L]n
D

θ =

P12 [nM]
Free ssDNA - 

Figure 4. Cooperativity and role of the P12 C-terminus. ( A ) 7.5 nM of Cy5-labelled ssDNA(non-repeptitive) 80 substrate was titrated with increasing 
concentrations of P12 binding interface mutants. M1 = P12 (F44A) , M2 = P12 (F44A+K10A) . ( B ) 7.5 nM of Cy5-labelled ssDNA(non-repetitive) 80 substrate was 
titrated with increasing concentrations of C-terminally truncated variants of P12. WT = wild-type, T2 = P12 (1–140) , T3 = P12 (1–122) . ( C ) Data from A and B 

and Fig. 1 B analysed with Hill binding model. The fraction of occupied binding sites is plotted against the protein concentration. Binding curves are 
sho wn f or P12 WT with ssDNA(non-repetitiv e) 80 and (dC) 80 , and f or P12 T2 with ssDNA(non-repetitiv e) 80 . ( D ) Schematic illustration of the Hill binding 
model used. ( E ) R elativ e colon y counts of CFUs betw een induced and repressed plates reflecting the to xicity of the different P12 v ariants. 
WT = wild-type, T1 = P12 (1–148) , T2 = P12 (1–140) , T3 = P12 (1–122) , M1 = P12 (F44A) , M2 = P12 (F44A+K10A) ). All experiments were conducted in triplicate. Data 
are presented as mean ± standard deviation. 

A B

Time [min]

C
TF

2 6 10 20

0.8

0.6

0.4

0.2

0.0

No P12
P12

Nuclease

Exposure [min]

+ + + +
P12 -

+ + + +
+ + + ++- -

-
- -

-

2 6 10 20 2 6 10 20

50 bp

80 bp

150 bp
300 bp

1.0

Figure 5. Functional role of P12 DNA-binding filaments. ( A ) Nuclease protection assay: 20 nM of Cy5-labelled ssDNA(non-repetitive) 80 substrate was 
exposed to Exonuclease I ( E. coli ) for varying incubation times, in the absence (left) and presence (right) of 50 μM of P12. ( B ) Quantification of intact 
ssDNA substrate o v er time. CTF = Corrected Total Fluorescence. 



10 Träger et al. 

2
PrgE

1
P12

4

Ifi202

3

gp32

6ORF6 
Enc34

5
SSB

A

ssDNA
1

2

3

4 5 ssDNA

2

3

4 5

1

2
3

4

5

ssDNA

123

4 5

N

C

B P12
PDB: 9GFQ

1 PrgE (OB-fold)
PDB: 8S4T

2

12

3 4

5

N

C

ssDNA

ssDNA1

2
3

4
5

6

7

N

1

2

34

5

6

7

C

gp32 (OB-like fold)
PDB: 8GME

3

Ifi202 (OB-fold)
PDB: 4LNQ

dsDNA

1
2

3

4

7

5

6

123

4 7

N

C

5 6

4

ssDNA

ORF6 Enc34 
(OB-like fold)

PDB: 5ODL

1

2

3
4

5

6

4

5

6

1

N

2
3

C

6SSB (OB-like fold)
PDB: 5ODP

5

6

C

( )
PDB: 5ODP

1

2

3

4

5

6

C

N

1

2

3 4

56

ssDNA

Figure 6. Str uct ural and topological comparisons of the P12 fold. ( A ) Str uct ure similarit y net w ork representing the f old-space of 1 4 986 P1 2-like domains 
with a maximum sequence identity of 50%, computed with Foldseek and Cosmograph. Points represent groups of homologous domains with a 
minimum sequence identity of 50% and gray lines Foldseek matches between their representatives at an E -value < 1 × 10 −5 . Matches at 
E -value > 1 × 10 −5 involving the proteins in the P12 cluster are shown. Automatically identified clusters with at least one representative in the PDB are 
coloured, with k e y representativ es highlighted f or the clusters containing PDB models bound to nucleic acids. T he tw o coloured clusters with PDB 

models lacking nucleic acids correspond to PDB entries 5M3K (chain E) and 1U5K (chain B). An interactive and annotated version of the network is 
a v ailable at: P12 str uct ure space , and a further annotated version is displayed in Supplementary Fig. S6 A. ( B ) Comparison of topological representations 
of P12 with five str uct urally similar representatives of DNA-binding domains with experimentally determined str uct ures, selected from the clusters 
highlighted in A . 

https://cosmograph.app/run/?data=https://raw.githubusercontent.com/ProteinUniverseAtlas/protscape/refs/heads/main/P12_search_pipeline/p12_edges.csv&meta=https://raw.githubusercontent.com/ProteinUniverseAtlas/protscape/refs/heads/main/P12_search_pipeline/p12_nodes.csv&source=source&target=target&gravity=0.25&repulsion=1&repulsionTheta=1.15&linkSpring=1&linkDistance=10&friction=0.85&renderHoveredLabel=true&renderLinks=true&nodeSizeScale=4.1&linkWidthScale=1&linkArrowsSizeScale=1&nodeSize=size-default&nodeColor=color-color&linkWidth=width-default&linkColor=color-default&
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf132#supplementary-data


Structural basis for cooperative ssDNA binding 11 

s  

c  

a  

A  

t  

t  

r  

l  

o  

t  

w  

t  

t  

a  

l  

a  

i  

[  

s  

[  

t  

b  

f  

S  

t  

b  

d  

u  

O  

d  

m  

l  

t  

p

D

S  

c  

a  

S  

[  

w  

c  

s  

t  

n  

a
 

e  

t  

d  

o  

c  

a  

o  

t  

u  

t  

t  

h  

t

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

As can be seen in our interactive network ( P12 structure 
pace ), P12 and its 33 homologs from a recently expanded
ollection of Alphatectivirus phages [ 9 ], along with 5 unchar-
cterised metagenomic proteins, form an independent cluster.
s anticipated by DALI, the nearest cluster to the P12 clus-

er is that of the gp32-like folds. However, the connections
o this hub are of low significance ( E -value > 1 × 10 

−5 ),
eflecting the fact that this cluster relies on two predicted,
ow-confidence metagenomic models with an average pLDDT
f below 70 ( Supplementary Fig. S6 B). To further charac-
erise the position of P12 within this protein fold landscape,
e conducted a topological analysis, comparing the struc-

ure of P12 with known experimental structures representa-
ive of the various clusters within the network (Fig. 6 B). From
 topological perspective, the P12 fold bears a global simi-
arity to several experimentally characterised single-stranded
nd double-stranded DNA-binding OB-like domains, includ-
ng the plasmid-encoded PrgE [ 41 ], the Ifi202 HINa domain
 42 ], and the ORF6 from phage Enc34 [ 43 ]. The P12 core β-
heet follows the canonical Greek key motif found in OB-folds
 44 ]. However, the P12 fold differs markedly from these struc-
ures, as it does not form a closed β-barrel. In canonical β-
arrels, binding occurs on the barrel surface, while in the P12
old, a coiled β-sheet creates a distinct ssDNA-binding cleft.
uch a cleft is also observed in gp32, but whereas gp32 binds
o the nucleobases, P12 engages with the sugar-phosphate
ackbone. Overall, within the context of the millions of pre-
icted structures currently available, our observations allow
s to conclude that P12 represents a distinct and divergent
B-like fold family, exhibiting similarities to, yet significant
ifferences from, gp32 and other known ssDNA-binding do-
ains. The taxonomic conservation observed among PRD1-

ike phages indicates a unique structural and functional adap-
ation, presumably tailored for the specific purpose of protein-
rimed DNA replication in bacteriophages. 

iscussion 

SBs are essential in all kingdoms of life, supporting critical
ellular processes such as DNA replication, recombination,
nd repair [ 45 ]. Our study has resolved the structure of an
BB from a bacteriophage, the protein P12 from phage PRD1
 10 ]. The P12 core domain features five anti-parallel β-strands
ith an intervening α-helix that are arranged into a pincer-like

onformation with a large binding cleft securing the ssDNA
trand via interactions with the phosphate backbone. In addi-
ion, P12 possesses a C-terminal a-helix and a flexible tail con-
ecting each protomer to adjacent subunits, thereby forming
 filament along the ssDNA strand. 

P12 exhibits high cooperativity when binding to ssDNA, as
videnced by a Hill coefficient of up to 5 and the absence of in-
ermediate species observed in EMSA experiments at interme-
iate concentrations (Fig. 1 ). SSBs can exhibit varying degrees
f cooperative behaviour, from non-cooperative [ 46 ] to highly
ooperative binders [ 47–50 ]. The C-terminal α-helix and its
djacent disordered tail function as a strong element of co-
perativity in P12 (Fig. 4 ). The prevalence of such disordered
ails in SSBs has been extensively documented, with studies
nderscoring their role in cooperativity [ 51 ], in regulating in-
eractions with ssDNA [ 46 , 52 , 53 ] and in engaging with pro-
eins involved in DNA metabolism, such as polymerases and
elicases [ 51 , 54–56 ] . While our cryo-EM structure highlights

he critical role of the C-terminal α-helix in filament forma- 
tion, the mechanisms by which the intrinsically disordered tail
contributes to cooperative binding remains unclear (Fig. 4 B).
Notably, P12 possesses a basic tip at its C-terminus—a feature
conserved across all PRD1-related phages and distinctly dif-
ferent from the acidic tips commonly observed in many other
SSBs [ 51 , 57 , 58 ]. This unique characteristic raises intriguing
questions about its functional significance, including its po-
tential role in mediating dynamic interactions with ssDNA or
between P12 units. 

A key function of SSBs is their ability to protect ssDNA
from nucleolytic degradation [ 10 , 45 ] contributing to essen-
tial genetic processes. P12 filaments protect ssDNA against
nuclease degradation (Fig. 5 ), suggesting a role in stabilising
ssDNA during the infection of E. coli by bacteriophage PRD1.
The protective role of P12 in PRD1 is consistent with that of
other bacteriophage SSBs involved in protein-primed replica-
tion, such as those from �29 [ 59 ]. Given the strong prefer-
ence of P12 for ssDNA over other nucleic acid substrates (Fig.
1 ), it is likely involved in organising and protecting ssDNA
produced during the replication of the phage genome. This
function resembles that of SSBs from bacteriophages �29, Nf,
and GA-1, which bind along displaced ssDNA during protein-
primed replication [ 59 ]. These SSBs primarily stimulate dNTP
incorporation by stabilising ssDNA and preventing the forma-
tion of secondary structures, thereby reducing the likelihood
of non-productive binding of the DNA polymerase to ssDNA.

Importantly, we observe that the ssDNA-binding activity
of P12 has detrimental effects on host cell viability (Fig. 4 ).
Both the deletion of the C-terminal tail and mutations in the
ssDNA-binding site of P12 alleviate toxicity. This effect corre-
lates with the ssDNA-binding affinity of P12, indicating that
P12-induced toxicity is directly tied to its capacity to form
ssDNA-binding filaments. A plausible explanation for this ob-
servation is that P12 interferes with host DNA metabolism by
binding to ssDNA, leading to replication stress and genomic
instability. Whether this toxicity serves as an intended func-
tional role in the phage life cycle or is merely a side effect of
this essential protein for the phage remains an open question.

From a structural perspective, P12 represents an important
exception from the well-characterised OB-fold SSBs (Fig. 6 ).
Our computational and structural analyses suggest that P12
represents a distinct evolutionary branch of ssDNA-binding
proteins, emphasising the diversity of DNA-binding strate-
gies. SSBs, most of which display an OB-like fold, interact
with ssDNA in various binding arrangements, either forming
filamentous structures [ 41 , 43 , 60 , 61 ] or organising ssDNA
around higher-order oligomeric species [ 51 ]. High-resolution
models of such complexes are limited to a few structures, in-
cluding E. coli SSB [ 62 ], plasmid-encoded PrgE [ 41 ], ORF6
from phage Enc34 [ 43 ], HaLEF-3 from baculovirus [ 60 ], and
eukaryotic RAD52 [ 61 ]. 

Overall, our structural and functional studies give rise to
the following model for the role of P12 in PRD1 genome
replication (Fig. 7 ). Following the initiation of protein-primed
DNA replication, a daughter strand is synthesised in the 5 

′

to 3 

′ direction from the double-stranded linear genome with
P12 stabilising the emerging parental ssDNA strand. As the
replication fork progresses, the daughter strand replaces the
parental strand [ 63–65 ]. In classical DNA replication, syn-
thesis of the complementary strand proceeds via discontinu-
ous synthesis of Okazaki fragments. In protein-primed DNA
replication, we propose that replication of the complemen-
tary strand occurs through two potential, nonexclusive mech-

https://cosmograph.app/run/?data=https://raw.githubusercontent.com/ProteinUniverseAtlas/protscape/refs/heads/main/P12_search_pipeline/p12_edges.csv&meta=https://raw.githubusercontent.com/ProteinUniverseAtlas/protscape/refs/heads/main/P12_search_pipeline/p12_nodes.csv&source=source&target=target&gravity=0.25&repulsion=1&repulsionTheta=1.15&linkSpring=1&linkDistance=10&friction=0.85&renderHoveredLabel=true&renderLinks=true&nodeSizeScale=4.1&linkWidthScale=1&linkArrowsSizeScale=1&nodeSize=size-default&nodeColor=color-color&linkWidth=width-default&linkColor=color-default&
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf132#supplementary-data
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Figure 7. Model for P12-assisted DNA replication. The DNA polymerase (moon shaped, blue) initiates replication of the dsDNA phage genome either 
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anisms (Fig. 7 ). In one scenario, replication initiates simulta-
neously from both ends, yielding two double-stranded DNA
copies. Alternatively, replication may proceed from a single
end, producing one double-stranded daughter duplex and a
remaining parental ssDNA strand stabilised by P12. The fate
of this displaced ssDNA strand remains a subject of ongo-
ing discussions. Research on adenovirus and PRD1 replica-
tion has proposed that this displaced strand might undergo in-
tramolecular hybridisation to form panhandle structures, fa-
cilitated by the presence of inverted terminal repeats (ITRs) at
the ends of the linear genome [ 63 , 65 ]. Such panhandle struc-
tures have not only been a popular model to explain protein-
primed replication initiation from a displaced strand but also
to describe homology-restoring mechanisms [ 65 , 66 ]. How-
ever, direct evidence of such structures is still lacking. The
anti-parallel double filament of P12–ssDNA complexes ob-
served in this study raises the question of the involvement of
P12 in the subsequent utilisation of this single ssDNA strand
(Fig. 7 ). The propensity of the P12 filament to dimerise, as ev-
idenced by our cryo-EM structure, could promote the forma-
tion of an anti-parallel double filament through interactions
between opposing protein units ( Supplementary Fig. S5 A and
B). These weak interactions allow the two strands to diffuse
over one another, ultimately leading to the favourable anneal-
ing of the ITRs regions. If this mechanism holds true, P12
could be categorised as an annealase, akin to lambda Red β

[ 67 ], HSV-1 ICP8 [ 68 ], and human Rad52 [ 61 ], which catal-
yse ssDNA annealing without requiring ATP. While annealase
activity in P12 remains to be confirmed, such a role would
further highlight its role in PRD1 protein-primed DNA repli-
cation. P12 might indeed promote intramolecular and inter-
molecular ITR annealing, mediating the formation of either
a double-stranded DNA genome or a panhandle structure,
both of which are compatible with subsequent rounds of repli-
cation by the PRD1 DNA polymerase. This would enable
protein-primed replication to proceed from a single genome
end without loss of ssDNA, thereby ensuring efficient duplica-
tion. The mechanism by which P12 is removed during replica-
tion remains unknown. The disordered nature of the P12 tail
could render it particularly susceptible to proteolytic cleav-
age which, given its crucial role in cooperative binding, may
lead to filament destabilisation over time. Filament destabili- 
sation, driven by changes in helical pitch and substrate elon- 
gation as seen with gp32 in T4 [ 53 ], is also conceivable for 
P12. 

In conclusion, our study provides structural and functional 
insights into the PRD1 SSB P12, revealing a unique fold and 

binding mechanism. The cooperative binding of P12 to ss- 
DNA, its role in ssDNA protection, and its associated host 
toxicity underscore its central importance in PRD1 replica- 
tion. The structural findings thus lay the foundation for future 
studies aimed at elucidating the broader regulatory functions 
of P12, including its potential interactions with other replica- 
tion proteins, such as the phage DNA polymerase, and its role 
in the overall bacteriophage–host interaction. More broadly,
the relevance of this work is underscored by a recent publi- 
cation showcasing the development of an orthogonal DNA 

replication system inspired by the PRD1 replication machin- 
ery [ 4 ]. This orthogonal DNA replication system, where P12 

plays an essential role, has received considerable attention 

due to its demonstrated ability to enable continuous protein 

evolution in E. coli . The innovative use of this system high- 
lights its transformative potential for synthetic biology, par- 
ticularly in the development of directed evolution approaches.
The structural and mechanistic insights into P12 presented in 

this manuscript provide a molecular framework to optimise 
and enhance the capabilities of such systems, paving the way 
for more reliable and user-friendly platforms, bringing them 

closer to realising their full potential. 
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